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Abstract

High-spin Blatter-type tri-radicals represent a unique class of polyradicals with promising
applications in materials science, electronics, and spintronics, attributed to their stability,
antiferromagnetic behaviour, and n-spin delocalisation. However, broader application of these
compounds has been hindered by limited understanding of how structural variations, including
geometry and substituent effects, influence their electronic properties and stability, particularly
the doublet-quartet (D—Q) energy gap. This thesis addresses these gaps by examining how
geometry and substituent modifications affect the electronic structure, ground-state multiplicity,
and excited-state topology of Blatter-type tri-radicals and additional triazine biradicals using
DFT benchmarks against high-level multireference calculations. The findings demonstrate that
substituents play a pivotal role: F, as an electron-withdrawing substituent, shortens bond
lengths, while Cl and Br induce rotational distortions due to steric hindrance, especially in inner
substituent positions. Electron-donating and electron-withdrawing groups also exhibit unique
behaviours, with NH> groups introducing deviations and hydrogen bonding, while COOH and
CHO groups maintain planarity yet contribute out-of-plane distortions. Analysis of D—Q gaps
reveals that inner substitutions generally reduce gaps due to steric effects, while outer
substitutions tend to favour quartet ground states, irrespective of the substituent tested. Further
analysis of fused dithiazole-triazine derivatives reveals that, while ring heteroatoms and
functional groups influence singlet-triplet energy gaps, all these systems consistently exhibit
closed-shell singlet ground states. This thesis provides deeper insights into the electronic
properties of Blatter-type tri-radicals and biradical triazines, establishing key design principles
for creating stable, high-performance organic polyradicals and advancing the potential of high-

spin systems in magnetic and spintronic devices.
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Chapter

1. Introduction

1.1 Background Theory of Spintronics

1.1.1 Infroduction to Spintronics

Spintronics is an interdisciplinary field that sits at the crossroads of quantum mechanics and
electronics, opening up exciting new possibilities for information storage and processing.
While traditional electronics rely solely on the electron’s charge to enable functionality,
spintronics takes into account both charge and the intrinsic quantum property of electron spin—
whether in an "up" or "down" state—to add a new dimension to device operation.' This dual
use of charge and spin promises to transform device performance, offering greater speed,

efficiency, and scalability that could reshape the future of technology.

The origins of spintronics trace back to Mott’s model in 1936, which explained electrical

conduction in magnetic materials as driven by two types of electrons with opposite spins.?

Since then, the field has evolved to encompass a range of foundational processes (Figure 1.1),
which includes spin injection, spin transport, and spin detection, all contributing to the unique

and powerful capabilities of spintronic devices. '



Injection Transport Detection

Electrical injection
J Weaker spin relaxation Electrical analyzer

Strong spin relaxation Optical analyzer

Optical injection

Spin pumping

Legend

! = high SO coupling . = FM electrode
D = low SO coupling ‘ = spin carrier

Figure 1.1 Three key processes in spintronics: spin injection, spin transport, and spin detection. Figure taken from Privitera
etal (2021).

The first step in spintronic devices is to inject spin-polarised electrons into a non-magnetic
(NM) semiconductor. This can be achieved through three main techniques: electrical injection,
optical injection, and spin pumping. In electrical injection, a ferromagnetic (FM) material
serves as a spin injector, where the magnetisation (M) creates an imbalance between the
concentrations of majority and minority spins. When a current flows from the FM to the NM
material, it carries the spin polarisation. However, achieving efficient spin injection is often
hindered by the conductivity mismatch problem, in which the ohmic contacts® between the FM
and NM materials lead to poor spin injection due to the differences in conductivity of spin-up
and spin-down electrons. This issue has partially been resolved due to the use of dilute magnetic
semiconductors or half metallic ferromagnets and by incorporating tunnel barriers, which

enhance spin injection efficiency through spin-dependent tunnelling.®

An alternative approach to spin injection is known as optical injection, where circularly

polarised photons transfer angular momentum to the electron’s orbital momenta. This angular



momentum is then converted into electron spin through spin-orbit (SO) coupling (vide infra),
a process particularly effective in materials featuring heavy elements. Lastly, spin pumping’
involves generating a pure spin current through the excitation of spin waves (magnons)® in FM
materials via ferromagnetic resonance (FMR). This method allows for spin transfer into an
adjacent NM layer without any associated charge flow, creating a highly efficient means of

spin injection.

Once the spin-polarised electrons are injected, they must travel across the NM semiconductor
while maintaining their polarisation. However, various spin relaxation mechanisms—such as
SO coupling, exchange interaction, and hyperfine interaction—can disrupt spin polarisation
during the transport. Materials with high SO coupling, such as inorganic semiconductors and
certain hybrid organic-inorganic perovskites, typically exhibit rapid spin relaxation, which
reduces their suitability for effective spin transport.* Conversely, materials with low SO
coupling, such as organic semiconductors, display longer spin relaxation times, which provides
better spin transport properties. However, these materials are generally less efficient at

generating spin polarisation via optical means.*

The final stage in a spintronic device is detecting that the spin state of electrons, which can be
achieved through both electrical and optical methods.’ Electrical detection typically employs
FM electrodes as spin detectors, exploiting phenomena such as giant magnetoresistance (GMR,

see below)!*!!

and tunnelling magnetoresistance (TMR). In GMR, the electrical resistance of
the device varies depending on the relative alignment (parallel or antiparallel) of the
magnetisations of the FM injector and detector, allowing for the detection of spin-polarised
carriers tunnelling through a thin spacer layer. The efficiency of this process is controlled by

the spin polarisation of the density of states at the Fermi level—the energy level at which

electrons are likely to occupy states at absolute zero temperature—of the FM electrodes.*



Another technique for spin detection relies on the inverse spin Hall effect (ISHE),*!> where a
pure spin current is converted into a charge current, generating an electromotive force within
the FM layer. In this process, spin-polarised electrons moving within a non-magnetic material
experience a deflection due to SO interactions, creating a transverse charge current that can be
measured as an indicator of spin polarisation. ISHE is particularly valuable for detecting spin

currents without disrupting the spin system.!?

Optical detection,’

on the other hand, is especially effective in materials with strong SO
coupling, as it can non-invasively probe spin dynamics. Techniques such as optically detected
magnetic resonance (ODMR)!* allow for the detection of spin states by measuring changes in

fluorescence as a response to microwave-induced transitions between spin states. This

technique is highly sensitive and useful in studying spin coherence and relaxation times.

Two-photon photoemission (TPPE)!® is another optical technique, which involves exciting
electrons to higher energy states using two photons. The excited electrons can be ejected from
the materials and analysed, bringing insights into the electronic structure and spin polarisation
near the surface. TPPE is beneficial in materials where surface spin properties play a crucial

role in device performance.

1617 is yet another alternative

Finally, low energy muon spin rotation (uSR) spectroscopy
method for probing spin polarisation in these materials.'® In this case, spin-polarised muons
are implanted into the material, acting as local magnetic probes. The precession of the muon
spin within the magnetic field of the material brings information about the internal magnetic
environment and spin interactions within the sample. This method finds advantage in the study

of spin properties in bulk materials and offers a unique perspective on magnetic and electronic

structures in materials with complex spin behaviours.



To summarise, spintronics represents a promising path for developing new types of electronic
devices that are faster, more efficient, and capable of storing more information than their
traditional counterparts. The intricate interplay of spin injection, transport and detection
underpins the functionality of spintronic devices and drives current and future works to

overcome challenges and improve performance.

1.1.2 Principles of Spintronics in Electronic Devices

The late 1980s marked a significant turning point in spintronics with the discovery of GMR.
This effect was first reported by Baibich et al. in 1988 and 1989,'"° who found that electrical
resistance in specific materials could vary depending on their magnetic arrangement. GMR
occurs in multilayered materials composed of alternating magnetic and non-magnetic layers,
where the relative alignment of the magnetisation in these layers—either parallel or
antiparallel—results in a significant change in resistance.!*?° Mathematically the resistance R

in such materials can be expressed as either R = Rpapaniel OF R = Raptiparaliel, Where:

R antiparallel >R parallel ( 1. 1)

illustrating that resistance is higher when the magnetic layers are aligned antiparallel compared

to parallel.

These finding led to major advancements in data storage technology, especially in the design
of read heads for hard disk drives, which achieved much higher data storage capacities as a
result of the sensitivity of GMR-based sensors to magnetic fields.?! This innovation facilitated
a new era of miniaturised data storage devices with significantly increased capacities.
Enhanced read head designs also enabled faster data access and more efficient hard disk

performance, contributing to the reliability and performance essential for modern computing.**



Over the years, the impact of GMR has extended from consumer electronics to enterprise-level
data centres, reflecting its crucial role in the evolution of digital storage solutions and

solidifying its status as a foundation for modern information technology infrastructures.

In hard disk drives, binary data is encoded using two magnetic states, which are represented by
one (1) and zero (0), and stored on rotating circular platters (Figure 1.2). Small components
known as disk heads, which resemble needles,?® move over these platters to read and write data.
During the reading process, the disk heads convert magnetic fields on the platters into electrical

currents, while writing involves converting electrical currents back into magnetic fields.

(a) Giant magnetoresistance effect
High resistance Low resistance

| Ferromagnetic layer - Highly sensitive
- Led to fast and
high-density hard

drives

\ESompometic kover

Figure 1.2 (a): lllustration of Giant Magnetoresistance (GMR) technology, the pioneering commercial application in the field
of spintronics, used for reading data on hard drives. (b) The iPod Classic, a notable example of GMR's application, utilising
this innovation for efficient music data storage and access. J Supercond Nov Magn (2020). **



A GMR system consists of two magnetic layers separated by a non-magnetic layer,>> which
exhibits a significant resistance change—20%—=° when exposed to a magnetic field shift, in
contrast to early magnetic sensors that only showed a few percent change. As mentioned before,
when the two magnetic layers are aligned in parallel, the system experiences low resistance;
however, when they are aligned antiparallel, the resistance is high. This change in resistance
enables efficient detection of magnetic data stored on the hard drive platters, enabling the

development of faster, high-capacity drives, such as modern 500-gigabyte hard drives.

A successful application of GMR technology in disk heads can be seen in devices like iPod,
developed by Apple. This achievement inspired further research on the potential of replacing
traditional semiconductor components—such as random-access memory (RAM),
microprocessors, and transistors—with their magnetic counterparts, namely magnetic RAM
(MRAM), magnetic microprocessors, and spin transistors. A key advantage of MRAM is its
ability to retain information even when power is lost, unlike conventional RAM, which loses
unsaved data when powered off.?> Furthermore, MRAM-powered devices eliminate the need
for a boot-up waiting period upon powering on,>’ providing a faster and more efficient user

experience.

MRAM employs electron spin for data storage, with the first MRAM chip released by Freescale
in July 2006.2® Everspin later introduced a 256-Mb MRAM model in 2016.% These
developments highlight the expanding impact of GMR, which not only transformed hard disk
drive technology but also laid the groundwork for further advancements in magnetic materials
and data storage technologies. GMR continues to be a cornerstone of modern electronics,

driving ongoing innovations in data storage.



1.2 Organic Radicals in Spintronics

1.2.1 Overview of Organic Spintronics

Organic radicals are open-shell molecules primarily composed of light elements, such as
hydrogen, carbon, nitrogen, oxygen and sulphur. Due to their electron configuration, these
molecules are highly reactive, characterised by an unpaired electron occupying the highest
molecular orbital. This unpaired electron can easily engage in reactions like hydrogen
abstraction, dimerization, or recombination, leading to the loss of the open-shell character.
However, it is possible to achieve persistent organic radicals by shielding the paramagnetic

centre with bulky substituents, protecting it from undesired interactions.*-!

The development of persistent organic radicals has opened new avenues for applications across
various fields, including organic spintronics, in which the control of the electron spin is crucial.
As mentioned before, spintronics involves using the spin of electrons, rather than just their
charge, for information processing and storage, which can lead to faster and more efficient
electronic devices. Organic radicals are particularly appealing in this context due to their ability

to maintain stable, unpaired electrons over extended periods.*>3?

Polychlorinated trityl-radicals** exemplify this approach (Figure 1.3), wherein steric
protection stabilises the central sp* carbon atom carrying the unpaired electron.®® Since the
discovery of the triphenylmethyl radical by Gomberg in 1900,%¢ the unique physical properties
of neutral radicals have sparked extensive research into molecule-based functional materials,

including those designed for spintronics.



Figure 1.3 Structure of a polychlorinated trityl-radical Ratera et al (2021).3*

Magnetism, resulting from interactions between unpaired electrons, is one of the key features
that make these radicals suitable for spintronics applications. In the solid state, proper
alignment of spins through r electrons or lone pairs from heteroatoms can lead to the formation
of molecule-based magnetic materials. For example, compounds like 2,2,6,6-
tetramethylpiperidin-N-oxyl (TEMPO) and a-nitronyl nitroxides (Figure 1.4), synthesised
over fifty years ago,’’ have been important in advancing the fields of molecule-based

magnetism and spin science.
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Figure 1.4 Structures of (A) 2,2,6,6-tetramethylpiperidin-N-oxyl (TEMPO) and (B) a-nitronyl nitroxide (R: substituent). Zhou
et al. (2014), Deumal et al. (2001).3%%



Advancing spintronics relies heavily on the design and synthesis of stable neutral radicals with
innovative molecular structures. Organic spintronics utilises organic radicals as active
components, offering a promising approach to developing next-generation spintronic devices.
These organic systems provide unique advantages, such as tuneable electronic properties, low-
cost fabrication, and flexibility—characteristics that are challenging to achieve with
conventional inorganic materials.>”*’ Through the careful exploration of the structural diversity
of organic molecules, spin stabilisation can be optimised, and electronic structures finely
controlled. Both are essential for managing the intramolecular interactions that determine the

performance and efficiency of the spintronic materials.*!

1.2.2 Role of Organic Molecules in Spintronics

Organic molecules play a pivotal role in advancing spintronics, particularly through their use
as organic semiconductors. These materials have gained attention in spintronics due to their
unique spin-related properties, resulting from their composition of light atoms (C, H, N, and O)
that inherently provide longer spin relaxation times by minimising spin-scattering
mechanisms.”** This feature enables organic semiconductors to hold promise for spintronic
applications that demand extended spin coherence and efficient spin transport. The two
principal types of organic semiconductors are small organic molecules and semiconducting
polymers, which offer flexibility in material design, processing, and integration with

conventional electronic systems.*>#

A distinguishing feature of organic semiconductors in spintronics is their localised charge
carriers, or polarons, which arise from the limited overlap between m-conjugated electronic
states and the strong coupling between these states and molecular vibrations.** Unlike inorganic

materials, where charge carriers are typically delocalised and described by Bloch
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wavefunctions, organic semiconductors often depend on hopping mechanisms—a process in
which charge carriers move between localised sites via thermal activation or tunnelling rather
than travelling through continuous, delocalised states—for charge and spin transport.***® This
localisation enables enhanced spin relaxation times but simultaneously challenges the

traditional band-structure approaches.

1.2.3 Characteristics of Polyradicals in Organic Spintronics

Polyradicals, with their inherent magnetic properties, have emerged as promising materials in
organic spintronics. Their multiple unpaired electrons provide a unique platform for achieving
high spin densities and facilitating magnetic interactions, which are crucial for efficient spin
transport. In organic semiconductors, spin transport is influenced by two primary mechanisms:

hopping and exchange coupling.*

At low charge carrier concentrations, the hopping mechanism links spin and charge transport.
It involves the discrete movement of charge carriers (electrons or holes) between localised
molecular sites, driven by thermal activation or quantum tunnelling. During hopping, spins are
carried along with charges, leading to a coupling between spin and charge transport. This
mechanism is especially relevant in organic systems due to their inherent structural disorder,

which creates localised electronic states.

In turn, at higher charge densities, exchange coupling—a process in which spin interactions are
facilitated through overlapping molecular orbitals, allowing spins on neighbouring sites to
align and transfer more efficiently—enables faster, decoupled spin diffusion.’®*! This makes
polyradicals particularly effective in enhancing spin coherence and spin diffusion lengths in

organic semiconductor devices.
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Spin relaxation mechanisms, which are key to spintronic functionality, include SO coupling,
hyperfine interactions, and exchange interactions.>’ SO coupling, a relativistic effect, arises
from the interaction between an electron’s intrinsic spin angular momentum and its orbital
angular momentum around the nucleus. The strength of this interaction increases in atoms with
higher atomic numbers. In organic materials, composed mostly of lighter atoms, SO coupling
is weak, which makes the hyperfine interactions the primary driver of spin relaxation.”!
Hyperfine interactions arise from the coupling between an electron’s spin and the magnetic
field generated by nuclear spins within a molecule. The strength of hyperfine interactions is
influenced by factors such as the distance between the electron and nucleus, the type of nucleus,

and the specific molecular structure.

In organic spintronic applications, the dominance of hyperfine interactions presents a valuable
opportunity for optimisation, as these interactions can be modulated through molecular
engineering. For instance, substituting hydrogen with deuterium can reduce hyperfine
interactions, thereby extending spin coherence times and improving device performance.>
Lastly, exchange interactions, involving direct interactions between the spins of neighbouring
electrons, facilitate alignment or anti-alignment of spin states. In materials with higher charge
densities, such as polyradicals, exchange interactions enable faster, decoupled spin diffusion,
essential for creating materials with extended spin diffusion lengths and robust spin retention.
The combination of weak SO coupling, tuneable hyperfine interactions, and effective exchange
interactions in organic semiconductors with polyradicals positions them as ideal candidates for

spintronic devices, offering enhanced spin coherence and stability in transport processes.
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1.3 Blatter-Type Radicals

1.3.1 Definition and Structure of Blatter-Type Tri-Radicals

Blatter-type radicals are a category of persistent organic radicals, first reported in 1968 by
Herbert Blatter.>* These compounds are based on a 1,2,4-benotriazin-4-yl core, which allows
them to remain stable under normal conditions. Interest in these molecules has grown
significantly due to their unique properties, including their ability to exhibit both

5455 spin 7-delocalisation, and low excitation

antiferromagnetic and ferromagnetic interactions,
energies.”®>” These attributes make Blatter-type radicals highly versatile and promising for the

applications in fields such as spintronics and molecular electronics, where stable, tuneable spin

properties are crucial.
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Figure 1.5 (A) Structure of the Blatter radical with aromatic sites labelled. (B) Highlighted regions showing spin
delocalisation in green and spin isolation in red. Zheng et al. (2020).%%%

The fundamental structure of the Blatter-type radicals features three functional aromatic sites,
with each contributing differently to the molecules’ overall properties as shown in Figure 1.5.

The unpaired electron on the radical is partially delocalised to the aryl group attached at the N1
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position, a process influenced by steric interactions between the aryl substituents and the
radical core. This delocalisation impacts the electronic characteristics of the molecule. A
significant role in the radical’s stability and behaviour arises from the resonance of the unpaired
electron at the second aromatic site, particularly at C7, which is prone to oxidation without
adequate protection.’® To address this, Koutentis and his group introduced trifluoromethyl
groups, effectively shielding C7 from oxidative degradation and enhancing the radical’s
longevity.®® Additionally, bridging C6 and C7 with aromatic groups facilitates further spin
delocalisation, enabling the formation of high spin states and improving the material’s

semiconducting properties.’*

Aromatic site 3 remains the most spin isolated, due to the unpaired electron in the Blatter
radical core not resonating to this position. Although substituents at C3 do not influence the
spin properties, they can still influence the overall electronic structure of the molecule. This
allows for fine-tuning and molecular engineering of the radical without affecting its
fundamental behaviour. Together, these features highlight the versatility of Blatter-type radicals

in material design and their potential for tailored applications.®'?

Since their initial synthesis in 1968, significant efforts have been devoted to improve the yield
and streamline the preparation process for these stable N- and N/S- rich heterocyclic radicals.
Koutentis and colleagues provided a comprehensive review in 2016, summarising
advancements in the chemistry and applications of these radicals, particularly focusing on

developments in synthetic approaches and outlining four potential preparation routes.®*

Route 1 (Figure 1.6) represents a classical approach to synthesising Blatter radicals via
amidrazones, involving ring closure at the N1 position of amidrazones (2a) to form 1,3-
diphenyl-1,4-dihydro-1,2,4-benzotriazin-4-yl (4).6%%° This process generally proceeds though

a two-electron oxidation of 2a to form 1,2,4-triazabutadienenes (3a), followed by cyclisation

14



to benzotriazines and further oxidation to yield the final Blatter radicals. Alternatively, a one-
electron oxidation of the amidrazone to form a hydrazonyl radical (3b) can be performed,

which ultimate leads to the same product.

Route 1
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Figure 1.6 Synthetic route 1 of Blatter radicals (R = aryl; R2 = aryl/heterocyclic aryl, CFs, SMe, Cl, Br, I; Rs = aryl, CF3,
tBu). Zheng et al. (2020).%%

Earlier synthesis methods had several drawbacks, primarily due to the use of toxic and
expensive oxidants such as mercury oxide and silver oxide, which often resulted in moderate
yields and limited derivative exploration.®®®” However, significant improvements have been
made with alternative oxidants, such as Pd/C in combination with air and DBU,** ruthenium(11I)
chloride, and potassium ferricyanide. Notably, the use of Pd/C with DBU and air has proven
particularly efficient, achieving yields between 87-95%. This optimisation highlights the
importance of both synthesising pure amidrazones (2a) and facilitating efficient ring closure,

making this route more practical and environmentally friendly.*!

Route 2 (Error! Reference source not found.) involves the formation of the Blatter radical u
tilising hydrazines (5a) as precursors and thereby avoiding intermediates like amidrazones. In
this approach, developed by Koutentis and his team, hydrazines undergo cyclodehydration to

directly produce the desired Blatter radicals (4). The synthesis begins with the substitution of
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halonitroarenes with hydrazines and has proven particularly effective for alkyl-substituted
analogues.® Initially, yields were low when using methyl or trifluoromethyl groups. However,
introducing 1-benzylidene-2-phenylhydrazine (6a) helped overcome these challenges by
building on methods inspired by the original Blatter synthesis, thus enhancing the reaction's

efficiency and broadening its applicability.
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Figure 1.7 Synthetic route 2 of Blatter radicals (R; = aryl; R> = aryl/heterocyclic aryl, CFs3, SMe, Cl, Br;, I; R3 = aryl, CF3,
tBu). Zheng et al. (2020).%%

The main advantage of this route is its reliance on the stable precursor (5a) and a
straightforward unimolecular cyclodehydration step, which broadens the range of possible
substituents at positions R; and Rj3. This stability significantly enhances the versatility and
applicability of the method, allowing for a wider variety of functional groups to be introduced

and thus expanding the potential applications of Blatter radicals.®
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Route 3 (Figure 1.8) employs post-cyclisation and N-acylation as an alternative route to the
Blatter radical. A key drawback of Routes 1 and 2 is their relatively low overall yields and the
challenges associated with the low reactivity and regioselectivity of N-acylation. Route 3
addresses these issues by introducing functional groups specifically at the N1 position through
a post-cyclisation substitution. The main advantage of this method is the extensive range of
substituents it enables, allowing for precise control over the spin distribution, electrochemical
properties, and intermolecular spin exchange interactions of the radicals. This flexibility makes

Route 3 particularly advantageous for tailoring the Blatter radical’s properties for specific

applications.
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Figure 1.8 Synthetic route 3 of Blatter radicals (R; = aryl; R2 = aryl/heterocyclic aryl, CF3, SMe, CI, Br;, I; R; = aryl, CF3,
tBu.)*8

This route involves the use of organometallic reagents (such as /BuLi, Mg, or nBuLi) to
generate anion intermediates (9b), which are then oxidized in air to form the radicals (4). The
benzo-1,2,4-triazenes (9a) used as starting materials are synthesised in a three-step process
from benzhydrazides, involving N-arylation followed by reductive ring closure.® However,
this route does require careful handing under inert conditions and has limitations and

functionalities that are incompatible with aryl or alkyl lithium reagents.

In addition to the three main strategies for synthesising the Blatter radical, other methods have

been explored to overcome the limitations associated with amidrazones and hydrazides.
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Notable alternative approaches (route 4, Figure 1.9) include the aza-Wittig reaction, copper-
catalysed coupling, and Pschorr-type cyclization, which provide new synthetic pathways. For
instance, the reaction between N-aryliminophosphoranes and 1-(het)aryl-2-aryldiazenes yields
Blatter radicals directly, with moderate efficiency.’’ This aza-Wittig approach circumvents
issues with moisture-sensitive intermediates and costly reagents, allowing for the introduction
of a wide range of substituents. These alternative methods offer interesting options for
synthesising Blatter radicals that may be difficult to produce through traditional routes, thereby

expanding the scope and applicability of these stable heterocyclic compounds.

Route 4
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Figure 1.9 Synthetic routes 4 of Blatter radicals (R = aryl; R> = aryl/heterocyclic aryl, CF3, SMe, CI, Br, I; Rs = aryl, CF3,
tBu) Zheng et al. (2020).°

Building on the established chemistry of mono-radical Blatter derivatives, attention has shifted
toward the synthesis of tri-radicals. Recent research into more complex multi-radical systems,
particularly tri-radical Blatter derivatives, opens up new possibilities for spintronic applications.
These compounds offer enhanced magnetic interactions and the ability to integrate multiple
spin centres within a single molecule, significantly advancing the potential for more robust spin

transport and storage functionalities in molecular spintronics.

18



The synthesis of the tri-radical Blatter compound, 3,3',3"-(benzene-1,3,5-triyl)tris(1-phenyl-
1H-benzo[e][1,2,4]triazin-4-yl), is illustrated in Figure 1.10. This compound is obtained
through a multi-step procedure, beginning with 1-(2-nitrophenyl)-1-phenylhydrazine (10) as
the starting material. Each step in the process is carefully designed to introduce and stabilise

the three radical centres, ultimately yielding a tri-radical structure suitable for advanced

O,N” ;

spintronic applications.
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Figure 1.10 Synthesis of 3,3"3"-(benzene-1,3,5-triyl)tris(1-phenyl-1H-benzo[e][1,2,4]triazin-4-yl) (13). The C7 carbon of 13
is highlighted. Adapted from Zissimou et al. (2020).”

To synthesise the tricarbohydrazide precursor (12), a solution of 1-(2-nitrophenyl)-1-
phenylhydrazine (10) in pyridine was first cooled to 0—5°C using an ice bath. Then, 0.3
equivalents of 1,3,5-benzenetricarbonyl trichloride (11) were added. The mixture was allowed

to gradually warm to room temperature (~20°C) over 12 hours with continuous stirring,
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followed by heating to reflux (~115°C) for one hour. After treatment with 15% H>SOs, the
resulting compound, N1,N3,N5-tris(2-nitrophenyl)-N1,N3,N5-triphenylbenzene-1,3,5- tricarb
ohydrazide (12), was isolated as orange prisms in 65% yield, exhibiting a decomposition point

above 171°C."!

To convert compound 12 to the Blatter tri-radical 13, reduction, cyclodehydration, and
oxidation of the intermediate were necessary. This process began with the reduction of
precursor 12 using 16 equivalents of Sn in glacial acetic acid (AcOH) at room temperature for
one hour, leading to complete consumption of the starting material, confirmed by thin layer
chromatography (TLC) analysis.”? This reduction yielded the intermediate, N1,N3 ,N5-tris(2-
aminophenyl)-N1,N3,N5-triphenylbenzene-1,3,5-tricarbohydrazide. The intermediate then
underwent cyclodehydration by heating to reflux (~118°C) for 20 minutes, forming a leuco
triazine. This crude leuco triazine was subsequently treated overnight with 2M NaOH in the
presence of air, promoting oxidation. The final product was purified via chromatography on
neutral Al,Os using dichloromethane (DCM) as the eluent (R¢0.68) and was then recrystallised.
The resulting tri-radical compound (13) was obtained as black needles, with a decomposition

point above 312°C, in an impressive yield of 89%."!

The synthesis of the star-shaped Blatter-type tri-radical 13, featuring three decoupled 1,2,4-
benzotriazinyl units, each containing a delocalised electron, represents a significant
advancement. This tri-radical exhibits enhanced thermal stability compared to the original
Blatter radical, along with unique optical and electrochemical properties, making it a promising

candidate for applications in spintronics and molecular electronics.”!
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1.3.2 Stability and Electronic Properties of Blatter-Type Tri-Radicals

One of the defining features of Blatter radicals is their stability. These radicals can remain
stable for up to 30 years under normal conditions,”> which makes them one of the most
persistent organic radicals identified so far. This stability comes the efficient delocalisation of
the unpaired electron across the aromatic core, forming many resonance structures. This
delocalisation reduces the reactivity of the unpaired electron, and in turn enhances the radical’s
resistance to degradation even in the presence of air and water. To improve stability further,
Koutentis et al. added a trifluoromethyl group at the C7 position, creating a derivative that
maintain stability even under strong oxidative conditions.’® When classic Blatter radicals and
this modified radical were exposed to oxidants like MnO2 or KMnOs, the classic radicals
converted to benzotriazinone over time, while the modified version retained its original
structure. This modification highlights how structural adjustments can dramatically enhance
the chemical stability of the Blatter radical and, because of that, the authors have given the
name super stable. It is important to note that there was one case in which oxidative

dimerization did occur and produced a new dimeric mono-radical.>

The electronic properties of the Blatter-type tri-radicals make them versatile for various
technological applications. The conjugated structure of these radicals allows for easy tuning of
their electronic and optical properties through structural modifications. An example is

1.,7* who developed planarized Blatter radicals by incorporating sulphur or

Kaszynski et a
oxygen at the C8 position and a phenyl at the N1 position. These adjustments lead to an
expansion of the m-conjugation, increasing the spin density of the benzene ring at the NI
position and, in turn, shifting the absorption to the near infrared region. These modifications

allow for precise control over the electronic properties of Blatter radicals, making them suitable

for use in devices such as photodetectors, molecular electronics and spintronic applications.”
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Interestingly, unlike many radicals that typically do not emit light, certain Blatter radicals have
demonstrated unexpected fluorescent properties. This unique feature, along with their great
chemical stability and adjustable electronic characteristics, does allow them to be promising
candidates for optoelectronic devices, where durable light-emitting materials are essential. The
combination of these attributes highlights the potential for advanced applications in areas such

as semiconductors, organic light-emitting diodes (OLEDs), and sensors.

1.3.3 Magnetism and Spin Properties of Blatter-Type Tri-Radicals

Blatter-type tri-radicals exhibit diverse magnetic properties that stem from the interactions
between their unpaired electrons. Depending on the molecular configuration, these radicals can
either display antiferromagnetic or ferromagnetic behaviour, which is the result of spin-spin
interactions within the molecule.’® Through strategic modification of substituents and aromatic
bridges, it has been possible to develop materials that favour high-spin ground states, enhancing

their suitability for a range of spintronic applications.

The ability of Blatter tri-radicals to possess high-spin ground states also makes them suitable
for applications where spin alignment and polarisation are crucial. For example, changing the
angle between the core benzotriazinyl and the aryl substituents at the N1 position can adjust
how spins interact, allowing for custom magnetic properties.’’ This particular property is useful
in developing spintronic devices, where the spin of the electrons can be manipulated to carry

information, offering a new dimension for data processing and storage.

Similar to the mono-radical, the spin density of the tri-radical is primarily localised over the
three benzotriazinyl units, with minimal delocalisation onto the central benzene. This
localisation is further supported by the presence of three degenerate singly occupied molecular

orbitals (SOMOs), each associated with one of the benzotriazinyl components. The minimal
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interaction between these components underscores their independent character, reinforcing the

tri-radical's stability and modular spin configuration.

The electrostatic surface potential (ESP) map (Figure 1.11) of the quartet ground state also
revels similarities with the mono Blatter radicals, strengthening the concept that the three
benzotriazinyl arms act independently within the tri-radical framework. The independence is
confirmed through the absence of significant of spin-spin interactions across the arms of the
star-shaped structure. These observations align with the findings of Koutentis et al., who also
concluded that the quartet state is energetically favoured due to the consistent alignment of

spins across the tri-radical.”

Figure 1.11 Electrostatic surface potential map of the Blatter mono-radical 1 and tri-radical 13. Zissimou et al. (2020).”

1.4 Significance of Blatter-Type Tri-Radicals in Spintronics

1.4.1 Potential Applications in Spintronics

Blatter-type radicals have shown promising performance when it comes to near infrared (NIR)

photodetectors due to their extensive UV-Vis NIR absorbance range.”® An example of this is
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diradical 14 (Figure 1.12). which, when blended with [6,6]-phenyl Ce butyric acid methyl
ester (PCBM) in a 1:2 ratio, exhibits high responsivity and detectivity across wavelengths from
300 to 1200 nm.>® This performance compares favourably with established silicon and InGaAs
photodetectors, positioning Blatter-based materials as a viable option for flexible, low-cost

photodetectors suited for wearable or mobile applications.

_s N
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14 (X=H)
15 (X=Br)

Figure 1.12 Structure of Blatter-type radicals 14—16.%%

Blatter radicals have demonstrated some unique characteristics as spin carriers in organic field-
effect transistors (OFETs).” This is observed in benzotriazine diradicals like 14 and 15, that
exhibit unusual self-doping behaviour, where reversible electron interactions between their
open- and closed-shell states lead to the formation of radical anion-radical cation pairs. These
pairs in turn impart p-type characteristics to OFETs, with adaptable hole mobility values
sensitive to temperature and environmental factors. Furthermore, the addition of electron
acceptors like 2,3,5,6-tetrafluoro-7,7,8,8-tetrcyano-dimethane (FATCNQ) can also enhance
their performance by mimicking high-temperature effects, enabling controlled, reversible self-

doping capabilities not achievable through traditional chemical doping.>®

Blatter radicals are emerging as promising components for single-molecule spintronic devices.
For instance, when interfaced with gold electrodes, Blatter radical 16 (Figure 1.12) has

demonstrated remarkable stability in its open-shell configuration under ultra-high vacuum
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conditions.®® This preserves its radical properties, and studies indicate that the unpaired
electrons in these radicals can interact with conducting electrons, leading to Kondo
resonance .*’ a phenomenon in which localised spins interact with a sea of conduction electrons,
resulting in an increase in electrical conductance at low temperatures. This resonance can be
used to control single-molecule conductance, as observed through techniques such as atomic

force microscopy (AFM) and scanning tunnelling microscopy (STM).%!

Blatter radicals can also be applied as photoconductive liquid crystals. For instance, Kaszynski
et al. synthesised benzo[e][1,2,4]triaziny]l derivatives 17-20 (Figure 1.13), with 17 and 19
enabling photoinduced hole transport within specific temperature ranges.’® These materials,
which are responsive to environmental factors such as temperature,®? offer new possibilities for
tuneable photoconductive applications, expanding the potential use of Blatter radicals in

responsive optical and electronic devices.
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21 Arq=pyrid-2-yl, Aro=Ph 23 Ar,=pyrid-2-yl, Ar,=Ph
22 Ary=Ph, Ary=pyrid-2-yl 24 Ar;=Ph, Ar,=pyrid-2-y!
R= C1oHys0 1 2=py Y 1 2=py Y
17 Ar= Ph

18 Ar= CgHy-3-F
19 Ar=CeH2(OC12H25)3-3,4,5
20 Ar=CsH2(SC12H25)3-3,4,5

Figure 1.13 Structure of Blatter-type radicals 17-22 and oxidation products 23 and 24.>

In addition to their role in spintronics, Blatter radicals have shown promising applications in
other fields due to their stable radical properties and reactivity. One notable example is their
potential in anti-cancer therapy, where certain benzotriazinyl radicals have been investigated

for cytotoxicity against cancer cell lines. Studies done by Aldabbagh et al.3* found that
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benzotriazinyl radicals, such as 21 and 22, exhibited significantly lower cytotoxicity compared
to their oxidation products, benzo[ 1,2,4]triazin-7-one derivatives (23 and 24). The introduction
of pyridine groups was found to increase cytotoxic effects against certain cell lines, indicating

that these radicals could be tuned for targeted cancer therapies.

Blatter radicals also show potential as pH sensors. Wudl et al. developed a stable pyrenotriazynl
radical, 25 (Figure 1.14), which exhibits high sensitivity to picric acid.®* This radical undergoes
a distinct colour change from purple to green in response to picric acid, detectable even at low
concentrations. This colorimetric shift, which is caused by protonation of the radical, highlights

the potential of the Blatter-type radicals for future chemical sensing applications.

Figure 1.14 Structure of Blatter-type radical 25.°

Lastly, Blatter radicals can also be utilised to create stable, paramagnetic thin films without the
need for metals. Casu et al. reported that radical 25 with its low vapour pressure and excellent

film-forming properties,®

maintains its paramagnetic properties under various conditions,
indicating strong potential for use in organic molecular beam deposition (OMBD). This opens

new pathways for Blatter radicals in magnetic applications requiring environmentally stable

films, particularly for device interfaces in advanced electronic and spintronic technologies.
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1.4.2 Advantages Over Conventional Spin Carriers

Blatter radicals feature a high degree of chemical and photostability, which makes them well-
suited for devices that require reliable and long-term operation. Their capacity to maintain
open-shell configurations without rapid degradation or loss of radical properties offers a
significant advantage over many traditional organic molecules, which are often prone to

instability.

Unlike conventional doped semiconductors, Blatter-type radicals exhibit reversible self-doping
effects, allowing them to adapt their conductive properties in response to external conditions,
such as temperature and the presence of electron acceptors.”® This feature is particularly useful
for applications in flexible electronics, where a dynamic response to environmental conditions

1s desired.

The unique combination of stability and tuneability in Blatter radicals, alongside their
compatibility with low-cost, low-temperature, and solution-based processing, makes them
highly favourable for integration into organic semiconductor devices.’¢%® Their structural
flexibility enables them to be incorporated into a wide range of device architectures, from
single-molecule junctions to thin films, broadening their applicability in advanced and

spintronic technologies.

Blatter radicals have demonstrated stable paramagnetic properties in thin-film form, providing
a metal-free option for magnetic thin-film applications. The ability to produce stable,
paramagnetic organic films represents a significant advancement toward developing organic
spintronic devices that do not rely on metal-based magnetic materials. This capability broadens
the scope of spintronic applications and opens pathways for new device functionalities,

enhancing the versatility of organic materials in magnetic and electronic technologies.
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1.4.3 Additional Systems Relevant to this Thesis

During the course of this thesis, we became interested in exploring additional classes of Blatter-
based polyradicals. This interest was sparked following a short research visit by the thesis
author to the Koutentis group at the University of Cyprus. As a result, alongside the primary
focus on Blatter tri-radicals, we conducted further investigations into other systems, illustrated
in Figure 1.15 (Pn = pnictogen). Systems 26a—28a represent three isomeric variations of a
potential Blatter radical fused with distinct dithiazole radical rings. Beyond these, we examined
variations where the nitrogen atom in the dithiazole ring was substituted with phosphorus (26b—

28b) and the sulphur atoms were replaced with phosphorus (26¢—28c).

E\/ / N Pn\ N E/E N
E h Y D P\n~z// h
N— N—N N—N
H H H
26a 27a 28a Pn=N; E=S
26b 27b 28b Pn=P; E=S
26¢ 27c 28c Pn=N; E=Se

Figure 1.15 Proposed diradical structures of the fused dithiazole-triazine systems 26—28.

Finally, two other systems were also investigated, namely the aza-acene tri-radical (29) and a
Blatter-type diradical taken from Schatz et al. (30), the two compounds highlighted in Figure
1.16. These investigations broaden the scope of this thesis, offering insights into the diverse

structural and electronic properties of Blatter-based radical systems.
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Figure 1.16 Structures of the aza-acene compound 29 and the Schatz Blatter radical 30.%°

1.5 Relevant Computational Work

There has been some work on Cs-symmetrical Blatter-type triradicals, particularly from a
computational perspective, but this remains a relatively underexplored area. A notable piece of
work done by Zissimou et al. (2020) also combined a mixture of experiments and DFT
calculations to calculate such a system. They confirmed the triradical showed a quartet ground
state and calculated a very small energy gap between the doublet and quartet states (AEp—q =
0.109 kcal/mol) using the UB3LYP/6-31G(2d,p) level of theory.® However, their
computational focus was molecule-specific and primarily was aimed at supporting

experimental findings, rather than using computation to guide molecular design.

In contrast, the Ali group (Ali et al. 2023)°! conducted a more rigorous computational study
using a range of ab initio methods to improve the accuracy of doublet—quartet energy gaps.
Acknowledging the limitations of traditional broken-symmetry DFT (BS-DFT), which tends
to overestimate energy gaps, they implemented spin-constrained BS-DFT (CBS-DFT) and
multireference methods such as CASSCF and NEVPT2. Their work demonstrated that
computational chemistry could play a proactive role in designing new high-spin organic

molecules.

29



This thesis takes a different approach by focussing on computational prediction as a primary
tool going further then the molecule-specific focus from Zissimou et al. (2020) and building
on the computational methods of Ali et al. (2023). Rather than interpreting kwon structures,
this project systematically explores how structural variations, both at the central core and on
the outer positions and how it influenced the spin states. By relying exclusively on
computational approaches, this thesis hopes to address a clear gap in the literature and offers a
more design-oriented framework for developing new triradicals. Doing this complements the
earlier efforts stated and contributes to a deeper theoretical understanding when it comes to the

relationship between the structural properties and C3-symmetrical high spin systems.

1.6 Objectives of the Thesis

The primary objective of this thesis is to address critical gaps in our understanding of Blatter-
type tri-radicals by investigating how geometric structure and substituent modifications
influence their electronic properties, stability, and high-spin behaviour, particularly in
maintaining robust spin states at room temperature. Blatter-type tri-radicals, with their unique
physical properties—such as stability, antiferromagnetic and ferromagnetic interactions, and
spin n-delocalisation—are promising candidates for advanced applications in materials science,
electronics, and spintronics. However, existing research has primarily focused on their
synthesis and basic characterisation, leaving many aspects of their electronic behaviour and

practical potential unexplored.

One key knowledge gap lies in understanding how structural variations, such as changes in
geometry and substituent groups, impact the electronic structure, doublet-quartet energy gap,
and excited-state properties of these high-spin polyradicals. This gap has limited the rational
design and optimisation of Blatter-type tri-radicals for practical spintronic applications.
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Moreover, challenges in achieving stability and sustaining high-spin states at ambient

conditions further restrict their use in device contexts.

This thesis aims to bridge these gaps through a comprehensive computational investigation of
Cs-symmetrical Blatter-type tri-radicals. Using advanced methods—including density
functional theory (DFT) and multi-reference approaches such as complete active space self-
consistent field (CASSCF) and N-electron valence state perturbation theory (NEVPT2)—this
thesis explores the effects of various geometric configurations and inner/outer substituent
modifications on the electronic structure, ground-state multiplicity, and excited-state topology
of these radicals. Expected outcomes include a deeper understanding of suitable DFT
approaches for accurately describing these systems, identifying the factors that govern their
stability and high-spin performance, and uncovering how various substituents influence critical

properties, such as the doublet-quartet energy gap.

Ultimately, this research aims to establish fundamental design principles for Blatter-type tri-
radicals, guiding the development of novel, high-performance organic polyradicals for real-
world applications in spintronics and advanced magnetic devices. The insights gained will help

pave the way for next-generation devices that utilise the spin properties of organic materials.
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Chapter

2. Theoretical Framework and Methodology

2.1 Density Functional Theory (DFT) Calculations

2.1.1 Fundamentals of Density Functional Theory
Density Functional Theory (DFT) is a key foundation in computational quantum chemistry.”?
Walter Kohn, who later won the Nobel Prize in Chemistry in 1998 for his development of DFT,

significantly contributed to its advancement.

DFT provides an exact approach to the problem of electronic structure theory® by focussing
on the electron density rather than the many body-wave function. This makes DFT a powerful
tool and a computationally feasible method for studying the quantum state of atoms, molecules
and solids, as well as for ab initio molecular dynamics.’? Even with this, solving the electronic
structure problem is inherently complex due to the need to simultaneously consider the

interactions between the electrons and atomic nuclei.”> %>

To address the complexity of this problem, the Born-Oppenheimer approximation can be used.
The approximation was introduced by Max Born and J. Robert Oppenheimer in 1927, and it
simplifies the problem by separating the motions of electrons and nuclei.”® Within the Born-
Oppenheimer approximation, the electronic energy, E,[p(r)], can be written as a functional of
electron density: 7

E.[p(M)] = Tlp()] + Vor[p(M)] + J[p(M)] + Qp(1)]

Equation 1
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In Equation 1, T[p(1)] represents the kinetic energy carried by the electrons I, [p(7)] is the
energy resulting from the attraction between the nuclei and the electrons, /[p(7)] describes the
classical repulsion between electrons, and Q[p(r)] is the non-classical (quantum) electron—
electron interaction energy. Equation 2 and Equation 3, which express V,,,[p(r)] and J[p(1)],

respectively, are shown below:

Venlp(r)] = - Zf—lr fARA| p(r) dr

Equation 2

11 =1/, [ B2 4, ar,

Equation 3

DFT aims to formulate accurate approximations for the functionals for the kinetic energy
T[p(r)] and the exchange-correlation energy Q[p(r)]. The kinetic energy poses the largest
uncertainty it its accurate estimation. The Thomas-Fermi model, introduced in 1927,® provides

an approximation for the kinetic energy, as shown in Equation 4 below:*®

Tlp()] = - (3n2)s [ py*2 ar

Equation 4

Developed soon after the establishment of quantum mechanics, the Thomas—Fermi model
provides a simplistic and rough approximation for the kinetic energy functional T[p(1)].* It
serves as the simplest approach to T[p(7)], being exact for an infinite uniform electron gas
(UEG).”” Despite its simplicity, efforts have been made to enhance it with gradient corrections
and nonlocality. The Thomas—Fermi model remains most applicable to materials with nearly

uniformed densities, such as semiconductors and alloys, but it cannot properly describe
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chemical bonds. Consequently, the development of precise kinetic energy functionals tailored

for molecular systems remains a challenging task.

In the mid-1960s, Pierre Hohenberg, Walter Kohn and Lu Jeu Sham established a logically
rigorous DFT of the quantum mechanical ground state. This development led to the
introduction of an approximative explicit theory called the local-density approximation (LDA).
The local-density approximation (LDA) for computations of the quantum ground state of
many-particle systems proved to be superior to both the Hartree—Fock method, which is a wave
function-based approach that approximates the wave function of a many-electron system as a
single Slater determinant, and the Thomas—Fermi theory.”” Kohn and Sham®* successfully
addressed the challenge of designing the kinetic energy functional for applications in molecular
systems by demonstrating that it can be approximated using a single Slater determinant
constructed from an set of orbitals {¢b;}. This determinant represents a hypothetical system of
non-interacting electrons that shares the same electron density as the exact many-body wave
function. However, practical implementations that incorporate orbitals significantly increase
the computational expense compared to orbital-free DFT (OF-DFT) approaches. However,
Kohn—Sham DFT (KS-DFT)” %! which is still fundamentally an exact theory, remains the

most prevalent variant, with widespread applications in chemistry and physics.

In KS-DFT, the non-interacting kinetic energy obtained through the orbital approach does not
correspond to T[p(r)]. The difference between these quantities is merged with Q[p(1)] to

define the exchange-correlation energy, E,..[p(1)]:

Ts[{¢:}] = —%z f ¢; (r)V2¢;(r) dr

Evc[p(] =Tlp(M)] - Tsl{¢:}] + Qlp(1)]

Equation 5

Equation 6
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Here, the primary unknown term is the exchange-correlation functional, which is represented
as a sum of an exchange functional E, [p(7)] and the correlation functional E.[p(7)]. From
this point forward, KS-DFT and DFT will both be used to refer to Kohn-Sham density

functional theory.

Developing density functionals is notably challenging due to them lacking systematic ways to
improve, unlike the hierarchical progression observed in wavefunction theory. While
wavefunction theory does allow for progressively refined models by adding more components,
the same approach does not necessarily guarantee improvement across all the interactions in
density functionals. To offer a general hierarchical conceptual map of DFT, John Perdew
introduced the concept of Jacob’s Ladder,’>!%? which in the Bible refers to the ladder that Jacob
dreams of, reaching from Earth to Heaven.!?® At the base of the ladder lies the “Hartree World”,
where the exchange-correlation energy is zero. In this foundational level, electron-electron
interactions are described exclusively by classical electrostatics, and can be denoted as J[p(r)].
As one progresses up the Jacob’s ladder, the approximations increase in sophistication, and
components are then introduced to improve the modelling of E,.. The framework offers a
pathway for defining density functionals although it does lack the straightforward hierarchy

found in wave function theory.
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Figure 2.1 Perdew’s metaphorical Jacob's ladder highlights the five stages of exchange-correlation models in DF'T, with each
rung providing new physical depth and a step closer to better accuracy.

Jacob’s ladder starts with the simplest exchange-correlation functionals, which are defined by
their dependence solely on the electron density. This first level is known as the local spin-
density approximation (LSDA). Although LSDA functionals are exact for an infinite uniform
electron gas, they do fall short in accuracy when it comes to molecular properties due to the
inhomogeneous density distributions which are typical of most real systems. The LSDA
functional, which dates from work from John Slater and Paul Dirac, has an exact analytic form

presented in Equation 7.°7

a,f 1 apB
3/3\3 1
ELSDA — E feggc dr = _E(Z> E fPa/B’dr
o g

It is vital to improve on LSDA as it does not capture certain import physical effects accurately,

Equation 7

such as the non-locality of exchange-correlation effects and the varying density gradients in
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systems. This itself leads to inaccuracies in predicting properties like bond lengths, electronic

band gaps and reaction energies. !*+1%

Moving up the Jacob’s ladder, the generalised gradient approximation (GGA) occupies the
second rung and is an improvement significantly on LSDA. The general form of the GGA

exchange function is given below:

ap
GGA _ UEG ,GGA
Ex - Zfex,a Ixo dr
o

Equation 8

The function g$54 enhances the exchange energy per unit volume eY£% in a UEG by serving

as an inhomogeneity correction factor (ICF). Many forms of g¢* have been proposed over

the years. One of the efforts to refine the LSDA with density gradient came from Frank Herman
and his team in the late 1960s.'*'"” They introduced the X, s exchange functional, which used

_ Vgl

the ICF g%%* =1+ ¢, ,x2, where x, = . This dimensionless variable was derived

P§/3
through dimensional analysis and defined over the range [0,00). Herman’s approach improved
atomic energy calculations by utilising the ICF, thereby refining the accuracy of calculations.
However, the results produced excessively high numbers, necessitating cutoff values to

simplify computations.

To address this problem, Becke introduced a suitable alternative to X, in 1986, given by u, =

yx&
1+yx3’

with y being a nonlinear parameter. Exchange functionals that utilise a simple ICF g$44

1+ ¢, 1x2 include B86 and PBE (Perdew—Burke—Ernzerhof).!**!% Advancing this concept,
Becke introduced a power series that led to the creation of the B97 density functional,'”

employing an exchange ICF which is expressed in Equation 9.
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N
985 ) = ) oyl
j=0
Equation 9
An ingredient that can increase the accuracy of density functionals is the kinetic energy density.
The kinetic energy density, incorporated into numerous contemporary functionals, enhances
the functional form’s adaptability, facilitating both constraint satisfaction and a closer match to
empirical data. Chemically speaking, kinetic energy density is particularly valuable for
identifying electron delocalisation in molecules.!'” Functionals utilising this are in third rung

of Jacob’s Ladder, termed meta-generalised gradient approximations (meta-GGA). Typically,

a meta-GGA exchange functional is defined by Equation 10 and Equation 11. A variable used
is the dimensionless meta-GGA functionals is a, = t;1 — gsg This variable quite effectively

differentiates between various types of interactions like weak (@ >> 1), covalent (a = 0) and

metallic (a =1) bonds.

a,f
o
Equation 10

N N
g;rleGGA (We, ua) = Z Z Cx,ij Wollg

(=0 j=0

Equation 11

Moving up Jacob’s ladder to the fourth rung are hybrid GGA density functionals. Compared to
meta-GGA, hybrid functionals are generally more accurate due to the inclusion of exact
exchange. However, meta-GGA can still provide high improvements over most GGA
functionals.!""!'> A drawback for hybrid GGA is that the computational cost is higher compared

to meta-GGAs. Meta-GGA. Despite this they are preferred for many applications due to their
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superior accuracy, while meta-GGA functionals often strike a balance between accuracy and

computational efficiency.!!!"!13

In 1993, Becke developed the first global hybrid functional,!'* B3PWO1, by calibrating three
linear parameters against 56 atomisation energies. A global hybrid functional is a type of
density functional that mixes a fixed portion of exact exchange energy from Hartree-Fock
theory with exchange-correlation energy from DFT across the entire system. B3PW91 can be

represented by Equation 12:
EB3PWOl = ¢ EHF 4+ (1 — ¢, — ay)ES + a,EE® + (1 — a )EPW? + a EPV1

Equation 12

where ¢, = 0.2,a, = 0.72, and a. = 0.81. For a boarder set of 124 atomisation energies,
B3PWOI significantly decreases the mean absolute deviation (MAD) of BLYP by almost 2.5
times. GGAs typically feature an exact exchange mixing parameter between 15% and 20%.
Among these, B3LYP is the most commonly used, incorporating a 20% exact exchange mixing
parameter. B3LYP is similar to B3PWO91 but uses VWN1RPA and LYP correlation functionals
instead of PW92 and PW91.!'*> Another notable three-parameter global hybrid GGA functional

is B3P86, which modifies B3LYP by substituting the LYP correlation functional with P86.

The most popular non-empirical global hybrid GGA is PBEO,!!¢ which incorporates 25% exact
exchange. Non-empirical global hybrid GGAs are constructed using theoretical constraints and
principles which are derived from first principles considerations, such as UEG, scaling
properties, or exact conditions for exchange-correlation energy.'®!'"® Parameters in non-
empirical functionals are determined without reference to experimental data, aiming to provide
a more universally applicable and theoretically grounded approach.''” The most popular semi-

empirical global hybrid GGA after B3LYP is B97.'%
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Lastly, at the top of the ladder, the fifth rung is double hybrid (DH) functionals. Both DH and
hybrid GGA approaches in computational chemistry aim to enhance the accuracy of electronic
structure calculations beyond traditional pure density functionals. DH methods, such as those
proposed by Stefan Grimme in 2006,''® extend the concept of hybrid functionals by
incorporating wave function expressions for electron correlation from second-order Moller—
Plesset perturbation theory (MP2), in addition to exact exchange. These functionals typically
include a higher fraction of exact exchange, which reduces self-interaction errors and improves
accuracy.''” While DH functionals provide a more comprehensive treatment of electron
correlation, especially for systems with strong correlation effects or significant dispersion

interactions, this comes at the cost of increased computational demands. An example of a DH

functional is PBEO-2, with the general form shown in Equation 13.
Epp = (1 — a)Eppr—x + aEyp_x + (1 = b)Eppr_c + bEpry_¢

Equation 13

In Equation 13, Eppr_, and Eppr_. are the exchange and correlation energies from a standard

DFT functional, while Eyr_, is the HF exchange energy. The term Epr,_. denotes the MP2

correlation energy, with a and b being empirical mixing parameters, '+113:118

Furthermore, PBEO-2 is a specific type of DH functional that builds on the PBEO functional.
PBEQO itself is a hybrid functional that combines PBE GGA with an exact percentage of HF

exchange, as shown in Equation 14.

Epggo = 0.75Eppp_x + 0.25Eyp_x + Eppr_

Equation 14

Building on Equation 14, PBEO-2 includes a portion of the MP2 correlation energy, making it

a double hybrid, as shown below in Equation 15:
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Eppgo—2 = 0.75Eppg—x + 0.25Eyp_ + (1 = b)Eppg—c + bEyp2—c

Equation 15

with the number for b varying depending on the molecular system used.'?°

When discussing DFT, it is essential to address dispersion and its role in calculations.
Dispersion interactions, also known as London dispersion forces or van der Waals (vdW) forces,
are weak, long-range forces that arise from the correlated fluctuations in electron density in
non-bonded atoms and molecules. These interactions are a type of intermolecular force that
plays a crucial role in determining the physical properties and behaviours of molecular systems,
particularly when those systems do not have ionic or covalent interactions.'?!'?? The challenge
of accounting for dispersion in DFT arises from the inadequacy of local and semi-local
functionals. LDA and GGA fail to capture the dispersion forces adequately because they are
not designed to account for the long-range electron correlations. GGAs, such as the PBE
functional, only considers the local or semi-local electron density information, making them

insufficient for describing long-range, non-local nature of dispersion interactions.®*4123

One approach to solving this problem is to add an empirical dispersion correction term to DFT
calculations. The most common empirical dispersion correction methods known as DFT-D
methods, where the “D” stands for dispersion. A widely commonly used version is the Grimme
DFT-D2 method.'**
c/
6
Edisp = =S¢ Z ﬁfdamp (Rij)

i<j Y

Equation 16

The terms in Equation 16 are as follows: C 6” is the dispersion coefficient for atom pair i and j,

and R;; is the distance between the atoms i and j. The term s is the global scaling factor which
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is specific to the functional used. The term fypm, (R;;) is the damping function, which avoids

divergence at short distances.

There have been improvements on this functional since 2006 by Grimme. In 2010, Grimme et
al. introduced the DFT-D3 method, which improves on the DFT-D2 method by providing a
more sophisticated damping function and it also allows for anisotropic Cy coefficients which
depend on the local chemical environment. Although the general form is very similar to the
DFT-D2 the DFT-D3 has environment-dependent coefficients.!?®
.
Egisp = —Se Z wfdamp (Rij)

RE.
i<j Y

Equation 17
Further refinement was done by Grimme in 2011, focusing on a variant of DFT-D3 called DFT-
D3(BJ). This variant incorporates a Becke-Johnson (BJ) damping function, which improves
the accuracy of medium-range interactions.!'*> Understanding and accurately modelling
dispersion interactions are very important for predicting behaviour of molecular systems and
materials, guiding the design of new materials and enhancing an overall comprehension of

fundamental chemical processes.

Traditionally, DFT has been highly effective for closed shell-systems, where all the electrons
are paired. The closed-shell DFT is based on the framework of Kohn and Sham, which maps
interacting electron systems onto a non-interacting reference system with the same electron

density.'**The Kohn-Sham equation, shown in Equation 18.

1
_2172 + Verr (M| i (r) = e,

Equation 18

42



With V¢ (r) being the effective potential, comprising the external potential, Hartree potential,

and exchange-correlation potential, this approach is better in systems where electron pairs

dominate, thus providing an accurate description of the ground-state properties.

However, a lot of interesting chemical and physical phenomena involve open-shell systems, in
which the unpaired electrons play a crucial role. This leads us away from closed-shell to open-
shell systems and into the realm of Spin-Flip Density Functional Theory (SF-DFT), a method

specifically designed to handle these challenging open-shell cases.

Open-shell systems, characterised by having one or more unpaired electrons, require some
special treatment. The unrestricted Hartree-Fock (UHF) method extends HF theory to handle
open-shell systems by allowing different spatial orbitals for spin-up (o) and spin-down ()
electrons. However, this approach can result in spin contamination, where the wave function
deviates from being a pure spin state.'?® The treatment of a and B electrons is described by

Equation 19 and Equation 20, respectively, which define the spatial orbitals for these spin states.

1
(=572 + V() = efuf

Equation 19
12, e B BB
[_EV + Veff(r)]l/)[ (r) =€ Y

Equation 20

SF-DFT, as previously stated, is a solution for open shell systems, simultaneously reducing
concerns about spin contamination. Proposed by Shao et al.in 2003,'?” SF-DFT operates by
alternating the spin orientation of an electron of an excited state configuration relative to the

predefined high-spin reference state. Through this approach, SF-DFT can effectively capture
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multi-configurational character, which enables description on both the ground and excited

states on a unified framework.

In SF-DFT, the Kohn—Sham determinant of a high-spin reference state serves as the foundation.
This reference state enables SF-DFT to generate single excitations through manipulation of the
spins of individual electrons. This approach is particularly beneficial for characterising systems
such as diradicals, tri-radicals, and other multi-reference systems. Mathematically, SF-DFT can

be expressed in Equation 21:

Hsr-prr = Hgs—prr + Hsr
Equation 21
As shown above, Hys_ppr represents the Kohn—Sham Hamiltonian corresponding to the
reference of the high-spin state, whereas Hp represents the spin-flip excitation operator. SF-
DFT is very advantageous for systems where the electron correlation effects are significant and
has multiple electronic configurations that contribute to the wave function.'?” Furthermore, SF-
DFT can describe low-lying excited states and the ground state within the same theoretical

framework, offering a unified approach to tackle open-shell systems.

2.1.2 The Gaussian 16 Software

Gaussian 16'%8

is a widely used quantum chemical software package, renowned for its ability
to perform advanced computational chemistry simulations. Building upon decades of
development since the introduction of the Gaussian program by John Pople and his
collaborators in the 1970s, Gaussian has evolved into a sophisticated tool for predicting
molecular properties and exploring chemical systems. The program's design facilitates the

study of molecules and reactions in various chemical environments, making it indispensable in

both academic and industrial research.
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The software implements a comprehensive range of quantum mechanical methods, including
HF, post-HF, and DFT, allowing users to calculate molecular energies, optimise geometries,
and predict vibrational frequencies with high accuracy. Gaussian 16 is particularly effective for
studying electronic properties, reaction mechanisms, and transition states, enabling users to
characterise intermediates and pathways in complex reactions. These capabilities are essential
for systems that are experimentally challenging to access, such as high-energy intermediates

or short-lived radicals.

A standout feature of Gaussian 16 is its ability to handle multi-reference systems, including
diradicals, tri-radicals, and other open-shell configurations. SF-DFT and multi-configurational
(or multi-reference) methods (vide infra) available in the software facilitate accurate treatment
of these systems, providing key information into their electronic structures. This is particularly
useful for studying reactive species, excited states, and photochemical processes. The program
also supports the analysis of molecular orbitals, electron density distributions, and other

properties.

Gaussian 16 was employed in this thesis for all DFT calculations, utilising a spin-flip, broken-

symmetry (BS) approach to accurately model the polyradicals studied.

2.2 Post-Hartree-Fock Calculations

2.2.1 Fundamentals of Post-Hartree-Fock Methods

HF theory has significantly advanced simulation methods in computational chemistry,
providing a foundational framework for approximating molecular wave functions. However,
the simplifications inherent in HF, particularly regarding electron correlation, often render it
inadequate for accurately capturing complex physical phenomena. These shortcomings can be
addressed through more sophisticated methods, collectively known as post-HF approaches,
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which incorporate electron correlation effects with greater rigor. While these methods offer
enhanced accuracy, their increased computational demands typically limit their application to

smaller systems.

Three common post-HF methods are coupled cluster (CC), MP2, and configuration interaction
(CI). The CC method extends HF theory by constructing multi-electron wavefunctions using
an exponential cluster operator T. This operator generates the total wavefunction |¥) of the

system as:!29-13!

|¥) = eTldo)

Equation 22
Where |¢,) represents the Slater determinant derived from the HF method, serving as the
reference wave function. The operator T generates excited Slater determinates by including
single (T;), double (T,), and higher-order excitations. CC methods vary in accuracy depending
on the level of excitations considered, with common approaches including CCS (coupled
cluster with single excitations), CCSD (coupled cluster with single and double excitations),
and CCSDT (coupled cluster with single, double, and triple excitations). While CCSDT offers

higher accuracy, it comes at a significantly increased computational cost.

One of the most widely used CC methods is CCSD(T), which stands for coupled cluster with
single and double excitations augmented by a perturbative treatment of triple excitations. Often
referred to as the "gold standard" of quantum chemistry, CCSD(T) strikes an excellent balance
between computational efficiency and accuracy, making it a popular choice for high-accuracy
calculations of molecular properties and reaction energies. The perturbative inclusion of triple
excitations significantly improves the accuracy compared to CCSD, capturing essential

electron correlation effects at a fraction of the cost of full CCSDT.
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A key advantage of CC methods, including CCSD(T), is their size-extensivity and size-
consistency. Size-extensivity refers to a method's ability to ensure that the total energy of a
system scales correctly with the number of particles (e.g. electrons or nuclei) in the system. For
example, if a molecule is doubled in size (such as by combining two identical, non-interacting
subsystems), the total energy calculated by the method should also double. This property is
essential for accurately describing extensive properties and for studying large or multi-
component systems. Size-consistency, on the other hand, ensures that the energy of a system
composed of two or more non-interacting fragments is equal to the sum of the energies of the
individual fragments calculated separately. For instance, in the case of two molecules far apart
with no interaction, the total energy of the combined system should precisely match the sum of
the energies of each molecule individually. This property is crucial for accurately modelling
dissociation processes and non-interacting systems. CCSD(T), being both size-extensive and
size-consistent, provides reliable and consistent results for systems ranging from small

molecules to larger clusters, making it an indispensable tool in computational chemistry.

Mopoller—Plesset (MP) perturbation theory improves upon the HF theory by incorporating
electron correlation effects through Rayleigh—Schrodinger perturbation theory.!’>!3 It
introduces a perturbed Hamiltonian H comprising the unperturbed Hamiltonian H, and a

perturbation V. The HF determinant serves as the zero-order wavefunction, forming the

foundation for successive corrections to the energy.

The second-order correction, MP2, is particularly significant as it captures 80-90% of the total
correlation energy, offering a substantial improvement over HF while maintaining reasonable
computational demands. Higher-order corrections, such as MP3 and MP4, provide increased
accuracy but at the cost of greater computational expense, with their convergence behaviour
depending on the system's complexity and the choice of basis set. Among these methods, MP2
is the most widely adopted for practical studies of electron correlation, offering a favourable
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balance between accuracy and computational cost, particularly when moderate-sized basis sets

are used.

Lastly, CI improves upon the HF method by expanding the wavefunction beyond a single Slater
determinant. It achieves this by representing the wavefunction as a linear combination of
multiple determinants, allowing a more accurate treatment of electron correlation. These
determinants are constructed by introducing excitations from the HF reference state using N-

electron basis functions, thereby accounting for a broader range of electron configurations.

CI can focus on specific types of excitations, such as double excitations (CID), or include both
single and double excitations (CISD), depending on the desired balance between computational
efficiency and accuracy. While CI methods provide a systematic framework for capturing
electron correlation, they are computationally demanding, especially for large systems, as the
number of determinants grows combinatorically with the system size. Nonetheless, CI remains
a benchmark for testing and validating other methods due to its rigorous treatment of electron

correlation.

2.2.2 Complete Active Space Self-Consistent Field (CASSCF) Calculations

The complete active space self-consistent field (CASSCF) method is a cornerstone in quantum
chemistry for accurately modelling the electronic structure of molecules, particularly those
requiring a multiconfigurational or multireference description. Unlike single-reference
methods, which rely on a single electronic configuration to describe a system, CASSCF
captures the complexities of systems where multiple electronic configurations contribute
significantly to the wavefunction. This multireference nature is crucial for accurately
describing phenomena such as bond dissociation, excited states, and diradical or polyradical

systems, where a single configuration fails to capture the electronic interactions adequately.
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The method relies on three key concepts: active space selection, wavefunction optimisation,

and electron correlation.

The active space represents a carefully chosen subset of molecular orbitals that are most
significant for describing the electronic states of a molecule. This subset typically includes
orbitals involved in bonding, anti-bonding, and crucial electronic excitations. Selecting the
appropriate active space is critical, as it determines the accuracy of the calculation. However,
increasing the size of the active space significantly raises computational demands.'** Balancing
these factors is essential for capturing the most relevant electronic interactions while

maintaining computational feasibility.

Wavefunction optimisation in CASSCF enhances the modelling of complex molecular systems
by simultaneously optimising the orbital shapes and the electronic configurations that describe
their interactions. This dual optimisation ensures a highly accurate depiction of electronic states,

particularly for systems where single-configuration approximations fail.'3®

The third pillar of CASSCEF is electron correlation, which encompasses both static and dynamic
correlation. Static correlation addresses situations where a single electronic configuration is
insufficient to describe the system, while dynamic correlation captures the instantaneous
interactions between electrons. CASSCF excels in modelling static correlation, making it
suitable for systems with multiple near-degenerate configurations. However, dynamic

correlation is better handled by complementary methods.

To incorporate dynamic correlation, second-order N-electron valence state perturbation theory
(NEVPT2)!3¢ is often employed alongside CASSCF. NEVPT?2 refines the electronic structure
calculations by accurately accounting for dynamic electron correlation, which involves the

short-range, time-dependent interactions between electrons as they respond to each other and
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to nuclei. This step is critical for capturing the subtle repulsions between electrons that simpler

methods often miss.

Both CASSCF and NEVPT2 are implemented in ORCA,"*’ a versatile computational
chemistry software. In this thesis, ORCA was used to combine these techniques for a detailed
and precise characterisation of complex systems, such as Blatter tri-radicals. This integrated
approach provided comprehensive insights into their electronic structures and properties,

highlighting the strength of these advanced computational methods.

2.2.3 The Orca 5 Software

ORCA is a versatile quantum chemistry software package developed and maintained by Frank
Neese at the Max Planck Institute for Chemical Energy Conversion. Offered as freeware for
academic users, ORCA has become one of the most widely used tools in the field, with over
40,000 registered academic users globally. Its extensive capabilities encompass electronic
structure calculations, molecular properties, and multilevel modelling, making it an
indispensable tool for researchers in both academia and industry. Additionally, ORCA is
commercially distributed to industrial users through FAccTs, ensuring its availability across

diverse research domains.

The fifth iteration of the program, ORCA 5, was released in July 2021, bringing significant
advancements in numerical efficiency, enhanced user-friendliness, and expanded functionality.
These enhancements are underpinned by the integration of the SHARK engine, which
optimises integral calculations and task handling, leading to significant speedups across various
quantum chemical methods. This version also includes redesigned numerical grids and
improved algorithms for DFT, hybrid, and DH functionals, further solidifying ORCA's

reputation as a state-of-the-art computational tool.
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ORCA’s capabilities in multireference calculations make it a powerful tool for studying
complex electronic structures, particularly in magnetic systems and strongly correlated
molecules. Version 5 introduced significant advancements, including the CASPT2-K method,
which is intruder-state-free and eliminates empirical parameters, and reformulated CASPT2
and NEVPT?2 approaches, achieving speedups of up to two orders of magnitude for large active
spaces. The linear-scaling DLPNO-NEVPT2 (vide infra) implementation enables efficient
treatment of large systems, while the expanded ab initio ligand field theory (AILFT) module
allows detailed parameterisation of transition metal complexes, bridging theory and experiment.
These features, combined with iterative configuration expansion (ICE) methods for
approximate full-CI results, position ORCA as a leading platform for tackling the most
challenging problems in quantum chemistry with accuracy and efficiency. As a free, user-
friendly, and continually evolving platform, ORCA not only supports the scientific community

but also drives innovation, making it a cornerstone in the field of computational chemistry.

All post-HF calculations conducted in this thesis were performed using the ORCA quantum
chemistry program.'*® The decision to employ two different software packages for the main
parts of the calculations was driven by multiple considerations. Firstly, it allowed us to utilise
each program for its specific strengths, ensuring that the methodologies applied were optimised
for their respective computational tasks. Secondly, and equally important, this approach
provided the thesis author with the opportunity to explore and gain hands-on experience with

different quantum chemistry software tools.

2.3 Computational Details

A brief overview of the computational details is provided here, with more specific information

detailed in the following sections. To begin, a benchmark investigation of DFT functionals was
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conducted to optimise the geometries of Blatter radicals at their ground-state multiplicities.
Two radicals, 4 (mono-radical, doublet state) and 13 (tri-radical, quartet state), were selected,
and their optimised geometries were compared with experimental data. Vibrational harmonic
frequencies confirmed that the optimised structures are minima on the corresponding potential

energy surfaces.

Section 2.3.1 provides details on the selected molecules, section 2.3.2 discusses the functional
selection, and section 2.3.3 covers the basis set choices. For systems containing sulphur and
selenium, custom basis sets were used (section 2.3.4). All DFT calculations included empirical

dispersion corrections (section 2.3.5).

Doublet-quartet (D—Q) energy gaps for Blatter tri-radicals and singlet-triplet gaps for additional
biradicals were determined via single-point energy calculations. Spin-contamination
corrections were included and are further described in section 2.3.6. To identify the optimal
DFT method for these calculations, a second benchmark compared DFT results with
NEVPT2/CASSCF energy gaps, employing the domain-based local pair natural orbital
(DLPNO)'* approach for efficient multireference calculations and the resolution of the identity
for Coulomb and chain of spheres for exchange (RIJCOSX)"%!%! approximation to accelerate

integral evaluation.

Solvation effects were included in single-point calculations using the implicit solvation model
based on density (SMD)!'*? and the self-consistent reaction field (SCRF) framework, with the
integral equation formalism polarised continuum model (IEFPCM)!'* implemented in

Gaussian 16 to simulate dichloromethane (DCM, ¢ = 8.93) as the solvent.

The criteria for performing the benchmark for the geometry optimisation calculations is

described in section 2.3.7. All DFT calculations were performed in Gaussian 16, while
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multireference calculations were conducted in ORCA 5'3%. Molecular structures were

visualised using ChemCraft,'** and all other plots were created in Python via VS Code.!#’

2.3.1 Selection of Molecules

A comprehensive list of the Blatter tri-radicals examined in this study is presented in Figure
2.2. These systems are categorised into two primary groups based on the substitution patterns.
The first group focuses on "outer" substitutions, where the inner Ph ring retains hydrogen atoms
at the Y positions, while the X substituents vary across two subclasses: the "halide" series and
the "EWG/EDG" series. It is important to note that, despite being termed "halide," this subclass
only includes halomethyl substituents, as the differences among pure halides were minimal and
thus excluded from the discussion. Conversely, the "EWG/EDG" series encompasses all other

electron-withdrawing group (EWG) and electron-donating group (EDG) substituents.

e 2

"Outer" substitutions (Y = H)

"Halide" series
CH,Br; CHBry; CBry

"EWG/EDG" series
X = Ph; CHj; H; OH; CN; NO,; NH5; NMey;
COOH; CHO

e 2

"Inner" substitutions (X = Ph)

"Halide" series
Y = CH,F; CHF,; CF3; CH,CI; CHCI,; CClj;
CH,Br; CHBry; CBrg

"EWG/EDG" series
Y = Ph; CHj3; OH; CN; NO,; NH,; NMe,;
COOH; CHO

Figure 2.2 List of Blatter tri-radicals investigated in this thesis. This is the first study that changes molecules in the X and Y
position.
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The second group addresses "inner" substitutions, where X substituents on the triazine rings
are fixed as Ph groups, and the Y substituents vary according to the same two subclasses (halide
and EWG/EDG), naturally excluding Y = H. This classification allows for a systematic
investigation of the electronic and steric effects of substituents at distinct positions within the

Blatter tri-radicals.

In addition to these tri-systems, calculations were also performed on the original Blatter radical
(4) and systems 26-30, as depicted in Figures 1.15 and 1.16. These additional systems provided
further context and enriched the understanding of the chemical and electronic properties

explored in this study.

2.3.2 Selection of Functionals
The selection of functionals for this thesis encompasses a diverse range of methodologies to
ensure robust calculations across different chemical systems. The functionals used are

classified as follows:

e Hybrid: PW6B95D3,4147 B3pW91,!48 PBEO (written in Gaussian 16 as PBE1PBE), '+
MO06-2X,'4" BP86,'°° B3LYP,"!, wB97X-D,!*> MO6HF.!3

e Meta-GGA: MN15,"3* TPSSh.!%

Among these, MN15, a meta-hybrid GGA functional, is particularly noteworthy for its balance
of accuracy and computational efficiency, making it suitable for capturing electron correlation

effects. The mathematical formulation of this functional is provided in Equation 23.

X
E,%le = WEEF + Enxc + Ec

Equation 23
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The term EFF is the nonlocal HF exchange energy computed from the Kohn—Sham orbitals,
where X denotes the percentage of HF exchange. The E,,,. term refers to the non-separable

local exchange-correlation energy. Lastly, E, accounts for the additional correlation energy.'>®

Another example of functional used is the hybrid, long-range corrected functional wB97X-D.

Its mathematical formulation is provided in Equation 24.

Ewpo7x-p = E)?w + Eéyp - C_éj ’
e i<j Rf; 1+ e~ Rij/Ro=1)

Equation 24

The first term is the exchange energy E£°7 from the Becke 97 functional, with its purpose to
account for the repulsive part of the exchange interaction between electrons.!% Following this,
the correlation energy EX'P from Lee, Yang and Parr (LYP: Lee—Yang—Parr) functional is
introduced, serving to address the attractive part of the correlation interaction between

electrons.'>” Next, the functional incorporates the dispersion energy with damping, represented

c . : . . . . .
by the term };; ;- . This term sums over all pairs of atoms i and j, calculating the dispersion

6
R

interaction between them based on the interatomic distances R;;. To prevent overestimation of

dispersion forces at short distances, a damping function, TR, R 1 applied. Here, d

controls the steepness of the damping, and R, represents the reference distance. This

component ensures proper treatment of vdW interactions while avoiding singularities.'4%!58

Another DFT functional used is TPSSh.'*® This functional is known for its inclusion of kinetic
energy density as an additional variable to improve the description of exchange-correlation

effects. The mathematical formulation of TPSSh is provided in Equation 25:
Erpssn = aEyp + (1 — Q)Ex¢™
Equation 25
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Here, Eyp represents the HF exchange energy, EXESS is the exchange-correlation energy

derived from the Tao-Perdew-Staroverov-Scuseria (TPSS)!> functional, and a is the mixing
coefficient. This functional aims to provide a balanced and accurate description of correlation

and exchange effects, specifically for inhomogeneous electron systems. !> 16!

2.3.3 Basis Sefs
The thesis utilised two basis sets from the def2 family: def2-SVP (split valence polarised) and

def2-TZVPP (triple-zeta with two sets of polarisation).

The def2-SVP basis set, developed by Weigend and Ahlrichs, is designed to balance
computational efficiency with accuracy. It incorporates polarisation functions, enabling a
flexible and more realistic description of the electron distribution compared to minimal or
standard split-valence basis sets. This makes def2-SVP particularly suitable for studying
medium-sized molecules, where computational resources may be limited. It offers significant
improvements over simpler basis sets without demanding excessive computational resources,

making it a practical choice for initial explorations and geometry optimisations. '®?

In contrast, the def2-TZVPP basis set, also from the def2 family, provides a higher level of
accuracy by including triple-zeta functions for valence electrons along with polarisation
functions on all atoms. This basis set is ideal for detailed quantum chemical calculations,
especially for large molecules or systems where precise electronic structure data is essential.
However, its enhanced accuracy comes with increased computational cost, requiring

significantly more time and resources to complete calculations. 6163

In this thesis, def2-SVP was selected for geometry optimisations due to its computational
efficiency, allowing the exploration of molecular structures within a reasonable timeframe. For
single-point energy calculations, def2-TZVPP was employed to achieve the high accuracy
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required for describing the electronic properties of the radicals. However, due to the
computational intensity of def2-TZVPP, it was not utilised for optimising the radicals, ensuring
a balanced use of computational resources while maintaining accuracy where it was most

critical.

2.3.4 Custom Basis Sets for Selenium and Sulphur Systems

Singlet-triplet energy gap calculations for selenium- and sulphur-containing compounds
required the use of tailored basis sets to ensure accurate results. The def2-SVPD basis set,
which includes diffuse functions to better account for the delocalised electron density of these
elements, was selected for this purpose. As the def2-SVPD basis set is not natively

implemented in Gaussian 16, the Basis Set Exchange'®*

platform was utilised to generate a
mixed basis set. This approach allowed the incorporation of diffuse functions into the def2-

SVP framework, ensuring reliable geometry optimisations and energy gap calculations for

selenium- and sulphur-containing molecules.

2.3.5 Inclusion of Empirical Dispersion

Empirical dispersion corrections, specifically Grimme's D3 and D3(BJ) methods, were
incorporated into the calculations for this thesis to improve the accuracy of quantum chemical
simulations. These methods are designed to address the dispersion interactions that standard
DFT often fails to capture, thereby enhancing the treatment of vdW forces and non-covalent

interactions.

As discussed before, the D3 method, developed by Grimme, is a widely adopted approach that

adds dispersion corrections to DFT calculations, improving predictions of molecular
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geometries and interaction energies. The D3(BJ) variant further refines these corrections by
introducing Becke-Johnson damping, which mitigates errors in short-range interactions,

leading to more accurate and reliable results for molecular properties and energetics.

In this thesis, the D3(BJ) correction was employed for geometry optimisation and single-point
calculations performed with the PBEO functional. Additionally, single-point calculations using
the B3PWO1 functional also utilised the D3(BJ) correction, ensuring a consistent and accurate

treatment of dispersion effects throughout the study.

2.3.6 Spin Contamination
The correction factor used to account for spin contamination in the Gaussian calculations
associated with the calculation of the doublet-quartet energy gap, AEpq, is defined in Equation

26:

(S?)us — 0.75
(S2)us —(S?)ss

AEpq = (Egs — Eps)

Equation 26

where Egg represents the energy of the broken symmetry state, which corresponds to the
doublet state, while Eyg refers to the high-spin state which in this case is a quartet state. The
total spin operator for the doublet state holds a value of 0.75, while for the quartet state, it is
3.75. In this equation AEp signifies the corrected energy gap. In the expression, (S*)us and
(S2)Bs account for the computed expected value of the total spin operator (S?) for the states.
In cases involving singlet and triplet states, corresponding singlet-triplet energy gap, AEgt, Egs
and (5?%)gs correspond to the open-shell singlet state, while Eyg and (S?)us are related to the

triplet state.
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2.3.7 Criteria for Geometry Benchmarking

To benchmark geometries, the root-mean-square deviation (RMSD) of the computed structures
was calculated using different functionals, with the crystal structure of the Blatter mono-radical
1 and tri-radical 13 serving as references. The RMSD quantifies the average deviation between
corresponding atomic positions in two molecular structures and is a critical metric for assessing

the accuracy of computed geometries. The RMSD is calculated as:

Equation 27

where N is the number of atoms in the molecule, and d; represents the distance between the i-

th atom in the two structures being compared.

The ChemCraft'* software utility was used for these calculations, which involves comparing
two molecular structures side by side. First, two instances of ChemCraft'** are launched, and
the reference crystal structure and computed geometry are loaded into separate windows. The
structures must have identical atomic sequences; if not, the atoms in one structure must be
manually reordered to match. This can be accomplished using the "Edit/Update sequence by

atomic labels" feature in ChemCraft.!#*

Once the structures are prepared, the "Tools/RMS compare structures" option is selected to
compute the RMSD. The utility displays minimised atomic distances in a table, along with
RMSD values calculated for different atom types and for all atoms combined. If required,
weights can be assigned to individual atoms using the "Use custom weights" option, allowing

specific atoms to contribute more or less to the RMSD calculation.
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The RMSD values provide a quantitative assessment of how well the computed structures align
with the reference crystal structure. For example, the "All atoms" RMSD gives an overall
measure of structural agreement, while RMSDs for individual atom types highlight specific
areas of deviation. This approach ensures a thorough evaluation of the computed geometries

and validates the performance of the selected functionals.

Using this methodology, the geometric benchmarks revealed how well the chosen functionals
could reproduce the experimentally determined geometry of the Blatter tri-radical systems. The
results offered a way into assessing the accuracy of the computational methods applied in this

thesis and selecting the best one for geometry optimisations.

The benchmarking process involved evaluating the Blatter mono-radical 1 and the Blatter tri-
radical 13. Crystal structures for both systems were obtained from the Cambridge
Crystallographic Data Centre (CCDC).'® The structures were then edited using the Avogadro

molecular editor to isolate the corresponding monomers for further analysis.

To determine the most suitable functional for accurate mono-radical and tri-radical calculations,
five different functionals were applied to the monomers. The performance of each functional
was assessed using root-mean-square deviation (RMSD) comparisons between the computed
and experimental geometries. In these comparisons, hydrogen atoms were excluded from the
RMSD calculations as their positions had negligible influence on the overall structural
differences. This approach ensured that the analysis focused on the key structural features of

the molecules.
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Chapter

3. Results and Discussion

This chapter provides a comprehensive analysis of the structural properties and electronic
behaviour of Blatter tri-radicals associated with compound 13 and related systems, including
fused dithiazole-triazine diradicals 26-28, the aza-acene tri-radical 29, and the Blatter-type
Schatz diradical 30. The focus is on examining the effects of various substituents and their
influence on molecular geometry, spin states, and energy gaps. The first section investigates
the structural effects of outer and inner substitutions on the Blatter tri-radicals, comparing
halide-substituted and electron-donating/electron-withdrawing groups. A comprehensive
geometry benchmark analysis is conducted, revealing trends in planarity, bond lengths, and
steric effects, with findings visualised through optimised 3D structures. The chapter also
examines the D—Q energy gaps for these systems, highlighting how substituents influence spin-

state stability.

Subsequently, the focus shifts to singlet-triplet energy gaps in potential phenyl-substituted
dithiazole-triazine diradicals. This analysis explores the effects of the dithiazole ring structure,
selenium and phosphorus substitutions, and the incorporation of functional groups like CN and
OCHy3, to verify if these systems can indeed be labelled as diradicals. Trends in singlet stability
are identified, illustrating the effects of electronic and steric factors on molecular properties.

Finally, we analyse the aza-acene tri-radical and the Blatter-type Schatz diradical. Together,
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these results provide a thorough understanding of how structural modifications affect the

electronic characteristics and stability of these radical systems.

3.1 Blatter Tri-Radicals: Structural Analysis

3.1.1 Structural Benchmark

We begin this section by presenting the results of the geometry benchmark analysis. illustrates
the RMSD values for the Blatter mono-radical 1 using five different functionals, namely
B3LYP, BP86, M06-2X, PBEO, and wB97X-D. In turn, Figure 3.2 shows the values for

Koutentis’ tri-radical system 13.
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Figure 3.1 RMSD values for five DFT functionals compared against the crystal structure of Blatter mono-radical 1.
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Figure 3.2 RMSD values for five DFT functionals compared against the crystal structure of Blatter tri-radical 13.

For the mono-radical, the analysis reveals that BP86 is the least optimal choice, with a
significantly higher RMSD value of 0.139. In contrast, WB97X-D emerges as the most suitable
functional, achieving the lowest RMSD of 0.087, indicating its superior accuracy in

reproducing the mono-radical crystal structure.

Interestingly, the performance trends shift when examining the tri-radical data. While wB97X-
D was the top performer for the mono-radical, it is the least suitable for the tri-radical, yielding
an RMSD of 0.135. On the other hand, PBEO stands out as the most suitable functional for the
tri-radical, with an RMSD of 0.105. Notably, PBEO also performs well for the mono-radical,
with an RMSD of 0.106. The marginal difference between these values across both radicals

establishes PBEO as the most reliable choice for optimisation calculations using Gaussian.

The lower RMSD values reflect better agreement with experimental crystal structures, with
values below approximately 0.15 A widely accepted as indicative of reliable geometry

optimisations in computational studies.

Based on the benchmark results, Gaussian 16 was employed for the optimisation and frequency

analysis using the PBEO functional. Frequency calculations were performed alongside the
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optimisations to confirm the stability of the computed geometries and validate the successful

completion of the calculations.

3.1.2 Structural Analysis of Outer-Substituted Systems

We now turn to the structural analysis of Blatter tri-radicals with substitutions at the N—H bonds,
where the hydrogen atom is replaced by methyl and halogenated methyl groups. This analysis
investigates how these substitutions influence the overall molecular geometry of the Blatter tri-
radical in its quartet ground state and minimum-energy configuration. These halide
substitutions influence the spatial arrangement and bonding characteristics within the molecule.
This section explores the structural variations and bonding differences observed across a series
of halide-substituted methyl groups in both the outer and inner positions: CH3, CHoF, CHF>,
CF3, CH2Cl, CHCl,, CCl3, CH2Br, CHBr2, and CBr3. This comprehensive analysis highlights
the impact of halogenation on molecular geometry and electronic properties. The 3-D structures

of selected optimised compounds with substitutions in the outer ring are shown in Figure 3.3.

Starting with the CH3 group, the molecule is largely planar, with the natural exception of the
hydrogen atoms within the methyl group. Two hydrogen atoms are positioned below the plane,
while the third, associated with the longest C—H bond (~1.10 A), extends slightly above it. The
bond lengths within the CH3 group show minimal variation, with two nearly identical C—H
bonds (~1.10 A) and a slightly shorter third bond (~1.09 A). The C-N bond connecting the

methyl group to the rest of the molecule measures approximately 1.44 A,
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Figure 3.3 Selected optimised outer-substituted structures (quartet state) of the Blatter tri-radical at the PBE0O-D3(BJ)/def2-
SVP level of theory. Top-left shows CHs, top-right depicts CH2F, bottom-left illustrates CHF >, and bottom-right presents CF3.

Substituting one hydrogen atom with a fluorine atom to form the CH> group introduces some
changes in bond characteristics while preserving the molecule's overall planarity. The two
remaining C—H bonds remain consistent at approximately 1.10 A, while the C—F bond is
noticeably longer at ~1.37 A, reflecting fluorine's larger atomic radius. Additionally, the C-N
bond length shortens slightly to ~1.43 A, a minimal yet noteworthy change. This can be
attributed to fluorine's high electronegativity, which withdraws electron density from the
carbon atom, increasing its partial positive charge. In turn, this enhances the electrophilicity of
the carbon, strengthening the C—N bond by increasing its partial double-bond character.
Although these changes in bond lengths are relatively small, they underscore how the
substitution of a highly electronegative atom like fluorine can subtly alter the molecular

geometry and electronic structure.

In the CHF> group, the molecule remains predominantly planar, with slight deviations in the
spatial orientation of the two fluorine atoms. The C—H bond stays consistent at approximately

1.10 A, while the two C—F bonds are identical at ~1.34 A, slightly shorter than the single C—F
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bond in CH2F due to the stronger electron-withdrawing effect of two fluorine atoms. The
fluorine atoms are positioned asymmetrically, with one extending slightly above the plane and

the other below, introducing minor non-planarity.

This spatial arrangement likely represents one of several conformers, as the C—N bond in the
molecule is rotatable, allowing for different relative orientations of the CHF, group. These
conformers are expected to have very similar energies due to minimal steric hindrance between
the groups, reflecting the dynamic nature of the molecule's geometry. Such conformational
flexibility ensures that the molecule can adopt configurations that balance electronic and

structural factors effectively.

Finally, the CF3 group exhibits a more pronounced influence of fluorine substitution on the
molecular geometry. The three C—F bonds show a subtle trend of decreasing bond lengths
compared to the mono and difluoromethyl groups, measuring approximately ~1.33 A and ~1.31
A, respectively. This slight shortening can be attributed to the cumulative electron-withdrawing

effect from the three fluorine atoms, which strengthens the C—F bonds.

Interestingly, the C—N bond length reverts to ~1.44 A, similar to the value observed in the CHj
group. This suggests a stabilisation effect as additional fluorine atoms are introduced, possibly
due to the symmetrical distribution of electron-withdrawing effects around the carbon atom.
This symmetry reduces electronic strain and restores the C—N bond length to its original length,
highlighting how fluorination can influence not only localised bonding but also the broader

electronic structure of the molecule.

Following the analysis of fluorine-substituted methyl groups, attention now shifts to the effects
of chlorine substitution in the Blatter radical at the outer position. Chlorine's larger atomic size
and moderate electronegativity, compared to fluorine, introduce distinct structural and

electronic changes. These characteristics subtly reshape the bond lengths and spatial
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arrangements, offering a contrasting perspective on the influence of halide substitutions. The
resulting structural variations are depicted in Figure 3.4, highlighting the key differences
introduced by chlorine substitution and providing further insights into the behaviour of these

systems.

Figure 3.4 Selected optimised outer-substituted structures (quartet state) of the Blatter tri-radical at the PBE0O-D3(BJ)/def2-
SVP level of theory. Top-left shows CHs, top-right depicts CH2Cl, bottom-left illustrates CHCla, and bottom-right presents
CCls.

In the CHCI group, the molecule retains its planar structure, much like the CH2F group
discussed earlier. The two C—H bonds remain consistent, measuring approximately 1.10 A each.
However, the C—Cl bond is notably longer at approximately 1.80 A, significantly exceeding
the length of the corresponding C—F bond in CH,F (~1.37 A). This elongation is naturally

expected and attributed to chlorine’s larger atomic radius.

The C-N bond length measures about 1.42 A, reflecting a slight shortening compared to the
unsubstituted methyl group. This shift is similar to that observed in the CH>F group, suggesting
that the introduction of chlorine, like fluorine, influences the electronic environment around

the carbon atom, subtly altering the bond characteristics within the molecule.
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After the introduction of a second chlorine atom to form the CHCl, group, the molecule
continues to exhibit planarity, but the additional chlorine creates more pronounced changes.
The single C—H bond remains consistent at approximately 1.10 A, while the two C—CI bonds
measure around 1.79 A each, slightly shorter than the lone C—Cl bond in CH,Cl. This modest
reduction in bond length mirrors the trend observed in the difluoromethyl group, where the
addition of a second halogen resulted in shorter bonds. This effect is likely due to the
cumulative electronic influence of the chlorine atoms, which slightly alters the electron density
distribution around the central carbon atom. The C-N bond length remains steady at
approximately 1.42 A, showing that the introduction of a second chlorine atom maintains a

similar structural balance as in CH,Cl.

Finally, with the introduction of the CClz group, shows that it is possible to see that the
molecule stays planar, with two of the C—Cl bonds measuring around 1.80 A each, while the
third bond being shorter in length, at 1.75 A. This mirrors the pattern seen in the CF; group,
with the three C—X bonds (X = halogen) showing small variations in bond lengths. The C—N
bond in CCl; case extends back to approximately 1.44 A, similar to the value observed in the
fully substituted CF3 group. This suggests a stabilisation effect as the number of chlorine atoms
increases, likely due to the symmetrical electron-withdrawing influence of the three chlorine
atoms, which balances the electronic environment around the central carbon atom. These
observations also emphasise the parallels between the structural impacts of fluorine and
chlorine substitutions while highlighting the unique contributions of each halogen's size and

electronegativity.

Following the analysis of chlorine-substituted methyl groups, the structural analysis now shifts
to the effects of bromine substitution in the Blatter radical at the outer position. Bromine
represents the halogen with largest atomic size and lowest electronegativity compared to the
halogens investigated in this thesis. The structures are shown in Figure 3.5.
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Figure 3.5 Selected optimised outer-substituted structures (quartet state) of the Blatter tri-radical at the PBE0O-D3(BJ)/def2-
SVP level of theory. Top-left shows CHs, top-right depicts CH2Br, bottom-left illustrates CHBr2, and bottom-right presents
CBrs.

In the CH,Br group, the molecule retains planarity, consistent with the trends observed in
previous substitutions. The introduction of bromine results in a C—Br bond length of
approximately 1.98 A, the longest bond observed in this analysis. The two C—H bonds measure
around 1.10 A and 1.09 A, remaining largely unaffected by the substitution. The C—N bond
length is approximately 1.41 A, comparable to those in CH>Cl and CH,F, indicating that the

substitution of bromine has a limited impact on the electronic environment of the C—N bond.

In both CHBr; and CBr3 groups, planarity is preserved, with bromine's larger atomic size and
steric effects resulting in the longest C—Br bonds observed. In CHBr», the two C—Br bonds are
approximately 1.95 A, while in CBr3, the bonds range from 1.93 A to 1.97 A, showing a pattern
consistent with increasing halogen substitution. The C—H bond in CHBr> remains unchanged
at ~1.09 A, and the C-N bond length across both groups increases slightly, reaching ~1.43 A
in CBrs3. This progression highlights bromine's influence on bond elongation and structural

adjustments, with steric effects becoming more pronounced as substitution increases.

The structural analysis of halide-substituted methyl groups in the Blatter radical demonstrates

a consistent trend of maintained planarity despite variations in substituents. Fluorine
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substitutions (CH2F, CHF,, CF3) lead to progressively shorter C—X bonds due to fluorine's
strong electron-withdrawing effect. Chlorine substitutions (CH2Cl, CHCl,, CCl3) result in
longer bonds, reflecting chlorine's larger size and lower electronegativity. Bromine
substitutions (CH2Br, CHBr2, CBr3) produce the longest C—X bonds, driven by bromine's
significant atomic size. Despite these variations, the substituents are positioned far from each
other, avoiding steric clashes that could disrupt the molecular backbone's planarity. This
highlights the stability of the Blatter tri-radical's core structure, regardless of the halogen

substituent.

3.1.3 Structural Analysis of the Inner-Substituted Systems

To compare the effects of outer and central substitutions, the focus now shifts to Blatter radicals
where the hydrogen atoms on the central phenyl ring are replaced by the same substituents
previously discussed. This allows for a direct analysis of the structural alterations and
differences between substitutions at these two positions. The comparison begins with the
methyl group and the fluorine-substituted methyl groups, whose optimised 3-D structures are
shown in Figure 3.6, highlighting how their placement impacts the molecular geometry and

bonding characteristics of the Blatter tri-radical.

With CHs, the structural impact differs significantly between inner and outer substitutions. As
discussed before, in the outer position, the molecule retains planarity, consistent with previous
observations. In the inner position, however, steric interactions between CH3 and the adjacent
phenyl rings cause the outer phenyls to twist out of the plane, forming a crown-like structure.
The central benzene ring remains planar, while the surrounding geometry adapts to minimise

steric clashes.
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Figure 3.6 Selected optimised inner-substituted structures (quartet state) of the Blatter tri-radical at the PBE0-D3(BJ)/def2-
SVP level of theory. Top-left shows CHj, top-right depicts CH>F, bottom-left illustrates CHF >, and bottom-right presents CFs.

In this configuration, the C—C bonds within the central phenyl ring remain in the plane, with
two C—H bonds extending below the plane and the third C—H bond of the methyl group
positioned above it. The C—C bond lengths in the central phenyl are approximately 1.5 A, while
the C—H bonds measure around 1.1 A. This pronounced difference between inner and outer
substitutions point out the significant influence of steric effects when the substitution occurs

closer to the core of the Blatter tri-radical molecule.

When fluorine-substituted methyl groups are placed in the inner position, the central phenyl
ring remains planar, but the structural effects on the surrounding Blatter radical are more
pronounced. For the CH,F group, the molecule maintains planarity with C—H bonds at 1.1 A
and the C—F bond extending to 1.38 A. Similar to the inner CH3 substitution, steric interactions

cause the outer phenyl rings to rotate, preserving the crown-like structure observed previously.
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In the case of the CHF2 group, planarity of the central ring is also retained, but the spatial
arrangement of the fluorine atoms introduces additional complexity. The C—F bonds, at ~1.35
A, are positioned above and below the plane, creating a slightly non-planar configuration for
the substituent. This orientation reflects a balance of steric and electronic effects, similar to
outer CHF; substitution, where fluorine atoms influence bond lengths and spatial alignment.
Despite these subtle variations, the inner CHF> group maintains the crown-like rotation of the

Blatter radical, consistent with the trends seen in CHF substitution.

Finally, for the CF; group, the inner substitution does lead to more significant structural
rotations due the steric bulk that comes from the three fluorine atoms. The C—F bonds average
between 1.33 A and 1.34 A, similar to outer substitution, but the rotations are more pronounced,

furthering reinforcing the crown-like structure.

Moving on to the chlorine-containing systems (Figure 3.7), planarity is preserved in the central
phenyl ring with CH>Cl substituents, but steric interactions induce a "bird-like" arrangement
of the Blatter radicals, contrasting the planar outer substitution. The C—Cl bond measures ~1.80
A, comparable to the outer system, but the inner C—C bond (~1.50 A) is slightly shorter.
Similarly, for CHCl,, inner substitutions maintain phenyl ring planarity but introduce
asymmetry with one C—Cl bond above and one below the plane (~1.79-1.81 A), and the C-C

bond length increases to ~1.51 A due to steric effects.
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Figure 3.7 Selected optimised inner-substituted structures (quartet state) of the Blatter tri-radical at the PBE0-D3(BJ)/def2-
SVP level of theory. Top-left shows CHs, top-right depicts CH2Cl, bottom-left illustrates CHCIz, and bottom-right presents
CCls.

The trend intensifies with CCls, where inner substitutions disrupt planarity entirely, creating a
pronounced crown-like structure. The C—Cl bonds (~1.79—1.80 A) remain consistent, but the

C—C bond stretches to ~1.54 A, the longest in the series.

For bromine-substituted groups (Figure 3.8), the pattern mirrors chlorine but with more
pronounced effects due to bromine's larger atomic size. In CH2Br, inner C—Br bonds measure
~1.96 A, slightly shorter than in outer substitutions (~1.98 A), while the central phenyl ring
remains planar. CHBr, introduces minor distortions to the phenyl ring, with C—Br bonds

(~1.94-1.95 A) consistent between inner and outer positions. In CBr3, planarity is entirely lost,
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and inner C-Br bonds (~1.95-1.98 A) remain similar to outer substitutions, but the C—C bond

length reaches ~1.54 A.

Figure 3.8 Selected optimised inner-substituted structures (quartet state) of the Blatter tri-radical at the PBE0-D3(BJ)/def2-
SVP level of theory. Top-left shows CHs, top-right depicts CH2Br, bottom-left illustrates CHBr2, and bottom-right presents
CBrs.

In conclusion, the halide analysis reveals a clear trend: increasing halogen size from fluorine
to bromine leads to longer bond lengths and greater structural distortions, particularly in inner
substitutions. Steric effects dominate, overshadowing electronegativity, with inner positions
showing shorter bond lengths and more pronounced rearrangements compared to outer

positions.
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3.1.4 Outer EDG/EWGs

Continuing the structural analysis of the tri-radical systems, the focus now shifts to the
influence of EWGs and EDGs on the molecular geometry. Both outer and inner substitutions
are considered, starting with groups such as NO,, COOH, H, Ph, NH, and CHj3 in the outer
positions. The optimised structures for these groups are presented in Figure 3.9. The structure
with R = CHj3; was discussed in the previous section and was placed here merely for visual

comparison.

Let us start with the outer substitutions. The initial analysis begins with the NO» group, where
the molecule remains fully planar despite the strong electron-withdrawing nature of the
substituent. The N-N bond length is approximately 1.45 A, while the N—O bonds measure
around 1.19 A and 1.20 A. The uniformity of these bond lengths indicates that the NO, group

integrates effortlessly into the molecular framework, as illustrated in Figure 3.9.

In contrast, the COOH group also preserves the overall planarity of the molecule but introduces
a slight distortion. The carboxyl group causes a minor deviation, with the O—H portion
positioned slightly above the molecular plane and the C=0 bond slightly below it. This subtle
alteration is reflected in the bond lengths: the C—O bond measures approximately 1.33 A, the
C=0 bond around 1.19 A, and the O-H bond about 0.97 A. The N-C bond length remains
consistent with that of the NO, group at approximately 1.44 A, reinforcing that planarity is

largely maintained despite the COOH substitution.
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Figure 3.9 Selected optimised outer-substituted structures (quartet state) of the Blatter tri-radical at the PBE0O-D3(BJ)/def2-
SVP level of theory. From top-left to bottom-right: NO2, COOH, H, Ph, NH>, and CH;.

Hydrogen, being a simple and neutral substituent in this series, is also shown as a reference
point for the structural comparison. As anticipated, the system remains completely planar, with

the N—H bond length measuring approximately 1.01 A.

The Ph group represents the original structure of the Blatter radical. Although the core of the
molecule remains planar, the Ph groups do occupy non-planar orientations through out of plane
rotations, indicating that these rings do not participate in a larger conjugation with the core

structure. The steric bulk of the phenyl group drives this deviation, as illustrated in Figure 3.9.

Continuing the series, the NH> group introduces a distinct distortion. While the molecule
remains planar up to the NH: group, the attached hydrogens deviate slightly, with one
positioned above the plane and the other below. This bent conformation results in N-N bond
lengths of approximately 1.38 A, shorter than those observed with NO> and COOH groups,
reflecting a different electronic environment. The N-H bonds, both measuring around 1.02 A,

are similar to the bond length observed when hydrogen was the substituent.
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To summarise, irrespective of the substituent, the Blatter tri-radical core remained planar.
Substituents such as NO; and COOH maintain full planarity, with all atoms participating in the
planar system. In contrast, Ph, NH,, and CH3 induce non-planarity only in their substituent

regions, leaving the core structure virtually unaffected.

3.1.5 Inner EWG/EDGs

This section examines the impact of EWGs and EDGs on the structural properties of the Blatter
tri-radical system featuring inner substitutions. While the central Ph ring retains its planarity
across all cases, substitutions in the inner positions introduce deviations in the overall
molecular structure. Key substitutions analysed include EDGs such as NH> and N(Me),, as

well as EWGs like COOH and CHO, as illustrated in Figure 3.10.

Through the formation of hydrogen bonds between the NH» group and the nitrogen atoms in
the outer systems, the NH» group leads the overall structure to become almost entirely planar,
with just the Ph substituents deviating from planarity. The presence of these intramolecular
hydrogen bonding creates a unique honeycomb-like structure, providing structural stability
despite minor out-of-plane deviations. Bond lengths within the NH» system include a C—N
bond of approximately 1.33 A and C—H bonds ranging from 1.02 A to 1.03 A, with the longer

bonds corresponding to hydrogens involved in hydrogen bonding.
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Figure 3.10 Selected optimised outer-substituted structures (quartet state) of the Blatter tri-radical at the PBE0-D3(BJ)/def2-
SVP level of theory. From top-left to bottom-right: NH>, CHs3, COOH, CHO.

The second EDG analysed in the inner position is N(Me)>. Similar to NHp, the central phenyl
ring remains planar; however, significant deviations arise due to steric hindrance from the two
Me groups. One Me group extends above the plane, while the other points below, resulting in
more pronounced out-of-plane distortions compared to NH,. Unlike NH», the absence of
hydrogen bonding in this system exacerbates the deviations, causing the Blatter radicals to
rotate more extensively. Bond lengths in the N(Me)> group reveal a central C—N bond length
of approximately 1.39 A, slightly longer than in NH», while the C-N bonds of the methyl

groups measure around 1.43 A. C—H bond lengths range from 1.10 A to 1.11 A.
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For the EWGs, COOH maintains planarity in the central phenyl ring, though the COOH group
itself shows slight out-of-plane rotations. In the optimised conformer, the C=O bond extends
above the plane, while the hydroxyl (OH) group points below. Unlike other systems, no
hydrogen bonding is present. Bond lengths for the COOH group align with typical carboxylic
acid behaviour: the C=0 bond measures ~1.20 A, the C-O bond ~1.37 A, and the O—H bond

~0.97 A.

The fourth group and the second EWG in the inner analysis is CHO, which behaves similarly
to COOH regarding the planarity of the central phenyl ring but exhibits the opposite orientation
for the functional groups. No hydrogen bonding is observed, and the bond lengths are
comparable to those in COOH: the C=0 bond is ~1.20 A, while the C-H bond is slightly longer

at ~1.11 A compared to the O-H bond in COOH.

To summarise the inner system substitutions, EDGs generally preserve the planarity of the
central phenyl ring. The NH> group is unique due to its stabilising hydrogen bonding, which
forms a honeycomb-like structure, whereas the bulkier N(Me), introduces significant out-of-
plane deviations due to steric hindrance from the methyl groups. EWGs such as COOH and
CHO also maintain planarity but induce greater out-of-plane distortions due to the orientation

of their functional groups, with no hydrogen bonding to stabilise the structure.

When comparing inner and outer systems, both EDGs and EWGs maintain the planarity of the
central phenyl ring, but inner substitutions show greater deviations due to steric effects. Outer
substituents like NO2 and COOH, despite their electron-withdrawing nature, retain planarity
with only minor out-of-plane shifts. Steric effects are more pronounced in the inner system,
particularly with bulkier groups like N(Me)z, highlighting the influence of substitution position

on the overall molecular geometry.
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3.2 Blatter Tri-Radicals: Doublet-Quartet Gaps

3.2.1 Benchmark of D-G gaps

In this section, we discuss the benchmark done for the D-G energy gaps of the Blatter tri-
radical system. These calculations were carried out through single-point calculations with
several DFT functionals at the PBEO-optimised geometry. Among the tested functionals, PBEQ
itself produced a D—Q gap of 60 cm™!. This value was compared to a reference DQ gap of 38.1
cm !, calculated by Koutentis and his team at the University of Cyprus using the B3LYP
functional.®® The notable discrepancy between the PBEO and B3LYP results already indicated

a need for further refinement.

» 60.0 cm™ Q-D gap » 38.1cm Q-D gap

Figure 3.11 Representation of the Blatter tri-radical: the left-hand side displays the calculated doublet-quartet gaps using the
PBE0-D3(BJ)/def2-SVP method, while the right-hand side features the electrostatic potential map alongside a literature-
reported doublet-quartet gap value using B3LYP.

To resolve this, additional single-point calculations were conducted using CASSCF/NEVPT2
methods with different active spaces, all based on the PBEO-optimised geometry. The reference
active space selected for these calculations was (11,11). These advanced methods provided a
more detailed and accurate analysis of the tri-radical's electronic structure, offering a robust

evaluation of the functionals and basis sets. This systematic approach was crucial for improving
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the reliability of the predicted electronic properties and ensuring consistency across the

computational methodologies employed.

Figure 3.12 illustrates the results of the CASSCF calculations performed with various active
spaces, both with and without dynamic correlation included via the NEVPT2 approach. The
data reveal that the choice of active space size significantly impacts the D—Q energy gap. A
consistent trend is observed, where the gap increases as the active space is expanded from
NEVPT2/CASSCF(3,3) to NEVPT2/CASSCF(11,11), suggesting that the quartet spin state
becomes progressively more stabilised with improved treatment of electron correlation.
However, the NEVPT2/CASSCF(7,7) calculation stands out with an anomalously negative gap
of —7.9 cm™!, likely due to convergence issues. Attempts to extend the active space to 13,13
failed due to computational limitations, making NEVPT2/CASSCF(11,11) the largest feasible
active space. Furthermore, NEVPT2/CASSCF(9,9) is not displayed as it did not converge
properly. Consequently, the gap obtained with NEVPT2/CASSCF(11,11), calculated as 45.3

cm™!, was adopted as the reference value.

Figure 3.13 presents the D—Q gaps obtained with various density functionals compared against
the NEVPT2/CASSCF(11,11) reference value. The data reveal that functionals like PBEO and
wBI97X-D tend to overestimate the gap, whereas MN15, B3PW91, PW6B95D3, and TPSSh
provide results more consistent with the multireference calculations. Their respective gaps and
deviations (AE) are: MN15 (48.9 cm™', AE: +3.6 cm™), B3PW91 (45.2 cm™!, AE: 0.1 cm™),
PW6B95D3 (42.6 cm™!, AE: 2.7 cm™"), and TPSSh (42.1 cm™!, AE: —3.2 cm ™). Based on this
comparison, B3PW91 was initially selected for single-point calculations due to its minimal

deviation from the reference value.
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Figure 3.12 Comparison of multireference calculations with PBEQ data for doublet-quartet energy gaps (cm™) for the Blatter
tri-radical 13. Data includes calculations with dynamic correlation (NEVPT2/CASSCF) and without (CASSCF), for active
spaces ranging from (3,3) to (11,11). Green bars represent post-HF calculations, while the red bar corresponds to the DFT
(PBEO-D3(BJ)/def2-SVP) value. Results for NEVPT2/CASSCF(9,9) are excluded due to convergence issues.
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Figure 3.13 Calculated doublet-quartet energy gaps (cm™*) for the Blatter tri-radical 13. Energies for selected functionals are
compared to reference values. Each bar represents a different functional, with reference values from NEVPT2/CASSCF(11,11)
and PBEO0-D3(BJ) shown in red, and results from other functionals displayed in green.

However, the use of different functionals for geometry optimisation (PBEOQ) and single-point

energy calculations (B3PWO1) introduced inconsistencies for certain systems, as explained in
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later sections. To address this issue and streamline the analysis, the thesis mostly presents
results using PBEOQ. Although this functional slightly overestimates the D—Q gaps relative to
the multireference calculations, it offers a consistent framework for interpreting the results and

provides an upper limit for the energy gaps.

Position Major Observations

Outer Halides Halides generally favour the quartet state. Cl-substituted systems show the highest
D-Q gaps, F shows moderate gaps, and Br the lowest. CBr3 is an outlier with an
unusually small gap. PBEO overestimates gaps; consistent use of functionals is
crucial due to geometry sensitivity.
Outer EWG/EDG EWGs (e.g., CHO, CN) increase the D—Q gap, favouring the quartet state, while
EDGs (e.g., NH,, CH3) reduce it. OH shows a high gap due to polar interactions.
EWGs generally lead to larger gaps than EDGs.

Inner Halides The inner halide groups show smaller D—Q gaps compared to the outer positions,
likely due to steric effects. CFs and Cl-substituted groups favour the quartet state,
while CHCI, shows a slight preference for the doublet. Bromine’s larger size and
lower electronegativity reduce quartet stability
Inner EWG/EDG EWGs like COOH and CHO show larger D—Q gaps, favouring the quartet state,
similar to outer positions. EDGs like NH,, CH3, and N(Me), show smaller gaps,
with NH, favouring the doublet due to electron delocalization. Steric factors

impact quartet stability more significantly in inner positions.

3.2.1 D-Q Gaps of Outer-Substituted Systems

This section examines the D—Q energy gaps for outer substitutions of Blatter tri-radicals, based
on optimised structures at the PBEO level of theory. Single-point energy evaluations were
performed with both the PBEO and B3PW91 levels, with most of the results discussed using
PBEQO, as stated above. The focus remains on halides, EWGs, and EDGs that were previously

analysed.

Figure 3.14 illustrates the calculated D—Q energy gaps of all outer-substituted systems,
calculated at the PBE0O-D3(BJ)/def2-SVP level of theory. Each bar represents a different system
within the outer series, with halide-containing groups shown in red and the remaining EWGs

and EDGs displayed in green.
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Examining Figure 3.14, it is evident that various substituents significantly impact the D—Q
energy gap, influencing the stability of the quartet versus doublet states. EDGs such as NH»
and N(Me): still favour the quartet state but to a lesser extent than EWGs. EWGs like NO»,
CN, and CHO heavily favour the quartet state, particularly the latter, exhibiting the most
extreme gap at 194.4cm™. In all cases, however, the quartet remains as the ground state
multiplicity. This analysis indicates that EWGs favour the quartet state more than EDGs.
Notably, the OH substituent is absent from the dataset due to its calculation returning an error

value, which prevented its inclusion in the analysis.
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Figure 3.14 Optimized energies for the doublet-quartet gaps for all of the outer substituted systems, calculated at the PBEO-
D3(BJ)/def2-SVP level of theory. Each bar represents a different system within the outer series, with halide-containing groups
shown in red and the electron-withdrawing and electron-donating groups displayed in green.

In contrast to this, substitutions like CBr; and N(Me), show much smaller D-Q gaps. CBr3 is
especially notable, having the smallest D-Q gap of 12.5 cm™'. Although the specific reasons
for the particularly small difference between the doublet and quartet states are beyond the scope
of this thesis, future investigations could benefit from analysing spin densities, bringing

information into the electronic distribution and interactions that contribute to these differences.
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Halogenated substituents, such as CHF,, CHCl> and CHBr2, display moderate to high D—Q
gaps, with CH,Cl clearly standing out at 119.5 cm™, reinforcing a strong trend towards the

quartet state. The only halogenated system that does not follow this trend is CBrs.

Next, we discuss the results for the D-Q energy gaps obtained using the combined approach,
where geometries were optimised with the PBEO functional and energy gaps calculated using
B3PWOI. These results are presented in Figure 3.15. For example, in the case of CHO, it is
evident that, as noted earlier, PBEO tends to overestimate the energy gaps compared to
B3PWO91, which aligns more closely with the NEVPT2/CASSCF data. However, in certain
instances, such as NO; and N(Me),, the energy gaps deviate significantly, appearing

dramatically larger than for any other system.
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Figure 3.15 Single-point energies for the doublet-quartet gaps across all outer-substituted systems, calculated at the BIPW91-
D3(BJ)/def2-TZVPP//PBE0-D3(BJ)/def2-SVP level of theory. Each bar represents a unique system within the outer series,
with halide-containing groups highlighted in red, and electron-withdrawing and electron-donating groups shown in green.
Notably, two outer systems exhibit anomalously high values, suggesting significant error, these points are displayed on the
right-hand side of the figure for completeness.
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This discrepancy is particularly pronounced in the inner-substituted systems, as discussed later,
and highlights the sensitivity of these computations to geometry changes. These findings
suggest that it is critical to use the same functional for both geometry optimisation and energy
calculations to ensure consistency. As a future direction, reevaluating the DFT-derived values
with a unified functional for both geometry optimisations and D—Q gap calculations is strongly
recommended. Preliminary results, which highlight the differences arising from optimising
geometries and calculating single-point energies using the B3PW91 functional, are discussed

in greater detail later in this thesis.

Focusing now on the halidesa consistent pattern emerges. The fluoride-substituted groups show
moderate D—Q gaps, ranging between 44.9 cm™' and 51.0 cm™'. Compared to PBEO, these
results confirm that PBEO tends to overestimate the energy gaps. This adjustment indicates that
the fluorinated systems have a slightly reduced preference for the quartet state than initially

suggested by the PBEO calculations.

Chlorine-substituted groups exhibit a higher and broader range of values than fluoride-
substituted groups, ranging from 56.6cm™! to 107.6cm™'. This increasing trend reflects
chlorine's ability to stabilise the quartet state more effectively, observed in both single-point

and geometry energies. The PBEO functional overestimation of D-Q gaps is, again, observed.

Focusing on the bromide-substituted groups, they show the smallest D—-Q gap range among the
halides, from 15.3 cm™' to 48.9 cm™'. This suggests that bromine's larger atomic size and lower
electronegativity exert less stabilising influence on the radical's quartet state. It is important to

note that CBr3, which could be potentially further explored at the NEVPT2 level.

Turning our attention to EDGs, we observe a different trend. EDGs like NH», CH3, and OH
tend to reduce the D—Q gap, as their ability to donate electron density destabilises the quartet

state relative to the doublet. The groups NH> and CHs, with gaps of 49.9 cm™ and 41.9
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cm ! respectively, show a slight tendency to stabilise the quartet state but only marginally
compared to EWGs. This suggests a more balanced stability between the two spin states.
However, the OH group shows a high gap of 114.5cm™!, which could imply that polar
interactions stabilise the quartet state beyond expectations. Overall, EDGs tend to favour a
narrower D—Q gap compared to EWGs, but their effects can be influenced by additional factors

such as potential hydrogen bonding or polar interactions.

In summary, the D—Q gaps of the Blatter tri-radical in the outer systems are heavily influenced
by the electronic nature of the substituent groups. The trend among the halides is that lighter
halogen-containing groups like chlorine favour the quartet state more, leading to larger gaps,
while heavier halide-containing groups tend to reduce the gap, resulting in the lowest gaps in
the data set. EWGs like CHO and CN push the system towards quartet stability, while EDGs,
though still favouring the quartet state somewhat, lead to smaller gaps. Anomalous results in
NO> and N(Me)> need further exploration, and CBr3, highlighted as an anomalous result,

should be tested at the NEVPT2 level to validate the single-point calculations.

Next, we performed direct comparisons of molecules that were optimised and had single-point
energies calculated using the same functional. This approach was taken because using different
functionals for optimisation and single-point calculations led to anomalous results, such as for
N(Me)> and NO; with B3PWO91 single points. Calculations were performed where systems
were optimised and single-point energies calculated using either only PBEO or only B3PW91,
to determine whether the functionals themselves were at fault or if the mixing of functionals

caused the anomalous values observed in Figure 3.16.

The results clearly demonstrate that the D-Q energy gap is highly sensitive to differences in
geometries. Taking the Ph substituent as an example, using PBEO exclusively yields a gap of

60.0 cm™'. When single-point energies are calculated with B3PW91 on the PBEO-optimised
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geometry, the gap reduces to 45.2 cm™!, as shown in previous plots. However, when both
geometry optimisation and single-point calculations are performed with B3PW91, the D-Q gap
further decreases to 22.5 cm™!, which is significantly smaller than the value obtained from the

reference NEVPT2/CASSCF(11,11) calculations.

B3PW91 vs PBEO for Outer Molecules
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Figure 3.16 Comparison of single-point energies for the doublet-quartet gap in the outer systems, focusing on three groups:
N(Me)2, NO:, and Ph. Calculations for B3IPW91 were performed at the B3PW91-D3(BJ)/def2-TZVPP//B3PW91-D3(BJ)/def2-
SVP level, while PBEO calculations used the PBE0-D3(BJ)/def2-TZVPP//PBE0-D3(BJ)/def2-SVP level of theory. Data is
colour-coded, with B3PW91 results in green and PBEQ results in red. One B3PW91 value shows an anomalously high result,
included for completeness.

A particularly notable anomaly is observed for the NO2 system, where B3PWO1 predicts an
energy gap of 6,453.2 cm ' —dramatically larger than the 106.2 cm™! gap computed with PBEO.
This suggests that relying solely on the Ph system as a benchmark is insufficient and that the
benchmark should also include systems exhibiting anomalies, such as NO, to ensure more

robust conclusions.

Moreover, the choice of method significantly affects the predicted trends. For example, PBEO

suggests that N(Me), decreases the D-Q
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energy gap compared to Ph, whereas B3PW91 predicts the opposite trend. Expanding the
benchmark analysis to include NEVPT2/CASSCEF calculations for these systems, particularly
those with anomalous behaviour, could provide important information for selecting an
appropriate method. Collectively, these findings strongly suggest that mixed approaches—
where geometries are optimised at one DFT level and energy gaps are computed with another—

should be avoided.

3.2.2 D-Q Gaps of Inner-Substituted Systems

This section focuses on the D—Q gaps for the inner substitutions, presenting the energy gaps of
the optimised structures at the PBEO level and, whenever applicable, single-point energy
evaluations carried out at the B3PWO91 level. Comparisons of single-point calculations using
PBEO and B3PWO1 are also discussed. As in previous sections, the analysis concentrates on
halides and EWGs/EDGs. This analysis sheds some light into how these substituents affect the
D—Q gap of the Blatter tri-radicals, with particular attention to steric factors that could explain

the smaller gaps.

Figure 3.17 shows the optimised energies for the D—Q gaps for all inner-substituted systems,
calculated at the PBE0O-D3(BJ)/def2-SVP level of theory. Each bar represents a different system
within the inner series, with halide-containing groups shown in red and EWGs and EDGs

displayed in green.

The halide groups show variation in the D-Q gaps. The CF3 group shows a slight favouring of
the quartet state, which is expected as all systems in the outer series favoured the quartet state,
albeit more strongly than the inner systems. However, the CHCI, group shows a very slight
preference towards the doublet state, one of only two cases in these systems favouring the

doublet. A small favouring of the quartet state is observed among the bromine groups, but the
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halide that favours the quartet state most in the inner systems is the chlorinated substituent
(with exception of the anomalous CHCI: case). This suggests that chlorinated derivatives are
drastically impacting the electronic properties, potentially due to steric crowding and their
moderate electron-withdrawing properties. The bromine derivatives have the lowest average
D—-Q gaps among the halides, likely because the steric bulk of bromine atoms reduces the extra

stability that the quartet structures usually present.
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Figure 3.17 D-Q energy gaps for all of the inner substituted systems, calculated at the PBE0-D3(BJ)/def2-SVP level of theory.
Each bar represents a different system within the inner series, with halide-containing groups shown in red and the remaining
electron-withdrawing and electron-donating groups displayed in green.

In contrast, electron-withdrawing groups such as COOH and CHO result in the highest D-Q
gaps, in agreement with the outer cases. This suggests that these groups alter the electronic
environment by pulling electron density away from the core structure of the tri-radical, thereby
increasing the D—Q gap and favouring the quartet state. On the other hand, EDGs show

moderate gaps within the series but are closer to favouring the doublet state than the EWGs.
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The substituent NH», which forms an extended planar structure held together by hydrogen
bonds, favours the doublet state, contrary to the other two EDGs, which slightly favour the
quartet state. For NH», the preference for the doublet should be related to electron
delocalisation, which would favour a doublet state due to reduced Pauli repulsion. For the other
cases, the small preference for the quartet indicates that inner substitutions destabilise the
system, which is even more pronounced for compounds featuring EDG substituents. The CH3
group shows a moderate gap, aligning with its weaker electron-donating capabilities compared

to more potent EDGs like N(Me)s.

Building on the analysis of the optimised structures at the PBEO level, we turn to the single-
point calculations at the B3PWO91 level. The single-point calculations are shown in Figure 3.18
and Figure 3.19. They follow the same trends as before but with slight differences in the
numerical values of the D—Q gaps. The exception is CH2Cl, not shown in the figure because
the value was considerably larger than all the others. This highlights once more that the mixed

method should be avoided as it brings anomalies for some cases.
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Figure 3.18 D-Q energy gap data for inner systems containing halide groups, compared to a reference methyl group,
calculated at the B3IPW91-D3(BJ)/def2-TZVPP//PBE0-D3(BJ)/def2-SVP of theory. Halide-containing groups are displayed in
red, while the methyl group is shown in green as the reference point. The halide data are symmetrically distributed around the
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methyl group with four above and below the reference point, with chorine- containing groups exhibiting the highest and lowest
energy values.
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Figure 3.19 D-Q energy gap data for inner systems with both electron withdrawing and electron-donating groups, calculated
using the B3PW91-D3(BJ)/def2-TZVPP//PBE0-D3(BJ)/def2-SVP level of theory. This comparison highlights the influence of
electron withdrawing and electron-donating groups on energy values within the inner system.

In the B3PWO91 calculations, the smaller D—Q gaps observed for halides are consistent with
trends seen with the PBEO functional. In both cases, steric hindrance from large halogen atoms
like Br and Cl contributes to reducing the energy gap. Overall, the PBEO and B3PW91
functionals display similar trends, although the precise values of the D—Q gaps may differ

slightly.

Interestingly, inspection of Figure 3.19 reveals that B3PW91 predicts D—Q gaps for the inner
systems that are comparable to the typical PBEO values observed for the outer systems.
However, these gaps are significantly larger than those predicted by B3PWO1 for the systems
shown in Figure 3.18. This suggests that B3PW91 overestimates the energy gaps for
substituted systems in the inner position. Once again, this highlights the inconsistency of the
mixed DFT approach across the dataset, reinforcing the importance of adopting a uniform

computational methodology to ensure reliable and accurate results.
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Figure 3.20 compares the single-point energies for the D—Q gap in the inner bromine systems,
calculated using both B3PW91 and PBE0O methods. The comparison reveals that PBEO
provides more reliable and consistent results. For example, the B3PW91 values fluctuate
drastically, particularly for CHBr; and CBr3. The extreme values for these molecules suggest
that B3PWO91 is not consistent at the single-point level, indicating that a different functional
should be selected in future studies or that PBEO, which was best for optimisation, should be
used consistently. It is important to note that the PBEO functional was observed to overestimate
values in benchmark single-point calculations, but the consistency of the results, despite

overshooting, demonstrates that PBEO is suitable for calculations on these tri-radicals.
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Figure 3.20 Comparison of D—Q energy gaps in the inner bromine-containing systems, calculated using both B3PW91 and
PBEQO methods. Calculations for the B3PW91 method were performed at the B3PW91-D3(BJ)/def2-TZVPP//B3PWI1-
D3(BJ)/def2-SVP level, while the PBEO calculations used the PBE0-D3(BJ)/def2-TZVPP//PBE0-D3(BJ)/def2-SVP level of
theory. The data is colour-coded, with B3PW91 systems shown in green and PBE( systems in red. Notably, B3PW91 exhibits
two instances where the energy gap exceeds 7000 cm™’, displayed as errors due to exceedingly high values.

93



3.3 Energy Gaps in Additional Systems

Finally, we move towards investigating the electronic structure of the remaining additional
systems 26-30 and their variations (vide supra). We start by exploring the sulphur-containing
fused dithiazole-triazine molecules 26-28 and their selenium- and phosphorus-containing
analogues, all potential diradicals (for the structures of the systems, see Figure 1.15). This
analysis allows for insight into their electronic properties and the intricate factors that would

influence their stability.

Notably, among these groups there is a preference for the singlet state across these
configurations, as shown in Figure 3.21. In this series, the SSN configuration (28a) exhibits
the most favourable energy towards the singlet state, with a singlet-triplet (S—T) energy gap of
—29.5 kcal mol™! (negative value indicates a singlet ground state). SSN (26a) follows closely
with a strong preference for the singlet state, showing an energy gap of —22.9 kcal mol™!. In
contrast, SNS (27a), although still preferring the singlet state, shows the lowest favourability
with an energy gap of —9.3 kcal mol™!. These trends demonstrate that the position of the
nitrogen atom inherently affects the energy gap, with certain configurations heavily favouring
the singlet state. Therefore, the computations reveal that none of these cases exhibit true

diradical character; instead, they are best described as closed-shell singlet ground states.

Examining the sulphur and phosphorus groups, namely SSP (26b), SPS (27b), and PSS (28b),
there is a notable decrease in the S—T gaps across these configurations compared to the sulphur-
nitrogen groups. Phosphorus-substituted molecules show a diminished preference towards the
singlet state. For example, SSP (26b) shows a gap of —13.0 kcal mol™!, representing a
considerable reduction from the corresponding SSN gap. This trend draw attention to
phosphorus's  distinct electronic characteristics: its larger atomic size and lower

electronegativity compared to nitrogen result in less effective orbital overlap, leading to
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decreased stabilisation of the singlet state. Additionally, phosphorus may destabilise the singlet

state due to steric factors. Its larger size may introduce repulsive interactions with nearby atoms,
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Figure 3.21 Energy gaps for fused dithiazole-triazine derivatives, the aza-acene tri-radical and the Blatter-type Schatz
diradical, optimized at the PBEO-D3(BJ)/def2-SVP level of theory. Systems are colour-coded to illustrate structural variations:
yellow for dithiazole-triazine systems 26a—28a, navy for 29 and 30, orange for phosphorus-containing systems 26—28b, grey
for selenium-containing systems 26¢—-28c¢, dark blue for CN group additions to 26a—28a,, and red for the corresponding OCH3
group additions.

Turning to the selenium-containing molecules, where sulphur is substituted by selenium atoms,
we observe that selenium introduces unique features influencing the electronic structure. In the
configuration SeSeN (26¢), herein labelled SSN(Se), the S—T gap is nearly identical to that of
SSN (26a) with an energy gap of —22.9 kcal mol !, indicating minimal impact from selenium
substitution in this configuration. Similarly, SSN(Se) (26¢) retains a strong singlet preference
of —30.2 kcal mol ™!, closely mirroring its sulphur counterpart. However, in the configuration
SNS(Se) (26b), the S-T gap is reduced to —5.7 kcal mol™!, suggesting that in this arrangement,

selenium diminishes the gap.

Adding functional groups such as CN and OCH3 to the triazine ring allows the investigation

into how EWGs and EDGs impact the singlet-triplet gap. Specifically, we tested replacing the
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hydrogen substituent from the carbon atom of triazine, given its closer proximity to the
potential radical centre. The CN EWG group increases singlet state stability in various
configurations. For example, adding CN to the SNS (27a) configuration elevates the singlet-
triplet gap from —9.3 kcal mol™! to —11.0 kcal mol ™!, reflecting a stronger preference for the
singlet state. Similarly, in SSN(CN), incorporating the CN group leads to a marginal gap
increasing to —30.4 kcal mol™!. This trend illustrates how specific functional groups can be

added to manipulate electronic properties, paving the way for tailored applications.

Turning to the EDG OCH3, the methoxy group shows a more complex interaction with the
singlet state. In the configuration SSN(OCH3), analogous to 26a, the S-T gap shifts to
—25.4 kcal mol™!, indicating a stronger preference for the singlet state in the OCH3-containing
species rather than SSN alone (S—T gap: —22.9 kcal mol ™). This enhancement may be due to
the increased electron density provided by the methoxy group, promoting singlet-state
stabilisation. However, in SSN(OCH3), analogous to 28a, the S—T gap becomes slightly less
negative at —24.9 kcalmol™' (for comparison, —29.5 kcal mol™' for 28a) suggesting that
although the methoxy group generally enhances the singlet state, it may also introduce

interactions that slightly destabilise the singlet state in specific nitrogen-sulphur configurations.

The intricate behaviour of the OCH3 group illustrates the complexity of electronic interactions
within the molecular framework. The interplay between electron donation and steric factors,
along with the specific geometric arrangement of atoms, can lead to varied effects on singlet
stability. Therefore, it is essential in future work to consider these factors when designing such

molecules.

Finally, both the aza-acene (29) and the Blatter-type Schatz diradical (30) appear as the only

systems with a preference for the open—shell state (quartet and triplet, respectively) by 17.3
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and 14.9 kcal mol . Therefore, only these two systems, amongst compounds 26-30, can be

accurately identified as genuine radicals.

In summary, this comprehensive analysis highlights the influence of heteroatom and functional
group integration on the S—T energy gaps in fused dithiazole-triazine systems. The introduction
of selenium generally preserves a singlet state preference, with minor variations dependent on
the structural context. In contrast, substituting nitrogen with phosphorus results in a reduction
of the singlet-triplet gaps, indicating a weakening of the singlet state. The electron-withdrawing
properties of the CN group significantly enhance singlet stability, particularly in nitrogen-rich
configurations, while the electron-donating nature of the OCH3 group tends to reinforce singlet
state stability but can exhibit complex interactions influenced by the specific molecular context.
Therefore, none of the fused dithiazole-triazine systems can be classified as radicals; this
designation applies exclusively to compounds 29 and 30 amongst the additional systems

analysed.
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Chapter

4. Conclusions and Future Work

This thesis study provided a comprehensive analysis of the structural and electronic properties
of Blatter-type tri-radicals and additional organic diradicals of interest to our experimental
collaborators, focusing on the influence of various substituents on bond lengths, molecular

geometry, and spin-state stability.

In the structural analysis of Blatter tri-radicals with outer substitutions, halogen substitutions
significantly impacted the molecular geometry. Fluorine-substituted groups, such as CH>F,
CHF», and CF3, exhibited decreased bond lengths with increasing fluorine content, illustrating
fluorine's potent electron-withdrawing effect. These substitutions maintained the planarity of
the molecular structure with minimal bond length alterations. Chlorine and bromine
substitutions at the outer positions led to longer C—X bonds due to their larger atomic sizes and
lower electronegativities. Despite these variations, the outer substitutions generally preserved
the planarity of the central phenyl ring, with steric hindrance being less pronounced than in

inner substitutions.

The investigation into EDGs and EWGs at the outer positions demonstrated that these
substituents generally maintained the planarity of the Blatter tri-radical core. EWGs such as
NO; and COOH preserved full planarity, with all atoms participating in the planar system.
EDGs like NH> and CH3 induced minor deviations, but the core structure remained largely

unaffected.
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The examination of the D—Q energy gaps for outer substitutions revealed that EWGs led to
larger D—Q gaps, stabilising the quartet state by pulling electron density away from the radical
centres. Halogenated substituents at the outer positions also tended to favour the quartet state,
with lighter halogens like fluorine and chlorine showing larger gaps compared to heavier
halogens like bromine. EDGs at the outer positions reduced the D—Q gap, indicating a more

balanced stability between the doublet and quartet states.

For inner substitutions, the structural impact was more pronounced due to increased steric
hindrance. Halogen substitutions at the inner positions resulted in longer bond lengths and
greater structural distortions, particularly with larger halogens like bromine. Fluorine
substitutions at inner positions maintained the planarity of the central phenyl ring, but steric
interactions caused the outer phenyl rings to twist out of the plane, forming a crown-like
structure. Chlorine and bromine substitutions introduced significant steric hindrance, leading

to pronounced rotational distortions and loss of planarity.

EDGs and EWGs at inner positions had varied effects. EDGs such as NH> and N(Me)> induced
significant deviations due to steric effects. The NH> group formed a unique honeycomb
structure through hydrogen bonding, preserving some planarity despite out-of-plane deviations
from terminal Ph rings. N(Me). caused considerable out-of-plane deviations due to steric
hindrance from the Me groups. EWGs like COOH and CHO maintained planarity in the central
phenyl ring but induced greater out-of-plane distortions due to the orientation of their

functional groups.

The examination of the D—Q energy gaps for inner substitutions highlighted that steric effects
played a significant role in reducing the energy gaps. Inner substitutions generally exhibited
smaller D—Q gaps compared to outer substitutions. Halogenated substituents at inner positions,

despite their electronegative properties, showed relatively small gaps due to steric hindrance
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reducing electronic interactions in the inner systems. EWGs at inner positions continued to lead
to larger D—Q gaps, but the effects were less pronounced than in outer substitutions. EDGs at
inner positions could destabilise the system, with NH> showing a negative gap, indicating a

preference for the doublet state.

The computational methods revealed that the choice of functional significantly affected the
predicted D—Q gaps. Using different functionals for geometry optimisation and energy
calculations introduced inconsistencies. The PBEO functional, despite slightly overestimating
the D—Q gaps, provided consistent results when used for both geometry optimisation and

energy calculations, reinforcing its reliability for the tri-radical calculations.

The study of fused dithiazole-triazine systems showed that the position and nature of
heteroatoms significantly influenced the S—T energy gaps. Sulphur-containing configurations
exhibited a strong preference for the singlet state. Phosphorus substitutions reduced the singlet—
triplet gaps, highlighting the impact of phosphorus's larger atomic size and lower
electronegativity on singlet stability. Selenium substitutions generally preserved the singlet
state preference with minor variations dependent on the structural context. Therefore, all these

systems exhibit closed-shell singlet ground states and cannot be classified as diradicals.

Functional group additions, such as CN and methoxy OCH3 groups, demonstrated that EWGs
enhanced singlet stability, especially in nitrogen-rich configurations. The OCH3 group, while
generally reinforcing singlet state stability, exhibited complex interactions influenced by the
specific molecular context. Thus, substituting the H atom with these groups does not appear
sufficient to induce diradical character in the fused rings, leaving the aza-acene (29) and the

Blatter-type Schatz diradical (30) as the only systems with open-shell character among 26-30.

In conclusion, this work provided key information into how outer and inner substitutions

affected the structural and electronic properties of Blatter-type tri-radicals. The findings
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established critical design principles for developing high-spin organic materials, highlighting
the substantial influence of steric and electronic factors on spin-state stability. These results
contribute to the fundamental understanding necessary for the rational design of advanced

magnetic and spintronic devices.

Building upon the findings of this study, several avenues for future research are suggested to
further advance the understanding and application of Blatter-type tri-radicals and related

systems.

Extended Computational Studies with Multireference Methods. Performing additional
calculations using multireference methods such as NEVPT2/CASSCEF, including those with
larger active spaces, is recommended. This approach would provide more accurate energy gap
estimations and help validate the trends observed with DFT calculations, particularly for

systems exhibiting anomalous behaviour.

Investigation of Spin Density Distributions. A detailed analysis of spin density distributions
in both doublet and quartet states could provide deeper insights into the electronic factors
contributing to spin-state preferences. Understanding how substituents affect spin
delocalisation and localisation could aid in designing molecules with desired magnetic

properties.

Design of Functional Materials for Spintronic Applications. Using the understanding of
substituent effects on spin-state stability, future work could focus on designing functional
materials suitable for spintronic applications. This may include incorporating Blatter-type

radicals into conductive frameworks or exploring their behaviour in thin films and devices.

Investigation of Steric Effects in Greater Detail. Since steric factors play a significant role
in influencing the electronic properties, a systematic study varying substituent sizes and

positions could provide more comprehensive insights. Computational quantum chemistry
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methods could be complemented with molecular mechanics or dynamics simulations to assess

conformational flexibility and its impact on electronic structure.

Alternative Heteroatom Substitutions. Extending the study to include other heteroatoms,
such as oxygen or heavier chalcogens, could reveal additional trends and opportunities for
tuning electronic properties. Investigating how these substitutions affect molecular geometry

and spin-state preferences would broaden the scope of potential applications.
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