Dissertation presented to the Instituto Tecnoldgico de Aerondutica, in
partial fulfillment of the requirements for the degree of Master of Science in

the Graduate Program of Physics, Field of Atomic and Molecular Physics.

Joao Victor Moreira Pimentel

ASSESSING PROSPECTIVE SINGLET FISSION AND
THERMALLY ACTIVATED DELAYED
FLUORESCENCE CANDIDATES IN
B,N-SUBSTITUTED 5,12-DIPHENYLTETRACENE

Dissertation approved in its final version by the signatories below:

Documento assinado digitalmente

b FRANCISCO BOLIVAR CORRETO MACHADO
g Ll Data: 02/07/2024 14:55:07-0300
Verifique em https://fvalidar.iti.gov.br

Prof. Dr. Francisco Bolivar Correto Machado

Advisor

Campo Montenegro
Sao José dos Campos, SP - Brazil
2024



Cataloging-in Publication Data
Documentation and Information Division
Pimentel, Joao Victor Moreira
Assessing prospective singlet fission and thermally activated delayed fluorescence candidates in
B,N-substituted 5,12-diphenyltetracene / Joao Victor Moreira Pimentel.
Sao José dos Campos, 2024.
155f.

Dissertation of Master of Science — Course of Physics. Area of Atomic and Molecular Physics —
Instituto Tecnoldgico de Aerondutica, 2024. Advisor: Prof. Dr. Francisco Bolivar Correto
Machado.

1. Excited states. 2. Acenes. 3. Polycylic aromatic hydrocarbons. 4. Multireference methods. 1.
Instituto Tecnolégico de Aerondutica. II. Title.

BIBLIOGRAPHIC REFERENCE

PIMENTEL, Joao Victor Moreira. Assessing prospective singlet fission and thermally
activated delayed fluorescence candidates in B,N-substituted 5,12-diphenyltetracene.
2024. 155f. Dissertation of Master of Science — Instituto Tecnolégico de Aerondutica,
Sao José dos Campos.

CESSION OF RIGHTS

AUTHOR’S NAME: Joao Victor Moreira Pimentel

PUBLICATION TITLE: Assessing prospective singlet fission and thermally activated
delayed fluorescence candidates in B,N-substituted 5,12-diphenyltetracene.
PUBLICATION KIND/YEAR: Dissertation / 2024

The Instituto Tecnolégico de Aeronautica is granted permission to reproduce copies of
this dissertation and to loan or sell copies for academic and scientific purposes only.
The author reserves all other publication rights and no part of this dissertation can be
reproduced without the authorization of the author.

Joao Victor Moreira Pimentel

Rua H8A, Ap. 114
12.228-460 — Sao José dos Campos—SP




ASSESSING PROSPECTIVE SINGLET FISSION AND

THERMALLY ACTIVATED DELAYED

FLUORESCENCE CANDIDATES IN
B,N-SUBSTITUTED 5,12-DIPHENYLTETRACENE

Joao Victor Moreira Pimentel

Thesis Committee Composition:

Prof. Dr.
Prof. Dr.
Prof. Dr.
Dr.

Luiz Fernando de Araujo Ferrao
Francisco Bolivar Correto Machado
Leonardo Tsuyoshi Ueno
Alejandro Lopez Castillo

ITA

President
Advisor
Internal Member

External Member -

ITA
ITA
ITA
UFSCar



To quantum decoherence, for
Schrodinger’s cat can be in a su-
perposition of being alive and dead, but
a thesis cannot be both complete and

incomplete.
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Resumo

Em acenos, a substituicao de um par de atomos de carbono por um par isoeletronico
boro-nitrogénio permite a modulacao do carater dirradicaloide do aceno B,N-substituido,
possibilitando o ajuste fino das propriedades quimicas, épticas e eletronicas. Este estudo
tedrico investiga as propriedades de fissao de singleto (SF) e fluorescéncia atrasada ter-
micamente ativada (TADF) de 34 moléculas especificas de 5,12-difeniltetraceno (DPT)
B,N-substituidas, identificadas como candidatas promissoras através de uma busca sis-
temética feita anteriormente em derivados de tetraceno. Utilizando métodos de quimica
quantica computacional, analisamos a estrutura eletronica e as propriedades excitonicas
dessas moléculas de DPT B,N-substituido para entender seu potencial de aplicacao em
células solares organicas (OSC) e diodos emissores de luz organicos (OLEDs). Foram
encontradas 22 moléculas que provavelmente apresentam TADF. O DPT foi escolhido por
sua semelhanca com o rubreno, que, por sua vez, possui propriedades mais interessantes

em comparacao com o tetraceno puro, como a maior mobilidade de buracos.



Abstract

In acenes, substituting a pair of carbon atoms with a boron-nitrogen isoelectronic pair
allows for the modulation of the diradical character of the B,N-substituted acene, en-
abling fine-tuning of chemical, optical, and electronic properties. This theoretical study
investigated the singlet fission (SF) and thermally activated delayed fluorescence (TADF)
properties of 34 specific B,N-substituted 5,12-diphenyltetracene (DPT) molecules, iden-
tified as promising candidates through a previous systematic computational search in
tetracene derivatives. Using computational quantum chemistry methods, we analyzed the
electronic structure and excitonic properties of these B,N-substituted DPT molecules to
understand their potential for application in organic solar cell (OSC) and organic light-
emitting diode (OLED) technology. 22 molecules likely to undergo TADF were found.
DPT was chosen for its similarity with rubrene, which has more interesting properties,

such as enhanced hole mobility, compared to pristine tetracene.
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1 Introduction

1.1 Objective

This work investigates the potential application of B,N-substituted derivatives of 5,12-
diphenyltetracene (DPT), which is itself a polycyclic aromatic hydrocarbon (PAH) deriva-
tive of the acene tetracene, in organic electronics such as organic photovoltaic (OPV) solar
cells and organic light-emitting diodes (OLEDs).

The research examines B,N-DPT analogues of specific B,N-tetracene candidates that
were previously identified for their potential to exhibit singlet fission (SF) and/or ther-
mally activated delayed fluorescence (TADF). These candidates were discovered in earlier
research and a systematic analysis of the 77 B,N-substituted derivatives of tetracene (PI-
MENTEL, 2023a; PIMENTEL, 2023b; PIMENTEL et al., 2024). Multiconfigurational compu-
tational quantum chemistry methods are employed to analyze the chemical, optical, and
electronic properties of these molecules. Through this analysis, the study seeks to identify

promising candidates for future OPV and OLED technologies.

This work builds upon prior research (PINHEIRO et al., 2017; PINHEIRO et al., 2020a)
that explored the impact of polarization and the modulation of diradical character in
acenes through the substitution of a pair of carbon atoms with a B,N pair. Additionally,
this work provides an abridged summary of the previous research to offer context for the

systematic search and subsequent analysis of B,N-substituted derivatives.

1.2 Motivation

SF-based Organic Photovoltaics

In 1965, Singh et al. first reported the phenomenon of singlet fission in anthracene
crystals (SINGH et al., 1965). Later, Nozik and Hanna’s 2006 paper demonstrated that
SF could increase solar cell efficiency by approximately one-third beyond the Shockley-
Queisser limit (HANNA; NOZIK, 2006; SHOCKLEY; QUEISSER, 1961), providing a significant
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impetus to the field.

Since then, the exploration of SF materials has grown significantly, with notable ad-
vancements in identifying molecules that exhibit SF capabilities. Despite these advances,
the number of SF materials remains relatively limited. Some molecules that are known to
exhibit SF include anthracene derivatives (BAE et al., 2018), tetracene and its derivatives
(MERRIFIELD et al., 1969; TOMKIEWICZ et al., 1971; THORSMOLLE et al., 2009; GRUM-
STRUP et al., 2010; BURDETT et al., 2010; CHAN et al., 2013; MULLER et al., 2007; PILAND et
al., 2013; CHEN et al., 2014; KOROVINA et al., 2016; THOMPSON et al., 2015; ROBERTS et al.,
2012; MA et al., 2012; WU et al., 2021; MA et al., 2013), and pentacene and its derivatives
(THORSMQLLE et al., 2009; CHAN et al., 2013; WILSON et al., 2011; JUNDT et al., 1995; RAO
et al., 2010; CHEN et al., 2014; BUDDEN et al., 2021; WALKER et al., 2013; SANDERS et al.,
2015; SAKALI et al., 2018; BASEL et al., 2017; FUEMMELER et al., 2016; BUDDEN et al., 2021).

Acenes and their derivatives are a flagship class of materials in this field (LI et al., 2022).

TADF-based Organic Light-Emitting Diodes

Unlike traditional light-emitting diodes (LEDs) made from inorganic materials such
as gallium nitride (GaN), OLEDs utilize organic compounds as the emissive layer. This
organic layer can consist of polymers or small molecules that exhibit electroluminescent
properties. In 2014, the Nobel Prize in Physics was awarded to Isamu Akasaki, Hiroshi
Amano, and Shuji Nakamura for their groundbreaking work on efficient blue LEDs (NOBEL
FOUNDATION, Stockholm: Nobel Prize Outreach, 2023; NAKAMURA et al., 1996; NAKA-
MURA et al., 1995; AMANO et al., 1989; SAWAKI et al., 1986), marking a major milestone in
LED technology and energy-efficient lighting.

The development of practical OLED devices began in the early 1980s, with notable
contributions from researchers Ching Wan Tang and Steven Van Slyke at Eastman Kodak
Company (TANG; VANSLYKE, 1987; TANG, 1986; SLYKE et al., 1996; TANG et al., 1989).
OLEDs offer several advantages over traditional liquid-crystal display (LCD) screens, in-
cluding the ability to achieve perfect black levels, higher contrast ratios, more accurate
colors, and faster refresh rates (WONG; ZYSMAN-COLMAN, 2017; HONG et al., 2021). Addi-
tionally, OLED displays are thinner and lighter due to the absence of a separate backlight
layer and support flexible and curved displays, enabling innovative form factors such as

curved smartphones and rollable screens.

The key challenge in OLED development lies in selecting and designing organic mate-
rials with optimal photophysical properties, including efficient light emission and charge
transport characteristics (BALDO et al., 1998).
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DPT

PAHs have garnered significant interest in recent years due to their interesting prop-
erties and potential applications in various fields, including optoelectronics. Among the
PAHs, acenes have emerged as a promising class of compounds for electronic device fabri-
cation. Acenes, characterized by their linear arrangement of fused aromatic rings, possess
unique electronic structures that make them attractive for use in organic semiconductor
technologies (ANTHONY, 2008). Figure 1.1 shows the structure of an acene.

n-2

FIGURE 1.1 — Structure of an acene. For tetracene, n = 4.

This study investigates the potential of B,N-substituted analogues of the acene deriva-
tive DPT. Rubrene (5,6,11,12-tetraphenyltetracene), a tetracene derivative with two addi-
tional phenyl rings compared to DPT, is renowned for its exceptional hole mobility, making
it a prominent candidate for applications in OLEDs, OPVs (CHAN et al., 2007), organic
field effect transistors (OFETS) (SUNDAR et al., 2004; MCGARRY et al., 2013; MATSUOKA et
al., 2023; HASEGAWA; TAKEYA, 2009), and other electronic devices. The molecular struc-
tures of DPT and rubrene are depicted in Figure 1.2. The superior charge carrier mobility
exhibited by acenes such as rubrene (HASEGAWA; TAKEYA, 2009) enables efficient charge

generation, transport, and electroluminescence in these devices.

DPT was selected for this study due to its ability to undergo SF in disordered films
(ROBERTS et al., 2012; SUTTON et al., 2017) and colloidal nanoparticles (MASTRON et al.,
2013). Additionally, its smaller size relative to rubrene reduces the computational cost,

making it a more practical choice for in-depth analysis.

Our Work

A previous paper (PINHEIRO et al., 2020a) investigated 60 out of the 77 possible B,N-
substituted tetracene derivatives and identified four candidates that showed promise for
SF. This research highlighted how replacing a pair of carbon atoms with one boron and
one nitrogen atom could effectively alter the diradicaloid nature of the derivatives. This
replacement led to significant changes in the excitonic and energetic properties of the

molecules.

In subsequent work (PIMENTEL, 2023a; PIMENTEL, 2023b; PIMENTEL et al., 2024), we
systematically explored all 77 possible B,N-substituted tetracene derivatives to identify
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FIGURE 1.2 — Structures of DPT (left) and rubrene (right).

patterns of B,N substitution that offered favorable properties for SF and/or TADF while
maintaining chemical stability. The research pinpointed five B,N-tetracene candidates

with promising SF characteristics and twelve candidates with potential for TADF.

Building on these findings, the present work extends the examination to B,N-DPT
analogues of B ,N-tetracene candidates that show potential for SF and TADF. In this
study, the focus shifts to treating the corresponding B,N-DPT analogues as precandidates
and assessing whether they can exhibit the SF and/or TADF properties seen in their

B,N-tetracene counterparts.

1.3 Literature Review

Some research groups have reported significant advancements in the synthesis and ap-
plication of B,N-substituted organic semiconductors as SF chromophores in OPVs and
TADF emitters in OLEDs. These materials show great promise for making new optoelec-

tronic devices.

In their study, Matsui et al. demonstrated the synthesis of B,N-doped nanographenes
through a one-shot multiple borylation reaction. The researchers successfully employed a
B,N-doped nanographene as an emitter in an OLED device, which exhibited deep pure-
blue emission at 460 nm with an external quantum efficiency (EQE) of 18.3% (MATSUI et
al., 2018).

Suresh et al. designed and synthesized an easily accessible B,N-doped heptacene with
high thermal stability. The compound exhibited TADF at ambient temperature. As

aimed to be reproduced in the present study, significant changes in the optoelectronic
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properties of a molecule have been predicted by Suresh et al. when altering the positions
of the boron and nitrogen atoms in the molecule (SURESH et al., 2020).

Earlier, Ishibashi et al. managed to synthesize for the first time a B,N-substituted
tetracene and found that it exhibits a slightly larger gap between the highest occupied
molecular orbital and the lowest unoccupied molecular orbital (HOMO-LUMO) and a
lower-lying HOMO and is less prone to photodecomposition when compared to the pristine
tetracene molecule. They also predicted changes in the HOMO and LUMO energies as a
function of the position of the boron and nitrogen atoms (ISHIBASHI et al., 2017).

In addition, several studies have focused on SF chromophores. Zeng et al. identified
three potential chromophores (a benzene, a naphthalene, and an azulene), in which four
carbon atoms were replaced by a pair of boron and a pair of nitrogen atoms, as candidates
for SF using multireference calculations for excited states (ZENG et al., 2014). Nagami et al.
investigated phenanthrenes with similar replacements of carbon with boron and nitrogen,
identifying potential candidates for SF through quantum chemical calculations (NAGAMI
et al., 2020).

Walia and Yang performed a systematic computational analysis of B,N-doped perylenes,
finding four SF chromophore candidates (WALIA; YANG, 2022). Singh et al. analyzed vari-
ous perylene derivatives doped with one or two B,N pairs and identified the most suitable
isomer for singlet fission using TDDFT and CASPT2 calculations (SINGH et al., 2021).
Lastly, Zeng et al. found a previously synthesized pyrene with two B,N pairs to be a
viable singlet fission chromophore (ZENG et al., 2018). Their theoretical calculations indi-

cated that it met the thermodynamic criteria for singlet fission.

In conclusion, SF-based OPVs and TADF-based OLEDs utilizing B,N-substituted
acene derivatives have shown promise in achieving efficient and stable devices. Novel
molecular designs and material synthesis strategies are expanding the range of suitable

molecules for these applications.

1.4 Outline of the Work

e Chapter 1: Introduces the research by presenting its objectives and motivations,
along with a literature review. This chapter establishes the necessary context for
the study.

e Chapter 2: Provides the theoretical foundation required to understand the study.
This chapter outlines fundamental concepts and refers the reader to Appendix A
for more detailed explanations. It aims to equip the reader with the theoretical

background necessary for understanding the subsequent chapters.
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e Chapter 3: Describes the methodologies and models employed in the research. It

details the specific procedures used in the chemical calculations.

e Chapter 4: Presents the results from the computational quantum chemistry cal-
culations. The focus is on the 34 B,N-substituted derivatives of DPT analyzed as
potential precandidates. This chapter discusses the calculated properties of these
molecules, evaluating their potential as candidates for exhibiting SF for OPV devices
and/or TADF for OLEDs. It serves as a showcase of the research findings.

e Chapter 5: Concludes the study by summarizing the main findings and their impli-
cations. It discusses any limitations or challenges encountered during the research

and suggests future research directions.

Appendices

e Appendix A: Provides a copy of Chapter 2 from my senior thesis (PIMENTEL,
2023b), offering a comprehensive overview of the theoretical aspects of computa-
tional quantum chemistry necessary for understanding this study. For further refer-
ence, readers may consult “Modern Quantum Chemistry: Introduction to Advanced

Electronic Structure Theory” by Szabo and Ostlund (SZABO; OSTLUND, 1996).

e Appendix B: Contains the paper “Exploring Thermally Activated Delayed Fluores-
cence in B,N-Substituted Tetracene Derivatives: Towards Enhanced OLED Mate-
rials” by Pimentel, Pinheiro Jr., Aquino, Lischka, and Machado (PIMENTEL et al.,
2024). This paper, prepared for submission to the Journal of Physical Chemistry

A, is relevant to the current work.

e Appendix C: Includes the Cartesian coordinates of the 34 B,N-DPT molecules an-
alyzed in the study.

e Appendix D: Contains relevant tables and figures presenting energies and descriptors
that, while important, are secondary in relevance and therefore not included in
Chapter 4.



2 Theoretical Background

In this chapter, we present the theoretical background essential for understanding the
methods employed in this study. For a comprehensive overview of fundamental theo-
retical concepts, the reader can refer to Appendix A, which is a chapter of my senior
thesis (PIMENTEL, 2023b). Additionally, Szabo and Ostlund’s “Modern Quantum Chem-
istry” (SZABO; OSTLUND, 1996) offers a broader context on quantum chemistry methods

discussed here.

The focus of this chapter is on the theory underlying SF and TADF, as well as methods
used here and not covered in my senior thesis, namely wB97XD and CASPT2.

2.1 Singlet Fission

Smith and Michl’s 2010 review (SMITH; MICHL, 2010) provided a comprehensive sum-
mary of previous knowledge on SF and emphasized the potential of this phenomenon
in the development of high-efficiency solar cells. This review was later updated in 2013
(SMITH; MICHL, 2013), further solidifying the foundation for future SF research.

The simplified mechanism of SF' can be represented by a three-step process:
Sy = (N = Ty - T) = Ty + T, (2.1)

where Sy represents the first (i.e., the lowest energy) excited singlet (total spin S = 0)
state previously generated by the absorption of a photon (S LN S1), while T7 repre-
sents the first triplet (total spin S = 1) state. In the first step, S; is converted to a
spin-entangled triplet pair '(717}) (WANG et al., 2015; CHAN et al., 2011; TEMPELAAR;
REICHMAN, 2017b; TEMPELAAR; REICHMAN, 2017a; STERN et al., 2015; ZIMMERMAN et
al., 2010; KIM; ZIMMERMAN, 2018; SANDERS et al., 2019). Subsequently, the *(T,T}) sep-
arates spatially to (7 ---Ty), while still preserving its spin-entanglement. Finally, the
two triplets that compose the (77 ---T}) state undergo quantum decoherence, splitting
into two triplets with independent spins, denoted as T} + T7. While the isolated system

of triplets appears to change its total spin during decoherence, the interaction with the
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environment ensures that angular momentum conservation laws are not violated when the

system and its environment are considered together.

Processes involving intersystem crossing (ISC), that is spin-forbidden, such as phos-
phorescence, are usually very slow, with time scales of up to milliseconds. In contrast, SF
is a spin-allowed process, which means it can be extremely fast, frequently happening in
the timescale of picosecond or subpicosecond (RAO et al., 2010; THORSMQ@LLE et al., 2009;
LANZANTI et al., 2001; WANG; TAUBER, 2010; BURDETT et al., 2010; WILSON et al., 2011;
KOROVINA et al., 2016; MA et al., 2012; WU et al., 2021; MA et al., 2013; SCHULTZ et al.,
2021).

Moreover, the generated triplet excitons generally have a very long lifetime and after
dissociation to separated electrons and holes can be used as charge carriers in practical
applications, such as solar cells. It also can generate up to two excitons per absorbed
photon, i.e., it can reach 200% internal quantum efficiency (IQE) (WANG; TAUBER, 2010;
BAE et al., 2018; BHATTACHARYYA; DATTA, 2017; LEE et al., 2009; BUSBY et al., 2015;
SANDERS et al., 2015; WALKER et al, 2013). This efficiency is achieved through a pro-
cess called downconversion, in which one high-energy photon splits into two lower-energy
excitons. In photovoltaic cells, this helps to reduce thermalization losses (RAO; FRIEND,
2017), which occur when the excess energy of a photon in relation to the semiconductor’s
band gap is converted to kinetic energy of the exciton and dissipated as heat. They are
the most significant losses in solar cells besides below band gap losses, that come from the
inability of the semiconductor to absorb photons of energy below its band gap. Together,
they make up a total loss greater than 55% for single junction solar cell with a band gap of
1.3eV (NELSON et al., 2013). Indeed, they are responsible for most of the limitation of the
power conversion efficiency of a photovoltaic cell, as expressed by the Shockley-Queisser
limit.

Figure 2.1 shows the solar spectrum and the main losses for a single-junction solar cell.
Figure 2.2 shows the diagram for an SF solar cell described by Einzinger et al. (EINZINGER
et al., 2019). In order to allow the tunneling of charge carriers from tetracene into the
silicon cell, they used a thin hafnium oxynitride (HfO,N,) passivation layer keeping in
mind that the tunneling probability decreases exponentially with the layer’s width. This
layer prevents the recombination of electrons and holes in silicon. However, not only the
T} triplets, but also some of the S; singlets are transfered through the passivation layer,

causing an efficiency loss.



CHAPTER 2. THEORETICAL BACKGROUND 27

1.8 4

Solar spectrum

16 [[1 Not absorbed (19%)

[ Thermalization (33%)
O] Extraction losses (15%)
[ Available (33%)

Spectral intensity (Wm~ nm™)

500 1,000 1,500 2,000 2,500
Wavelength (nm)

FIGURE 2.1 — Losses in a single-junction silicon (band gap = 1.1eV) solar cell. Note. From “Quantum

dots for next-generation photovoltaics,” by O. Semonin, J. Luther and M. Beard, 2012, Materials Today,
15(11), 508-515 (SEMONIN et al., 2012).
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FIGURE 2.2 — Singlet-fission solar cell devised by Einzinger et al. Note. From “An exciting boost for
solar cells,” by J. Luther and J. Johnson, 2019, Nature, 571, 38-39 (LUTHER; JOHNSON, 2019).

As previously said, SF uses the excess energy that would be wasted as heat to produce
another electron-hole pair, thereby increasing (up to doubling) photocurrent. However, it

also halves the open circuit voltage of the cell (LEE et al., 2013). Thus, in order to achieve
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a high efficiency, an SF solar cell must have not only SF chromophores that absorb high

energy photons, but also chromophores that absorb lower energy photons.

Although singlet fission (SF) offers several advantages, certain criteria must be met
for it to be efficient. These include outcompeting triplet-triplet annihilation (TTA, it’s
inverse process) (BURDETT et al., 2010; WANG et al., 2020; BASEL et al., 2017), exhibit-
ing adequate vibronic coupling (GRUMSTRUP et al., 2010; FINTON et al., 2019; SCHULTZ
et al., 2021; TAKAHASHI et al., 2019; RENAUD; GROZEMA, 2015; FUEMMELER et al., 2016;
TEMPELAAR; REICHMAN, 2017b; TEMPELAAR; REICHMAN, 2017a; TEMPELAAR; REICH-
MAN, 2018; MORRISON; HERBERT, 2017) and coupling between S; and ' (7,7}) (BURDETT;
BARDEEN, 2012; ZHANG et al., 2014; PENSACK et al., 2018; MORRISON; HERBERT, 2017;
CHAN et al., 2012). The coupling must be strong enough to ensure fast SF and weak enough
to allow the triplets to diffuse away. Certain vibrational modes that break molecular sym-
metry can sometimes activate coupling (MIYATA et al., 2017; ALVERTIS et al., 2019). The
approppriate packing, crystal size and morphology (THORSM@LLE et al., 2009; RAMANAN
et al., 2012; BURDETT et al., 2010; BHATTACHARYYA; DATTA, 2017; MASTRON et al., 2013;
MARGULIES et al., 2017; BAYLISS et al., 2015; FINTON et al., 2019; ARIAS et al., 2016; MIR-
JANT et al., 2014; DAIBER et al., 2020) (due to, e.g., Davydov splitting and entropic gain
(KOLOMEISKY et al., 2014; CHAN et al., 2012)) are also relevant, but occupational disorder
does not always affect SF as expected (BROCH et al., 2018). 7-7 interactions in solids, films
and molecular dimers also seem to play an important role in SF (BASEL et al., 2017; KO-
ROVINA et al., 2016; ROBERTS et al., 2012; BASEL et al., 2019; FOLIE et al., 2018; KOROVINA
et al., 2018; SAKAT et al., 2018; ZHANG et al., 2020; LUKMAN et al., 2016). Fundamentally,

the most important criteria that must be fulfilled are two thermodynamic ones:
E(S)) > 2E(TY), (2.2)
E(Ty) > 2E(Th). (2.3)

All energies corresponding to excited states, denoted as F(T,,) or E(S,), are calcu-
lated with respect to the ground singlet state (Sp), which serves as the reference energy.
Therefore, the energy of the Sy state is considered as 0, and the energy of a triplet state
T, for example, should be interpreted as E(7T,,) — E(Sp).

Equation (2.2) is required by conservation of energy in order for two Tj excitons
be formed from one S; exciton. Equation (2.3) avoids that two T} excitons recombine
to form one 75, exciton that undergoes internal conversion to the 7} triplet according
to Kasha’s rule (KASHA, 1950), and results in the loss of one of the two initial triplet
excitons (WANG et al., 2020). In order to be more rigorous, we must consider a third
thermodynamic constraint, namely E(Q;) > 2E(T}), i.e., the energy of the first quintet
()1 must be greater than that of the T} pair. However, this constraint is typically satisfied
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and therefore we will not further discuss it.

Figure 2.5 shows the extended Jablonski diagram for SF. Smith and Michl categorize
SE' chromophores’ parent hydrocarbons in three classes, depending on the nature of the
Sp — 57 transition: class I, if it corresponds to a HOMO — LUMO transition; class I1, if
it is a linear combination of a HOMO-1 — LUMO and a HOMO — LUMO+1 transition;
class III, if it has a significant contribution of the double excitation HOMO,HOMO —
LUMO,LUMO.

Singlet
fission

hv, hv,
Class | Classeslland Ill T,
So

FIGURE 2.3 — Jablonski diagram illustrating singlet fission. Note. From “Recent Advances in Singlet
Fission,” by M. Smith and J. Michl, 2013, Annu. Rev. Phys. Chem., 64, 361-86 (SMITH; MICHL, 2013).

2.2 Thermally Activated Delayed Fluorescence

Figure 2.4 shows the diagram of a white OLED.
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FIGURE 2.4 — Scheme of a white OLED. Note. In a screen, the white light is then passed through an
RGB color filter. From www.futaba.co.jp/en/product/oled_backup/about.

In small-molecule OLEDs, organic molecules like anthracene and tetracene are used as
the emissive layer (SHAH et al., 2006). Polymer-based OLEDs, also known as PLEDs or P-
OLEDs, emerged as another significant milestone, offering advantages such as flexibility
and compatibility with large-scale manufacturing processes (BHARATHAN; YANG, 1998;
HEBNER et al., 1998).

OLEDs operate based on the phenomenon of electroluminescence in an organic semi-
conductor layer when an electric current is applied. The operation begins with the injec-
tion of electrons and holes into the organic layer from the electrodes. When an electron
and a hole combine within the organic layer, they form an exciton, a quasiparticle which
can be defined as a bound electron-hole pair. These excitons can exist in two possible
states: singlet and triplet. Statistically, there is a 25% probability of forming a singlet
state and a 75% probability of forming a triplet state (BROWN et al., 1993; BALDO et al.,
1999b). As the excitons decay, they release energy in the form of light through sponta-
neous emission. The emitted light corresponds to a specific wavelength determined by the
energy difference between the excited state and the ground state Sy of the organic mate-
rial. Figure 2.5 shows a Jablonski diagram containing possible radiative and nonradiative

transitions and their timescales.
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FIGURE 2.5 — Jablonksi diagram depicting radiative (straight arrows) and nonradiative (squiggly arrows)
transitions. Note. This diagram does not differentiate between intersystem crossing (singlet to triplet)
and reverse intersystem crossing (triplet to singlet). From www.edinst.com.

Different types of OLEDs have been explored, such as fluorescent OLEDs (FOLEDs)
and phosphorescent OLEDs (PhOLEDs). While PhOLEDs have demonstrated high effi-
ciency due to the utilization of triplet excitons, they often require expensive and scarce
heavy metal complexes as emitter materials. As an alternative, TADF has emerged as
a promising mechanism for achieving high-efficiency OLEDs without relying on heavy
metals (UOYAMA et al., 2012).

First-generation OLEDs, the FOLEDs, utilize organic dyes as emitters. These dyes
primarily undergo the transition of singlet excitons to the singlet ground state (S; — Sp)
for fluorescence. However, the ISC decay of the triplet excitons to the ground state is
forbidden by selection rules, limiting the efficiency of fluorescence OLEDs. Only around
25% of singlet excitons can be harvested for luminescence, resulting in an upper limit of
5% EQE without additional optical outcoupling (HONG et al., 2021).

To make use of the triplet excitons, that make up 75% of the total, and improve OLED
efficiency, phosphorescent heavy-metal complexes have been developed as emitters for the
second generation of OLEDs (BALDO et al., 2000). The metal atoms in these complexes
enhance the spin-orbit coupling, which reduces the lifetime of the lowest-lying triplet
state 77 (BALDO et al., 1999a; O’BRIEN et al., 1999). This prompts phosphorescence as T;
decays to the ground state Sy. ISC from the lowest-lying singlet state S; to T} is also
facilitated. This triplet-using strategy enables phosphorescent emitters to achieve IQE of
nearly 100%, resulting in high EQEs (MINAEV et al., 2014; BALDO et al., 1998).
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To address the limitations of heavy-metal-based phosphorescent emitters, the devel-
opment of emitters that avoid the usage of high-cost and environmentally detrimental
elements has gained momentum (VOLZ et al., 2015). One promising solution is TADF emit-
ters. The energetic criteria for achieving efficient TADF are of utmost importance. The
energy gap between the lowest singlet and triplet excited states, AEsr = E(S;) — E(T1),
should be small to facilitate efficient reverse intersystem crossing (RISC) in order for a
molecule to exhibit TADF. When the T} excitons have a sufficiently long lifetime, the
RISC process is thermally activated, though it is formally spin-forbidden. This allows
the T triplet excitons to undergo upconversion into the S; state, followed by radiative
relaxation to the ground state Sy, resulting in a theoretical IQE of 100% (YANG et al.,
2017; ZHANG et al., 2012).
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FIGURE 2.6 — Comparison of FOLEDs, PhOLEDs and TADF OLEDs. Note. From www.edinst.com

2.3 Density Functional Theory Overview

The quantum mechanical description of molecular systems is often based on the wave-
function, a complex function that depends on the spatial and spin coordinates of all the
electrons in a molecule. However, the wavefunction is not easy to calculate or store, and
it encodes more information than is typically required to determine physical properties
such as energies and dipole moments. A conceptually simpler approach would involve the

electron density p(r).

In 1964, Pierre Hohenberg and Walter Kohn introduced two pivotal theorems that
laid the foundation for Density Functional Theory (DFT), which has since become a
powerful and popular approach in condensed matter physics and quantum chemistry.

DFT has seen remarkable growth in usage and development, offering an alternative to
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wavelfunction-based methods.

Hohenberg-Kohn Theorems

The first Hohenberg-Kohn theorem established that there is a one-to-one correspon-
dence between the external potential (due to the atomic nuclei) Vi (r) (within a con-
stant) and the ground-state electron density p(r). Since Vi (r) fixes the hamiltonian H,
the ground state energy and all other ground-state (and excited state) properties of a

molecular system can be expressed as functionals of p(r).

The second theorem is a variational principle: given any trial electron density p(r)
different from the exact ground-state density po(r), the corresponding energy calculated
with the external potential Ve (r) corresponding to po(r) will always be greater than or

equal to the exact ground state energy.

The primary challenge with DFT arises from the need to express the total energy as
a sum of two components: one that depends on the external potential (the interaction
between the electrons and this potential) and another that encompasses the kinetic energy
and electron-electron interactions. This second term, which combines the kinetic energy
and electron-electron interactions, must be represented as a functional of the electron
density p(r). This functional must be universal, meaning it should map any possible
electron density function to its corresponding energy contribution from kinetic energy
and electron-electron interactions. However, the precise form of this universal functional
is unknown. Consequently, practical applications of DFT rely on approximations, both

empirical and derived from physical insights, which often work well in specific cases.

2.4 wB97XD

The wB97XD functional is a range-separated hybrid density functional that includes
an empirical dispersion correction (CHAI; HEAD-GORDON, 2008), distinguishing it from its

predecessors wB97 and wB97X, which lack such a correction.

wB97XD for Geometry Optimization

The wB97XD functional, though not ideal for excited state geometry determina-
tions, offers a cost-effective and accurate approach for optimizing ground state geome-
tries (WANG; DURBEEJ, 2020). In this work, we apply wB97XD to optimize the ground
state geometries of B,N-substituted 5,12-diphenyltetracene derivatives. These optimized

geometries serve as a basis for further analyses, including calculations related to excited



CHAPTER 2. THEORETICAL BACKGROUND 34

states.

wB97XD with TDDFT for Excited State Calculations

Time-dependent density functional theory (TDDFT) (RUNGE; GROSS, 1984; DREUW;
HEAD-GORDON, 2005; STRATMANN et al., 1998; BAUERNSCHMITT; AHLRICHS, 1996; PE-
TERSILKA et al., 1996) combined with the wB97XD functional allows for the calculation of
excited state energies in molecular systems. The TDDFT method is employed to simulate

electronic transitions and excited states.

However, while wB97XD with TDDFT is a valuable tool, it may not provide the
most accurate energy predictions for excited states, particularly in systems with signifi-
cant charge-transfer effects (HERBERT, 2024). In this study, the more accurate CASPT2

method is used for final energy calculations of excited states to address this limitation.

2.5 Complete Active Space Perturbation Theory Second
Order (CASPT2)

The second-order complete active space perturbation theory (CASPT2) approach com-
bines complete active space self-consistent field (CASSCF) calculations with second-order
perturbation theory to account for electron correlation within a chosen active space (ROOS
et al., 2007).

In the CASPT2 method, the active space consists of a selection of orbitals that are
energetically important for the system being studied. The method can offer accurate
energy predictions and descriptions of excited states, which are crucial for evaluating the
potential of SF and TADF candidates.

For a more detailed discussion on many-body perturbation theory, particularly fo-
cusing on second order Mgller-Plesset perturbation theory (MP2), readers can refer to
Appendix A. While MP2 calculates dynamic correlation energy as a second-order pertur-
bation correction to the Hartree-Fock energy, CASPT2 accounts for dynamic correlation
energy by perturbing a CASSCF approximation, which inherently captures static corre-

lation.

2.6 Coupled Cluster Method

The coupled cluster (CC) method excels at capturing dynamical correlation. This

dynamic electron correlation is systematically treated by CC methods using different
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levels of excitations. The key idea of the CC method is to express the wavefunction of
the electronic ground state as an exponential transformation of a reference state, typically

the Hartree-Fock ground state |®(). The CC wavefunction |¥) is expressed as:

Do) = €T [@y) (2.4)

where T is the cluster operator. This exponential ansatz makes CC size extensive. The

operator T is expanded as a sum of terms representing different levels of excitations:

T=T1+To+T5+..., (2.5)

where T}, denotes the n-electron excitations from the reference state. For instance, Ty
represents single excitations, Ty represents double excitations, and so on. Each term T,

can be expressed as:

SO et Gl alooal g, ., (2.6)
i15i2,0enrin @1,02,.,0n
where 41,...,4, and ay,...,a, denote occupied and virtual orbitals, respectively. The
creation and annihilation operators, dgk and a;,, refer to the operators responsible for
adding an electron to the virtual orbital a; and removing an electron from the occupied
orbital i, respectively. The tlef,'.'.ﬂ’,i&l coefficients are the cluster amplitudes that need to
be determined. For an N-electron wavefunction, if the operators up to Ty are included
in 7', then T' coincides with the full CI operator (see Appendix A).

The Schrodinger equation can be written as:

H|Wo) = HeT|Dg) = EeT|dy). (2.7)

Then, due to the orthogonality of the excited determinants with respect to the reference
wave function, the energy and the cluster amplitudes can be determined by solving a set

of nonlinear coupled equations:

(Bole T HeT|Dg) = E,
(@ e~ THeT | D) = 0,
(22T HeT|,) = 0,

(@arazan =T freT| o) =

21,%25--5tn
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Multireference Averaged Quadratic Coupled-Cluster (MRAQCC)

There are several variants of the CC method, with different levels of electron exci-
tations. For instance, CCSD (coupled cluster with single and double excitations) and
CCSD(T) (CCSD with perturbative triple excitations) are commonly used due to their

balance between accuracy and computational cost.

To extend the CC method’s ability to account for static correlation, which occurs in
systems with multiple near-degenerate electronic states, multireference approaches such
as multireference averaged quadratic coupled cluster (MRAQCC) have been developed.
MRAQCC uses a reference wavefunction that combines multiple electronic configurations,
allowing the method to capture static correlation effectively while maintaining the CC
method’s strength in handling dynamical correlation. In the current work, we employ the
MRAQCC method with single and double excitations to describe the spin density in the
B,N-DPT molecules.



3 Method and Models

3.1 Selection of the B,N-substituted DPT Molecules

Only one B,N pair is used for doping in each B,N-DPT molecule analyzed in this work.
The B,N-substitution was only done in the tetracene core, never in the phenyl rings at-
tached to it. Since the DPT molecule (C3oHyg) contains 20 more atoms than tetracene
(C1gHj2), the computational expense associated with performing quantum chemistry cal-
culations for every possible B,N-substituted DPT was prohibitive. Additionally, there
are nearly twice as many potential ways to B,N-substitute the tetracene core of a DPT
molecule compared to tetracene, owing to the presence of phenyl rings attached to the

tetracene core.

As a result, this study pre-selected molecules based on prior research involving the
simpler tetracene molecule. Pinheiro Jr. et al. identified four B,N-substituted tetracene
candidates for SF, and our work expanded upon theirs by identifying an additional SF
candidate, along with twelve potential B,N-substituted tetracene candidates for TADF
(PINHEIRO et al., 2020a; PIMENTEL, 2023a; PIMENTEL, 2023b). The 34 molecules exam-
ined in this study were based on these 17 pre-screened molecules. The reason why there
are 34 B,N-DPT molecules corresponding to the 17 B,N-tetracene counterparts will be

explained in Section 3.2.

Subsequently, the corresponding DPT molecules for tetracene were investigated to
ascertain if, akin to their simpler counterparts, they exhibit promising SF and/or TADF

properties.

3.2 Nomenclature of the B,N-substituted DPT Molecules

The notation for atom positioning within the tetracene moiety, introduced by Pinheiro
Jr. et al., is adopted, as illustrated in Figure 3.1. This numbering scheme differs from the
[UPAC standard.’ Each B,N-tetracene molecule is denoted by (B atom position),(N atom

'For instance, when we refer to 5,12-diphenyltetracene (the IUPAC nomenclature for DPT), it does
not imply that the phenyl groups are attached to the carbons numbered 5 and 12 according to our labeling
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position). To address potential symmetry-related ambiguities, two rules are established:
(i) assign the lowest possible number to the B atom position, and (ii) subsequently, assign
the lowest possible number to the N atom position. A detailed explanation can be found

in my senior thesis (PIMENTEL, 2023b).

1 17 15 13
| 14 12
3 11
5 7 9
4 6 8 10
FIGURE 3.1 — Atom labeling scheme within the structure of tetracene.

Chakraborty et al. enumerated 77 possible B,N-tetracene molecules (CHAKRABORTY
et al., 2019). Among these, 76 exhibit C symmetry, possessing only the plane of the
paper as a plane of symmetry. The remaining molecule, 7,16, demonstrates Cs, symmetry.
Consequently, for each of the 76 B,N-tetracene molecules with Cs symmetry, there exist

two corresponding B,N-DPT molecules. An example is depicted in Figure 3.2.

| |

N N

@\OOO @\OOO
e/ 9/

| |

H H

FIGURE 3.2 — Each B,N-tetracene molecule (except 7,16) corresponds to two B,N-DPT molecules. 4,1-
left (left) and 4,1-right (right) are shown as examples.

Therefore, each B,N-DPT molecule (except 7,16) is named (B atom position),(N atom
position)-(left or right), where “left” indicates attachment of phenyl groups to the second
leftmost ring of the tetracene core, and “right” indicates attachment to the third leftmost

ring of the tetracene core.

system.
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3.3 Geometry Optimization

The geometry optimizations of all molecules were carried out using the def2-TZVP
basis set (Ahlrichs’s triple-¢ valence (TZV) plus (1p) polarization for H and (2d1f) polar-
ization for B, C, and N) (WEIGEND; AHLRICHS, 2005) with the DFT functional wB97XD
(CHAI; HEAD-GORDON, 2008) on Gaussian software (FRISCH et al., ).

The B,N-DPT molecules were optimized in Cs symmetry. Some molecules were with

imaginary frequencies were found, but none of them exceeded 50 cm™!.

This indicates
deformations that cause the molecule to deviate from the molecular plane. A future im-
provement of this work could be reoptimizing those molecules with imaginary frequencies

in C; symmetry. The pristine DPT molecule was optimized in (s, symmetry.

The optimized geometries are available in Appendix C. They are displayed in Figure
D.1 in Appendix D.

3.4 Harmonic Oscillator Model of Aromaticity

To evaluate and quantify the aromaticity of each ring in each B,N-DPT precandidate
structure at the wB97XD /def2-TZVP geometry, the descriptor harmonic oscillator model
of aromaticity (HOMA) index (KRUSZEWSKI; KRYGOWSKI, 1972; KRYGOWSKI, 1993) was
chosen, which is based on bond lengths and given by Equation (3.1):

HOMA = 1— = 3" a(a, b)( Rop(a, b) — Ri(a, b))*. (3.1)

n
a,b

Here, the sum is taken over all pairs (a,b) of adjacent atoms (i.e., that share a bond) in
the ring, n is the number of atoms in the ring (6 in this study, since it is about acenes), and
R;(a,b) is the bond length of the bond between atoms a and b. The empirical parameters
a(a,b) and Rop(a,b) depend on the atoms and are such that the following conditions
are satisfied: (i) in an ideal aromatic ring, HOMA should be 1, so Ropi(a,b) is equal to
the value R;(a,b); (ii) in a non-aromatic ring, i.e., that lacks resonance and has marked
alternating bond lengths between the single and double bonds, HOMA should be 0.

The parameters used in this study are shown in Table 3.1.

3.5 Choice of the Method

Pristine tetracene and pristine DPT had their excited states calculated under various

methods and bases. The results were compared to experimental results to choose the
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TABLE 3.1 - HOMA parameters
Atom Pair R; (A) a (A?)

c-C* 1.388 257.7
C-N? 1.334  93.52
C-BP 1.4235 104.507
B-N¢ 1.402 72.03

2 Reference: (KRYGOWSKI; CYRANSKI, 2001)
b Reference: (ZBOROWSKI et al., 2012)
¢ Reference: (MADURA et al., 1998)

appropriate methodology to evaluate the TADF and SF B,N-precandidates. This choice
is detailed in Section 4.1. The chosen methods were CASPT2(8,8)/6-31G* for the excited
state energies and MRAQCC/6-31G* for the unpaired electron density (detailed in Section
3.8).

3.6 CASPT2 Calculations

Initially, complete active space self-consistent field (CASSCF) calculations (ROOS et
al., 1980) were performed to construct the reference wave function, capturing the static
correlation inherent in singlet systems with open-shell character. The resulting molecular
orbitals and configuration state functions (CSFs) from the CASSCF calculations were
then utilized in the subsequent multireference (MR) calculations. The active space for
the CASSCF procedure included 8 electrons in 8 7 orbitals, denoted as CAS(8,8). The
orbitals were reordered to exclude the ones that lie on the phenyl rings attached to the
tetracene core from the active space, as they are not relevant in excitations, which will be
discussed in Chapter 4. Thus, the 7 orbitals that make up the active space pertain to the
tetracene core. Specifically, for the precandidates, orbital 22a” (on the phenyl rings) was

swapped with 20a”, and orbital 29¢” (also on the phenyl rings) was swapped with 31a”.

The singlet ground state and the two lowest A" excited singlets were analyzed together,
while the two lowest A’ triplets were analyzed together, but separately from the singlets.
The CASPT2 calculations were performed with the 6-31G* basis (PETERSSON et al., 1988)
using MOLPRO software (WERNER et al., ; WERNER et al., 2012).

The geometries utilized were those of the ground state obtained from wB97XD /def2-
TZVP calculations. Notably, the molecular geometries of the excited states themselves
were not optimized, rendering the calculated energies vertical rather than adiabatic. For
molecule 6,15-left, the level shift (ROOS; ANDERSSON, 1995) to avoid intruder state prob-

lems had to be adjusted to 0.25 to ensure convergence.
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3.7 Selection of Candidates for TADF

For the selection of Thermally Activated Delayed Fluorescence (TADF) candidates, a
criterion of AEgr < 0.25 eV is applied. This criterion ensures that the energy difference
between the singlet and triplet states is less than 10kgT at room temperature (7' = 300
K). By employing it, the TADF candidates thus identified have T} triplet excitons capable

of undergoing upconversion to the S; state by thermal activation.

3.8 Effectively Unpaired Electrons

A nonlinear formula provides a useful approach for computing the total number of

effectively unpaired electrons in molecules.?

The formula (HEAD-GORDON, 2003) can be expressed as:
Ny =Y ni(2—n;)* (3.2)

where n; is the occupation number of the ! natural orbital (NO).

The density of effectively unpaired electrons (or spin density) is:
pu(r) =Y ni(2—n)’ ()P, (3.3)

where 1;(r) is the normalized i** NO.

The number of effectively unpaired electrons provides a quantitative measure of the
diradical character of a molecule. A significant diradical character suggests the presence
of one unpaired electron in each of two degenerate or nearly degenerate molecular orbitals.
Conversely, a low diradical character indicates the occupation of all occupied molecular

orbitals by electron pairs, resulting in a closed-shell configuration.

3.9 MRAQCC Calculations

At the wB97XD/def2-TZVP geometries, the excited states were calculated using
MRAQCC with the same active space used in the CASPT?2 calculations (including the

reordering to exclude the orbitals on the phenyl rings attached to the tetracene core). We

2Erratum: In two prior works (PIMENTEL, 2023a; PIMENTEL, 2023b) I incorrectly stated that the
formula for computing the total number of effectively unpaired electrons cannot yield a value that exceeds
the total number of electrons in the system. However, the formula that exhibits this property is actually
>, min (n;, 2 — n;).
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utilized the COLUMBUS software, making efficient use of the available parallel algorithm
(LISCHKA et al., 2001; LISCHKA et al., 2011). Additionally, the COLUMBUS software
was employed to compute the unpaired electron density. Finally, post-processing of the
MRAQCC results to determine the effective number of unpaired electrons was performed
using the TheoDORE program (PLASSER, 2020).

An intruder state with more than 3% contribution was found in the molecules 1,14
(both 1,14-left and 1,14-right), 2,9 (both), and 6,9 (both). It was added to the reference
by changing the active space with additional group restrictions. It corresponded to the
excitation 25a”(HOMO) — 33a”. Other intruder states were found in molecules 1,11-
left, 1,15 (both) and 6,15-right. They were added to the reference by following the same

procedure.

We employed an active space of eight electrons in eight 7 orbitals, referred to as
CAS(8,8), for both CASSCF and the MRAQCC reference space. The initial active or-
bitals were obtained from a prior Hartree-Fock calculation by selecting the four highest
occupied and four lowest unoccupied m orbitals. No orbitals were kept frozen. In the
MRAQCC calculations, correlation was introduced for all 7 orbitals. ¢ orbitals were not
correlated, all of them were frozen. The reference CSFs were generated from the afore-
mentioned CAS(8,8). The MRAQCC external configurations encompassed all permissible
single and double electron excitations as per the generalized interacting space restrictions
(LTU; MCLEAN, 1973; BUNGE, 1970). The MRAQCC calculations were performed for the
ground state only and employed the Pople 6-31G* basis set (FRANCL et al., 1982). Figure

3.3 shows the orbitals and transitions taken into account in the MRAQCC calculations.



CHAPTER 3. METHOD AND MODELS 43

A -
5 frozen virtual
v 233a' and 0a"
L
e virtual
233a'and 123a"
>
2 active
ﬂ O0a'and 8a"
N
N
N
N
N
closed-shell
H 75a' and 21a"
- frozen core
: 75a'and 16a"
N

FIGURE 3.3 — Figure illustrating the MRAQCC orbitals. The reference space of configurations incor-
porates the excitations depicted by green arrows, which involve transitions between active orbitals. The
external configurations for the MRAQCC method encompass the single and double excitations denoted
by yellow arrows. These excitations involve transitions from closed-shell orbitals that are not frozen to
active orbitals, from closed-shell orbitals that are not frozen to virtual orbitals that are not frozen, or
from active orbitals to virtual orbitals that are not frozen. These external configurations account for the
correlated behavior of the non-frozen orbitals. Transitions from the frozen core or to the frozen virtual
orbitals are excluded.



4 Results

Preamble: Summary of the Previous Results on B,N-tetracene

In the previous works of our research group (PINHEIRO et al., 2020b; PIMENTEL, 2023a;
PIMENTEL et al., 2024), it was found that by B,N-doping an acene and changing the
positions of the boron and nitrogen atoms, the diradicaloid character and the excitonic

properties of the resulting molecule can be modulated. We explored this fact to try to
find suitable candidates for SF and TADF.

Within a set of 60 B,N-doped structures, Pinheiro Jr. et al. found that four distinct
molecules satisfied E(S;) > 2E(Ty) and E(Ty) > 2E(T7) (Equations (2.2) and (2.3)) for
singlet fission (SF) according to SC-NEVPT2(12,12)/def2-TZVP calculations. Addition-
ally, eleven other doping configurations nearly met these conditions, exhibiting a small
endoergicity with 2E(T)) — E(S;) < 0.3 eV (PINHEIRO et al., 2020b). In that study, the
chemical stability of the molecules was analyzed by computing their diradicaloid charac-
ter, aromaticity changes, charge transfer effects, and exciton properties. The effectiveness
of chemical doping in tetracene with nitrogen and boron atoms as a promising strategy for
developing efficient singlet fission sensitizers was thus demonstrated. By considering 60
BN-tetracene molecules with various doping configurations, they investigated the effects

of different B and N positions on the excitation energies relevant for SF.

Inspired by that previous work, we then employed multireference quantum chemistry
methods to scrutinize each of the 77 possible B,N-tetracene molecules by inspecting prop-
erties such as the energy of the first triplet state, the unpaired electron density, and the
HOMA index in order to assess chemical stability and proneness to singlet fission, thereby
finding five SF candidates among those molecules (PIMENTEL, 2023a). Specifically, they
were: 1,10; 1,13; 2,3; 5,2; and 5,4. The 5,4 molecule had not been found in the previous
work by Pinheiro Jr. et al..

Our subsequent work was to search for TADF candidates among the 77 B,N-tetracene
molecules (PIMENTEL et al., 2024). The primary objective was to identify and select
prospective molecules for the fabrication of OLEDs. Based on our calculations, we identi-
fied a set of twelve B,N-tetracene candidates for TADF, namely 1,11; 1,14; 1,15; 2.,9; 2,14,
2,16; 5,8; 5,12; 6,1; 6,9; 6,11; and 6,15, which exhibit potential for TADF. Five of these
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are likely to emit in the visible range — 2,16; 5,8; 6,1; 6,9; 6,15. To assess the stability
and aromaticity of the molecules, we employed several descriptors, such as HOMA, un-
paired electron density, multicenter bond indices (MCI), Nucleus Independent Chemical
Shifts (NICS), and Anisotropy of the Induced Current Density (ACID). The results re-
garding B,N-tetracene in this chapter can be found in that paper, available in its entirety

in Appendix B.

For this work we made some changes to the methodology, which will be discussed
subsequently. Hereafter, unless otherwise specified, we will discuss B,N-DPT instead of

B,N-tetracene.

4.1 Choice of Method, Basis, and Active Space

Tetracene, possessing Dy, symmetry, exhibits specific orbital symmetries in its active
space, with ground and excited states displaying distinct symmetries. The ground state
has A, symmetry, while the first two excited singlet states possess By, and B3, symmetries,

respectively. The first excited triplet state exhibits By, symmetry.

In the case of tetracene, classified as a class I SF chromophore, the Sy — S; transition
corresponds to a HOMO — LUMO excitation, polarized along the molecular short axis
(La), resulting in the By, symmetry of the S; state. Additionally, the Bs, symmetry of
the S5 state arises from the Sy — S5 transition, a linear combination of a HOMO-1 —
LUMO and a HOMO — LUMO-+1 excitation, polarized along the molecular long axis
(Ly) (YANG et al, 2016). The L, state exhibits ionic character, being sensitive to the
freezing scheme of the o-orbitals but not requiring an extended active space. Conversely,
the covalent L, state demands a large active space but is not sensitive to the freezing

scheme within the o-space, i.e., to the extent of dynamic correlation (BETTANIN et al.,

2017).

Similarly, by analyzing the wave function of DPT (with Cy, symmetry), it was found
that the Sy — 5 transition is a HOMO — LUMO transition, with S} having B; symmetry.
The Sy — Ss transition is a linear combination of a HOMO-1 — LUMO and a HOMO —
LUMO+1 transition, with Sy possessing A; symmetry. Considering the essentially planar
nature of the tetracene core in DPT, with the side phenyl rings being almost perpendicular
to that plane (SUTTON et al., 2017; CASANOVA, 2014), the Cy, symmetry choice is justified.

This choice was supported by the absence of imaginary frequencies.

In contrast to the MRCISD calculations for B,N-tetracene in our previous work, where
o orbitals were correlated, no such correlation was applied in the MRAQCC calculations
for the B,N-DPT precandidates.



CHAPTER 4. RESULTS 46

The energies obtained from the tested methods and some experimental energies are
presented in Tables D.3 and D.4 in Appendix D. Based on a cost-benefit analysis and
considerations of accuracy, CASPT2(8,8)/6-31G* was selected for evaluating excited state
energies, while MRAQCC/6-31G* was chosen for determining the unpaired electron den-
sity.

4.2 Energies

The values for E(S}), E(T1), and AEgr are shown in Table D.1 in Appendix D. These

results can also be seen in Figures 4.1, 4.2, and D.2.
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FIGURE 4.1 — Vertical E(S7) of pristine DPT and the 34 B,N-doped molecules calculated using the
CASPT2(8,8)/6-31G* method.
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FIGURE 4.2 - AEgy = E(S1) — E(T1) of pristine DPT and the 34 B,N-doped molecules calculated using
the CASPT2(8,8)/6-31G* method.

Pristine DPT has E(S;) = 2.84 eV and AEsr = 1.18 eV. Its E(S;) and AFEgr
values are significantly higher than those of the precandidates. In our previous work, this
phenomenon was observed in pristine tetracene compared to the B,N-substituted tetracene
molecules calculated at MRCISD+P(8,8) (where +P indicates Pople’s correction), but
it was absent when we used NEVPT2(12,12). This may suggest that CASPT2(8,8),
which we are currently using for DPT and the precandidates, could overestimate F/(.S7).
Regarding F(T}), there are B,N-doped precandidates with both higher and lower E(7})
than pristine DPT.

Molecules 2,16 (both), 6,15 (both), 5,8 (both), 5,12 (both), and 1,14 (both) show a
negative AFgr, indicating a violation of Hund’s rule. This inversion is likely an artifact
of the CASPT2 calculations, but a deeper analysis is required since there are reports of
this phenomenon in the context of OLEDs (AIZAWA et al., 2022). Molecules 2,9 (both),
1,15 (both), 1,13 (both), and 1,11 (both) have a AEgr close to zero (less than 0.1 eV).

The energy values of left and right corresponding candidates are very close. The
E(S1) between them, as well as E(T}), generally differs by less than 0.15 eV. There are
two exceptions: 2,3-left has E(7) = 1.12 eV, while 2,3-right has F(T}) = 1.38 eV; and
6,15-left has E(T)) = 1.76 eV, while 6,15-right has E(T}) = 2.01 eV.
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SF

No SF candidates were found among the B,N-DPT precandidates. None of the ana-
lyzed precandidates fulfill E(S;) > 2FE(T;) (Equation (2.2)).

TADF

According to the CASPT?2 calculations, all B,N-DPT molecules corresponding to the
B,N-tetracene TADF candidates are TADF candidates themselves, except for 6,1 (both
6,1-left and 6,1-right) and 6,11 (both). Notably, 1,13 (both) is an extra pair of molecules
whose corresponding B,N-tetracene was not a TADF candidate. Instead, it was an SF
candidate. In summary, 1,11 (both), 1,13 (both), 1,14 (both), 1,15 (both), 2,9 (both),
2,14 (both), 2,16 (both), 5,8 (both), 5,12 (both), 6,9 (both), and 6,15 (both) were found
to be TADF candidates. Among these, 2,9 (both), 2,16 (both), 5,8 (both), 5,12 (both),
6,9 (both), and 6,15 (both) emit visible light (have E(S;) between 1.6 eV and 3.2 eV),

making them suitable for displays.

4.3 HOMA

All the HOMA values can be seen numerically in Table D.2 in Appendix D. Figure
4.3 displays the HOMA index for each ring in the investigated molecules as a color map.
The impact of the heteroatoms’ position on the HOMA values is clear. The position of
the phenyl rings attached to the tetracene core (left or right) does not change the trend

of aromaticity in the rings of the molecules.
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FIGURE 4.3 — Color map for the HOMA index of each ring in pristine DPT and the 34 B,N-doped SF
and TADF precandidate molecules with the wB97XD /def2-TZVP optimized geometries.

Figures 4.4, 4.5, and 4.6 show bar plots of the maximum, minimum, and mean HOMA

values for all rings of each analyzed molecule.
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FIGURE 4.4 — Bar chart of the maximum HOMA value in pristine DPT and the 34 B,N-doped SF and
TADF precandidate molecules with the wB97XD/def2-TZVP optimized geometries.
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Introducing the B,N pair modulates the aromaticity of the tetracene core. In each
molecule that contains boron and nitrogen in different rings, the ring with the lowest
HOMA contains the boron atom. Every precandidate has at least one ring with HOMA
less than 0.53 (the minimum HOMA value found in pristine DPT, occurring in its leftmost
ring). However, about half of the precandidates have at least one ring with HOMA greater
than 0.77 (the maximum HOMA value found in pristine DPT, occurring in its third ring
from left to right). All molecules have a mean HOMA smaller than pristine DPT, except
for 6,15-left and 1,15-right, which have essentially the same value as pristine DPT.

4.4 Spin Density

Figure 4.7 shows the unpaired electron density in the rings and how the boron and

nitrogen atoms affect it.
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FIGURE 4.7 — Density of effectively unpaired electrons plotted with isovalue 5 x 107% e ag 3 (where ag is
the Bohr radius) and the number of effectively unpaired electrons given in parentheses for each molecule.

A significant correlation can be seen between Ny values in B,N-DPT-left and the
corresponding B,N-DPT-right. There are only four outlier pairs, namely 1,10 (left and
right), 1,15 (left and right), 2,3 (left and right), and 6,15 (left and right), where the Ny
values vary significantly when the position of the phenyl rings attached to the tetracene

core is changed.

An interesting result is that no analyzed B,N-DPT molecule has a lower Ny than

pristine DPT. This differs from the results in our previous work on B,N-tetracene. There



CHAPTER 4. RESULTS 23

were TADF candidates with Ny both higher and lower than pristine tetracene.
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FIGURE 4.8 — Linear regression of Ny values for twelve selected B,N-DPT molecules compared with
the corresponding counterparts (the B,N-tetracene TADF candidates): (left subplot) B,N-DPT-(left)
molecules versus B,N-tetracene, (right subplot) B,N-DPT-(right) molecules versus B,N-tetracene.

Figure 4.8 shows, through linear regressions, how the Ny values in selected B,N-DPT
molecules (that correspond to the twelve B,N-tetracene TADF candidates) are correlated
to the corresponding values in the B,N-tetracene counterparts. It can be seen that there
is no correlation, as indicated by the R? values close to zero in the two subplots. Thus,
the sequence of chemical stability in the B,N-DPT molecules is likely to be different from
the sequence in the B,N-tetracene candidates, due to the difference in the diradicaloid
characters. Even so, only one B,N-DPT molecule (1,15-right) was indicated to have a

lower Ny value than its B,N-tetracene counterpart.



5 Conclusion

This dissertation aimed to assess the prospective candidates for SF and TADF in
B,N-substituted 5,12-diphenyltetracene (DPT). The primary objective was to explore the
potential of these substituted acene derivatives as advanced materials for organic elec-
tronics, particularly in OLEDs and solar cells. Through a combination of computational
methods, including CASPT2 and MRAQCC, we systematically investigated the electronic

properties, aromaticity, and stability of these compounds.

5.1 Summary of Findings

Our previous research on B,N-doped tetracenes and their derivatives has been focused
on exploring the modulation of diradicaloid character and excitonic properties to iden-
tify promising candidates for SF and TADF. Building upon the foundational work by
Pinheiro Jr. et al. and subsequent studies by our research group, we aimed to scruti-
nize a comprehensive set of B,N-DPT molecules using multireference quantum chemistry

methods.

Previous studies identified five B,N-tetracene molecules meeting the criteria for SF.
For TADF, twelve candidates were identified, five of which were likely to emit in the

visible range.

In our current work, used CASPT2(8,8) and MRAQCC(8,8) methods. The primary

findings from our B,N-DPT studies are as follows:

1. Energies and Excited States: Pristine DPT exhibited significantly higher £(S;) and
AFEsr values compared to B,N-doped precandidates. Notably, no B,N-DPT molecules
fulfilled the SF criteria, with E(S;) > 2E(T7). However, our calculations showed that
several B,N-substituted derivatives have AFEgr values leading to efficient reverse intersys-
tem crossing, thus supporting their potential as TADF candidates. Specifically, 11 pairs
of molecules were identified as promising TADF candidates, six of which are likely to emit
visible light.

2. HOMA Index and Aromaticity: The introduction of B and N atoms modulated the
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aromaticity of the tetracene core, as evidenced by the HOMA index values. Most B,N-
DPT molecules displayed lower mean HOMA values compared to pristine DPT, indicating

changes in aromatic stability and electronic distribution due to doping.

3. Spin Density and Diradicaloid Character: The density of effectively unpaired elec-
trons (Ny) in B,N-DPT molecules was generally higher than in pristine DPT. This con-
trasted with the previous B,N-tetracene results, where some TADF candidates exhibited
lower Ny values than pristine tetracene. Linear regression analysis showed low correla-
tion between Ny values in B,N-DPT and B,N-tetracene, suggesting different sequences of

chemical stability and diradicaloid character.

5.2 Implications and Future Work

The identification of TADF candidates among B,N-DPT molecules, particularly those

emitting in the visible range, is promising for the development of efficient OLEDs.
Future work should focus on the following directions:

1. Extended Computational Studies: Employing larger active spaces and higher-level
quantum chemical methods could provide more accurate predictions and insights into the

electronic properties of potential candidates.

2. Experimental Validation: Synthesis and experimental testing of the identified
TADF candidates will be crucial to validate the theoretical predictions and assess their

practical applicability in OLEDs and other optoelectronic devices.

3. Alternative Doping Strategies: Beyond the specific B,N-substituted DPT molecules
investigated here, the principles and methodologies developed can be applied to a broader
range of polycyclic aromatic hydrocarbons. Exploring different substitution patterns and
heteroatoms could yield a diverse array of compounds with tailored electronic properties
for various applications. The exploration of B,N-doping in other acenes and larger PAHs

could also reveal new candidates for SF and TADF.

4. Structure-Property Relationships: Developing a deeper understanding of the re-
lationship between molecular structure and electronic properties will aid in the rational

design of future candidates with tailored properties for specific applications.

5.3 Concluding Remarks

In conclusion, this dissertation has successfully identified and characterized a set of
promising candidates for TADF in B,N-substituted 5,12-diphenyltetracene. Although no
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suitable SF' candidates were found among the B,N-DPT derivatives, the study’s findings

underscore the potential of these compounds to advance the field of organic electronics.

Future research should focus on the experimental validation of these computational
predictions, as well as the exploration of additional molecular architectures to fully realize
the potential of these findings. The continued development and refinement of computa-
tional methods will be essential in guiding the design of next-generation organic semicon-

ductors.
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2 Theoretical Background

2.1 LEDs and Semiconductor Theory

2.1.1 Introduction to Semiconductors

Semiconductors are materials that have electrical conductivity between conductors
(such as metals) and insulators (such as non-metals) (SEDRA et al., 2020). Semiconductors
possess an energy band structure consisting of a valence band, which is either filled (at
absolute zero) or almost filled (7" > 0) with electrons, and a conduction band, which is

either empty (at absolute zero) or partially filled (7' > 0).

Electrons in materials obey Fermi-Dirac statistics, which describe the behavior of par-
ticles with half-integer spin, fermions, in thermodynamic equilibrium (SAKURAI; NAPOLI-
TANO, 2017). No two fermions can occupy the same quantum state simultaneously, due
to the Pauli exclusion principle. This principle restricts the number of electrons that
can occupy a particular energy level in a material, creating distinct energy bands. These
bands result from the interaction of numerous atoms, on the order of 1 mole, situated in
close proximity. As their atomic orbitals overlap, they undergo a splitting, giving rise to
an equal number of molecular orbitals, some with greater energy and others with lower
energy. However, due to the significant number of atoms involved, and consequently, a
multitude of molecular orbitals, the energy spacing between them becomes exceedingly
minute, on the order of approximately 10722 eV. Consequently, this leads to the formation

of a continuum of energy levels known as a “band”, as shown in Figure 2.1.

The Fermi-Dirac distribution function provides the probability of finding an electron in
a given energy state at a specific temperature, forming the foundation for understanding

the electronic properties and behavior of materials.

The Fermi level refers to the energy level within a material at which the probability of
finding an electron is equal to 50% at absolute zero temperature. In conductors, the Fermi
level lies within the conduction band, allowing for the free movement of electrons and high
conductivity. In semiconductors and insulators, it lies inside a band gap, and its position

relative to the energy bands determines the behavior and conductivity characteristics
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FIGURE 2.1 — Energy levels of a large number of carbon atoms as a function of the interatomic distance.
When the atoms are far apart (right side of graph) each atom has discrete energy levels corresponding to
the valence atomic orbitals 2s and 2p. a is the interatomic distance found in a diamond lattice.

of the material. In semiconductors the bands are near to the Fermi level, thus being

thermally populated with charge carriers (electrons or holes). Figure 2.2 shows the band
structure of some materials.

E
A

Ep -

p-type intrin. n-type

Metal Semimetal Semiconductor Insulator

FIGURE 2.2 — Energy distribution of electrons in materials. The width represents the density of available
states for a certain energy. The shade follows the Fermi-Dirac distribution (black: completely filled, white:
empty).

2.1.2 Doping and p—n Junction

The behavior of semiconductors can be modified through a process called doping, in
which impurity atoms are intentionally added to alter the concentration of charge carriers.

There are n-type (electron donor) and p-type (electron acceptor) dopants.
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The introduction of an n-type dopant adds extra electrons to the semiconductor lattice,
increasing the concentration of negative charge carriers. Conversely, a p-type dopant
introduces “holes” or vacancies in the valence band, creating an excess of positive charge

carriers.

When a p-type and n-type semiconductor are brought together, they form a p—n
junction. At the junction, the excess electrons from the n-side and the holes from the

p-side recombine, creating a depletion region with no charge carriers.

2.1.3 Diodes

A diode is a two-terminal electronic component that allows the flow of electric current
in only one direction. It consists of a p—n junction. When a forward bias voltage is applied
to the diode, meaning the positive terminal of the voltage source is connected to the p-side
and the negative terminal to the n-side, the diode conducts current. This occurs as the
forward bias reduces the width of the depletion region, allowing charge carriers to flow

across the junction.

On the other hand, when a reverse bias voltage is applied, meaning the positive termi-
nal of the voltage source is connected to the n-side and the negative terminal to the p-side,
the diode blocks current flow. The reverse bias widens the depletion region, preventing
charge carriers from crossing the junction (RAZAVI, 2013). Figure 2.3 shows a comparison

between these two operating modes.

depletion region
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FIGURE 2.3 — Comparison of diode (p—n junction) operation under forward bias (left) and reverse bias
(right). Note. From www.allaboutcircuits.com.

2.1.4 LED Operation

LEDs are diodes that emit light when an electric current passes through them. They

are typically made from semiconductors which have a direct band gap. The direct band
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gap allows efficient light emission. That’s because in indirect band gap semiconductors
(e.g. silicon), there occurs dissipation of energy to the surrounding crystal lattice as heat
(SEDRA et al., 2020). Figure 2.4 depicts the difference between direct and indirect band

gap semiconductors.

Direct Band Gap Indirect Band Gap

Conduction Band \

—_
Conduction Band

o

\

Energy

Valence Band e - T~

Momentum Momentum

FIGURE 2.4 — Energy vs. crystal momentum in direct (left) and indirect (right) band gap semiconductors.

The crystal momentum, denoted by p is associated with the motion of electrons within
a crystalline material. It takes into account the periodic nature of the crystal lattice struc-
ture. The wave vector, represented by k, describes the spatial variation of the wave func-
tion that characterizes the electrons in the crystal. It is related to the crystal momentum

through the equation:

p = hk. (2.1)

According to Bloch’s theorem (SAKURAI; NAPOLITANO, 2017), the wave function of
an electron in a crystal can be expressed as the product of a periodic function, known as

the Bloch function, and a plane wave. Mathematically, it can be written as:
U(r) = e™Tu(r), (2.2)

where 1 (r) is the wave function, k is the wave vector, r is the position vector, and u(r)

is a periodic function with the same periodicity as the crystal lattice.

LEDs consist of layers of different semiconductors sandwiched together, forming a
heterostructure. The light emission in LEDs is based on the phenomenon of electrolu-
minescence. When a forward voltage is applied to the LED, electrons in the conduction
band recombine with holes in the valence band. This occurs in the emissive layer (see
Figure 1.1), releasing energy in the form of photons. The energy of the emitted photons
is determined by the band gap of the semiconductor material used. Figure 2.5 shows the

current-voltage characteristic (I-V curve) of a LED.
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FIGURE 2.5 — Typical current-voltage curve of a LED. Note. The vertical axis is the absolute value of
the current, in logarithmic scale. From www.fluxim.com.

2.2 Clarification: Isolated Molecules vs. Crystalline Solids

In Sections 1.2 and 2.1, we explored theoretical concepts like electronic bands, band
gaps, and excitons. It is important to note that our discussion was centered around the im-
plicit assumption of crystalline solids. However, in our current research, we are conducting
computational studies on isolated molecules without considering their crystal structure.
This approach is valid because these molecules come together to form molecular crystals
or amorphous thin films, where their interactions are governed by weak intermolecular

forces.

In crystalline solids held together by stronger bonds, the band structure differs signifi-
cantly from that of these materials. Instead of electronic bands, these solids have discrete
energy levels (or more precisely, narrow bands) that result from interactions between in-
dividual molecules. Two relevant energy levels are the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO). The energy difference
between the HOMO and LUMO levels is analogous to the band gap and is referred to as
the HOMO-LUMO gap in this context.

Furthermore, when we discuss excitations in this kind of molecular solids, we encounter
localized (or more precisely, less delocalized) excited states as opposed to the delocalized

excitons observed in crystalline solids.
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2.3 Atomic Units and Notation

In this study, we adopt atomic units, which is a system of natural units commonly used
in quantum chemistry. Atomic units simplify calculations by setting certain fundamental
physical constants to unity, thereby eliminating their explicit appearance in equations.
By definition, in atomic units, the following fundamental physical constants are expressed

as the numeric value 1:

Reduced Planck constant A =1
Elementary charge e=1
Electron mass m, =1

Coulomb constant =1

T€Q

Throughout this chapter, all mathematical expressions and numerical results will be
presented in atomic units unless otherwise stated. By employing dimensional analysis,
one can determine the unique exponents for i, e, m,., and ﬁ in order to convert these

expressions back into units with dimensions.

2.4 The Schrédinger Equation for a Multielectronic Molecule

The time-independent Schrodinger equation describes the quantum mechanical be-
havior of a system in a stationary state, i.e. a state with well defined energy (SAKURAI;
NAPOLITANO, 2017; PARR; WEITAO, 1995), not a quantum superposition of energy eigen-

states. For a multielectronic molecule, it can be written as:

HU = EV. (2.7)

In this equation, H represents the molecular Hamiltonian operator, ¥ is the molecular

wave function, and E corresponds to the energy of the system.

The molecular Hamiltonian operator incorporates various physical interactions within
the molecule. It can be expanded to explicitly include the kinetic energy of the electrons,

as well as the kinetic energy of the nuclei, and the Coulombic interactions:
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The terms in the expanded Hamiltonian operator represent specific interactions within
the molecule. The M nuclei are labeled by the index A (or B) and the N electrons are
labeled by the index i (or j). Thus, for example, R4 represents the position of the A

nucleus and r; represents the position of the it electron.

The first term accounts for the kinetic energy of each electron in the molecule. It
considers the Laplacian operator (V#), which describes the spatial variation of the wave

function for each electron 7.

The second term represents the kinetic energy of the nuclei. It considers the mass of
each nucleus (M), and the Laplacian operator (V% ), which describes the spatial variation

of the wave function for each nucleus.

The third term represents the interaction between each electron and the nuclei of the
atoms in the molecule. It considers the attractive electrostatic interaction and is described
by the potential generated by the nuclei. The term includes the atomic number of the

nucleus (Z,4) and the distance between the electron and the nucleus.
The fourth term accounts for the electron-electron repulsion, as described previously.
The fifth term represents the nuclear-nuclear repulsion, as described previously.

The molecular wave function, ¥, represents the quantum state of the multielectronic
molecule, describing the distribution of electrons and their associated energies in the
molecular system. In theory, by solving the Schrodinger equation, researchers could gain
insights into the electronic structure and properties of multielectronic molecules, enabling

a deeper understanding of their chemical bonding, reactivity, and spectroscopic behavior.

But solving the Schrédinger equation for a multielectronic molecule is a challenging
task due to the complexity of the electron-electron interactions involved. Various ap-
proximation methods and computational techniques, such as Hartree-Fock (HF) theory,
density functional theory (DFT), and many-body perturbation theory, are commonly em-
ployed to obtain solutions for the corresponding energy of the molecule without explicitly

computing the wave function.

In fact, storing the many-body wave function is an insurmountable challenge. The
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wave function depends on 3N spatial dimensions! (3 for each electron). Let us give the
example of the oxygen atom with 8 electrons. Even if we attempt to simplify the problem
by sampling the wave function using just 10 values in each spatial coordinate (z, y, and
z) for each electron, the sheer magnitude of data required is staggering. This would
necessitate storing 10008 = 10* floating-point numbers, equivalent to a mind-boggling 4

trillion terabytes of data. Such storage demands are unattainable.

2.5 Born-Oppenheimer Approximation

The Born-Oppenheimer approximation is a fundamental concept in quantum chem-
istry that simplifies the treatment of the electronic and nuclear motions in a multielectronic
molecule. The approximation assumes that the electronic motion and the nuclear motion
can be separated due to a significant disparity in their masses (SZABO; OSTLUND, 1996).
This means that the electronic structure can be treated independently of the nuclear po-
sitions. It is assumed that the motion of electrons is much faster compared to the motion
of atomic nuclei. Electrons occupy regions around the nuclei, forming an electronic cloud,
and their movements are influenced by the electrostatic interaction with the nuclei and
other electrons. The nuclear motion, on the other hand, is much slower. The nuclei move

in response to the overall electronic distribution but at a significantly slower timescale.

By making these assumptions, the Born-Oppenheimer approximation simplifies the
problem by allowing one to treat the electronic structure separately from the nuclear

positions.
Equation (2.8) can be split in the following manner:
M M M

Z 5Vi Zzh«z RA|+ZZ\r—r\ Z2M JFZZ| fA_Zf{B'

A=1 i=1 i=1 j>i A= A=1B>A

Helee

(2.9)

Then, for each fixed? set {R 4} of coordinates of the nuclei, an electronic wave function

Dejec ({r;}) can be found as the solution to
ﬁelec(pelec = Eelecq)elec- (210)

The total energy for fixed nuclei, which also depends parametrically on the positions of

1Besides the N spin coordinates, one for each electron.
2As a consequence, ®glec and Fgee can be considered parametrically dependent on the coordinates
{R} of the nuclei. Note that @ depends explicitly on the coordinates {r;} of the electrons, though.
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the nuclei, can be found as

Eiot ({Ra}) = Faee (Ra}) +D> Y IRfA—ZJIBiBI' (2.11)

A=1B>A

Therefore, the positions of the nuclei in the minimum of the potential energy (hy-
per)surface can be found. This optimization process determines the most stable arrange-

ment of the nuclei in the molecule, corresponding to the equilibrium geometry.

After solving the electronic problem, one can suppose that the nuclei “feel” the average
field of the electrons under the assumptions of the Born-Oppenheimer approximation.

This gives an approximate hamiltonian:

M

N 1
Hnucl ~ - Z Mvi + Etot ({RA}> . (212)
A=1

Then, one can solve for the motion of the nuclei, i.e. the vibration, rotation and

translation of the molecule in the average field of the electrons:

Hnucl(I)nucl = EBO(I)nucl- (213)

Here, the energy Fpo does not require fixed nuclei and must not be confused with the
previously defined FEi. In fact, Ego is the Born-Oppenheimer approximation to the
energy in Equation (2.7). Similarly, the corresponding Born-Oppenheimer approximation

to the molecular wave function in Equation (2.7) is:

Upo ({ri}, {Ra}) = Perec ({13}) Poveat ({RA}) - (2.14)

2.6 Orbitals

An orbital can be defined as a wave function that describes the behavior of an electron.

Molecular orbitals represent the wave functions of electrons within a molecule.

A spatial orbital, denoted as 1;(r), is a function of the position vector r = (z,y, z). It
is defined such that [1;(r)|? dr is the probability of finding the electron in a small volume

element® dr around the position r. Figure 2.6 illustrates this concept.

To fully describe an electron, including its spin, spin orbitals denoted as x;(x) are

adopted, where x = (r,w) represents both the spatial and spin coordinates. This can be

3Here, dr = dz dy dz.
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FIGURE 2.6 — Ten orbitals for a hydrogen-like atom are shown. Each column corresponds to a specific
angular momentum quantum number [. The row labels represent the principal quantum number n values.
All the orbitals are aligned along the z-axis, with the orbital magnetic quantum number m; = 0. These
images show the probability density per unit volume, where the color represents the phase of the orbital.
Note. Licensed under creativecommons.org/licenses/by-sa/4.0.

expressed as:
Xai-1(X) = Yi(r)a(w) or x2i(x) = ¥(r)B(w), (2.15)

where a(w) and [(w) indicate the electron’s spin state (spin up or spin down). Each

spatial orbital 1;(r) can give rise to two distinct spin orbitals.*

2.7 The HF Approximation

Within the framework of the Born-Oppenheimer approximation, the HF method is
commonly employed to determine the electronic wave function of a multielectronic molecule.
The HF method makes additional assumptions about the electronic structure to simplify

the calculations.

2.7.1 Hartree Product

The Hartree product is an early approximation used in quantum chemistry to de-

scribe the behavior of many-electron systems. In this method, the wave function of a

4For open-shell systems, which will be defined later, this might not exactly be true.
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many-electron system is approximated as a product of single-electron wave functions, ne-
glecting electron-electron interactions. The total energy is calculated as the sum of the
energies of individual electrons. However, the Hartree method does not take into account
the antisymmetry principle, which states that the wave function of a system of indis-
tinguishable fermions must change sign upon the exchange of any two particles. This

omission leads to unphysical results and inconsistency.

2.7.2 Slater Determinant

The HF method incorporates the antisymmetry principle through the Slater determi-
nant, ensuring that the wave function changes sign upon electron exchange. It provides
a self-consistent solution for the wave function of a many-electron system considering the
interaction of each electron with the mean-field generated by the other electrons, but
ignoring the repulsion between each particular pair of electrons. In the HF method, the
wave function is approximated as a single Slater determinant. A Slater determinant is

shown in Equation (2.16):

xi(x1)  xe(x1) ... xw(xi)
w( ) 1o xa(x2) xe(x2) ... xw(x2)
X1, X9y..., XN ) = —F/—— . . ) .

Vv N! : : " : (2.16)

xi(xn) xa(xn) .. xw(xn)

= xixz---xn) -

In this equation, ¥(x1,Xa, ..., Xy ) represents the molecular wave function, which depends
on the coordinates x1,Xs, ..., Xy of the N electrons in the system. x1, x2,..., xn are the

spin orbitals.

In quantum chemistry, correlation refers to the interdependence or mutual influence
of electron motions in a many-electron system. The probability of locating an electron
at a specific region depends on the spatial arrangement of the other electrons. It is im-
portant to note that even though a Slater determinant incorporates exchange-correlation
effects, which arise due to the indistinguishability of identical particles, thus providing a
more accurate description of many-electron systems compared to the Hartree products,
it is customary to refer to a single determinantal wave function as an uncorrelated wave
function. This is because, within the single Slater determinantal description, only the
motion of electrons with parallel spins is correlated. The correlation due to the repulsive
Coulomb interactions between individual electrons is not captured by a simple mean-field

approximation.

The HF equations can be written as:
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Fx)x(x) = ex(x)- (2.17)

Here, F(X) represents the Fock operator for an electron with coordinates x, x is a spin

orbital, and e is the energy eigenvalue associated with x.

The Fock operator, F/(x), is given by:

P(x) :_;vg_;h_zf;m+z[}(x)— %0] (2.18)
h(r) oHEF (x)

o) = | [ ] ). ana (219)

Py
By o) = | [ 22 ] (2.20)

In these equations, jj (x) represents the Coulomb operator, which describes the electron-
electron repulsion, and K ;(x) represents the exchange operator, which accounts for the

exchange correlation effects.

The exchange operator differs from the Coulomb operator because it is nonlocal. Un-
like the Coulomb potential, which can be described by a simple potential function at a
specific point in space, the exchange operator’s action depends on the electron density
throughout all space, not just at a particular point: the result of operating K ;(x) depends
on the value of x throughout all space, not just at x. The nonlocal nature of the exchange
operator arises from the quantum mechanical phenomenon of electron exchange, where
electrons with the same spin become correlated even when separated by large distances.
This exchange correlation is a fundamental aspect of electronic structure and plays a

pivotal role in determining the properties of molecules and materials.

The HF method aims to minimize the electronic energy by self-consistently solving
the HF equations. This involves an iterative process where one takes a guess at the spin
orbitals, applies the Fock operator to them, gets new spin orbitals, updates the Fock

operator with the new orbitals and repeats the process.

To overcome the limitations of the HF method and include electron correlation ef-
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fects, more advanced computational methods are employed. Examples include post-HF
methods, such as configuration interaction (CI), coupled cluster (CC), and Mgller—Plesset
perturbation theory, which consider electron correlation beyond the mean-field approxi-

mation, albeit at the cost of increased computational complexity.

The difference between the exact (non-relativistic) energy and the HF energy calcu-

lated using a complete basis set (the HF limit) is called the correlation energy:

Ecorr = Lexact — EHF- (221)

It is worth noting that the HF limit refers to the theoretical limit approached by the
HF method as the basis set size (a set of functions used to approximate the wave function)
becomes complete. In the HF limit, the HF method provides the best possible mean-field

approximation to the true electronic structure of a molecule within the given basis set.

However, even in the HF' limit, electron correlation effects are still missing. Achieving
accurate descriptions of electronic structure requires the use of advanced methods that go
beyond the HF approximation and incorporate electron correlation in a more sophisticated

manner.

The energy of an N-electron system, described by a Slater determinant, can be ex-
pressed as the sum of one-electron energies and unique pair-wise interaction energies
(SZABO; OSTLUND, 1996). Table 2.1 explains the notations for one- and two-electron in-
tegrals, some of which contribute to the energy. h;; are integrals associated to the core
Hamiltonian, J;; are the Coulomb integrals and K;; are the exchange integrals. Each
occupied spin orbital, denoted as y;, contributes to the energy through the term <z|ﬁ|z>,
representing the one-electron energy. Furthermore, the interaction energy arises from the

interaction between pairs of occupied spin orbitals, x; and x;, given by the term (ij||ij).

2.7.3 Multiplicity of a State

While the Hamiltonian will explicitly depend on spin in systems with spin-dependent
potentials, spin-orbit coupling, or spin-exchange interactions, this does not usually happen
when solving the nonrelativistic Schrodinger equation. Consequently, both the total spin
operator squared 52 and the spin operator along the z-axis S, commute with the Hamilto-
nian. As a result, the exact eigenfunctions of the Hamiltonian also serve as eigenfunctions

of the two spin operators:

S*0 = 5(S + 1)U, (2.22)
S, U = Mg, (2.23)
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Here, S and Mg represent the spin quantum numbers that describe the total spin and its
14 3
)20 17 29
of 25 + 1, giving rise to singlets, doublets, triplets, quartets, and so on. While it is true

z component of an N-electron state |¥). States with S =0 . have multiplicities
that any single Slater determinant is an eigenfunction of the spin operator S., it is not

necessarily guaranteed to be an eigenfunction of the spin operator 52,

Each spatial orbital gives rise to two spin orbitals due to spin degeneracy (see Equa-
tion (2.15)). A closed-shell ground state is a system with an even number of electrons,
where each occupied spin orbital has its counterpart—associated with the same spatial
orbital—also occupied. Hence, it must be a singlet. The HF energy of a closed-shell

ground-state is:

Bup =2 haa+ Y (2Ju — Ka). (2.24)
a a,b

In this equation, the term h,, represents the one-electron contribution to the energy,
Jap represents the Coulomb (electron-electron repulsion) integral, and K, represents the
exchange integral. The summation indices a and b denote the occupied spatial orbitals in

the closed-shell ground state.

TABLE 2.1 — One- and two-electron integrals over spin orbitals () and spatial orbitals (¢). Note. From
(SZABO; OSTLUND, 1996).

Notation ~ Meaning Expanded formula

@hli) Okl J e (x)h(r)x;(x)

(ijlkl)  Oaxgbaxa) [ dx dxx;(x)x; (x')’rlr/le(X)Xl (x')

(i5|k1) (ij|kl) — (1j]lk)
hij (il ;) Jdr i (x)h(e)y; (x)

(igkl)  (bjlwah) [ dedr’ ¢Z(r)¢j(r)1:ﬂw2(r’)wz(r’)
Jij (i1]57) JJ drdr'y; (f)%(r)mdﬁ (r');(x)
K (i157) JJ drdr’ wf(r)wj(r)mtﬁ;f(r’)wi(r’)

2.8 Occupied and Virtual Orbitals

The HF method gives a set of spin orbitals of different energies.

Occupied spin orbitals refer to the spin orbitals that are filled with electrons according
to the electronic configuration of the system. These orbitals represent stable, lowest-

energy electron configurations and are typically associated with the ground state. On the
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other hand, virtual spin orbitals are unoccupied orbitals that can accommodate additional
electrons. These orbitals represent higher-energy states that are not currently populated

in the system.

An excited Slater determinant corresponds to a state in which one or more electrons
have been promoted from occupied spin orbitals to virtual spin orbitals, resulting in an

excited electronic configuration.

Mathematically, given a ground state Slater determinant Wp = |x1X2 - - - Xa—1XaXat1 - - - XN);
a (singly) excited Slater determinant corresponding to the excitation of an electron in x,
to x can be represented using ket notation as ¥ = |x1x2 .. Xa—1XrXatl - - - XN)- Figure
2.7 depicts both states.

Energy

High A

Xr
———  Unoccupied —-S——
» molecular
: orbitals —_—
— excitation _—
-o0—- Occupied -o0—6
Xa * molecular
00—~  orbitals —O
Low _e_e_ _e_e_
in ground state in excited state

FIGURE 2.7 — Electron distributions in the ground state and after an excitation from spin orbital x, to
xr- Note that each vertical line corresponds to one spatial orbital, and hence to two spin orbitals.

Similarly, it is also possible to define doubly excited determinants, where two electrons
are excited from occupied spin orbitals to virtual spin orbitals, or even higher order

excitations involving multiple electrons.

2.9 Brillouin’s Theorem for Singly Excited Determinants

In quantum chemistry, Brillouin’s Theorem states that singly excited determinants
do not directly interact with a reference HF determinant. This theorem provides a use-
ful simplification in many electronic structure calculations, allowing for a more efficient

treatment of electronic correlation.

Mathematically, Brillouin’s Theorem can be expressed as follows:

(Wo|H|TT) = 0. (2.25)
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Consequently, the singly excited determinants do not mix with the ground state, except

indirectly through higher order excitations.

2.10 Roothaan Equations

2.10.1 Comparison with HF Equations

The Roothaan equations (ROOTHAAN, 1951; HALL; LENNARD-JONES, 1997) can be
seen as an efficient reformulation of the HF equations. While the HF equations directly
solve for the spin orbitals, the Roothaan equations solve for the expansion coefficients
used to represent the spin orbitals in terms of a set of, say, K basis functions ¢,, v €
{1,2,..., K}. This change of variables simplifies the calculations and allows for a more

straightforward implementation.

The Roothaan equations can be expressed as follows:
FC = SCe, (2.26)

where F is the Fock matrix, C is the coefficient matrix, S is the overlap matrix, and ¢ is

a diagonal matrix of orbital energies.
The Fock matrix, F, is defined as:

1
F, = H* + Z P\ [(,w/|0)\) - é(uA\au) , (2.27)
Ao

where Ho® = [ qb:;(r)fz(r)qﬁy(r) dr represents the core Hamiltonian matrix elements, Py,
are elements of the density matrix, which will be defined below, and (uv|oA) and (u\|ov)

are two-electron integrals.

The coefficient matrix, C, contains the expansion coefficients of the basis functions.

Each column of C corresponds to a particular spin orbital:
K
bi=Y Cuty, Vie{l,2,... K} (2.28)
v=1

The electron density p(r) is defined such that p(r) dr is the sum of probabilities of
finding each electron in a volume element dr at r, so its integral over all space is the total

number N of electrons. For a closed-shell system, the density matrix corresponding to
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this function is:
N/2
Pu =2 C,Cua, (2.29)
a=1
which has the property
p(r) = Z PW¢>Z(Y)¢V(1”)~ (2.30)
8%

The overlap matrix, S, accounts for the overlap between the basis functions and is
defined as:

Sw = [ 00,0 ar. 2:31)
where ¢,(r) and ¢,(r) are the basis functions.

Since F depends on C and C depends on F, the process must be done iteratively. This
is why the solution of the HF and Roothaan equations is called the self-consistent field
(SCF) method.

2.10.2 Detailed Explanation of the SCF Method

The SCF method follows a step-by-step procedure as outlined below:

1. Specify a molecule by providing the set of nuclear coordinates { R4}, atomic numbers
{Z4}, and the number of electrons N. Additionally, choose an appropriate basis set

{¢,} in which the orbitals will be represented.

2. Calculate all the necessary integrals, including the overlap integrals S,,, the one-
electron Hamiltonian matrix elements H 2", and the two-electron repulsion integrals
(uv|Ao). These integrals are computed based on the chosen basis set and the molec-

ular geometry.

3. Diagonalize the overlap matrix S to obtain its eigenvectors, and calculate the trans-
formation matrix X. The transformation matrix is used to orthogonalize the basis

set.

4. Make an initial guess for the density matrix P. The density matrix describes the
occupation of molecular orbitals by electrons. The initial guess can be constructed

in various ways, such as assuming all electrons occupy the lowest-energy orbitals.

5. Calculate the Fock matrix F from the calculated integrals and the density matrix.
The Fock matrix represents the effective potential experienced by electrons in the

presence of other electrons.
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6.

10.

11.

Transform the Fock matrix F using the transformation matrix X to obtain the
transformed Fock matrix F/ = X'FX. The transformation ensures that the Fock

matrix is represented in the orthogonalized basis.

Diagonalize the transformed Fock matrix F/ to obtain its eigenvectors and eigen-
values. The eigenvectors give the coefficient matrix, while the eigenvalues represent

their corresponding orbital energies.

Obtain the new coefficient matrix C by multiplying the transformation matrix X
with the eigenvector matrix from the previous step: C = XC’. The coefficient
matrix C contains the expansion coefficients of the molecular orbitals in the atomic

orbital basis.

Calculate a new density matrix P using the coefficients of the molecular orbitals
(see Equation (2.29)). This density matrix reflects the occupation of the molecular

orbitals by electrons.

Determine whether the procedure has converged by comparing the new density
matrix with the previous density matrix. If the difference between the two density
matrices is sufficiently small within a specified criterion, the self-consistency has
been achieved, and the procedure can terminate. Otherwise, return to step 5 with

the new density matrix and repeat the iterative process.

After convergence, the matrices can be used to calculate various properties of inter-

est.

The flowchart in Figure 2.8 provides a graphical representation of the steps involved

in the self-consistent method:

The self-consistent method iteratively improves the wave function and electron density

until a self-consistent solution is obtained. This solution represents the electronic structure

of the molecule, allowing for accurate calculations of molecular properties and behavior.

It is important to note that the convergence of the self-consistent method depends on

the system being studied, the choice of basis set, and the desired level of accuracy. In

some cases, achieving convergence may require careful parameter tuning or using more

sophisticated algorithms.
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FIGURE 2.8 — Flowchart of the self-consistent method.

2.11 Handling Two-Electron Integrals in Large-Scale Cal-

culations

The computation of overlap and one-electron integrals is relatively straightforward

compared to the evaluation of two-electron repulsion integrals. This is primarily due to
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the small number of one-electron integrals involved. The real challenge in large-scale
calculations lies in the efficient handling and evaluation of a substantial number of two-

electron integrals.

For systems with a basis of K functions, the number of distinct two-electron integrals
can be estimated to be approximately on the order of %4. Consequently, even for mod-
erately sized molecules and small basis sets, the total count of two-electron integrals can

quickly reach significant magnitudes, sometimes spanning millions.

The sheer magnitude of these integrals presents a computational bottleneck, demand-
ing substantial resources in terms of time and memory. Consequently, devising effective
strategies to tackle this challenge is crucial to enable accurate electronic structure cal-
culations for complex systems. Researchers have devised various approaches to address
the issue at hand. Approximation techniques and truncation schemes can be employed to

reduce the number of integrals that require explicit computation.

2.12 Geometry Optimization in Quantum Chemistry

Geometry optimization is a fundamental task in quantum chemistry that involves
finding the most stable arrangement of atoms in a molecule. The geometry of a molecule
significantly influences its electronic structure, molecular properties, and reactivity. It is
used to predict and validate molecular structures, including bond lengths, bond angles,
and dihedral angles. The optimized geometries provide valuable information for compar-
ing experimental data, interpreting spectroscopic measurements, and understanding the

stability of chemical species.

Various methods are available for performing geometry optimization in quantum chem-
istry. These methods aim to minimize the total energy of the molecule by iteratively

adjusting the atomic positions until a stable configuration is reached.

Gradient-based optimization methods, such as the steepest descent (shown in Figure
2.9) and conjugate gradient methods, are some of the commonly used approaches and
rely on the gradient of the energy with respect to the nuclear coordinates. The gradient
provides information about the direction and magnitude of the force acting on each atom,

allowing for stepwise adjustments of the atomic positions towards the energy minimum.

The energy of a molecule with N atoms can be expressed as a function of the coordi-
nates of the atoms. The 3N Cartesian coordinates are converted into internal coordinates.
This conversion removes the rotational and translational degrees of freedom. For non-
linear molecules, the number of internal coordinates is 3N — 6, while for linear molecules,

it is 3N — 5. These coordinates can be a set of interatomic distances, angles or other
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FIGURE 2.9 — Diagram of a potential energy surface and the path taken during gradient descent opti-
mization. The vertical axis corresponds to the energy and the horizontal axes are the internal coordinates
of the molecule. Note that in general (when the number of internal coordinates is greater than two) the

graph is a hypersurface and cannot be plotted.

relevant geometric quantities that completely determine the geometry of molecule.

The general steps of geometry optimization include:

1. Start with a set of coordinates.

2. Carry out a SCF calculation to obtain the energy, gradient (and optionally the

Hessian matrix).

3. Feed the gradient and Hessian matrix into the optimization algorithm, which deter-

mines how to vary the coordinates to move towards the energy minimum. This step

is known as a step.
4. Check if the step is too large. If it is, scale it down (optional).
5. Update the coordinates by taking the step.
6. Update the Hessian matrix.

7. Repeat steps 2-6 until convergence is achieved.

2.13 Choice of Bases

Different types of basis sets have been developed to address various computational

needs and accuracy requirements.
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Polyatomic basis sets are constructed by combining basis functions centered on each
atom within the molecule. These basis sets offer a flexible and accurate representation of
the electronic wave functions and properties of molecules. By considering the behavior
of electrons around atomic nuclei, polyatomic basis sets facilitate quantum chemistry

calculations.

In computational quantum chemistry, the choice of basis functions is crucial for accu-
rately describing the behavior of electrons in molecules. While Slater functions® give a
closer representation of the physical nature of orbitals, their practical use in evaluating
two-electron integrals can be computationally challenging. On the other hand, Gaus-
sian functions offer a more convenient approach by simplifying the calculation of these

integrals.

A contracted Gaussian function refers to a type of basis function constructed by com-
bining multiple primitive Gaussian functions with different exponents and contraction
coefficients. By combining multiple Gaussian functions with different widths and contrac-
tion coeflicients, it is possible to both get a good approximation of orbitals and make the

evaluation of two-electron integrals easy.

Mathematically, a contracted Gaussian function can be represented as:

o(r) = d; - Yiu(6, ¢)|r — RJP2lemeulr RE, (2.33)

primitive Gaussian function

where ¢(r) is the contracted Gaussian function at position r, a; are the exponents that
control the width of each primitive Gaussian function, R represents the center of the
Gaussian function, and d; are the contraction coefficients that determine the contribution

of each primitive Gaussian function.

The use of contracted Gaussian functions allows for an efficient and accurate rep-
resentation of the molecular orbitals and electron density in quantum chemical calcula-
tions. The contraction coefficients and exponents are typically optimized to reproduce
experimental data and accurately describe the electronic behavior of the system under

investigation.

It is important to note that the specific details of contracted Gaussian functions can

vary depending on the computational chemistry method and basis set used. Different basis

5A Slater function is typically expressed as a product of an exponential term and a polynomial term
(JENSEN, 2017). Mathematically, a Slater function can be written as:

1/14,71,,1,7”(1‘) = NYLm(H, d))'r - R|n—16_<‘r_R|7 (232)

where 9 (r) represents the Slater function at position r, ¢ is a parameter controlling the decay rate, R is
the center of the Slater function (the position of the nucleus), N is the normalization constant, n = 1,2,. ..
is a natural number that corresponds to the principal quantum number, and Y; ,, (6, ¢) is the angular
part of the function, a spherical harmonic.
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sets may employ different contraction schemes and combinations of primitive Gaussian

functions, tailored for specific levels of accuracy and computational efficiency.

2.13.1 Minimal Basis Sets

In computational quantum chemistry, a minimal basis set refers to the smallest set
of basis functions used in electronic structure calculations. Each atom in the molecule is
assigned a single basis function for each orbital in a HF calculation on the free atom. For
example, in the second period of the periodic table (Li - Ne), a minimal basis set consists
of five functions, including two s functions (1s and 2s) and three p functions (2p). Minimal
basis sets, such as the STO-3G basis set (HEHRE et al., 1969), are computationally efficient

and serve as a starting point for electronic structure calculations.

2.13.2 Double-Zeta Basis Sets

Double-zeta® basis sets, such as the 6-31G basis set” (DITCHFIELD et al., 1971; HEHRE
et al., 1972), provide an improvement over minimal bases by including two functions for
each orbital in a HF calculation on the free atom. By incorporating additional functions,
double-zeta basis sets are more flexible and enable a better representation of electron

density depending on the molecular environment.

2.13.3 Polarized Basis Sets

Polarized basis sets, such as the 6-31G* basis set, go beyond the capabilities of min-
imal and double-zeta bases. While a minimal basis set can provide an exact description
of the gas-phase atom at the SCF level, additional functions are often added to account
for electron density polarization in molecules. These additional functions, known as po-
larization functions, allow for more accurate modeling of chemical bonding. For instance,
a simple polarized basis set for hydrogen may include p functions, enabling molecular

orbitals involving hydrogen to exhibit greater asymmetry around the nucleus.

In addition to polarization functions, diffuse functions are commonly included in basis
sets. Diffuse functions are extended Gaussian basis functions with small exponents that
provide flexibility to the outer regions of atomic orbitals, away from the nucleus. By
incorporating polarization and diffuse functions, the basis set becomes more versatile and

capable of capturing a wider range of chemical properties.

6Zeta (¢) is a reference to the term that appears in the exponential part of the basis functions.
"Rigorously, it is a split-valence double-zeta basis set, because only the valence orbitals are described
by two functions, while a single function is assigned to the inner orbitals.
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2.14 Configuration Interaction

Configuration interaction (CI) is a powerful method used to incorporate electron cor-
relation effects into the wave function of a multielectronic molecule. It offers a more
accurate description of the electronic structure compared to the mean-field HF method.
CI accounts for the fact that the true wave function of a molecule is not a single Slater

determinant but rather a linear combination of multiple determinants.

2.14.1 CI and Correlation Energy

The name “configuration interaction” stems from the fact that the wave function is
expanded as a linear combination of different electronic configurations. An electronic
configuration refers to a specific arrangement of electrons in molecular orbitals. The
CI method includes multiple configurations to improve the description of the electronic

structure.

The CI wave function can be written as:

Dop = coWo+ Y UG+ > TP+ > e+ (2.34)
ia i<j i<j<k
a<b a<b<c

Here, Uy = |x1X2 - .. Xn) represents the reference configuration, typically the HF determi-

nant, and \I/;‘Jblg represents an excited configuration obtained by promoting electrons from
b

c

occupied orbitals x;, x;j, xx to virtual orbitals Xa, Xp, Xc- The coeflicients co, ¢f, ¢y,

etc.,

determine the contribution of each configuration to the overall wave function.

The CI method aims to find the best set of coefficients that minimizes the electronic
energy. By considering multiple configurations and their associated coefficients, CI ac-
counts for a broader range of electron correlation effects, resulting in a more accurate
representation of the electronic structure and energetics of the system. However, the
computational cost of CI increases rapidly with the number of configurations included,

limiting its applicability to larger systems.

Post-HF methods, like CI, can go beyond the HF limit and partially recover some of
the electron correlation energy, defined previously in Equation (2.24). In Figure 2.10, the

graphical representation of the electron correlation energy is shown.

2.14.2 Full CI

In principle, the most accurate treatment of electron correlation would involve includ-

ing all possible configurations in the CI expansion, of which there is an infinite number.
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FIGURE 2.10 — Graphical representation of the electron correlation energy.

When working with a finite set of 2K spin orbitals, the N-electron wave function is con-
strained to the linear subspace spanned by the (2;]( ) determinants formed from these spin

orbitals, which clearly do not constitute a complete N-electron basis.?

The full configuration interaction (full CI) method involves diagonalizing the finite
Hamiltonian matrix formed from this set of determinants, providing solutions that are

exact within that subspace.

While full CI calculations theoretically yield the exact solution within a given basis
set, they are computationally infeasible for larger systems due to the rapid growth of the
configuration space. The number of configurations increases factorially with the number
of electrons and molecular orbitals, making full CI calculations practically impossible for
systems with more than a few electrons, even when cleverly exploiting Equation (2.25) and
the fact that there is no coupling between Slater determinants that differ by more than
two spin orbitals, e.g. (Uo|H|¥5) = 0 if U, is a doubly excited Slater determinant and
U5 is a quintuply excited Slater determinant with respect to some reference configuration
U,. The full CI matrix can reach, say, dimensions 10° x 10° for a molecule that is not too

big when using a minimal basis set.

To overcome this computational challenge, various CI variants are employed to approx-
imate the full CI wave function and obtain reliable results for moderately sized systems.
These variants include truncated CI methods such as configuration interaction singles and
doubles (CISD), which include single and double excitations from the reference determi-

nants,” and higher order CI methods that incorporate additional excitations.

8Just like a spin orbital is expanded as a linear combination of functions in a usual (one-electron)
basis set, an N-electron wave function is expanded in a N-electron basis.
9Which may already represent excited configurations.
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While full CI remains a benchmark for accuracy, approximate CI methods provide
efficient and reasonably accurate descriptions of electron correlation in molecular systems,
enabling the study of larger and more complex systems. A CI method used in this work is

CISD, which is limited to single and double excitations from the reference configurations.°

2.14.3 Size Consistency

A key concept in computational chemistry is size consistency. Size consistency refers
to the property where the energy of a system composed of two non-interacting fragments
is equal to the sum of the energies of the individual fragments. In other words, the total
energy of the combined system composed of two non-interacting molecules should be the

sum of the energies of the individual molecules.

Among the different types of CI, only full CI is size consistent. Full CI includes all
possible excitations from the reference determinant and provides the best solution to the

electronic Schrédinger equation within a given basis set.

On the other hand, truncated CI methods such as CISD are not size consistent. When
size consistency is violated, the correlation energy per electron, denoted as E../N, does
not approach a constant nonzero value in the limit of an infinitely large system. Instead,
it converges to zero. This behavior is undesirable, as it fails to capture the true nature
of electron correlation in larger systems. The Pople correction, which will be mentioned

later in the Chapter 3 of this work, tries to make the correlation energy size consistent.

Perturbation theory (PT) is a size consistent method, though it is not variational.

2.15 Canonical and Natural Orbitals

2.15.1 Canonical Orbitals

Canonical orbitals are obtained by solving the eigenvalue equation associated with
the HF equations. The set of canonical spin orbitals represents the unique set of spin
orbitals that satisfy the eigenvalue equation. They diagonalize the Fock operator and,
thus, have well-defined energy. These orbitals are obtained through an iterative self-

consistent procedure.

One important property is the invariance of the wave function to arbitrary unitary
transformations of the canonical orbitals. In other words, any unitary transformation of

the spin orbitals does not change any expectation value.

10See footnote 9.
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The canonical spin orbitals are generally delocalized. This means that the electrons are
not localized around specific atoms but are spread out over the entire molecule. Canonical
orbitals form a basis for an irreducible representation of the point group of the molecule.
By applying a unitary transformation to transform a set of canonical spin orbitals into a
set of localized spin orbitals, no information about the wave function is lost. However, this
transformation introduces a trade-off, as the transformed orbitals do not have well-defined

energies due to being a superposition of canonical orbitals.

2.15.2 Natural Orbitals

Natural orbitals (LOWDIN, 1955) offer an alternative representation. Natural orbitals
are obtained by diagonalizing the one-particle reduced density matrix (1-RDM) calculated
from the wave function ®(xy,...,xy) of the N-electron system. To define the 1-RDM,

let us first define a reduced density function'! for a single electron:
p(x1) = N/de dxz - dxy P(xy, ..., xn)P* (x4, ..., XN), (2.35)

which has the property

/dx1 p(x1) = N. (2.36)

Similarly, the 1-RDM can be defined as:
y(x1,%x)) = N/dxg dxg - -dxy P(xq,. .., xy) P (X], ..., XN), (2.37)

and fulfills
Y(x1,%1) = p(x1). (2.38)

v(x1,x}) is called a matrix in the sense it can be expanded in a basis, e.g. the

orthonormal basis of canonical orbitals {x;}:
Y(x1, %)) = ZXi(Xl)’Yin;(X/I)v (2.39)
1,J

and the coeflicients
= [ ) e X)) (2.40)

form a matrix that describes the 1-RDM in the basis of canonical orbitals.

If, instead, it is expanded in the basis of natural orbitals {7;}, in which it is diagonal,

"The electron density previously defined in Equations (2.29) and (2.30) is distinct from this new
concept, even though both are being represented by p.
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one can write:

v(x1,%7) = Z Aini(x1)n; (x}), (2.41)

where the eigenvalue A; (0 < \; < 1) is called the occupation number of 7; in the wave

function ®.

Unlike canonical orbitals, natural orbitals are not constrained by the HF equations and
do not necessarily correspond to the eigenfunctions of the Fock operator. Instead, natural
orbitals represent a different set of orbitals that diagonalize the 1-RDM. These orbitals
make the CI expansion converge more rapidly in comparison with canonical HF orbitals,
therefore allowing one to obtain equivalent results with a smaller number of configurations
(SZABO; OSTLUND, 1996).

2.16 Static and Dynamic Correlation

The distinction between static and dynamic correlation refers to the deficiencies of the
HF single-determinantal approach in capturing the electronic behavior of a system. The

HF approach has two main limitations that give rise to correlation effects.

Firstly, the HF model does not account for the instantaneous interactions between elec-
trons. Instead, each electron interacts with the mean field created by all other electrons.
But in reality each electron avoids regions near the instantaneous positions of other elec-
trons. The HF model fails to accurately reproduce this dynamic electron motion, leading
to deviations in the correlation energy. This type of correlation is referred to as dynamic

correlation as it is directly related to the dynamic behavior of electrons.

Secondly, the HF wave function is constructed as a single Slater determinant, which
may not adequately represent certain electronic states. In some cases, an electronic state
can only be properly described by a linear combination of multiple nearly degenerate
Slater determinants. The HF model’s inability to account for this mixing of determinants
introduces static correlation. Static correlation arises from the deficiencies in representing

the electron configuration in the HF model and is not directly related to electron dynamics.

To address both static and dynamic correlation effects, the HF wave function can be
expanded by including additional Slater determinants alongside the reference determinant,

as shown in Equation (2.34).

If the method assumes that ¢y &~ 1 and includes a large number of excited determi-
nants with small coefficients, the method primarily treats dynamic correlation. On the
other hand, if only a few excited determinants with coefficients comparable to that of
the reference determinant are included, the method primarily addresses static correla-

tion. It is important to note that fully separating static and dynamic correlation effects is
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challenging since they both arise from the same underlying electron-electron interactions.

2.17 Many-Body Perturbation Theory Overview

Many-body perturbation theory involves expanding the Hamiltonian in terms of a per-
turbation parameter. In the case of Mgller-Plesset perturbation theory, the Hamiltonian is
written as H = ﬁo + )\V7 where Hy is the HF Hamiltonian and V is the perturbation, i.e.
the difference between the exact non-relativistic Hamiltonian and the HF Hamiltonian.
As the parameter A changes continuously from 0 to 1, relevant quantities such as energies
vary from the value obtained by the HF method to the real value, and can be expanded
as a perturbation series in the parameter . For instance, E = E© + \EMW 4+ \2E@) 4
In second order Mgller-Plesset perturbation theory (MP2) this expansion is truncated,

ignoring terms that depend on A\* or higher powers of \.

An important characteristic of perturbation theory is its size consistency. Perturbation
theory methods are size consistent, meaning that the energy of a system is additive when
it is composed of non-interacting fragments. This property ensures that the energy calcu-
lations remain accurate and consistent for both isolated fragments and their assemblies.

Size consistency is particularly crucial when studying large (potentially infinite) systems.

Perturbation theory approaches, by including perturbative corrections to the wave
function, can effectively account for dynamic correlation in the electron-electron interac-

tions.

2.18 Multiconfigurational and Multireference Methods

In quantum chemistry, multiconfigurational and multireference methods play a vital
role in addressing strong electron correlation in molecular systems. These methods employ
multiple configurations and references to provide a comprehensive treatment of electronic

correlation. Let us explore these concepts in more detail.
2.18.1 Configurations and References

2.18.1.1 Configurations

A configuration refers to a specific occupation of molecular orbitals, representing the
arrangement of electrons within a system. Mathematically, configurations can be de-
scribed as Slater determinants, which have already been defined as anti-symmetrized prod-

ucts of spin-orbitals. Alternatively, spin-adapted configuration state functions (CSFs) can
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be used, which are linear combinations of Slater determinants that satisfy the requirement
of the electronic wave function being an eigenfunction of the total spin angular momentum
operator squared 52 Tt is important to note that the term “configuration” is a general

term that encompasses both Slater determinants and CSFs.

2.18.1.2 References

In multiconfigurational and multireference methods, a reference configuration is se-
lected as a starting point for generating excitations. In single-reference methods, typically
the HF configuration is chosen as the reference. Examples of single-reference methods in-
clude configuration interaction with single and double excitations (CISD) and coupled

cluster with single and double excitations (CCSD).

In contrast, multireference methods involve more than one reference configuration to
account for complex electronic correlation effects. Methods such as full CI and complete
active space configuration interaction (CASCI) do not restrict the excitations to specific

degrees but include all possible excitations.

To better understand CASCI, let us first define active space. When studying a
molecule, spatial orbitals can either hold two electrons, one electron, or be empty. If
the occupation number of some orbital is not the same in all configurations considered in
a method this orbital is said to be part of the active space. One can choose a particular
set of orbitals and a particular number of electrons to be put into them and consider all
possible manners (configurations) of putting that number of electrons into those orbitals.
In this case, one talks about a complete active space (CAS). If, however, possible configu-
rations are ignored, i.e. the configurations are restricted to some rules, a restricted active

space (RAS) is being considered.

2.18.2 Some Methods
2.18.2.1 Multireference Configuration Interaction

Multireference configuration interaction (MRCI) is a method that incorporates mul-
tiple reference configurations and treats electron correlation through CI. It allows for a
comprehensive description of the electronic structure in systems with strong correlation
effects.

MRCISD, for example, which is used in this work, includes single and double excita-

tions from the reference space of configurations.'?'3

12Configurations are represented by Slater determinantes or CSFs, which are linear combinations of
Slater determinants.
13See footnote 9.
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2.18.2.2 Multiconfigurational Self-Consistent Field

The multiconfigurational self-consistent field (MCSCF) combines CI and SCF method-
ologies. The MCSCF wave function is:

\IJMCSCF = Z C]\I/]. (242)
I

In addition to variationally optimizing the coefficients ¢; of the Slater determinants!*
U; to minimize the energy, which is already done in usual CI calculations, in MCSCF
the orthonormal orbitals that make U; are themselves optimized (i.e. the coefficients of
each orbital as a linear combination of the basis functions are optimized). This approach

provides a more accurate treatment of static correlation effects.

Complete active space self-consistent field (CASSCF) and restricted active space self-
consistent field (RASSCF) are types of MCSCF that can be understood with the earlier
definitions of CAS and RAS.

2.18.2.3 NEVPT2 Method

Second order n-electron valence state perturbation theory (NEVPT2) is a perturbation
theory approach that extends MP2 to CASSCF wave functions. It accounts for both static
and dynamic correlation effects beyond the reference wave function up to second order. In
NEVPT2, the wave function is expanded as a linear combination of the reference state and
excited determinants. The second order energy correction is then obtained by evaluating

the perturbation series.

2.19 Vertical and Adiabatic Transitions

In quantum chemistry, vertical and adiabatic transitions refer to different types of

vibronic transitions within a molecule.

2.19.1 Vertical Transitions

Vertical transitions in quantum chemistry involve the excitation of a molecule to an
electronic excited state while keeping the nuclear configuration fixed. This means that
the positions of the atomic nuclei remain unchanged during the transition. The energy

associated with a vertical transition is the vertical excitation energy. Vertical excitation

14Or CSFs. See footnote 12.




APPENDIX A. ADDITIONAL THEORETICAL BACKGROUND 103

CHAPTER 2. THEORETICAL BACKGROUND 60

energies are accurate in fast processes where there is not enough time for the nuclear

geometry to change.

2.19.2 Adiabatic Transitions

Unlike vertical transitions, adiabatic transitions involve changes in a molecule’s nu-
clear configuration, resulting in what we call adiabatic excitation energy. In adiabatic
transitions, the positions of atomic nuclei adjust to the new electronic configuration. The
adiabatic excitation energy generally differs from the vertical excitation energy because
it considers the nuclear reorganization energy associated with this relaxation of nuclear

geometry during an electronic state change.

2.20 Thermally Activated Delayed Fluorescence

As already stated, TADF is a process observed in certain organic molecules where
delayed fluorescence occurs due to the efficient conversion of triplet excitons to emissive
singlet excitons. This phenomenon has gained significant attention in the field of OLEDs
as it enables the harvesting of both singlet and triplet excitons, leading to enhanced
device efficiency. The occurrence of TADF is governed by specific energy criteria that
are essential for its manifestation. In this section, the energy criteria necessary for the

occurrence of TADF will be discussed.

2.20.1 Reverse Intersystem Crossing

RISC (reverse intersystem crossing) refers to a thermally activated process where
triplet excitons transition to a singlet state. The transition from the lowest-lying triplet
state 77 to the first excited singlet state Sy is spin-forbidden, meaning it occurs relatively
slowly and is less likely to happen. However, in TADF materials, RISC can be facilitated
by the small energy gap between the S; and T; states.

During RISC, the triplet excitons gain enough thermal energy to convert back to
the singlet state. Then, the triplet excitons can radiatively relax to the ground state,
resulting in the emission of light with high quantum efficiency. By utilizing RISC, TADF
emitters can achieve a theoretical IQE of 100%, making them highly efficient for OLED

applications.




APPENDIX A. ADDITIONAL THEORETICAL BACKGROUND 104

CHAPTER 2. THEORETICAL BACKGROUND 61

2.20.2 T to S; Energy Gap

The key requirement for TADF is a small energy difference between the lowest singlet
excited state (S7) and the lowest triplet excited state (T}) of the molecule.!> The small
AFEgr allows for efficient RISC. The energy criterion for TADF can be expressed as AEgy
being the same order of magnitude of kgT', where kg is the Boltzmann constant and T is
the temperature. The small AFEg7 ensures that the thermal energy at room temperature
is sufficient to facilitate RISC, leading to the population of the singlet excited state and

subsequent delayed fluorescence. It is stated in the equations:

AEgr = E(S1) — E(Th), (2.43)
AEgr ~ kyT. (2.44)

2.20.3 Charge Transfer Character

Molecules with charge transfer (CT) character often exhibit favorable TADF properties
(GUO et al., 2023; FROITZHEIM et al., 2022; CHEN et al., 2018; ZHANGC et al., 2014). In these
systems, the singlet and triplet excited states have different degrees of charge separation,
leading to a small AFgr and efficient RISC. The presence of CT character promotes
the mixing of singlet and triplet states, facilitating the conversion of triplets to singlets

through molecular reorganization and spin-flip processes.

15As mentioned in Chapter 1, Aizawa et al. and many other authors call this value singlet-triplet
energy gap but this nomenclature is avoided in this study, since Yang et al. use it to designate E(Ty).




Appendix B - “Exploring Thermally
Activated Delayed Fluorescence in

B,N-Substituted Tetracene Derivatives:
Towards Enhanced OLED Materials”



APPENDIX B. “EXPLORING THERMALLY ACTIVATED DELAYED
FLUORESCENCE IN B,N-SUBSTITUTED TETRACENE DERIVATIVES:
TOWARDS ENHANCED OLED MATERIALS”

106

Exploring Thermally Activated Delayed Fluorescence in B,N-Substituted
Tetracene Derivatives: Towards Enhanced OLED Materials

J. V. M. Pimentel?, M. Pinheiro Jr.2, A. J. A. Aquino®, H. Lischka®*, F. B. C. Machado®*

@Departamento de Quimica, Instituto Tecnoldgico de Aeronautica, Sdo José dos Campos, 12228-900, Sao Paulo, Brazil
bDepartment of Mechanical Engineering, Texas Tech University, Lubbock, 79409, Texas, United States of America
°Department of Chemistry and Biochemistry, Texas Tech University, Lubbock, 79409, Texas, United States of America

*Corresponding authors. Emails: hans.lischka@ttu.edu; fmachado@ita.br

Abstract

Polycyclic aromatic hydrocarbons (PAHS) exhibit intriguing characteristics that position them as promising
candidates for advancements in organic semiconductor technologies. Notably, tetracene finds substantial
utility in Electronics due to its application in organic light-emitting diodes (OLEDSs) and organic field-effect
transistors (OFETS). The strategic introduction of an isoelectronic boron-nitrogen (B,N) pair to replace a
carbon-carbon pair in acenes introduces polarization, allowing for the controlled modulation of diradical
characteristics. Consequently, this B,N substitution enables precise adjustments in chemical, optical, and
electronic attributes. In this work, we undertook a systematic exploration of thermally activated delayed
fluorescence (TADF) phenomena within a set of 77 B,N-substituted derivatives of tetracene. The primary
objective was to identify and select prospective molecules for the fabrication of OLEDs. Employing
multiconfigurational methods of computational quantum chemistry, we conducted an extensive
investigation to unravel the potential candidates. As a result, we identified twelve molecules that might
exhibit the sought-after TADF behavior. This research not only contributes to a deeper understanding of
the influence of B,N substitution on acene derivatives but also opens doors for the development of organic
electronics by harnessing the properties of these selected molecules.

Keywords: Excited states, Polycyclic aromatic hydrocarbons, Acenes, multireference methods
1. Introduction

Organic light-emitting diodes (OLEDSs) represent a significant advancement in light-emitting diode
(LED) technology. Unlike traditional inorganic LEDs, OLEDs employ organic compounds as the emissive
layer, enabling applications in various domains. OLEDs offer advantages such as energy efficiency, flexible
form factors, and vibrant colors. The development of efficient OLEDs relies on selecting organic materials
with desirable photophysical properties, including efficient light emission and charge transport
characteristics.! In comparison to liquid-crystal displays (LCD) screens, OLED displays provide better
contrast, improved color reproduction, faster refresh rates, thinner design, wider viewing angles, energy
efficiency, and the potential for flexible and curved displays.?®

Different types of OLEDs have been explored, including fluorescent OLEDs (FOLEDSs) and
phosphorescent OLEDs (PhOLEDs). First-generation OLEDs, the FOLEDs, utilize organic dyes as
emitters. These dyes primarily undergo the transition of singlet excitons to the singlet ground state (S; —
So) by fluorescence. But LEDs operate via electroluminescence, for which optical selection rules do not
apply. As aresult, singlet and triplet excitons are produced in a statistical ratio of 1:3. Since the intersystem
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crossing (ISC) decay of the triplet excitons to the ground state is spin-forbidden, the efficiency of
fluorescence OLEDs is limited to around 25%, resulting in an upper limit of 5% external quantum efficiency
(EQE) without additional optical outcoupling. 3

To harness the triplet excitons, which constitute 75% of the total amount of excitons, and improve
OLED efficiency, phosphorescent heavy metal complexes have been developed as emitters for the second
generation of OLEDs.* These metal-containing complexes enhance spin-orbit coupling, reducing the
lifetime of the lowest-lying triplet state T; .>® This leads to phosphorescence as T, decays to the ground state
So. With facilitated intersystem crossing (ISC) from the lowest-lying singlet state S, to T;. This triplet-based
approach enables phosphorescent emitters to achieve internal quantum efficiency (IQE) close to 100%,
resulting in high EQEs.>” While PhOLEDs have demonstrated high efficiency due to the utilization of
triplet excitons, they often require expensive and scarce heavy metal complexes as emitter materials. As an
alternative, thermally activated delayed fluorescence (TADF) has emerged as a promising mechanism for
achieving high-efficiency OLEDs without relying on heavy metals.2®

Achieving efficient TADF hinges on the energy gap between the lowest singlet and triplet excited
states, denoted as

AEsr = E(S51) — E(Ty), (1)

being small enough to facilitate efficient reverse intersystem crossing (RISC). If the triplet excitons (Ty)
possess a sufficiently long lifetime, thermally activated RISC, though formally spin-forbidden, permits the
conversion of triplet excitons into singlet excitons (S;). Subsequent radiative relaxation leads to a
theoretical 1QE of 100%.101

The energy criterion for TADF is the following: AEg; should be of the same order of magnitude as
kgT, where kp is the Boltzmann constant and T is the temperature. The small AEg; ensures that the thermal
energy at room temperature is sufficient to facilitate RISC, leading to the population of the singlet excited
state and subsequent delayed fluorescence.

Polycyclic aromatic hydrocarbons (PAHSs) have garnered substantial interest due to their intriguing
properties and potential applications in various fields, including optoelectronics. Among PAHS, acenes have
emerged as a promising class of compounds for electronic device fabrication. Acenes, characterized by
their linear arrangement of fused aromatic rings, possess unique electronic structures that make them
attractive for use in organic semiconductor technologies.?

Among PAHSs of similar size, acenes have the smallest energy gaps between the highest
occupied and the lowest unoccupied molecular orbitals (HOMO-LUMO gaps). Larger acenes display open-
shell character, being more reactive than many other PAHs.™® Higher acenes are also more prone to
polymerization and photooxidation and difficult to synthesize.

Achieving the desired properties of a compound for a specific application often requires a delicate
balance of tradeoffs. Fine-tuning molecular properties without significantly altering the compound’s overall
structure requires synthesizing a large number of acene derivatives, which can be an arduous and costly
endeavor. Theoretical calculations provide a useful tool for fine-tuning the properties of acene derivatives.
Through such calculations, we can explore the relatively uncharted chemical space of acene derivatives and
identify exceptional molecules without risking resources on potentially underperforming candidates.
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The insertion of heteroatoms in acenes is an efficient strategy to change properties such as
conjugation, stability and diradicaloid character**8 and tune them to a specific application. In recent years,
several research groups have reported significant advancements in the synthesis and application of B,N-
substituted organic semiconductors as TADF emitters in OLEDs. These materials hold great promise for
novel optoelectronic devices. For instance, Matsui et al.’® demonstrated the synthesis of B,N-doped
nanographenes through a one-shot multiple borylation reaction. The researchers employed a B,N-doped
nanographene as an emitter in an OLED device, achieving deep pure-blue emission with an external
quantum efficiency of 18.3%. Suresh et al.?’ designed and synthesized an easily accessible B,N-doped
heptacene with high thermal stability, exhibiting TADF at ambient temperature originating from a
multiresonant state. Changes in the optoelectronic properties of the heptacene molecule were predicted by
altering the positions of boron and nitrogen atoms. Earlier, Ishibashi et al.?* were successful in achieving
the synthesis of a B,N-substituted tetracene. It displayed distinct characteristics, including a slightly
widened HOMO-LUMO gap. Additionally, the HOMO energy level was observed to be positioned at a
lower energy compared to the pristine tetracene, contributing to its altered electronic structure. Remarkably,
this synthesized compound also exhibited enhanced resistance to photodecomposition when compared with
the unmodified tetracene molecule. Theoretical analyses conducted by Ishibashi et al.?* further predicted
variations in the HOMO and LUMO energies based on the positions of the heteroatoms.

These studies contributed to the growing research on TADF-based OLEDs based on B,N-
substituted acenes as potential emitters. The present study focuses on exploring the potential of acenes, with
a particular focus on tetracene as a representative member of this class. Rubrene, a derivative of tetracene,
is known for its impressive hole mobility, making it a well-studied candidate for applications such as
OLEDs, organic photovoltaics (OPVs)??, organic field effect transistors (OFETSs),%2% and more. The high
charge carrier mobility exhibited by acenes, including rubrene, compared to other organic semiconductors
plays a crucial role in enabling efficient charge generation, transport, and electroluminescence in these
devices.

In a previous study,™® our research group identified four promising B,N-substituted tetracene
candidates with focus on singlet fission (SF). The findings demonstrated that substitution of a pair of carbon
atoms with one boron and one nitrogen atom effectively modulates the diradicaloid nature of B,N-
substituted derivatives. This modulation led to significant changes in the excitonic and energetic properties
of the molecules. Building on this prior work, the present work aims to extend the investigation to identify
promising candidates for TADF, which has significantly distinct energetic criteria from SF. By
systematically exploring the all the possible B,N-substitution patterns of tetracene, this study seeks to
identify compounds with the potential for efficient TADF behavior and chemical stability. For that purpose,
the S; and T, states were analyzed using high-level multireference (MR) methods based on second-order
n-electron valence state perturbation theory (NEVPT2)?” and multireference configuration interaction with
single and double excitations (MR-CISD).282°

2. Method and Models

2.1. Nomenclature of the B,N-Substituted Tetracene Molecules
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Only one B,N pair is used for doping in each B,N-tetracene molecule analyzed in this work. For
the positioning of atoms within the tetracene moiety, we have adopted the numbering scheme shown in
Figure 1. To characterize each B,N-tetracene isomer, the order of (B atom position),(N atom position) is
specified. To classify the positions, a “position class” is defined as a set of positions that are equivalent to
one another due to symmetry. Five distinct position classes can be recognized: {1, 4, 10, 13}, {2, 3, 11,
12}, {5, 9, 14, 18}, {6, 8, 15, 17}, and {7, 16}. To address potential ambiguities arising from symmetry,
two rules are established: (i) the B atom position should be labeled with the lowest possible number; (ii)
once rule (i) is satisfied, the N atom position should be labeled with the lowest possible number.

1 17 15 1
18 16 14
2
3
5 7 9
4 6 8 1

Figure 1: Atom labeling scheme within the structure of tetracene.

-
3

1
0

Following rule (i) of our nomenclature, it is possible to place the B atom in positions 1, 2, 5, 6, or
7, which represent all five classes. For each of the first four choices, there are 17 distinct positions remaining
to place the N atom (excluding the position already occupied by B). If the B atom is positioned at position
7, due to symmetry with respect to the vertical plane containing the 7-16 bond that is orthogonal to the

plane of the paper, only 9 non-equivalent positions are available for the N atom. In total, there are 4 x 17 +
9 = 77 possible B,N-tetracene molecules, as enumerated by Chakraborty et al.®

2.2. Geometries and Overview of the Method

The pristine tetracene exhibits Do, symmetry, the structure 7,16 has C,, symmetry, and the 76
remaining structures display Cs symmetry. Using the geometries of our previous work, tetracene and the
other 17 B,N-tetracene structures not previous characterized, were optimized using the same methodology,
i.e. the second-order Maller-Plesset perturbation theory and the resolution of identity approximation (RI-
MP2)3! in combination with the def2-TZVP basis set.®? All the Cartesian coordinates are available in the
Supporting Information (SI). At the MP2/def2-TZVP geometries, the excited singlet and triplet states were
calculated using NEVPT2%" and MR-CISD?%2%3334 35 explained below.

2.3. NEVPT2 Calculations

Initially, complete active space self-consistent field (CASSCF)® calculations correlating the active
space orbitals were performed to construct the reference wave function, which captures the static correlation
inherent in singlet open-shell systems. The resulting molecular orbitals and configuration state functions
(CSFs) from the CASSCEF calculations were then utilized in the subsequent MR calculations. The NEVPT2
calculations were performed using the strongly contracted (SC) approach. The active space for the CASSCF
procedure included 12 electrons in 12 7 orbitals, denoted as CAS(12,12). The MP2 natural orbitals (NOSs)
were used to generate the initial guess for the CASSCF calculations, which consisted of the six highest
occupied and the six lowest unoccupied NOs. For the computation of excited states, a state-averaged




APPENDIX B. “EXPLORING THERMALLY ACTIVATED DELAYED
FLUORESCENCE IN B,N-SUBSTITUTED TETRACENE DERIVATIVES:
TOWARDS ENHANCED OLED MATERIALS”

110

CASSCF scheme was employed, considering five states of equal weight (1/5), the three lowest singlets and
the two lowest triplets resulting from 7-m* excitations. All calculations were carried out using the def2-
TZVP basis set.*

2.4.Multireference configuration interaction considering single and double excitations (MR-CISD)
Calculations

The MR-CISD calculations have been performed using an uncontracted approach.? To reduce the
computational cost associated with the uncontracted MR-CISD calculations, an active space of eight
electrons in eight & orbitals (CAS(8,8)) was employed, for both the CASSCF calculation and the MR-CISD
reference space. The initial active orbitals were obtained from a prior Hartree-Fock calculation by selecting
the four highest occupied and four lowest unoccupied = orbitals. Like in the CASSCF calculations prior to
the NEVPT2 calculations, no orbitals were kept frozen at this level. In the MR-CISD calculations, electron
correlation was introduced for all  orbitals and twelve ¢ orbitals (six doubly occupied in the reference
space and six virtual orbitals), while the remaining ¢ orbitals were frozen. The MR-CISD external
configurations encompassed all permissible single and double electron excitations as per the generalized
interacting space restrictions®%%" (see the schematic illustration in Figure S1 in the Supporting Information).

In contrast to NEVPT2, the CASSCF calculations were separately performed for different spin
multiplicities. Specifically, three singlet roots of A’ symmetry were computed with equal weights (1/3) in
a state-averaged fashion. Separately, three triplet roots of A’ symmetry with equal weights (1/3) underwent
a similar procedure. The CAS(8,8)/MR-CISD calculations employed the Pople 6-31G* basis set.® To
include size extensivity, excitation energies in the MR-CISD calculations, the Pople correction?3 was
included, which will be denoted as +P. The MR-CISD calculations for both 7,16 and pristine tetracene were
conducted with Cs symmetry, consistent with the other molecules under investigation.

2.5 Multireference averaged quadratic coupled-cluster (MR-AQCC) calculations

To enhance the accuracy of unpaired electron results, we conducted MR-AQCC calculations on the
singlet ground state of each identified TADF candidate molecule. This approach was adopted due to the
tendency of MR-CISD to underestimate Ny. The computational procedures closely followed the
CAS(8,8)/MR-CISD calculations. The main change is that this time, we only looked at the singlet ground
state, unlike before when we considered both the singlet and triplet states. When possible, the active space
mirrored that of the CAS(8,8)/MR-CISD calculations. However, for two specific candidates, intruder states
with contributions exceeding 1% were included.

The RI-MP2 geometry optimization and NEVPT2 calculations were carried out using the ORCA
4.0 program package.**%! The MR-CISD and MR-AQCC calculations utilized the COLUMBUS software,
making efficient use of the available parallel algorithm.243

2.6. HOMA

To evaluate and quantify the aromaticity of each ring in each B,N-tetracene structure, the harmonic
oscillator model of aromaticity (HOMA)*+% was chosen, which is based on bond lengths as given by
Equation (2):
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HOMA =1 — %Zab a(a, b)(Rope (a, b) — Ri(a, b))? . @)

Here, the sum is taken over all pairs (a, b) of adjacent atoms (i.e., that share a bond) in a ring, where n is
the number of atoms in a ring (6 in this study), and R;(a, b) is the bond length of the bond between atoms
a and b. The empirical parameters a(a, b) and R, (a, b) depend on the atoms and are determined such
that the following conditions are satisfied: (i) in an ideal aromatic ring, HOMA should be 1, so R, (a, b)

is equal to the value R;(a,b); (ii) in a non-aromatic ring, i.e., that lacks resonance and has marked
alternating bond lengths between the single and double bonds, HOMA should be 0.

The values considered for R,,,; and « are provided in Table S1 in the Supporting Information.
2.7. Effectively Unpaired Electrons

The theory of effectively unpaired electrons has been developed by Takatsuka et al.*® It has been
shown previously*’ that Head-Gordon’s nonlinear formula*® provides a useful approach for computing the
total number of effectively unpaired electrons in molecules. The formula can be expressed as:

Ny = Zin?(2 — ny)?, 3
where n; is the occupation number of the i NO and the sum goes over all NOs.
The density of effectively unpaired electrons (or spin density) is defined as
pu () = Xin?(2 — n)? [P (%, (4)
where 1;(r) is the normalized i"" NO.

The number of effectively unpaired electrons provides a quantitative measure of the diradical
character of a molecule. Diradical character signifies the extent to which two electrons occupy two nearly
degenerate molecular orbitals, implying the manifestation of radical-like or open-shell properties. A
significant diradical character suggests the presence of one unpaired electron in each of the two degenerate
molecular orbitals. Conversely, a low diradical character indicates the occupation of all occupied molecular
orbitals by electron pairs, resulting in a closed-shell configuration.

The unpaired electron density and the effective number of unpaired electrons Ny, were calculated*®
with the TheoDORE program“®-5! using the MR-CISD and MR-AQCC wave functions.

2.8. Multicenter bond indices (MCI)

Considering aring of n atoms to be represented by the string A = {44, 45, -+, A, }, whose elements
are ordered according to the connectivity of the atoms in the ring, MCI°%% is defined to be:

MCI(A) = Tpepa) Liliy iy Siziy (P(A1)) Siyiy (P(A2)) ++ Siyi, (P(An)), 5)
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where P (cA) is the set of all n! permutations of the string A and S;;(A) is the overlap of molecular orbitals
i and j in the atom A. By taking all permutations into account rather than considering only the original
string, one ensures that the Kekulé structure is not the only one to be considered. MCl is greater for aromatic
species, as it indicates a greater electron sharing in the ring.

The atomic overlap matrices were calculated using the QTAIM partition with the AIMAII
software.> MCI values were calculated using the ESI-3D program.®

2.9.NICS

Nucleus Independent Chemical Shifts (NICS) were calculated to elucidate the aromaticity of the
molecules.>® The NICS values were calculated employing the Gauge-Independent Atomic Orbital (GIAO)
method,*” utilizing the B3LYP functional® with the pcS-3 basis set,*® implemented on Gaussian software.
We analyzed the negative of the zz component of the NICS calculated 1A above the geometrical center of
each ring:

—NICS,,(1) = 0,,(1), (6)

where o (r) is the chemical shielding tensor that relates the induced magnetic field to the applied magnetic
field.

The visualization of the chemical shielding tensors was accomplished using the Visualization of
the Chemical Shielding Tensors (VIST) method,®® implemented in TheoDORE.**! The VIST method
involves diagonalizing the chemical shift tensor and showing a dumbbell along each of its three principal
axes, providing a comprehensive visualization of the chemical shielding tensor and insights into
aromaticity. The size and length of each dumbbell is proportional to the magnitude of the eigenvalue
corresponding to it. Its color is blue if the eigenvalue is positive (indicating shielding/aromaticity), and red
if it is negative (indicating deshielding/antiaromaticity). Similarly, -NICS,(1) being positive/negative
indicates aromaticity/antiaromaticity.

2.10. Anisotropy of the Induced Current Density (ACID)

We employed the ACID software by Geuenich et al. to visualize isosurfaces of the ACID scalar
field of selected molecules. The ACID plot allows one to see the delocalization of the electron density in a
molecule, which is correlated with the aromaticity.®? Besides the total plot, separate plots were also made
for the o and = contributions alone.

2.11. Selection of Candidates for TADF




APPENDIX B. “EXPLORING THERMALLY ACTIVATED DELAYED
FLUORESCENCE IN B,N-SUBSTITUTED TETRACENE DERIVATIVES:
TOWARDS ENHANCED OLED MATERIALS”

113

All energies corresponding to excited states, denoted as E (T,,) or E(S,,), are calculated with respect
to the ground singlet state (S,), which serves as the reference energy. Furthermore, for the selection of
Thermally Activated Delayed Fluorescence (TADF) candidates, a criterion of

AEsp <0.2 eV ®)

is applied.®®2 This criterion ensures that the energy difference between the singlet and triplet states is less
than approximately 8kzT at room temperature (T = 300 K). By employing it, the TADF candidates thus
identified have T; triplet excitons capable of undergoing upconversion to the S; state by thermal activation.

3. Results and discussion
3.1. Method Validation

To validate our computational methods, we compared our results (summarized in Table 1) with
prior experimental and calculated tetracene energies. In comparison to experimental data, our SC-
NEVPT2(12,12) E(S,) value is lower by ~0.4 eV. The SC-NEVPT2(12,12) E(S,) value surpasses the
experimental value by ~0.2 eV. DFT/MRCI slightly underestimates both E(S;) and E(S,) by <0.2 eV.
Our MR-CISD+P(8,8) results match SC-NEVPT2(12,12) for E (T,) but overestimate E (S;) by ~0.2 eV and
E(S,) by ~0.4eV.

As observed in our previous work,® the present MRCISD+P(8,8) calculations exhibit a tendency
to slightly overestimate E(S;). Thus, Equ. (5) is fulfilled less frequently in comparison to the SC-NEVPT2
results. This implies that the present MR-CISD indicates a smaller number of potential candidates for TADF
than NEVPT2. Given that we were able to include a larger basis set, the correlation of all valence o orbitals,
and a larger active space in NEVPT2 than in MR-CISD, we rely more on the NEVPT2 results for the
chemical screening based on energetic criteria for TADF. However, we utilize the MR-CISD results to
complement the analysis by providing information on the diradicaloid character of the systems and the
multiconfigurational character of the wave functions. Unless specifically mentioned, the reported energy
values for all systems will be provided at the SC-NEVPT2(12,12) level of theory.

Table 1: Comparative Analysis of Vertical Energies of Tetracene

Study Energy Value (eV)
SC-NEVPT2(12,12) E(Ty) 1.59

E(Sy) 2.46

E(T2) 2.91

E(S2) 3.63
MR-CISD+P(8,8) E(Ty) 1.58

E(Sy) 3.04

E(T2) 2.82

E(S2) 3.75
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pp-RPA@R® E(T2) 1.39

E(S) 2.82

E(T2) 3.11
DFT/MRCI® E(Sy) 2.74

E(S2) 3.22
Experimental E(Ty)? 1.27

E(Sy)° 2.88

E(S) 3.39
3Data from Ref. %, citing the original source in Ref. ¢
PRef. ® with Grimme and Parac’s correction for solvent effects®’

The availability of experimental data for B,N-tetracene molecules is limited, posing a challenge in
assessing the accuracy of our methods. However, a relevant study conducted by Ishibashi et al.?* examined
a closely related compound to one of the molecules investigated in this article. Specifically, they provided
experimental measurements for the energy associated with the S, — S; transition in 2-nBu-tetracene and
2-nBu-2,1-B,N-tetracene, representing the lowest-energy absorption peaks observed in the UV-vis spectra.
The reported values were 2.78 eV for 2-nBu-tetracene, which closely resembles the experimental values
obtained for pristine tetracene. This suggests that the presence of the butyl group does not significantly
influence the optical properties of the molecule. For 2-nBu-2,1-B,N-tetracene, Ishibashi et al.?* measured a
value of 2.90 eV. In our study, we determined E(S;) = 3.18 eV for compound 2,1 using the NEVPT2 level
of theory, and this result aligns with the finding of Ishibashi et al.?* This comparison is shown in Table 2.

Table 2: Comparison of Energy Values for Tetracene and Derivatives

Study Compound E(Sy) (eV)
SC-NEVPT2(12,12) | Tetracene 2.46
2,1-B,N-tetracene 3.18
MR-CISD+P(8,8) Tetracene 3.04
2,1-B,N-tetracene 3.36
Ishibashi et al .2 2-nBu-tetracene 2.78
2-nBu-2,1-B,N-tetracene | 2.90
2UV-Vis experimental values®
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3.2. TADF Candidates

The graphical representation of the molecules that fulfill the two criteria for TADF as predicted by
the NEVPT?2 calculations is shown in Figure 2. The numerical values of E(S,;) and E(T;) are collected in
Table S4 of the SI. They are above the dashed line indicating the condition AE = 0.2 eV. Among all the 77
B,N-tetracene molecules, we found twelve TADF candidates highlighted in Figure 2. They are: 1,11; 1,14;
1,15; 2,9; 2,14; 2,16; 5,8; 5,12; 6,1; 6,9; 6,11, and 6,15. It is worth noting that tetracene itself (marked by a
cross in Figure 2) does not fulfill the condition to be a candidate for TADF. None of the candidates show a
negative AE value except compound 5,12. In the case of the compound 5,12, our SC-NEVPT2(12,12)
calculations yielded E(T;) = 1.53 eV and E(S;) = 1.48 eV, which indicates a violation of Hund’s rule.
However, the calculated difference is -0.05 eV, which is less than the accuracy of the present methodology.
Moreover, this inversion is not seen in the MR-CISD+P(8,8).
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Figure 2: Vertical singlet (E(S;)) and triplet (E(T;)) excitation energies of the 77 BN-doped and pristine
tetracene molecules calculated by using the SC-NEVPT2(12,12) method. The dashed line (AEg;r = 0.2 eV)
indicate the energetic conditions for TADF. The color map represents the total number of effectively
unpaired electrons (Ny). The names of the twelve optimal B,N-tetracene candidates for TADF are
highlighted. The pristine tetracene molecule is marked with a cross.

Figure 2 and Figure S6 show that there are TADF candidates within a wide range of diradicaloid
character. In fact, the Ny values vary from 0.21e (molecule 6,15, the molecule with the lowest N;; among
all B,N-tetracene derivatives) to 0.50e (molecule 1,11) among the TADF candidates, as depicted in Figure
S6 and Figure S7. Thus, this analysis shows that there are no TADF candidates with high diradicaloid
character. However, the diradicaloid character of the doped tetracene compounds show a remarkable
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dependence of the Ny values on the position of the doping sites. Considering the entire set of 77 B,N-
tetracene molecules, the Ny; values can range from as low as 0.21e for 6,15 up to 1.26e for 1,13, representing
a six-fold increase. In comparison, pristine tetracene has an Ny value of 0.37e. Figure 3 shows the Ny, for
the TADF candidates calculated with MR-AQCC(8,8) when possible. When intruder states with more than
1% contribution were found, they were removed and the active space was adjusted accordingly. For
molecule 1,11, those were 5a’>—10a’’ and 9a’’—14a’’. For molecule 1,15, those were 5a’’—10a’” and
4a’>—10a”’. Their Ny values calculated with MR-AQCC fall in the range 0.4e to 0.7e and are significantly
higher than the corresponding values calculated with MR-CISD.

6,1 (0.46) 6,15 (0.42)

Pristine (0.73)

Figure 3: Density of effectively unpaired electron plotted with isovalue 5 x 10 e ag® and number of
effectively unpaired electrons given in parentheses, for each of the TADF candidates.
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Figure 4: Linear regression analysis of E (T;) with respect to the number of unpaired electrons.

Our analysis, though, suggests a correlation between E(T;) and N values, as shown in Figure 4.
For a more straightforward visualization of the E(T,) values, readers may refer to the bar chart provided in
Figure S4 in the Supporting Information. Among the ten molecules with the lowest E (T, ) values, five (1,13;
2,10; 2,8; 1,10; 1,12) also rank among the ten molecules with the highest N;; values. Conversely, among
the ten molecules with the highest E(T;) values, seven (6,17; 2,17; 6,5; 6,3; 5,8; 1,4; 6,15) exhibit Ny
values among the ten lowest ones. However, it is important to note that there are exceptions to this trend.
For instance, molecule 1,15, which is a TADF candidate that has the second lowest E(T;) value of 0.13 eV,
displays a relatively low Ny; value of 0.45e. Similarly, molecule 6,12, with an E(T;) value of 0.60 eV (the
eighth lowest value), exhibits a low Ny value of 0.39e. Note that this value is similar to the Ny, of pristine
tetracene (0.37e).

Among the TADF candidates, 1,11 and 1,15 likely face significant challenges in their synthesis.
This arises from their presumably low stability, indicated by their respective E(T;) values of 0.29 eV and
0.13 eV. In contrast, the remaining ten TADF candidates present a more promising outlook. All of these
exhibit E(T,) values exceeding 1.0 eV, with five candidates — 2,16; 5,8; 6,1; 6,9; 6,15 — surpassing the
pristine tetracene’s E(T;) of 1.59 eV and emitting visible light. This suggests that these five candidates
hold the potential for successful synthesis and further exploration.

Figure 5 presents the HOMA index for each ring in the TADF candidates, highlighting the influence
of the heteroatoms’ position on the chemical properties of the acene analogues. An interesting trend can be
seen: in each molecule, the ring with the highest HOMA value generally contains the nitrogen atom,
whereas the ring with the lowest HOMA value contains the boron atom.
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Figure 5: HOMA index of each ring in the TADF candidates and pristine tetracene with the RI-MP2/def2-
TZ\V/P optimized geometries.

Overall, our findings demonstrate excellent agreement with the results obtained by Ghosh et al.,%
with only minor discrepancies observed. The minimum HOMA values in compounds 5,18 and 7,6 show
deviations larger than 0.1, indicating some variability in the aromaticity calculations. Figure 6 shows the
MCI index for each ring in the TADF candidates, as well as pristine tetracene. The linear regression analysis
in Figure 7 reveals a parallel trend between the MCI and HOMA indices of the TADF candidates,
suggesting a consistent description of aromaticity. Nevertheless, there are deviations from this general
trend, manifested by a number of outliers in the dataset.
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Figure 6: MCI index of each ring in the TADF candidates and pristine tetracene with the RI-MP2/def2-
TZ\/P optimized geometries.
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Figure 7: Linear regression analysis of MCI with respect to HOMA for the rings of the TADF candidates.

Figure S5 shows the minimum HOMA value in tetracene and each of its B,N-derivatives. All of
the substituted molecules contain at least one ring with a HOMA value lower than 0.70, which is the HOMA
value of the four tetracene rings. Hence, none of the analyzed molecules is expected to possess all rings
with greater aromaticity or chemical stability than pristine tetracene. Among the TADF candidates, we see
that the minimum HOMA varies between 0.20 (compound 6,11) and 0.36 (compound 1,14), which is
approximately half of the HOMA of the tetracene rings. Therefore, we can conclude that the minimum
HOMA for TADF candidates figures on the the lower side. These molecules have at least one ring
significantly less aromatic than tetracene’s rings, even though they may also have a ring that is considerably
more aromatic than those of tetracene. Compound 6,15 is an example of that. But that does not mean the
TADF candidates cannot be synthesized. In fact, Ishibashi et al.?* could synthesize a molecule similar to
2,1 even though our analysis suggests the heteroatom-containing ring in 2,1 possesses a relatively low
HOMA value of 0.49 (while its other rings exhibit HOMA values 0.74, 0.71, 0.70, close to pristine
tetracene).
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Figure 8: -NICS;;(1) of each ring in the TADF candidates and pristine tetracene with the RI-MP2/def2-
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Figure 9: VIST of each ring in the TADF candidates and pristine tetracene with the RI-MP2/def2-TZVP
optimized geometries.

The NICS values corresponding to the TADF candidates, alongside pristine tetracene as a
reference, are illustrated in Figure 8 and Figure 9. A comparative analysis between Figure 5 and Figure 8
reveals a discrepancy in the quantification of aromaticity between descriptors HOMA and -NICS;;(1). This
disparity is exemplified by the assessment of the leftmost ring (ring 1) in molecule 1,11. NICS suggests a
pronounced aromatic character, whereas the low HOMA and MCI values indicate the opposite
interpretation. Molecule 1,11 exhibits in its rings both the highest and the lowest values of -NICS;;(1)
among the candidates, but its HOMA and MCI values are not outstanding.

In Figure S8, the ACID plots are shown for the TADF candidates, as well as tetracene. Particularly
interesting are the figures that take into account exclusively the z electrons. We display these plots
separately in Figure 10. It can be seen that, for pristine tetracene, there is a diamagnetic ring current along
the entire periphery of the molecule, but not in the vertical carbon-carbon bonds, which do not make up the
7 system. This is expected according to Geuenich et al.%? In the B,N-substituted molecules, delocalization
along the molecule is broken. Furthermore, the = current is stronger next to the nitrogen atom, and weakest
next to the boron atom. This corroborates the trend seen in Figure 5 for HOMA: rings containing nitrogen
are expected to be the most aromatic and rings containing boron are expected to be the least aromatic.

Tetracene 1,11 1,14 1,15 2,9

Figure 10: ACID plots relative to the = electrons plotted with isovalue 5 x 1072 for pristine tetracene and
the TADF candidates.
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4, Conclusions

In this comprehensive study, we have conducted an in-depth investigation into the potential of B,N-
substituted tetracene derivatives for their application in OLEDs based on TADF. By employing
multireference methods, we have explored the effects of carbon substitution by nitrogen and boron atoms
in tetracene, aiming to find molecules suitable to undergo TADF.

Achieving the delicate balance between modifying molecular properties and preserving the overall
structure is crucial for tailoring compounds to specific applications. However, this task poses challenges in
terms of synthesizing and evaluating a wide range of molecules, which can be both demanding and costly.
The complexity associated with synthesizing acenes further exacerbates these challenges. By employing
theoretical calculations, we have unlocked valuable insights in molecular design, enabling us to explore
uncharted chemical spaces and identify exceptional molecules without the need to invest resources in
unpromising candidates. Our utilization of computational multireference methods has provided a systematic
exploration of the effects resulting from carbon substitution by nitrogen and boron atoms in tetracene. This
systematic approach has indicated potential efficient B,N-substituted tetracene derivatives.

To validate our computational results, we compared them with available experimental data for
similar systems. We found good agreement between the calculated properties and the experimental findings,
suggesting the reliability of our computational approach. To understand the relationship between the
structural features of B,N-tetracene molecules and their properties, we examined the correlations between
molecular descriptors and specific properties, thereby gaining valuable insights into the structure-property
relationships in these systems.

Our findings have provided convincing evidence that B,N substitution in tetracene represents a
promising approach for achieving molecules with efficiency in undergoing TADF, as the strategic
introduction of heteroatoms induces diradicaloid character and polarization, effectively tuning the
electronic properties of the resulting derivatives. It is worth noting that none of the B,N-substituted
molecules exhibit all rings more aromatic than those observed in pristine tetracene, suggesting that the
aromaticity of the tetracene core is significantly affected.

Based on our calculations and analysis, we have successfully identified a set of twelve B,N-
tetracene candidates, namely 1,11; 1,14; 1,15; 2,9; 2,14; 2,16; 5,8; 5,12; 6,1; 6,9; 6,11, and 6,15, which
exhibit potential for TADF. It was observed that their N;; values figure on the lower side. This observation
suggests that these candidates may possess the necessary stability to be synthesized and effectively
employed in TADF-based OLEDs, further bolstering their potential for practical implementation.
Specifically, five candidates — 2,16; 5,8; 6,1; 6,9; 6,15 — are likely to emit in the visible range. It is worth
noting that two candidates, namely 1,11 and 1,15, have low E(T;) (below 0.30 eV), which might translate
to instability and difficulty in synthesis.

It is important to acknowledge that our current findings represent a preliminary analysis, serving
as a solid foundation for further exploration. With the prior reported synthesis of B,N-tetracene?! and the
confidence instilled by our computational predictions, we anticipate that the identified candidates could be
synthesized in the near future and subjected to experimental testing to accurately evaluate their properties,
especially those displaying stability indicated by a sufficiently high E(T;) and a sufficiently low Ny, such
as values similar to those of pristine tetracene, making them feasible for synthesis.
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Supporting Information are available from the authors upon reasonable request.
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-3.200129 -1.353922 0.000000
-4.353170 -0.617795 0.000000
-4.272741 0.776093 0.000000
-3.088627 1.359023 0.000000
-1.890728 0.696444 0.000000
-0.697038 1.408502 0.000000
0.504706 0.705707 0.000000
1.750736 1.384346 0.000000
2.955831 0.738599 0.000000
-5.137151 1.423483 0.000000
-5.323867 -1.090443 0.000000
-3.031278 2.370719 0.000000
-3.254238 -2.435291 0.000000
1.745458 2.468471 0.000000
1.750281 -2.492328 0.000000
6.542789 1.087184 0.000000
4.272548 2.728613 0.000000
4.194168 -2.471889 0.000000
6.303627 -1.309957 0.000000
-0.749042 -2.932839 0.000000
-0.759388 -3.639046 1.198541
-0.790826 -5.025266 1.199163
-0.8085651 -5.721074 0.000000
-0.790826 -5.025266 -1.199163
-0.759388 -3.639046 -1.198541
-0.750056 2.896758 0.000000
-0.789576 3.601327 -1.200402
-0.865765 4.985933 -1.199873
-0.905571 5.679635 0.000000
-0.865765 4.985933 1.199873
-0.789576 3.601327 1.200402
-0.740705 3.058030 -2.136312
-0.884478 5.522912 -2.139556
-0.960065 6.760723 0.000000
-0.884478 5.522912 2.139556
-0.740705 3.058030 2.136312
-0.733589 -3.094426 2.134627
-0.796177 -5.562192 2.139352
-0.829827 -6.803528 0.000000
-0.796177 -5.562192 -2.139352
-0.733589 -3.094426 -2.134627
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-3.334641 1.506895 0.000000
-4.570714 0.657424 0.000000
-4.432826 -0.709307 0.000000
-3.193892 -1.387761 0.000000
-1.982780 -0.727568 0.000000
-0.741869 -1.447079 0.000000
.449074 -0.773673 0.000000
.729647 -1.406744 0.000000
.894468 -0.710220 0.000000
.195620 -1.324229 0.000000
.323645 -0.594683 0.000000
.239460 0.838308 0.000000
.038609 1.429875 0.000000
.860823 0.693622 0.000000
.661954 1.333104 0.000000
.467102 0.678220 0.000000
.774896 1.404286 0.000000
.9735683 0.741974 0.000000
.578910 1.059113 0.000000
.319505 -1.340207 0.000000
.357219 2.704068 0.000000
.202684 -2.469531 0.000000
.712044 2.412752 0.000000
.788912 -2.486219 0.000000
.129181 1.450234 0.000000
.903294 2.501588 0.000000
.221869 -2.405409 0.000000
.291734 -1.076506 0.000000
-0.743108 -2.934932 0.000000
-0.736591 -3.644150 1.197213
-0.713719 -5.030735 1.198793
-0.700205 -5.727641 0.000000
-0.713719 -5.030735 -1.198793
-0.736591 -3.644150 -1.197213
-0.696596 2.892943 0.000000
-0.643744 3.595493 -1.198174
-0.548505 4.978579 -1.198797
-0.499711 5.673595 0.000000
-0.548505 4.978579 1.198797
-0.643744 3.595493 1.198174
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6

5
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-0.695955 3.052545 -2.134082
-0.521450 5.514431 -2.139309
-0.432030 6.754180 0.000000

-0.521450 5.514431 2.139309

-0.695955 3.052545 2.134082

-0.752906 -3.098873 2.133199
-0.707613 -5.567384 2.139400
-0.681351 -6.810282 0.000000
-0.707613 -5.567384 -2.139400
-0.752906 -3.098873 -2.133199
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50

=== = i« e S« - S = - i« = i« e i « o < - i = - B @ NN & T @ B @ TS o TN e NN e N e NN e NN e NN @ Nl - =-J- =11 - R} I -Ji - R} - Do BN o NEo NN o BE-—ENo NEo NN o BN o BEo NN NN o NN e o NN o NN e NN N vs)

4.258761 -1.567056 0.000000
5.511420 -0.741315 0.000000
5.396794 0.632112 0.000000
4.174320 1.339238 0.000000
2.955585 0.695044 0.000000
1.721108 1.402992 0.000000
0.516539 0.759216 0.000000
-0.750335 1.428544 0.000000
-1.921174 0.727246 0.000000
-3.213549 1.365544 0.000000
-4.360162 0.667464 0.000000
-4.304989 -0.762357 0.000000
-3.118172 -1.381077 0.000000
-1.910802 -0.684421 0.000000
-0.716091 -1.363223 0.000000
0.478574 -0.692550 0.000000
1.722410 -1.398769 0.000000
2.928014 -0.766556 0.000000
-5.315053 1.174831 0.000000
-5.205300 -1.358965 0.000000
-3.218462 2.445436 0.000000
-3.026967 -2.453602 0.000000
1.746843 2.485678 0.000000
1.704065 -2.481863 0.000000
6.299049 1.240992 0.000000
4.196028 2.423130 0.000000
4.221649 -2.769564 0.000000
6.514596 -1.155643 0.000000
-0.762688 -2.850015 0.000000
-0.769125 -3.548357 1.201728
-0.787113 -4.934050 1.200406
-0.797878 -5.627812 0.000000
-0.787113 -4.934050 -1.200406
-0.769125 -3.548357 -1.201728
-0.779797 2.915414 0.000000
-0.780735 3.620133 -1.198864
-0.797458 5.006441 -1.199353
-0.807758 5.702095 0.000000
-0.797458 5.006441 1.199353
-0.780735 3.620133 1.198864
-0.765515 3.075037 -2.134819
-0.799760 5.543433 -2.139446
-0.820283 6.784665 0.000000
-0.799760 5.543433 2.139446
-0.765515 3.075037 2.134819
-0.747578 -3.003322 2.137336
-0.783158 -5.471631 2.139719
-0.805464 -6.710220 0.000000
-0.783158 -5.471631 -2.139719
-0.747578 -3.003322 -2.137336
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-3.340923 1.484560 0.000000 4.231189 -1.551951 0.000000
-4.550925 0.633993 0.000000 5.451616 -0.713987 0.000000
-4.435679 -0.766365 0.000000 5.354428 0.693235 0.000000
-3.235050 -1.435087 0.000000 4.163902 1.377288 0.000000
-1.998363 -0.739117 0.000000 2.926295 0.684247 0.000000
-0.793223 -1.439814 0.000000 1.725739 1.367498 0.000000
0.436590 -0.744708 0.000000 0.482272 0.706698 0.000000
1.667721 -1.380884 0.000000 -0.723974 1.395797 0.000000
2.876481 -0.677842 0.000000 -1.948051 0.694763 0.000000
4.142045 -1.318059 0.000000 -3.199087 1.364786 0.000000
5.290645 -0.588089 0.000000 -4.371575 0.674124 0.000000
5.226889 0.825183 0.000000 -4.345585 -0.734859 0.000000
4.032463 1.482470 0.000000 -3.168116 -1.423329 0.000000
2.832778 0.737448 0.000000 -1.937349 -0.724734 0.000000
1.633867 1.341915 0.000000 -0.752774 -1.387692 0.000000
0.424419 0.695067 0.000000 0.471281 -0.738001 0.000000
-0.764512 1.403041 0.000000 1.668472 -1.423452 0.000000
-1.993791 0.728429 0.000000 2.904881 -0.773784 0.000000

-5.561291 1.033464 0.000000
-5.336423 -1.376422 0.000000
-3.366213 2.685206 0.000000
-3.223305 -2.516081 0.000000
1.594518 2.353194 0.000000

1.698217 -2.464352 0.000000
6.146104 1.397090 0.000000

3.989755 2.564682 0.000000
4
6

-5.317494 1.198155 0.000000
-5.277449 -1.286085 0.000000
-3.201013 2.446212 0.000000
-3.171441 -2.502925 0.000000
1.730377 2.450300 0.000000
1.672933 -2.505101 0.000000
6.266435 1.286460 0.000000
4.149526 2.460980 0.000000
.171877 -2.400736 0.000000 4
.253435 -1.080480 0.000000 6
-0.760920 -2.927563 0.000000
-0.737454 -3.633389 1.198455
-0.682518 -5.018927 1.199080
-0.652280 -5.714648 0.000000
-0.682518 -5.018927 -1.199080
-0.737454 -3.633389 -1.198455
-0.679246 2.891404 0.000000
-0.616564 3.595687 -1.198483
-0.502287 4.977553 -1.199173
-0.444106 5.671281 0.000000
-0.502287 4.977553 1.199173
-0.616564 3.595687 1.198483
3
5
6
5
3

.213337 -2.757994 0.000000
.458911 -1.121704 0.000000
-0.754235 -2.826308 0.000000
-0.748651 -3.504985 1.205654
-0.745614 -4.890717 1.201921
-0.745086 -5.582500 0.000000
-0.745614 -4.890717 -1.201921
-0.748651 -3.504985 -1.205654
-0.736233 2.882219 0.000000
-0.742472 3.580987 -1.201230
-0.755886 4.966997 -1.199637
-0.763466 5.661818 0.000000
-0.755886 4.966997 1.199637
-0.742472 3.580987 1.201230

-0.681728 3.053441 -2.134021 3

-0.469549 5.513600 -2.139359 5

-0.362678 6.750932 0.000000 6

-0.469549 5.513600 2.139359 5

-0.681728 3.053441 2.134021 3

-0.772413 -3.089051 2.134325

-0.666704 -5.555213 2.139556

-0.610495 -6.796517 0.000000

-0.666704 -5.555213 -2.139556

-0.772413 -3.089051 -2.134325

-0.729004 3.036738 -2.137452
-0.755713 5.503802 -2.139540
-0.771046 6.744231 0.000000
-0.755713 5.503802 2.139540
-0.729004 3.036738 2.137452
-0.736986 -2.948497 2.133869
-0.736139 -5.429155 2.140401
-0.736743 -6.664744 0.000000
-0.736139 -5.429155 -2.140401
-0.736986 -2.948497 -2.133869
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2_3_leftdpt.xyz

50

-3.215159 1.419502 0.000000
-4.486060 0.670620 0.000000
-4.328829 -0.777417 0.000000
-3.159512 -1.399748 0.000000
-1.950263 -0.698474 0.000000
-0.731884 -1.408559 0.000000
0.475889 -0.716447 0.000000
.721027 -1.393947 0.000000
.915001 -0.721974 0.000000
.178056 -1.405791 0.000000
.339379 -0.718278 0.000000
.336679 0.715905 0.000000

.175602 1.404081 0.000000

.911236 0.721260 0.000000

.719294 1.398669 0.000000

.467560 0.730365 0.000000

.737555 1.431540 0.000000
.978515 0.751712 0.000000
-5.602807 1.095126 0.000000
-5.139813 -1.376209 0.000000
-3.184218 2.501861 0.000000
-3.165889 -2.481775 0.000000
1.730870 2.480989 0.000000

1.726603 -2.476749 0.000000
6.282177 1.243566 0.000000

4.173096 2.487679 0.000000
4
6
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1
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.174937 -2.489582 0.000000
.285818 -1.243859 0.000000
-0.738390 -2.897488 0.000000
-0.740433 -3.604040 1.198558
-0.745340 -4.990692 1.199054
-0.748322 -5.687075 0.000000

-0.723507
-0.714823
-0.693847

2.919687 0.000000
3.627509 -1.197423
5.013808 -1.198714
-0.682523 5.710568 0.000000
-0.693847 5.013808 1.198714
-0.714823 3.627509 1.197423
-0.725812 3.082597 -2.133608
-0.687228 5.550395 -2.139278
-0.666321 6.793233 0.000000
-0.687228 5.550395 2.139278
-0.725812 3.082597 2.133608
-0.734136 -3.058830 2.134642
-0.744781 -5.527384 2.139416
-0.750910 -6.769722 0.000000

oo D@D DR @D Dm0 @nD@oD@mDE D@D Do D@D DO =awa

-0.745340 -4.990692 -1.199054
-0.740433 -3.604040 -1.198558

-0.744781 -5.527384 -2.139416
-0.734136 -3.058830 -2.134642
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4.122940 1.395896 0.000000
5.291924 0.771328 0.000000
5.448897 -0.681062 0.000000
4.179305 -1.434515 0.000000
2.9495566 -0.757918 0.000000
1.706264 -1.413693 0.000000
0.495831 -0.735064 0.000000
-0.752393 -1.426306 0.000000
-1.939985 -0.725251 0.000000
-3.213330 -1.398897 0.000000
-4.373773 -0.711195 0.000000
-4.374180 0.719449 0.000000
-3.211068 1.402693 0.000000
-1.941624 0.723632 0.000000
-0.749724 1.415328 0.000000
0.489018 0.711306 0.000000
1.704153 1.376815 0.000000
2.922106 0.686997 0.000000
-5.317198 1.251116 0.000000
-5.317914 -1.241372 0.000000
-3.216173 2.484495 0.000000
-3.221957 -2.480443 0.000000
1.718163 2.459880 0.000000
1.705165 -2.495815 0.000000
6.106452 1.365249 0.000000
4.120251 2.479930 0.000000
4.134974 -2.518550 0.000000
6.568165 -1.099190 0.000000
-0.753370 -2.914960 0.000000
-0.749695 -3.622063 1.197866
-0.746294 -5.008545 1.198838
-0.744612 -5.705136 0.000000
-0.746294 -5.008545 -1.198838
-0.749695 -3.622063 -1.197866
-0.733366 2.903834 0.000000
-0.720161 3.610757 -1.198094
-0.697736 4.997213 -1.198923
-0.686247 5.693756 0.000000
-0.697736 4.997213 1.198923
-0.720161 3.610757 1.198094
-0.729983 3.065654 -2.134194
-0.691029 5.533838 -2.139387
-0.670658 6.776365 0.000000
-0.691029 5.533838 2.139387
-0.729983 3.065654 2.134194
-0.749146 -3.077126 2.134094
-0.743796 -5.545161 2.139309
-0.739966 -6.787835 0.000000
-0.743796 -5.545161 -2.139309
-0.749146 -3.077126 -2.134094
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.216656 1.425377 0.000000
.525455 0.682062 0.000000
.431579 -0.858464 0.000000
.224048 -1.454411 0.000000
.976807 -0.710734 0.000000
.787969 -1.386605 0.000000
.454652 -0.667402 0.000000
.646905 -1.325573 0.000000
.848997 -0.688371 0.000000
.024160 -1.426756 0.000000
.227117 -0.838068 0.000000
.313895 0.593682 0.000000
.186434 1.325171 0.000000
.885093 0.713255 0.000000
.720725 1.412785 0.000000
.439022 0.784212 0.000000
.749908 1.461214 0.000000
.007912 0.763580 0.000000
.585834 1.246525 0.000000
.302851 -1.508050 0.000000
.173624 2.509095 0.000000
.139098 -2.535530 0.000000
.783233 2.491891 0.000000
.696933 -2.405069 0.000000
.282623 1.074167 0.000000
.214470 2.406295 0.000000
.886696 -2.498216 0.000000
.115467 -1.452009 0.000000
.726079 -2.875848 0.000000
.681466 -3.580457 1.198612
.598004 -4.964593 1.199101
.554975 -5.659664 0.000000
.598004 -4.964593 -1.199101
.681466 -3.580457 -1.198612
.736874 2.949286 0.000000
.720013 3.658224 -1.197003
.677404 5.044231 -1.198710
.653715 5.740915 0.000000
.677404 5.044231 1.198710
.720013 3.658224 1.197003
.745796 3.113407 -2.133022
.665095 5.580749 -2.139344
.620315 6.823220 0.000000
.665095 5.580749 2.139344
.745796 3.113407 2.133022

.724178 -3.036559 2.134494
.572457 -5.500683 2.139454
.493954 -6.740600 0.000000

.572457 -5.500683 -2.139454
.724178 -3.036559 -2.134494

2 9 rightdpt.xyz
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4.183053 -1.402140 0.000000
5.481667 -0.640426 0.000000
5.373319 0.904209 0.000000
4.160848 1.490594 0.000000
2.931880 0.724421 0.000000
1.738205 1.373737 0.000000
0.489826 0.679761 0.000000
-0.699701 1.357266 0.000000
-1.900432 0.684795 0.000000
-3.102361 1.387842 0.000000
-4.293838 0.776604 0.000000
-4.356757 -0.652074 0.000000
-3.2135638 -1.356318 0.000000
-1.918354 -0.724790 0.000000
-0.750688 -1.432974 0.000000
0.519500 -0.771455 0.000000
1.719381 -1.421914 0.000000
2.974312 -0.741884 0.000000
-5.190577 1.378464 0.000000
-5.314614 -1.153994 0.000000
-3.005916 2.459898 0.000000
-3.223477 -2.436114 0.000000
1.731850 2.456591 0.000000
1.739241 -2.504176 0.000000
6.241731 1.557693 0.000000
4.047382 2.572566 0.000000
4.135292 -2.488423 0.000000
6.551288 -1.188138 0.000000
-0.787869 -2.919713 0.000000
-0.790834 -3.624517 1.198798
-0.809408 -5.010765 1.199328
-0.820119 -5.706399 0.000000
-0.809408 -5.010765 -1.199328
-0.790834 -3.624517 -1.198798
-0.737173 2.844328 0.000000
-0.739644 3.543559 -1.201511
-0.751888 4.929501 -1.200421
-0.760206 5.623512 0.000000
-0.751888 4.929501 1.200421
-0.739644 3.543559 1.201511
-0.722499 2.998283 -2.137102
-0.748517 5.467034 -2.139824
-0.767602 6.705938 0.000000
-0.748517 5.467034 2.139824
-0.722499 2.998283 2.137102
-0.773833 -3.079518 2.134786
-0.810898 -5.547734 2.139419
-0.830561 -6.788973 0.000000
-0.810898 -5.547734 -2.139419
-0.773833 -3.079518 -2.134786
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-3.214152 1.439381 0.000000
-4.520737 0.719438 0.000000
-4.434549 -0.822354 0.000000
-3.233759 -1.442011 0.000000
-1.984607 -0.720126 0.000000
-0.794472 -1.420299 0.000000
.444520 -0.735840 0.000000
.668699 -1.384906 0.000000
.876700 -0.710874 0.000000
.139421 -1.358316 0.000000
.300311 -0.664604 0.000000
.235896 0.757338 0.000000

.051724 1.389742 0.000000

.846169 0.685053 0.000000

.685325 1.349106 0.000000

.439540 0.713025 0.000000

-0.751272 1.425179 0.000000
-2.003291 0.754754 0.000000
-5.580170 1.287983 0.000000
-5.311828 -1.465070 0.000000
-3.150741 2.522346 0.000000
-3.167757 -2.524180 0.000000
1.761191 2.426665 0.000000

1.705300 -2.465949 0.000000
6.137481 1.353600 0.000000

3.947035 2.464009 0.000000
4
6

O B, N B 0N~ O

1
0
1
0

.129942 -2.440180 0.000000
.2556341 -1.169383 0.000000
-0.763562 -2.910734 0.000000
-0.731866 -3.616602 1.198085
-0.669940 -5.001841 1.198954
-0.637090 -5.697692 0.000000
-0.669940 -5.001841 -1.198954
-0.731866 -3.616602 -1.198085
-0.700039 2.912037 0.000000
-0.665287 3.620468 -1.197383
-0.588199 5.005093 -1.198848
-0.546963 5.700813 0.000000
-0.588199 5.005093 1.198848
-0.665287 3.620468 1.197383
-0.710889 3.076337 -2.133099
-0.567173 5.541571 -2.139326

-0.491201 6.782190 0.000000
-0.567173 5.541571 2.139326
-0.710889 3.076337 2.133099
-0.765352 -3.072427 2.134166
-0.650755 -5.538010 2.139461
-0.589540 -6.779322 0.000000
-0.650755 -5.538010 -2.139461
-0.765352 -3.072427 -2.134166

2_14 rightdpt.xyz

50
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4.167127 -1.457819 0.000000
5.468884 -0.728231 0.000000
5.379172 0.818532 0.000000
4.177224 1.436027 0.000000
2.940929 0.699649 0.000000
1.749240 1.377758 0.000000
0.504052 0.720069 0.000000
-0.711337 1.395845 0.000000
-1.9195686 0.702942 0.000000
-3.181627 1.356543 0.000000
-4.351673 0.679878 0.000000
-4.299079 -0.737836 0.000000
-3.121076 -1.382039 0.000000
-1.896337 -0.701140 0.000000
-0.735681 -1.390340 0.000000
0.505917 -0.728525 0.000000
1.707185 -1.415898 0.000000
2.960521 -0.767735 0.000000
-5.299151 1.198767 0.000000
-5.203273 -1.330446 0.000000
-3.165752 2.436626 0.000000
-3.045740 -2.455071 0.000000
1.764391 2.460803 0.000000
1.702062 -2.497863 0.000000
6.258829 1.458145 0.000000
4.090200 2.520232 0.000000
4.090193 -2.542819 0.000000
6.534344 -1.286676 0.000000
-0.787848 -2.873678 0.000000
-0.790874 -3.572483 1.201811
-0.811759 -4.958155 1.200540
-0.824725 -5.651791 0.000000
-0.811759 -4.958155 -1.200540
-0.790874 -3.572483 -1.201811
-0.737034 2.884543 0.000000
-0.740601 3.586887 -1.199708
-0.753680 4.973164 -1.199540
-0.761620 5.668440 0.000000
-0.753680 4.973164 1.199540
-0.740601 3.586887 1.199708
-0.726361 3.042091 -2.135785
-0.7535631 5.510111 -2.139508
-0.770407 6.750934 0.000000
-0.7535631 5.510111 2.139508
-0.726361 3.042091 2.135785
-0.766184 -3.027516 2.137419
-0.808755 -5.495910 2.139793
-0.834889 -6.734205 0.000000
-0.808755 -5.495910 -2.139793
-0.766184 -3.027516 -2.137419
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-3.197932 1.447678 0.000000
-4.509430 0.738087 0.000000
-4.436863 -0.802135 0.000000
-3.242643 -1.438891 0.000000
-1.995766 -0.724370 0.000000
-0.793523 -1.395260 0.000000
.439820 -0.707852 0.000000
.668213 -1.368670 0.000000
.876827 -0.708617 0.000000
.140024 -1.371983 0.000000
.289078 -0.655620 0.000000
.252432 0.773306 0.000000
.076887 1.441905 0.000000
.839458 0.718863 0.000000
.632862 1.362388 0.000000
.425708 0.696536 0.000000
.747813 1.383507 0.000000
.998766 0.735525 0.000000
.562181 1.317406 0.000000
.321744 -1.434109 0.000000
.120747 2.528848 0.000000
.185087 -2.521386 0.000000
.570146 2.436817 0.000000
.648159 -2.449140 0.000000
.185547 1.322303 0.000000
.050729 2.524614 0.000000
.158671 -2.455104 0.000000
.246383 -1.160014 0.000000
-0.747280 -2.885166 0.000000
-0.722863 -3.588405 1.199007
-0.671991 -4.973840 1.199314
-0.644687 -5.669198 0.000000
-0.671991 -4.973840 -1.199314
-0.722863 -3.588405 -1.199007
-0.673078 2.865779 0.000000
-0.648482 3.567503 -1.200235
-0.587539 4.952109 -1.200129
-0.553947 5.645971 0.000000
-0.587539 4.952109 1.200129
-0.648482 3.567503 1.200235

3

5

6

5

3

O B, N B 0N~ O

1
0
1
0
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o I I

-0.688668 3.022780 -2.135524
-0.574557 5.489672 -2.139676
-0.510969 6.727762 0.000000

-0.574557 5.489672 2.139676

-0.688668 3.022780 2.135524

-0.751039 -3.043886 2.134941
-0.656617 -5.510293 2.139551
-0.605033 -6.751060 0.000000
-0.656617 -5.510293 -2.139551
-0.751039 -3.043886 -2.134941

2_16_rightdpt.xyz

50
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4.069819 -1.496054 0.000000
5.386091 -0.794108 0.000000
5.329147 0.752684 0.000000
4.143589 1.406730 0.000000
2.900344 0.696087 0.000000
1.700957 1.354249 0.000000
0.455835 0.706808 0.000000
-0.760053 1.404067 0.000000
-1.970417 0.730101 0.000000
-3.232213 1.402768 0.000000
-4.391151 0.704898 0.000000
-4.371605 -0.721174 0.000000
-3.203553 -1.401682 0.000000
-1.948176 -0.703115 0.000000
-0.751810 -1.383474 0.000000
0.455841 -0.697699 0.000000
1.630442 -1.366009 0.000000
2.888831 -0.757890 0.000000
-5.340465 1.224289 0.000000
-5.308657 -1.263351 0.000000
-3.241529 2.484401 0.000000
-3.200679 -2.482792 0.000000
1.690996 2.435428 0.000000
1.556806 -2.440033 0.000000
6.226125 1.367494 0.000000
4.083443 2.492319 0.000000
3.960382 -2.577756 0.000000
6.438494 -1.374287 0.000000
-0.703116 -2.866479 0.000000
-0.690504 -3.567967 1.200907
-0.665461 -4.953631 1.200384
-0.651944 -5.647525 0.000000
-0.665461 -4.953631 -1.200384
-0.690504 -3.567967 -1.200907
-0.728539 2.892229 0.000000
-0.718626 3.594648 -1.199709
-0.697095 4.980776 -1.199508
-0.685785 5.676035 0.000000
-0.697095 4.980776 1.199508
-0.718626 3.594648 1.199709
-0.724922 3.049931 -2.135917
-0.687137 5.517571 -2.139510
-0.665980 6.758382 0.000000
-0.687137 5.517571 2.139510
-0.724922 3.049931 2.135917
-0.700147 -3.022938 2.136863
-0.656442 -5.491240 2.139759
-0.630856 -6.729838 0.000000
-0.656442 -5.491240 -2.139759
-0.700147 -3.022938 -2.136863
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5_2 leftdpt.xyz

50

5_2 rightdpt.xyz

50

oo D@D DR @D DD RO oo o000 @nD@oD@mDE D@D @D D@D DO @mao=aQa

-3.177138 1.440612 0.000000
-4.350002 0.800141 0.000000
-4.503272 -0.571848 0.000000
-3.432399 -1.392909 0.000000
-2.032307 -0.781753 0.000000
-0.715625 -1.509893 0.000000
.462651 -0.764235 0.000000
.736789 -1.403675 0.000000
.919386 -0.716314 0.000000
.194380 -1.382103 0.000000
.345481 -0.678434 0.000000
.328458 0.757299 0.000000
.158281 1.428512 0.000000
.903482 0.727397 0.000000
.702102 1.381122 0.000000
.452502 0.701039 0.000000
.735757 1.431416 0.000000
.976423 0.750337 0.000000
.185639 1.359340 0.000000
.536489 -0.895447 0.000000
.246879 2.523003 0.000000
.631605 -2.459018 0.000000
.702164 2.463923 0.000000
.762861 -2.486245 0.000000
.267983 1.295398 0.000000
.140094 2.512304 0.000000
.206569 -2.465758 0.000000
.298295 -1.192957 0.000000
-0.664572 -2.994817 0.000000
-0.660723 -3.710212 1.195686
-0.648133 -5.096986 1.197311
-0.641266 -5.796322 0.000000
-0.648133 -5.096986 -1.197311
-0.660723 -3.710212 -1.195686
-0.711145 2.921545 0.000000
-0.713382 3.630894 -1.197650
-0.714465 5.017780 -1.198674
-0.715230 5.714944 0.000000
-0.714465 5.017780 1.198674
-0.713382 3.630894 1.197650

3

5

6

5
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-0.706406 3.085642 -2.133829
-0.711317 5.554355 -2.139294
-0.713464 6.797680 0.000000
-0.711317 5.554355 2.139294
-0.706406 3.085642 2.133829
-0.666548 -3.166482 2.132861
-0.644224 -5.632564 2.138878
-0.631922 -6.879139 0.000000
-0.644224 -5.632564 -2.138878
-0.666548 -3.166482 -2.132861

j==J = = i« e S « - S = i« = fi < s i « s = - i < - B @ NN & T @ B e NS T TN e NN e I e Ko N e N e N« === -Ji--J- - RIS - R - Rl - B o BN o NEo NNo BN o BN o NEo NN o o BN o NN o NN o NN e N -~ BN o NN o NE-—TNe)

4.134038 1.448650 0.000000
5.319499 0.829979 0.000000
5.491303 -0.541107 0.000000
4.436832 -1.384492 0.000000
3.022933 -0.800139 0.000000
1.698861 -1.506695 0.000000
0.511839 -0.783597 0.000000
-0.763096 -1.446327 0.000000
-1.9415688 -0.736296 0.000000
-3.225384 -1.395347 0.000000
-4.377439 -0.695283 0.000000
-4.361655 0.736557 0.000000
-3.191290 1.405969 0.000000
-1.927257 0.712907 0.000000
-0.728626 1.387791 0.000000
0.515941 0.679968 0.000000
1.709906 1.386271 0.000000
2.953814 0.731018 0.000000
-5.298232 1.279690 0.000000
-5.327501 -1.215115 0.000000
-3.186482 2.487622 0.000000
-3.247290 -2.476558 0.000000
1.672466 2.470488 0.000000
1.611269 -2.587491 0.000000
6.147607 1.400091 0.000000
4.176357 2.533742 0.000000
4.667696 -2.444372 0.000000
6.530120 -0.846601 0.000000
-0.796345 -2.935245 0.000000
-0.812511 -3.643182 1.197164
-0.846980 -5.029250 1.198573
-0.864204 -5.726264 0.000000
-0.846980 -5.029250 -1.198573
-0.812511 -3.643182 -1.197164
-0.715673 2.877481 0.000000
-0.710722 3.585471 -1.197494
-0.705042 4.972134 -1.198715
-0.702313 5.669309 0.000000
-0.705042 4.972134 1.198715
-0.710722 3.585471 1.197494
-0.714193 3.039846 -2.133312
-0.706463 5.508526 -2.139454
-0.702445 6.752090 0.000000
-0.706463 5.508526 2.139454
-0.714193 3.039846 2.133312
-0.796664 -3.097977 2.133077
-0.859613 -5.565520 2.139332
-0.889336 -6.808790 0.000000
-0.859613 -5.565520 -2.139332
-0.796664 -3.097977 -2.133077
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5_4 leftdpt.xyz

50

5_4 rightdpt.xyz
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-3.215059 1.434205 0.000000
-4.410453 0.730002 0.000000
-4.426512 -0.656961 0.000000
-3.302647 -1.365761 0.000000
-1.988832 -0.746753 0.000000
-0.704557 -1.503944 0.000000
.475726 -0.756301 0.000000
.746380 -1.394444 0.000000
.929770 -0.703441 0.000000
.2056833 -1.364255 0.000000
.3556122 -0.655453 0.000000
.332809 0.778347 0.000000
.158375 1.444215 0.000000
.908493 0.737522 0.000000
.701939 1.388139 0.000000
.457545 0.707093 0.000000
.738528 1.441537 0.000000
.977988 0.774245 0.000000
.356228 1.253018 0.000000
.363831 -1.200182 0.000000
.2595664 2.519413 0.000000
.389742 -2.371858 0.000000
.698964 2.470799 0.000000
.775071 -2.477277 0.000000
.269895 1.320658 0.000000
.134591 2.527866 0.000000
.223582 -2.447880 0.000000
.309434 -1.167241 0.000000
-0.682179 -2.989024 0.000000
-0.699375 -3.705516 1.196306
-0.727496 -5.092342 1.197675
-0.741886 -5.791061 0.000000
-0.727496 -5.092342 -1.197675
-0.699375 -3.705516 -1.196306
-0.704792 2.931561 0.000000
-0.700743 3.640193 -1.197530
-0.689604 5.026864 -1.198595
-0.683823 5.723966 0.000000
-0.689604 5.026864 1.198595
-0.700743 3.640193 1.197530

3

5

6

5
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-0.701533 3.095167 -2.133793
-0.684272 5.563353 -2.139245
-0.674613 6.806676 0.000000

-0.684272 5.563353 2.139245

-0.701533 3.095167 2.133793

-0.684533 -3.161503 2.133290
-0.736897 -5.628117 2.138978
-0.763447 -6.873622 0.000000
-0.736897 -5.628117 -2.138978
-0.684533 -3.161503 -2.133290

j==J = = i« e J « - J = i« = fi < s i « s = - i < - B @ NN & T @ B e NS T TN e NN e I e Ko N e N e N« - === -J--J--Ji=-J-- - R -l - B o BN o NEo NNo BN o BN o NEo NN o I o I o NN o NN o NN e N - - o NN o NNe)

4.172263 1.470276 0.000000
5.387218 0.798846 0.000000
5.435093 -0.586912 0.000000
4.330889 -1.330697 0.000000
2.997328 -0.749366 0.000000
1.709256 -1.495306 0.000000
0.516737 -0.773935 0.000000
-0.751375 -1.441254 0.000000
-1.934874 -0.735768 0.000000
-3.214609 -1.399336 0.000000
-4.369810 -0.702777 0.000000
-4.358572 0.727638 0.000000
-3.188937 1.400275 0.000000
-1.924927 0.710815 0.000000
-0.725092 1.389550 0.000000
0.518636 0.688021 0.000000
1.714857 1.405003 0.000000
2.961577 0.771030 0.000000
-5.296724 1.267974 0.000000
-5.318086 -1.225856 0.000000
-3.186446 2.481971 0.000000
-3.2335687 -2.480700 0.000000
1.668150 2.488567 0.000000
1.631057 -2.576991 0.000000
6.321527 1.342249 0.000000
4.176384 2.557847 0.000000
4.460154 -2.330572 0.000000
6.386226 -1.105529 0.000000
-0.777936 -2.930278 0.000000
-0.790552 -3.638866 1.197079
-0.818568 -5.025198 1.198600
-0.832528 -5.722405 0.000000
-0.818568 -5.025198 -1.198600
-0.7905652 -3.638866 -1.197079
-0.719813 2.879528 0.000000
-0.719119 3.587277 -1.197524
-0.720547 4.973872 -1.198689
-0.721298 5.670957 0.000000
-0.720547 4.973872 1.198689
-0.719119 3.587277 1.197524
-0.718851 3.041784 -2.133420
-0.723103 5.510327 -2.139361
-0.725343 6.753713 0.000000
-0.723103 5.510327 2.139361
-0.718851 3.041784 2.133420
-0.779254 -3.093403 2.132959
-0.831099 -5.561573 2.139350
-0.855258 -6.805017 0.000000
-0.831099 -5.561573 -2.139350
-0.779254 -3.093403 -2.132959
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5_8_leftdpt.xyz

5_8_rightdpt.xyz

50 50

-3.283644 1.509892 0.000000
-4.454722 0.840876 0.000000
-4.541244 -0.604825 0.000000
-3.451123 -1.402797 0.000000
-2.056991 -0.751411 0.000000
-0.738461 -1.489436 0.000000

4.200418 -1.478749 0.000000
5.379661 -0.825285 0.000000
5.475942 0.622104 0.000000
4.397065 1.437332 0.000000
2.993248 0.802940 0.000000
1.663657 1.517431 0.000000
0

0.410330 -0.743108 0.000000 .500862 0.797817 0.000000

1.647042 -1.354642 0.000000 -0.749745 1.418733 0.000000
2.848719 -0.726259 0.000000 -1.941101 0.738536 0.000000
4.053809 -1.446162 0.000000 -3.172749 1.419863 0.000000
5.245765 -0.767727 0.000000 -4.351344 0.717598 0.000000
5.282069 0.635810 0.000000 -4.358487 -0.680996 0.000000
4.108695 1.342541 0.000000 -3.166807 -1.355411 0.000000
2.868557 0.678945 0.000000 -1.936298 -0.670524 0.000000
1.625694 1.361069 0.000000 -0.681367 -1.357287 0.000000
0.419648 0.718595 0.000000 0.503270 -0.667840 0.000000
-0.823184 1.458535 0.000000 1.7557556 -1.375366 0.000000
-2.022279 0.800795 0.000000 2.957775 -0.744292 0.000000
-5.382976 1.400992 0.000000 -5.287498 1.261619 0.000000
-5.541197 -1.030548 0.000000 -5.294811 -1.222410 0.000000
-3.293655 2.594559 0.000000 -3.192274 2.499360 0.000000
-3.605123 -2.478426 0.000000 -3.156447 -2.436842 0.000000

.644809 2.444377 0.000000
.635185 -2.364013 0.000000
.233291 1.150464 0.000000

1 1.593865 2.598207 0.000000
1

6

4.115934 2.426057 0.000000

4

6

1.702246 -2.459489 0.000000
6.480893 1.036547 0.000000
4.573308 2.509824 0.000000
4.181133 -2.565507 0.000000
6.304625 -1.390850 0.000000
-0.701109 -2.846261 0.000000
-0.720446 -3.547836 1.199712
-0.753287 -4.933670 1.199215
-0.770114 -5.629271 0.000000
-0.753287 -4.933670 -1.199215
-0.720446 -3.547836 -1.199712
-0.785743 2.852028 0.000000
-0.804916 3.535692 -1.203743
-0.852236 4.920734 -1.201363
-0.877256 5.613335 0.000000
-0.852236 4.920734 1.201363
-0.804916 3.535692 1.203743

2

5

6

5

2

.032341 -2.529351 0.000000
.173465 -1.325800 0.000000
-0.633976 -2.972865 0.000000
-0.583725 -3.688033 1.196430
-0.484574 -5.071616 1.197930
-0.432849 -5.768131 0.000000
-0.484574 -5.071616 -1.197930
-0.583725 -3.688033 -1.196430
-0.744910 2.948035 0.000000
-0.712241 3.654876 -1.197850
-0.645429 5.039944 -1.198742
-0.610349 5.735942 0.000000
-0.645429 5.039944 1.198742
-0.712241 3.654876 1.197850
-0.745249 3.110795 -2.134065
-0.624092 5.576119 -2.139285

-0.559884 6.817492 0.000000
-0.624092 5.576119 2.139285
-0.745249 3.110795 2.134065
-0.633626 -3.146147 2.133412
-0.451862 -5.606559 2.139093
-0.357246 -6.848229 0.000000
-0.451862 -5.606559 -2.139093
-0.633626 -3.146147 -2.133412

-0.777133 2.979485 -2.131809
-0.867207 5.458801 -2.140294
-0.914408 6.695154 0.000000
-0.867207 5.458801 2.140294
-0.777133 2.979485 2.131809
-0.703015 -3.003222 2.135754
-0.762843 -5.470221 2.139432
-0.794051 -6.711573 0.000000
-0.762843 -5.470221 -2.139432
-0.703015 -3.003222 -2.135754

oo D@D DR @D DD RO @nD@D@mDE D@D Do D@D DO =20maaoaaa
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APPENDIX C. CARTESIAN COORDINATES FOR THE WB97XD OPTIMIZED
GEOMETRIES 144

5_12_leftdpt.xyz 5_12 rightdpt.xyz

50 50

-3.251102 1.494413 0.000000
-4.424859 0.828617 0.000000
-4.515465 -0.615708 0.000000
-3.425756 -1.415561 0.000000
-2.029395 -0.768129 0.000000
-0.708493 -1.507870 0.000000

4.204625 -1.529623 0.000000
5.393213 -0.891537 0.000000
5.509219 0.553383 0.000000
4.439535 1.381728 0.000000
3.027132 0.766502 0.000000
1.701204 1.489044 0.000000
0

0.467295 -0.789227 0.000000 .514330 0.796433 0.000000

1.750781 -1.433021 0.000000 -0.765239 1.467337 0.000000
2.921564 -0.747964 0.000000 -1.934039 0.766718 0.000000
4.225713 -1.358873 0.000000 -3.240022 1.382382 0.000000
5.340626 -0.612023 0.000000 -4.360791 0.646668 0.000000
5.257401 0.768241 0.000000 -4.287087 -0.731687 0.000000
4.070603 1.399328 0.000000 -3.105435 -1.369186 0.000000
2.894123 0.702411 0.000000 -1.916734 -0.687701 0.000000
1.643183 1.363492 0.000000 -0.667882 -1.378471 0.000000
0.453454 0.686011 0.000000 0.516285 -0.679451 0.000000
-0.788351 1.430233 0.000000 1.761149 -1.399611 0.000000
-1.993107 0.780585 0.000000 2.971758 -0.780004 0.000000
-5.351459 1.391897 0.000000 -5.354486 1.068463 0.000000
-5.516423 -1.039465 0.000000 -5.133839 -1.270464 0.000000
-3.259394 2.579264 0.000000 -3.321475 2.459723 0.000000
-3.581148 -2.490994 0.000000 -3.144555 -2.449530 0.000000

.640977 2.446761 0.000000
.773606 -2.515430 0.000000
.102771 1.309272 0.000000
.096633 2.481350 0.000000
.310898 -2.437063 0.000000
.338770 -1.023131 0.000000
-0.667729 -2.994521 0.000000
-0.663378 -3.711174 1.195008
-0.644044 -5.097973 1.197197
-0.632022 -5.797664 0.000000
-0.644044 -5.097973 -1.197197
-0.663378 -3.711174 -1.195008
-0.716887 2.920734 0.000000
-0.690352 3.629178 -1.197295
-0.634901 5.014875 -1.198547
-0.605346 5.711750 0.000000
-0.634901 5.014875 1.198547
-0.690352 3.629178 1.197295

3

5

6

5

3

1.634896 2.572390 0.000000
1.704978 -2.484325 0.000000
6.519603 0.954802 0.000000
4.628599 2.452155 0.000000
4.172161 -2.616393 0.000000
6.310432 -1.469973 0.000000
-0.695546 -2.868542 0.000000
-0.720331 -3.573389 1.198891
-0.766071 -4.959275 1.199150
-0.790086 -5.655124 0.000000
-0.766071 -4.959275 -1.199150
-0.720331 -3.573389 -1.198891
-0.803021 2.955281 0.000000
-0.827650 3.662963 -1.197322
-0.886591 5.048335 -1.198763
-0.918323 5.744538 0.000000
-0.886591 5.048335 1.198763
-0.827650 3.662963 1.197322
-0.720507 3.084376 -2.133212 3
-0.620426 5.551179 -2.139321 5
-0.566153 6.793874 0.000000 6
-0.620426 5.551179 2.139321 5
-0.720507 3.084376 2.133212 3
-0.678299 -3.167424 2.132162
-0.641675 -5.633574 2.138895
-0.618200 -6.880514 0.000000
-0.641675 -5.633574 -2.138895
-0.678299 -3.167424 -2.132162

-0.794218 3.118507 -2.133270
-0.905105 5.584701 -2.139326
-0.964523 6.826334 0.000000
-0.905105 5.584701 2.139326
-0.794218 3.118507 2.133270
-0.690671 -3.028431 2.134631
-0.776677 -5.495888 2.139457
-0.821467 -6.737304 0.000000
-0.776677 -5.495888 -2.139457
-0.690671 -3.028431 -2.134631

oo D@D DR @D @D Dm0 @DnD@oD@mDE D@D Do D@D DO =200a0a000a@maaoaaa
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APPENDIX C. CARTESIAN COORDINATES FOR THE WB97XD OPTIMIZED

GEOMETRIES

6_1_leftdpt.xyz

50
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-3.110818 1.444538 0.000000
-4.317647 0.857957 0.000000
-4.450369 -0.495993 0.000000
-3.267040 -1.266414 0.000000
-2.016619 -0.701810 0.000000
-0.723200 -1.525950 0.000000
.584003 -0.722674 0.000000
.814042 -1.356845 0.000000
.027661 -0.656645 0.000000
.286423 -1.312012 0.000000
.444735 -0.596629 0.000000
.402222 0.819265 0.000000

.211366 1.478892 0.000000

.982767 0.763831 0.000000

.742486 1.416111 0.000000

.545348 0.717184 0.000000

.720041 1.422673 0.000000
.903615 0.745750 0.000000
-5.165137 1.530576 0.000000
-5.429975 -0.947996 0.000000
-3.055212 2.451152 0.000000
-3.342475 -2.348546 0.000000
1.7356881 2.499527 0.000000

1.842916 -2.441939 0.000000
6.330314 1.377773 0.000000

4.182023 2.562360 0.000000
4
6

O B, N b OO W O

1
0
1
0

[
= O

.307274 -2.395872 0.000000
.401283 -1.103370 0.000000
-0.755782 -3.100431 0.000000
-0.771132 -3.825025 1.193595
-0.801638 -5.212134 1.197428
-0.817491 -5.910774 0.000000
-0.801638 -5.212134 -1.197428
-0.771132 -3.825025 -1.193595
-0.737982 2.912032 0.000000
-0.757211 3.626266 -1.197048
-0.796621 5.012899 -1.198970
-0.817420 5.709446 0.000000
-0.796621 5.012899 1.198970
-0.757211 3.626266 1.197048
-0.733558 3.080929 -2.133060
-0.808405 5.549765 -2.139375

-0.848196 6.791779 0.000000
-0.808405 5.549765 2.139375
-0.733558 3.080929 2.133060
-0.755616 -3.296101 2.140532
-0.811531 -5.748302 2.138713
-0.840351 -6.993539 0.000000
-0.811531 -5.748302 -2.138713
-0.755616 -3.296101 -2.140532

6_1_rightdpt.xyz

50
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4.135313 -1.459769 0.000000
5.354347 -0.894798 0.000000
5.511566 0.456750 0.000000
4.342939 1.252228 0.000000
3.084216 0.708815 0.000000
1.805777 1.546179 0.000000
0.469949 0.786545 0.000000
-0.754943 1.448261 0.000000
-1.973129 0.735718 0.000000
-3.233733 1.394862 0.000000
-4.398348 0.691669 0.000000
-4.367999 -0.721259 0.000000
-3.182094 -1.388136 0.000000
-1.941455 -0.688291 0.000000
-0.706710 -1.367050 0.000000
0.491316 -0.655856 0.000000
1.746213 -1.365061 0.000000
2.945741 -0.733123 0.000000
-5.348514 1.210344 0.000000
-5.298174 -1.276235 0.000000
-3.254924 2.476509 0.000000
-3.171549 -2.469885 0.000000
1.885591 2.738613 0.000000
1.721738 -2.447523 0.000000
6.500282 0.888667 0.000000
4.438607 2.332512 0.000000
4.065252 -2.463558 0.000000
6.190227 -1.581657 0.000000
-0.697310 -2.857022 0.000000
-0.692030 -3.567057 1.196799
-0.681188 -4.953821 1.198583
-0.675330 -5.651354 0.000000
-0.681188 -4.953821 -1.198583
-0.692030 -3.567057 -1.196799
-0.802132 2.938427 0.000000
-0.830380 3.644196 -1.197039
-0.877389 5.029728 -1.198353
-0.900491 5.726764 0.000000
-0.877389 5.029728 1.198353
-0.830380 3.644196 1.197039
-0.809948 3.099626 -2.133271
-0.894701 5.565783 -2.139164
-0.937209 6.808945 0.000000
-0.894701 5.565783 2.139164
-0.809948 3.099626 2.133271
-0.697216 -3.021551 2.132804
-0.679909 -5.490412 2.139345
-0.669560 -6.734212 0.000000
-0.679909 -5.490412 -2.139345
-0.697216 -3.021551 -2.132804



APPENDIX C. CARTESIAN COORDINATES FOR THE WB97XD OPTIMIZED
GEOMETRIES 146

6_9_leftdpt.xyz

6_9_rightdpt.xyz

50

oo D@D DR @D Dm0 @nD@DoD@mDE D@D Do D@D DO =200wmaaaoaaan

-3.202318 1.461961 0.000000
-4.413842 0.815984 0.000000
-4.484317 -0.581086 0.000000
-3.316660 -1.303337 0.000000
-2.052579 -0.681542 0.000000
-0.766388 -1.497037 0.000000
0.529031 -0.671990 0.000000

50

4.180603 -1.458531 0.000000
5.408829 -0.847506 0.000000
5.513633 0.550753 0.000000
4.367843 1.307853 0.000000
3.087275 0.719452 0.000000
1.813750 1.546780 0.000000
0

1.
0.
1.
.484048 0.766705 0.000000

1.738886 -1.286894 0.000000 -0.726649 1.403183 0.000000
2.929100 -0.623476 0.000000 -1.920061 0.711571 0.000000
4.123318 -1.329538 0.000000 -3.137546 1.389540 0.000000
5.309818 -0.709884 0.000000 -4.316110 0.755773 0.000000
5.355084 0.725859 0.000000 -4.350258 -0.675705 0.000000
4.209080 1.426879 0.000000 -3.194261 -1.356993 0.000000
2.922452 0.780898 0.000000 -1.909784 -0.699590 0.000000
1.741791 1.450506 0.000000 -0.730610 -1.382575 0.000000
0.472853 0.785819 0.000000 0.530258 -0.693305 0.000000
-0.727113 1.448884 0.000000 1.724608 -1.356548 0.000000

|
-

.987580 0.741082 0.000000
.326964 1.399925 0.000000
.444799 -1.080395 0.000000
.179678 2.543629 0.000000
-3.355667 -2.387076 0.000000
1.7856350 2.531023 0.000000

1.818282 -2.367311 0.000000
6.310520 1.232520 0.000000

4.209178 2.508513 0.000000
4
6

L I |
w o !

.012403 -2.404297 0.000000
.216003 -1.297101 0.000000
-0.730282 -3.073601 0.000000
-0.706731 -3.799088 1.193373
-0.660486 -5.185950 1.197389
-0.636164 -5.884589 0.000000
-0.660486 -5.185950 -1.197389
-0.706731 -3.799088 -1.193373

-0.732328 2.939560 0.000000
-0.728161 3.652530 -1.195961
-0.715376 5.039413 -1.198404
-0.708085 5.737113 0.000000
-0.715376 5.039413 1.198404
-0.728161 3.652530 1.195961
-0.735862 3.107423 -2.132354
-0.711466 5.575943 -2.139241
-0.697312 6.819931 0.000000
-0.711466 5.575943 2.139241
-0.735862 3.107423 2.132354
-0.730003 -3.270183 2.140222
-0.646388 -5.722017 2.138731
-0.602180 -6.967075 0.000000
-0.646388 -5.722017 -2.138731
-0.730003 -3.270183 -2.140222
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2.993077 -0.696596 0.000000
-5.224862 1.339377 0.000000
-5.297928 -1.196859 0.000000
-3.063489 2.463108 0.000000
-3.184695 -2.436794 0.000000
1.852784 2.742567 0.000000
1.726092 -2.439094 0.000000
6.488415 1.021847 0.000000
4.436527 2.390315 0.000000
4.112122 -2.540626 0.000000
6.308659 -1.451793 0.000000
-0.745081 -2.869960 0.000000
-0.739102 -3.576021 1.198233
-0.741183 -4.962500 1.199147
-0.743729 -5.658733 0.000000
-0.741183 -4.962500 -1.199147
-0.739102 -3.576021 -1.198233
-0.817727 2.890209 0.000000
-0.850679 3.588024 -1.200343
-0.916993 4.972182 -1.199833
-0.952038 5.666179 0.000000
-0.916993 4.972182 1.199833
-0.850679 3.588024 1.200343
-0.809484 3.043797 -2.135729
-0.933105 5.509178 -2.139574
-1.000573 6.747642 0.000000
-0.933105 5.509178 2.139574
-0.809484 3.043797 2.135729
-0.730093 -3.030340 2.133956
-0.738678 -5.499411 2.139424
-0.744542 -6.741466 0.000000
-0.738678 -5.499411 -2.139424
-0.730093 -3.030340 -2.133956



APPENDIX C. CARTESIAN COORDINATES FOR THE WB97XD OPTIMIZED

GEOMETRIES

6_11_leftdpt.xyz
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-3.178988 1.457131 0.000000
-4.399532 0.821178 0.000000
-4.482322 -0.571819 0.000000
-3.317719 -1.304881 0.000000
-2.053165 -0.692545 0.000000
-0.763978 -1.510934 0.000000
.551180 -0.703713 0.000000
.754266 -1.338086 0.000000
.992414 -0.630656 0.000000
.189092 -1.278215 0.000000
.358763 -0.600303 0.000000
.378487 0.781706 0.000000

.237279 1.484713 0.000000

.951124 0.824013 0.000000

.761568 1.469788 0.000000

.502569 0.763382 0.000000

.699047 1.421212 0.000000
.974672 0.725902 0.000000
-5.306788 1.414214 0.000000
-5.446762 -1.063527 0.000000
-3.148791 2.538471 0.000000
-3.365272 -2.388298 0.000000
1.753138 2.552346 0.000000

1.782685 -2.423747 0.000000
6.357595 1.237202 0.000000

4.282865 2.565339 0.000000
4
6
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.257082 -2.358344 0.000000
.224948 -1.105649 0.000000
-0.755550 -3.087135 0.000000
-0.750350 -3.812613 1.193266
-0.739204 -5.200125 1.197276
-0.732919 -5.899383 0.000000
-0.739204 -5.200125 -1.197276
-0.750350 -3.812613 -1.193266
-0.714015 2.912605 0.000000
-0.719344 3.625313 -1.195812
-0.725473 5.012164 -1.198277
-0.728156 5.710157 0.000000
-0.725473 5.012164 1.198277
-0.719344 3.625313 1.195812
-0.717961 3.079900 -2.132015
-0.728710 5.548617 -2.139229

-0.733655 6.793076 0.000000
-0.728710 5.548617 2.139229
-0.717961 3.079900 2.132015
-0.758935 -3.283363 2.140136
-0.738462 -5.736269 2.138756
-0.726899 -6.982447 0.000000
-0.738462 -5.736269 -2.138756
-0.758935 -3.283363 -2.140136

6_11 rightdpt.xyz

50
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4.166065 -1.477003 0.000000
5.406841 -0.883399 0.000000
5.532824 0.509418 0.000000
4.395264 1.284743 0.000000
3.111169 0.713711 0.000000
1.839333 1.550712 0.000000
0.490385 0.792080 0.000000
-0.707785 1.451268 0.000000
-1.950956 0.725773 0.000000
-3.150803 1.374418 0.000000
-4.323537 0.706148 0.000000
-4.354443 -0.673665 0.000000
-3.217886 -1.381601 0.000000
-1.922518 -0.731719 0.000000
-0.741025 -1.401303 0.000000
0.516551 -0.679008 0.000000
1.709213 -1.339684 0.000000
2.994829 -0.697670 0.000000
-5.183845 1.221497 0.000000
-5.335632 -1.124686 0.000000
-3.216763 2.453328 0.000000
-3.273854 -2.460572 0.000000
1.889785 2.746336 0.000000
1.707712 -2.422742 0.000000
6.514077 0.966888 0.000000
4.479459 2.366133 0.000000
4.081936 -2.558009 0.000000
6.296627 -1.502420 0.000000
-0.727297 -2.889073 0.000000
-0.721122 -3.598257 1.197175
-0.719163 -4.984996 1.198769
-0.719368 -5.682025 0.000000
-0.719163 -4.984996 -1.198769
-0.721122 -3.598257 -1.197175
-0.784358 2.939806 0.000000
-0.835009 3.642557 -1.198167
-0.925657 5.026050 -1.198789
-0.972163 5.721247 0.000000
-0.925657 5.026050 1.198789
-0.835009 3.642557 1.198167
-0.787115 3.099251 -2.134098
-0.953214 5.561833 -2.139326
-1.039879 6.801801 0.000000
-0.953214 5.561833 2.139326
-0.787115 3.099251 2.134098
-0.714715 -3.0562557 2.133050
-0.715570 -5.521816 2.139310
-0.716883 -6.764858 0.000000
-0.715570 -5.521816 -2.139310
-0.714715 -3.052557 -2.133050



APPENDIX C. CARTESIAN COORDINATES FOR THE WB97XD OPTIMIZED

GEOMETRIES

6_15_leftdpt.xyz

50
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-3.190623 1.453044 0.000000
-4.414670 0.822456 0.000000
-4.505141 -0.569995 0.000000
-3.344898 -1.308945 0.000000
-2.076313 -0.704141 0.000000
-0.795430 -1.534684 0.000000
.5256333 -0.737332 0.000000
.742513 -1.342426 0.000000
.972211 -0.615346 0.000000
.229544 -1.233459 0.000000
.383177 -0.486865 0.000000
.295054 0.909314 0.000000

.076342 1.546423 0.000000

.897574 0.788737 0.000000

.674119 1.387208 0.000000

.462082 0.715939 0.000000

.715447 1.403780 0.000000
.992655 0.714666 0.000000
-5.318607 1.420268 0.000000
-5.472681 -1.055377 0.000000
-3.154725 2.534707 0.000000
-3.396117 -2.392111 0.000000
1.639856 2.394468 0.000000

1.789811 -2.427078 0.000000
6.200522 1.503252 0.000000

4.019073 2.628395 0.000000
4
6
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.273903 -2.316202 0.000000
.350413 -0.970624 0.000000
-0.782634 -3.109158 0.000000
-0.771208 -3.833400 1.193787
-0.746143 -5.220621 1.197480
-0.732243 -5.919220 0.000000
-0.746143 -5.220621 -1.197480
-0.771208 -3.833400 -1.193787
-0.678326 2.893257 0.000000
-0.649637 3.606450 -1.197093
-0.598586 4.992600 -1.198939
-0.573317 5.688985 0.000000
-0.598586 4.992600 1.198939
-0.649637 3.606450 1.197093
-0.674979 3.061435 -2.133213
-0.582078 5.529233 -2.139381

-0.537446 6.771152 0.000000
-0.582078 5.529233 2.139381
-0.674979 3.061435 2.133213
-0.784462 -3.304618 2.140805
-0.737433 -5.756638 2.138814
-0.711255 -7.001971 0.000000
-0.737433 -5.756638 -2.138814
-0.784462 -3.304618 -2.140805

6_15_rightdpt.xyz

50

=== = i« e J = - J = - i = =l « s i « - < - i < - B @ NN & T @ B @ TS T TN e NN e I e Ko N e N e N« === -Ji--J--J=-J-- - R - Rl - B o BN o NN o NN o Bl o NEo NEo BN o RN o NN o NN Il - BN o NN o NN o NN o BNe)

4.133347 -1.520640 0.000000
5.378737 -0.936015 0.000000
5.517227 0.455169 0.000000
4.385784 1.238466 0.000000
3.097103 0.676940 0.000000
1.834443 1.523400 0.000000
0.479172 0.777165 0.000000
-0.720841 1.428601 0.000000
-1.967701 0.704162 0.000000
-3.212282 1.352466 0.000000
-4.389559 0.645221 0.000000
-4.341687 -0.748627 0.000000
-3.140824 -1.418408 0.000000
-1.931362 -0.704404 0.000000
-0.720883 -1.357062 0.000000
0.505311 -0.683407 0.000000
1.679233 -1.370086 0.000000
2.968610 -0.732456 0.000000
-5.339729 1.161689 0.000000
-5.261564 -1.320149 0.000000
-3.230756 2.433978 0.000000
-3.129908 -2.498228 0.000000
1.885363 2.717237 0.000000
1.671325 -2.450826 0.000000
6.501992 0.904620 0.000000
4.477207 2.319130 0.000000
4.042801 -2.601115 0.000000
6.262854 -1.563058 0.000000
-0.711191 -2.787770 0.000000
-0.704112 -3.473760 1.203467
-0.698760 -4.859736 1.201372
-0.696858 -5.552904 0.000000
-0.698760 -4.859736 -1.201372
-0.704112 -3.473760 -1.203467
-0.790052 2.916048 0.000000
-0.833616 3.616231 -1.198910
-0.908743 5.000248 -1.198831
-0.946597 5.695529 0.000000
-0.908743 5.000248 1.198831
-0.833616 3.616231 1.198910
-0.797352 3.072895 -2.135166
-0.933318 5.536110 -2.139274
-1.003794 6.776626 0.000000
-0.933318 5.536110 2.139274
-0.797352 3.072895 2.135166
-0.700548 -2.916750 2.131568
-0.694858 -5.398179 2.140278
-0.692360 -6.635412 0.000000
-0.694858 -5.398179 -2.140278
-0.700548 -2.916750 -2.131568
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Pristine 1,10-left 1,10-right 1,11-left 1,11-right

1,13-left 1,13-right 1,14-left 1,14-right 1,15-left 1,15-right

i3 ° °

ﬁ%@m%f A

@gi”g.

2 3 left 2,3- rlght 2,9-left 2,9- rlght 2, 14 left 2,14-right
2,16-left 2,16-right 5,2—Ieft 5,2-right 5,4-left 5,4-right
5,8-left 5,8-right 5,12-left 5,12-right 6,1-left 6,1-right

6,9-left 6,9-right 6,11-left 6,11-right 6,15-left 6,15-right

FIGURE D.1 — wB97XD/def2-TZVP optimized geometries of pristine DPT and the 34 B,N-DPT pre-
candidates for SF and TADF.
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FIGURE D.2 — Vertical E(T}) of pristine DPT and the 34 B,N-doped molecules calculated by using the

CASPT2(8,8)/6-31G* method.
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TABLE D.1 — E(S1), E(T1) and AEsy = E(S1) — E(T1) for each of the 34 B,N-doped (10 SF pre-
candidates and 24 TADF precandidates) and pristine DPT molecules calculated with the CASPT2(8,8)
method. TADF candidates are highlighted in red.

Molecule | E(S7) (eV) | E(Ty) (eV) | AEsr (eV)
Pristine 2.84 1.67 1.18
1,10-left 1.18 0.82 0.35
1,10-right 1.16 0.82 0.34
1,11-left 0.36 0.29 0.07
111-right | 0.40 0.30 0.10
1,13-left 0.31 0.21 0.09
1,13-right 0.32 0.26 0.06
1,14-left 1.32 1.38 -0.06
1,14-right 1.28 1.37 -0.09
1,15-left 0.54 0.49 0.05
1,15-right | 0.41 0.34 0.07
2,3-left 2.01 1.12 0.89
2,3-right 1.92 1.38 0.54
2.9-left 1.72 1.69 0.03
2,9-right 1.65 1.66 20.00
2,14-1eft 1.31 1.14 0.17
2,14-right 1.27 1.13 0.14
2,16-left 1.64 1.85 -0.21
2,16-right 1.62 1.71 -0.09
5,2-left 2.07 1.19 0.89
5,2-right 2.11 1.19 0.92
5,4-left 2.04 1.32 0.72
5,4-right 2.04 1.29 0.75
5,8-left 2.23 2.39 -0.15
5,8-right 2.93 2.38 -0.16
5,12-left 1.66 1.74 -0.07
5,12-right 1.69 1.78 -0.09
6,1-left 1.82 1.57 0.25
6,1-right 1.81 1.53 0.27
6,9-left 1.91 1.76 0.16
6,9-right 1.79 1.63 0.16
6,11-left 1.70 1.33 0.37
6,11-right 1.69 1.30 0.39
6,15-left 1.99 1.76 0.23
6,15-right 1.82 2.01 -0.18
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TABLE D.2 — HOMA values for each ring of the 34 B,N-doped (10 SF precandidates and 24 TADF
precandidates) and pristine DPT molecules calculated at the wB97XD optimized geometries. TADF
candidates are highlighted in red.

Molecule | HOMA; | HOMA, | HOMA; | HOMA,
Pristine 0.53 0.73 0.77 0.57
1,10-left 0.21 0.19 0.39 0.74
1,10-right 0.29 0.29 0.34 0.73
1,11-left 0.33 0.45 0.60 0.70
1,11-right 0.41 0.52 0.56 0.66
1,13-left 0.28 0.39 0.64 0.82
1,13-right 0.37 0.46 0.60 0.79
1,14-left 0.24 0.30 0.60 0.48
1,14-right 0.34 0.41 0.58 0.45
1,15-left 0.36 0.58 0.82 0.81
1,15-right 0.43 0.62 0.75 0.81
2,3-left 0.73 0.63 0.62 0.45
2,3-right 0.76 0.69 0.56 0.40
2,9-left 0.06 0.26 0.61 0.50
2,9-right 0.11 0.36 0.59 0.47
2.14-1eft 0.15 0.44 0.77 0.64
2,14-right 0.20 0.52 0.74 0.62
2,16-left 0.30 0.64 0.80 0.60
2,16-right 0.33 0.70 0.77 0.56
5,2-left 0.50 0.38 0.46 0.42
5,2-right 0.50 0.43 0.40 0.37
5,4-left 0.79 0.48 0.52 0.46
5,4-right 0.80 0.52 0.45 0.41
5,8-left 0.05 0.16 0.66 0.92
5,8-right 0.07 0.18 0.55 0.92
5,12-1eft 0.07 0.08 0.32 0.57
5,12-right 0.08 0.12 0.24 0.53
6,1-left 0.70 0.10 0.82 0.77
6,1-right 0.71 0.13 0.77 0.74
6,9-left 0.88 0.18 0.53 0.47
6,9-right 0.89 0.23 0.50 0.44
6,11-left 0.91 0.05 0.25 0.49
6,11-right 0.92 0.10 0.16 0.46
6,15-left 0.91 0.13 0.64 0.95
6,15-right 0.92 0.17 0.51 0.94
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TABLE D.3 — Summary of energy values obtained by various methods for tetracene.
E(517B2u E(527B3u E(T17B2u E<T27Blg
Method symmetry) | symmetry) | symmetry) | symmetry)
(eV) (V) (eV) (eV)
NEVPT2(12,12)/def2-TZVD" 2.46 3.63 1.59 2.01
NEVPT2(12,12)/6-31G* 2.78 3.74 1.65 2.96
TD-DFT wBITXD/def2-TZVP 3 | , o 3.57 1.10 2.60
singlets and 3 triplets
TD-DFT WB97/d€f2—TZVP 3 sin- 316 3.59 0.54 9 45
glets and 3 triplets
CASPT2(8,8)/6-31G* 2.68 2.77 1.27 2.61
- *7 i
CASPT2(8,8)/6-31G™"  without | , o) 2.59 1.20 2.51
shift
CASPT2(8,8)/6-31G* 2.65 2.79 1.29 2.61
CASPT2(10,10)/6-31G* 2.79 2.73 1.29 2.45
CASPT2(12,12)/6-31G* 2.86 3.10 1.58 2.57
CASPT2/6-31G* with
CAS(8.8) /RAS(6.6)' 2.89 3.20 1.58 2.65
CASPT2/6-31G* with
CAS(8,8)/RAS(6,6)] with 10
o orbitals added to the core 2.99 330 1.65 2.7
(besides the 1s orbitals)
Yang and Davidson (Experimen-
tal) (YANG et al., 2016) 2.88 N/A L27 N/A
Casanova (Theoretical) 1.44 (verti-
(CASANOVA, 2014) N/A N/A cal) N/A
Casanova (Theoretical,
wBI7XD/6-31G*, cluster with 7 | 3.02 N/A 1.58 N/A
molecules) (CASANOVA, 2014)
Sutton (Theoretical, wB97/cc- | 2.75 (verti- N/A 1.29 (adia- N/A
pVDZ) (SUTTON et al., 2017) cal) batic)
1.28-1.30
) and  1.35
S;ltltogo(ﬁ})(perlmental) (SUTTON 5 63 N/A (solution) | N/A
o and 125
(thin film)
Vertical excitation energy (BET-
TANIN et al, 2017; GRIMME;
PARAC,  2003; BIERMANN; 2.88 3.39 N/A N/A

SCHMIDT, 1980)

? The geometry optimized with MP2 was used for the NEVPT?2 calculations. For the
other calculations, the geometry optimized with DFT using the wB97XD functional was

employed.

T indicates that the calculations are done separately: one state-average calculation for
the three singlet states (including the ground state) and another for the two triplet
states. If not marked with this symbol, the calculation is performed as a state-average

considering three singlet states and two triplet states together.

b The default shift used in the other CASPT2 calculations is 0.20.
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TABLE D.4 — Summary of energy values obtained by various methods for DPT.
E(Sl,Bl E(SQ,Al E(Tl,Bl E(TQ,Bl
Method symmetry) | symmetry) | symmetry) | symmetry)
(eV) (eV) (eV) (eV)
NEVPT2(6,6)/def2-TZVP 2.53 3.17 1.49 3.60
NEVPT2(6,6)/def2-TZVP* 2.20 4.42 1.56 3.41
TD-DFT wBITXD/def2-TZVP 3 |, 3.50 1.05 2.57
singlets and 3 triplets
TD-DFT WB97/d€f2—TZVP 3 sin- 507 551 0.44 5 49
glets and 3 triplets
CASPT2(6,6)/def2-TZVPT 241 3.24 1.59 3.13
CASPT2(6,6)/6-31G*1 2.72 3.48 1.68 3.27
CASPT2(6,6)/6-31G* 2.81 3.31 1.48 3.00
CASPT2(8,8)/6-31G*T% 2.72 3.38 1.62 2.99
CASPT2(8,8)/6-31G* 2.62 3.12 1.45 2.75
CASPT2(8,8)/6-31G* 2.84 3.5 1.67 2.87
CASPT2(10,10)/6-31G** 2.99 3.37 1.62 2.90
CASPT2(10,10)/6-31G*T 3.06 3.32 1.61 2.60
CASPT2/6-31G* with
CAS(8.8)/RAS(6.6)' 2.87 3.29 1.60 2.81
Casanova (Theoretical) 1.40 (verti-
(CASANOVA, 2014) N/A N/A cal) N/A
Casanova (Theoretical,
wB97XD/6-31G*, cluster with 7 | 2.91 N/A 1.38 N/A
molecules) (CASANOVA, 2014)
Sutton (Theoretical, wB97/cc- | 2.54 (verti- N/A 1.2?? (adia- N/A
pVDZ) (SUTTON et al., 2017) cal) batic)
Sutton (Experimental) (SUTTON | 2.40 (thin
et al,, 2017) film) N/A N/A N/A

@ indicates that the geometry optimized with MP2 was used for the calculation. If not
marked with this symbol, the geometry optimized with DFT using the wB97XD

functional was employed.

T indicates that the calculations are done separately: one state-average calculation for
the three singlet states (including the ground state) and another for the two triplet
states. If not marked with this symbol, the calculation is performed as a state-average

considering three singlet states and two triplet states together.

! indicates that no reordering of the orbitals was done and at least one orbital on the
phenyl rings attached to the tetracene core was included in the active space. If not
marked with this symbol, either no reordering was needed, or the appropriate reordering
was done to include only orbitals on the tetracene core in the active space.
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