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Abstract

Organic emissive materials have gained a great deal of attention due to their prominence
in electronic displays, solid-state lighting, bio-probes for imaging, and sensor applications.
Organic materials exhibiting thermally activated delayed fluorescence (TADF) can fully utilize
triplet excitons, but their implementation is limited due to broad emission spectra (color
impurity), which are principally attributed to the torsional mobility about the twist angle between
the donor and acceptor groups. Our methodical computational and experimental investigation
reveals that it is the dramatic change of electron configuration between ground and charge-
transfer excited states that causes the broad emission. For compounds with the same rotational
barrier the FWHM increases significantly when enhancing the charge transfer character.
Conversely, when increasing rotational restrictions, emitters show minimal change in their
FWHM. Accordingly, to constrict emission broadening it is preferable to control the charge-
transfer character of emitter molecules by introducing chromophores with localized emission
(LE) character, exhibiting minimal change in electron configuration upon emission.

Besides TADF materials, metal-organic phosphors can also theoretically realize 100%
internal quantum efficiencies, but they suffer from stability issues as a result of the weak metal—
ligand bonds. Hence, there is interest in developing all-organic phosphorescent OLEDs. The
elimination of the heavy metals brings with it new challenges, such as weak spin—orbit coupling
interactions and non-radiative decays due to molecular vibrations. In all-organic systems, the

enhanced spin-orbit coupling necessary for phosphorescence is thought to be due to the halogen
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bonding. To elucidate the underlying mechanism, the electronic and optical properties of purely
organic phosphor candidates were investigated using density functional theory (DFT) and time-
dependent DFT (TDDFT). Accordingly, iodine forms the strongest halogen bond and fluorine
forms the weakest. The strong halogen bonding in crystalline Br and I derivatives more
effectively suppresses vibrations and prevents non-radiative decays compared to F and Cl
derivatives. Moreover, for heavy atoms, spin-orbit coupling is large, thus augmenting spin
flipping. Consequently, triplet-to-singlet transitions are most common in molecules containing
iodine and bromine.

White purely organic light-emitting materials have attracted attention for their practicality
in many applications such as lighting, sensing, and imaging. Commonly reported designs
combine multiple emissive layers where two or more materials simultaneously emit
electromagnetic radiation that together is perceived as white. Led by computation, we have
developed a fluorine-based molecular framework for white OLEDSs in which fluorescence and
phosphorescence from a single molecule are combined, achieving white emission at decreased
device fabrication cost. A rigid molecular structure is essential for efficient phosphorescence
emission so that the vibration is suppressed. Fluorescence emission can be enhanced by
suppressing the Si to T1 El-Sayed enhanced intersystem crossing.

Finally, we developed a graph-based machine learning (ML) model to predict the
solvation free energies from solvent-solute pair-wise interactions. To this end, we explore two
novel deep learning architectures: message passing neural network and graph attention network.
The ML methods yield more accurate predictions of solvation free energies than state of the art
deep learning or quantum mechanical methods, at lower computational costs. The ability to

predict chemical properties is important for developing new materials with specific properties,
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especially for OLED applications. Reliable predictive models allow for efficiently screening

candidate organic molecules, and accelerate materials design and development.
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Chapter 1 Introduction

1.1 Thesis Overview

In terms of investigatory methodologies, this thesis research relies on computational and
data driven techniques, including molecular simulations, first-principles electronic structure
calculations, and machine learning procedures. With the research strategy laid out in this
document, we established a workflow that is consistent with the mandate of Materials Genome
Initiative, seamlessly integrating computational and experimental efforts, and we believe to have
demonstrated the efficacy of this concept in terms of accelerating materials development for
organic electronic applications.

The contents of the thesis are divided into 6 chapters. The first chapter is an introductory
chapter, including motivation and background and major findings and achievements for each
main project. The results of the four main projects are presented in Chapter 2, 3, 4, and 5.

Chapter 2 presents the study of the emission bandwidth of thermally activated delayed
fluorescence (TADF) emitters. Our results suggest that the intrinsic TADF emission bandwidth
is primarily determined by the charge transfer character of the molecule, rather than its
propensity for rotational motion, which offers a renewed perspective on the rational molecular
design of organic emitters exhibiting sharp emission spectra.

In Chapter 3, we report our study of the effect of halogen bonding on metal-free
phosphors. The electronic and optical properties of purely organic phosphor candidates are
investigated using density functional theory calculations. It is revealed that iodine forms the

strongest halogen bonding interaction and fluorine forms the weakest interaction. The strong



halogen bonding more effectively suppress vibrations and prevent non—radiative decays
compared to F and Cl derivatives.

Chapter 4 details our investigation of white light emission from a single organic molecule
by combining fluorescence and phosphorescence emissions. White light emission has recently
been in great demand for many applications. However, current white OLEDSs include several
emitting layers, which increases the cost of fabrication of these devices. In contrast single
molecule white light OLEDs have a much lower fabrication cost.

Chapter 5 describes a graph based deep learning model that we developed to predict the
solvation free energies from solvent-solute pair-wise interactions. We show that our proposed
models outperform all quantum mechanical and molecular dynamics methods in addition to
existing alternative machine learning based approaches in the task of solvation free energy
prediction. Such machine learning models are expected to accelerate property predictions such
as excited state levels, and singlet-triplet energy gaps beyond what molecular simulations and
DFT calculations can achieve with today’s computational resources. Here we test the approach
for one of the fundamental molecular design criteria, in anticipation of translating this workflow
for the development of organic materials for OLED and TADF applications.

Chapter 6 gives a final summary, including major findings in this thesis study. An
outlook for future research in this field is also given. The next section gives an introduction for

the main four projects presented in this thesis.

1.2 Background and Motivation

1.2.1 Thermally Activated Delayed Fluorescence

In an OLED device, electrically injected charge carriers form singlet and triplet excitons

ina 1:3ratio. * Ina triplet state the excited electron is no longer paired with the ground state



electron; that is, they are parallel. Since the decay from triplet state back to ground state
involves an additional spin rotation, it is often called forbidden transitions. Forbidden transitions
occur at much lower speeds than allowed transitions. The goal of OLED research is to overcome
the limitation imposed by forbidden decay from triplet states. Although phosphorescent emitters
have high quantum yields, they suffer instability issues in particular for blue OLEDs. ! Hence,
as an alternative, blue fluorescent emitters have been used in OLED devices. However, the
internal quantum efficiency (IQE) of fluorescence OLEDs is limited to 25%, 2 so the external
quantum efficiency (EQE) can be 7.5% at most (assuming the efficiency with which the
generated light comes out of the device is 20-30%).

One approach to realize high IQEs without using metals is to promote the first triplet (T1)
to first singlet (S1) reverse intersystem crossing (ISC) by carefully designing organic molecules
s0 as to exhibit a small energy gap (AEgr) between S1 and T1 levels. 3* This allows for non-
radiative triplet states to up-convert to radiative singlet states, a process called thermally
activated delayed fluorescence (TADF). Therefore, 100% IQE can be realized. One strategy to
minimize (AEsy) is to configure molecules in a donor-acceptor (D-A) electronic alternation.
Therefore, the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) are localized on the donor and acceptor moieties, respectively, leading to a small
overlap of HOMO and LUMO orbitals. The AE¢; is equal to twice of the electron exchange
energy (J) as illustrated in equation (1), and J is determined by the spatial overlap extents of
HOMO and LUMO. ® Therefore, the smaller the overlap of HOMO and LUMO the smaller J and
AEgr values. ©

AEgr = Eg1 —Ery = 2] (1)



One major challenge with TADF emitters is that they have a broad emission spectrum,
whose full-width at half-maximum (FWHM) is 70-100 nm. This broad emission has imposed a
serious challenge for display manufacturers to achieve standard emission colors. Therefore,
OLED displays are employed with color filters 2 in order to achieve the color standard
requirements defined by the Commission Internationale de I’Eclairage (CIE). The employed
color filters are used to narrow the broad emission peaks. However, they significantly decrease
the EQE of the OLED displays. Therefore, designing molecules with sharp and narrow emission
is important for the development of OLED technology.

In Chapter 2, the key factors determining the emission bandwidth of TADF emitters are
investigated by combining computational and experimental approaches. To achieve high IQEs
in metal-free organic light emitting diode via TADF, the first triplet (T1) to first singlet (S1)
reverse intersystem crossing (rISC) is promoted by configuring molecules in an electron donor-
acceptor (D-A) alternation with a large dihedral angle, which results in a small energy gap
(AEgr) between Si and T states. This allows for effective non-radiative up-conversion of triplet
excitons to singlet excitons that fluoresce. However, this traditional molecular design of TADF
results in broad emission spectral bands. Despite reports suggesting that suppressing the D-A
dihedral rotation narrows the emission band, ®1° the origin of emission broadening remains
elusive. Indeed, our results suggest that the intrinsic TADF emission bandwidth is primarily
determined by the charge transfer character of the molecule, rather than its propensity for
rotational motion, which offers a renewed perspective on the rational molecular design of
organic emitters exhibiting sharp emission spectra. This work is published in ACS Applied

Material & Interfaces. 11

1.2.2 Metal Free Room-Temperature Phosphorescence (RTP)



Organic light emitting diodes (OLEDSs) based on transition metal complexes have been
widely used over recent decades because of their display and solid-state lighting applications.
Increasing attention has been devoted to phosphorescence materials because they can
theoretically realize threefold higher internal quantum efficiency (IQE) compared to fluorescent
alternatives by harvesting triplet excitons through intersystem crossing (ISC). 2 Most candidates
for efficient phosphorescence are based on heavy element complexes because the presence of a
heavy atom increases spin—orbit coupling (SOC) interactions. ** Therefore, the SOC interactions
in such molecules are substantial and a change of spin is more favorable. Although
organometallic materials have high quantum efficiency, they require expensive and rare elements
such as iridium * and platinum. > Organometallic materials also experience short device
lifetimes due to the degradation of weak and unstable metal-ligand bonds. 6

Unlike organometallics, purely organic materials are cheaper, lighter, readily
functionalized, and easily processed. Until now, only a few examples of purely organic
molecules with a high phosphorescence quantum yield have been reported. 1’ This scarcity is
often related to the fact that purely organic phosphors exhibit long-lived triplet states, which are
easily consumed by vibrational effects that prevent emissive decay. To be competitive with
organometallic OLEDs, purely organic materials must (1) suppress vibrations in order to prevent
non-radiative decays and (2) promote the intersystem crossing rates by increasing spin—orbit
coupling interactions.

To suppress vibrational relaxations of the triplet manifold, several approaches have been
developed. In 2011, Bolton et al. 8 reported enhanced room-temperature phosphorescence
(RTP) from pure organic luminogens utilizing mixed crystals and halogen bonding. The

enhanced spin-orbit coupling necessary for phosphorescence is thought to be due to the halogen



bonding. Strong halogen bonding more effectively suppresses vibrations and prevent non—
radiative decays. To elucidate the underlying mechanism, the electronic and optical properties of
purely organic phosphor candidates are investigated using density functional theory calculations.
The unit cell structure of a known organic phosphor containing bromine is used to validate the
accuracy of the computational methodology. Compared to experiments, the calculated lattice
constants deviate by less than 1 percent for each lattice constant. The same computational
approach is then used to predict the lattice constants for molecular analogs containing fluorine,
chlorine, and iodine. Electronic structure and photonic properties of the predicted crystals are
computed. Finally, the presence of halogen bonding is corroborated, with fluorine forming the
weakest and iodine the strongest halogen bonding interactions. Our findings demonstrate how
computational methods can be effectively used for the predictive design of organic materials in
lighting devices. The results and analysis of this project is presented in Chapter 3 of this thesis.

Also, this work is published in Physical Chemistry Chemical Physics. °

1.2.3 White Light Emission from a Single Molecule

White light emission has recently been in great demand for bioimaging, sensor
applications, solid-state light-emitting-diode (LED), backlight in liquid-crystal displays, and
illumination sources. 2922 VVarious approaches have been developed to design white organic
LEDs (WOLEDSs) such as, combining several fluorophors or phosphors in a single emitting
layer, 2324 synthesizing polymers incorporating different color emitting moieties, 2° stacking
several OLEDs, 2% and devising multilayer electroluminescence devices doped with different
color emitting dopants. 2 Although several WOLEDs have been reported, most of the reported
cases include several emitting layers, which increases the cost of fabrication of these devices.

The recombination current and performance of each layer needs to be controlled by layer



thickness and doping concentration. Furthermore, to facilitate hole and electron transfer in the
device, hole and electron transport layers (HTL/ETL) need to be incorporated on either side of
the emitter layers. Therefore, the single doped and single emissive layer devices would be much
simpler and cheaper than the widely reported stacked, multi-emissive-layer or triple doped
WOLEDs. 22° In search for designing a single organic molecule that generates white light
(single molecule white light emitters (SMWLES)), we investigated a series of fluorine-based
molecules that Jaehun Jung *° has developed and synthesized. These molecules show high
quantum yield phosphorescence emission. Surprisingly, some of these molecules also show high
quantum yield fluorescence emission as well. However, the combination of fluorescent and
phosphorescent emission of these molecules is not perceived as white but more in the blue
region.

We computationally studied these molecules, and we were able to understand the
structure-property relationship. Our computational analysis shows that the non-bonding
electrons of oxygen in these molecules produces a 3nzn* triplet state with different energy levels.
According to El-Sayed’s rule, for the molecules with a low energy level 3nz* triplet state the
intersystem crossing rate between nn* and 3nm* states is much more efficient. Therefore, due to
efficient singlet to triplet ISC, these molecules are very weakly fluorescent. However, for some
of these molecules the *nrn* triplet state is in a high energy level (Ts) and is not accessible.
Therefore, the El-Sayed’s rule allow nn*S3nn* transition is blocked for these molecules,
leading to a more efficient fluorescence emission.

By carefully modifying these molecules we have been able to shift the fluorescence and
phosphoresce peaks so that the combination of both generates white light. Our computational

analysis shows that by extending the conjugation we were able to redshift the fluorescence and



phosphoresce peaks, without changing the ®nn* triplet state’s energy level. Our proposed
molecules can be used to make white OLEDs with just a single emissive layer. The results and

analysis of this project is presented in Chapter 4 of this thesis.

1.2.4 Applications of Machine Learning in Materials Science and Molecular Property

Prediction

Solvation free energy is an important index in the field of organic synthesis, medicinal
chemistry, drug delivery, and biological processes. 33 However, accurate solvation free energy
determination is a time-consuming experimental process. Furthermore, it could be useful to
assess solvation free energies in the absence of a physical sample. Deep learning based methods
have been widely applied to predict various kinds of molecular properties in material sciences
and pharmaceutical industry with increasingly more success. 3¢ In this study, we propose two
deep learning models for the problem of free solvation energy predictions, based on the Graph
Neural Network (GNN) architectures: Message Passing Neural Network (MPNN) and Graph
Attention Network (GAT). Graph Neural Network (GNN) architectures have been widely used
for social media, content recommendation, advertisement, and etc. However, molecules can also
be expressed in the form of graphs, with the inclusion of the chemical information. Graphs
provide a natural way of describing molecular structures as atoms can be represented by nodes
and chemical bonds by edges. 3738

GNNs are capable of summarizing the pertinent information about a molecule as low-
dimensional features directly from its graph structure without relying on an extensive amount of
intra-molecular descriptors. As a result, these models are capable of making accurate predictions
of the molecular properties without the time consuming process of running an experiment on

each molecule. We show that our proposed models outperform all quantum mechanical and



molecular dynamics methods in addition to existing alternative machine learning based

approaches in the task of solvation free energy prediction. We believe such promising predictive

models will be applicable to enhancing the efficiency of material property predictions and be a

useful tool to the screening of molecular candidates for various applications.
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Chapter 2 Charge Transfer as the Key Parameter Affecting the Color Purity of TADF

Emitters

2.1 Introduction

In an organic light emitting diode (OLED), electrically injected charge carriers form
singlet and triplet excitons at a 1:3 ratio.X* To overcome the energy conversion limitation
imposed by forbidden emissive transitions from triplet states,® the focus has been primarily on
organometallic and metal-free organic phosphors, owing to their efficient photon generation
from triplet excitons by means of the heavy atom effect.®° As an alternative, thermally activated
delayed fluorescence (TADF) has been extensively studied. In this approach, high internal
quantum efficiencies (IQEs) without using metals are achieved by promoting the T1 to S1 reverse
intersystem crossing (rISC) in organic molecules designed to exhibit small energy gaps between
S1and Tz levels (4Est).1%%6 Small AEst (< 0.1 eV) allow for non-radiative triplet excitons to be
up-converted to singlet excitons before decaying radiatively. Therefore, 100% IQE can
theoretically be realized. The prevailing molecular design strategy to minimize AEst is to
configure conjugated organic groups into electron donor-acceptor (D-A) alternation with a large
dihedral angle (Figure 2-1). This causes, the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) to be localized on the donor and acceptor
moieties, respectively, leading to small HOMO and LUMO orbital overlap. A4Est amounts to
twice the electron exchange energy, J, which is determined by the extent of spatial overlap of

HOMO and LUMO.Y’
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Donor Acceptor * Donor 6 Acceptor

High-energy Low-energy HOMO-LUMO separation by
HOMO LUMO connecting donor and acceptor
with a large dihedral angle

Figure 2-1. Conventional TADF molecular design. Donor and Acceptor groups can rotate around D-A connection
which enhances the structural relaxation in the excited states, resulting in large stokes shift and a broad emission.
However, in this contribution we systematically demonstrate that the molecular rotation is not the major cause of the
broad emission of TADF.

Hence, the smaller the HOMO-LUMO overlap, the easier it is to achieve comparable
energy levels for S and Ty, resulting in small AEst values.'8® Accordingly, spatially separating
HOMO and LUMO orbitals, leading to so-called charge transfer (CT) excited states, is perceived
as essential for TADF, and constitutes the conventional design principle for such emitters.
Unfortunately, it is also typically observed that CT states exhibit broader emission spectra than
locally excited (LE) states (referring to transitions between HOMO and LUMO orbitals with
substantial overlap).

In the literature, the prevalent explanation for this spectral broadening is that excitations
across an apportioned D-A configuration causes molecular rotation around the D-A connecting
bond (Figure 2-1), resulting in large Stokes shifts and emission spectra with a full-width at half-
maximum (FWHM) between 70 and 100 nm.?° Such broad emission adversely affects color
purity, requiring color filters to achieve the color standard requirements when TADF emitters are
used in OLED displays.?>?? The use of color filters is undesirable as it significantly reduces the
EQE of OLED displays.

Since the conventional TADF molecular design based on the spatial D-A separation is
associated with the combined occurrence of CT and easily excitable torsional rotation between
the D-A groups, the question remains whether CT, molecular rotation, or both are responsible for

the broad emission characteristics. Rotation between donor and acceptor ensues from the large
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dihedral angle that is introduced in conventional TADF designs to facilitate twisted
intramolecular charge transfer (TICT). To eliminate this potential energy coupling mechanism,
molecular interlocking strategies have been developed where added bulky side chains block the
rotational motion between donor and acceptor (Table 2-1).2023-2 Assessing whether this
approach is indeed effective depends on the clarity of the analysis. We first point out that
comparing the FWHM in the wavelength vs. energy domains is ambiguous. Because of the scale
inversion, the same peak may appear narrower or broader depending on the absolute emission
peak position. Presumably, spectral broadening mechanisms involve interactions between
electronic and vibronic excitations, and since dispersion of photons and phonons is described by
different physical laws, it is preferable to compare conserved quantities such as momenta or
energies to better discern the mechanisms that underlie the shaping of the emission line.
Interestingly, converting the reported FWHM of some molecules listed in Table 2-1 into eV
dispels the notion that restricting rotation by large steric hindrances would prevent emission

broadening. The FWHM on the eV scale does not change, and even a reverse trend is found.

Table 2-1. Molecular structures and emission bandwidth of some of the TADF emitters.  Measured FWHM in nm,
as reported in the references. ® Converted to eV using the reported emission spectrum in the references

Compounds Emitter FWHM (nm)®  FWHM (eV)° Ref.

N

Il O )
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mPTC 86 0.442 20

O
X0

QO
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2.2 Methodologies

2.2.1 Experimental Section

All reactions were conducted under argon atmosphere. All reactants and reagents were
obtained from Sigma-Aldrich, unless noted otherwise. Selenium dioxide and sulfolane were

purchased from Fisher Scientific. 9,9-Dimethyl-9,10-dihydroacridine was purchased from
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Ambeed. NMR spectra were obtained on Varian MR-400. UV-visible absorption spectra of all
materials were taken on a Varian Cary 50 Bio spectrometer and photoluminescence emission
spectra were conducted using a Horiba PTI QuantaMaster 400. AEst has been measured by

comparing the fluorescence and phosphorescence spectra at liquid nitrogen temperature.

2.2.2 Synthesis of Molecules

CN oN
Buchwald-Hartwig or
X X Electrophilic Substitution X X
2 2
—_— X,= Diphenylamine, Carbazole,
Phenoxazine, Acridine, PseZ
X;=F, Br
CN CN
Electrophilic Substitution
) Y= Carbazole, Phenoxazine
F F Y Y

Scheme 2-1. Synthetic routes of the molecules investigated in this work.

Synthetic routes of the molecules investigated in this work are shown in Scheme 2-1. For
oDPABN and oPSeZBN, Buchwald-Hartwig cross coupling reaction was employed, and the
other molecules were synthesized through electrophilic substitution reaction. The chemical
structures of the target compounds were fully characterized and confirmed using nuclear
magnetic resonance (NMR) spectroscopy and mass spectrometry (MS). For more information on

the synthesis for each molecule please see Schemes 2-2 to 2-9.

2,6-Di(diphenylamine)benzonitrile (0DPABN):
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AL,

diphenylamine (DPA)

Pd(OAc),, P(t-Bu);, t-BuONa, ©/ @

T 3l
ouene refux 2,6-bis(diphenylamino)benzonitrile (0DPABN)

Br Br

2 6-dibromobenzonitrile

Scheme 2-2. Synthesis of oDPABN.

2,6-Dibromobenzonitrile (0.500 g, 1.916 mmol) and diphenylamine (0.979 g, 5.749
mmol) were dissolved in anhydrous toluene (32 mL). To the solution was added sodium tert-
butoxide (t-BuONa, 0.5159¢, 5.366 mmol), P(t-Bu)3 (0.22g, 0.767 mmol), and Pd(OAc)2
(0.0865 g, 0.383 mmol) and the solution degassed by bubbling through argon for 15 min. The
mixture heated at 110 °C under argon for 12 h. Filtration is done by washing with methylene
chloride (MC) and then evaporate the solvent. Crude product was further purified using column
(MC:Hexane 1:3) chromatography (0.54 g, 65 % yield). *H NMR (400 MHz, DMSO-ds) & 7.57

(t, J=8.2 Hz, 1H), 7.36 — 7.21 (m, 8H), 7.08 — 6.90 (m, 14H).

2,6-Di(carbazole)benzonitrile (0CzBN):

0

CN 9H-carbazole (Cz)

Fa, i JF
NaH, DMF, reflux

2,6-difluorobenzonitrile

2,6-di(9H-carbazol-9-yl)benzonitrile (0CzBN)

Scheme 2-3. Synthesis of o0CzBN.
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Under argon atmosphere, 9H-carbazole (501 mg, 3 mmol) was dissolved in dry N,N-
dimethylformamide (30 mL) in a two-neck round-bottom flask equipped with a condenser. The
reaction mixture was cooled to 0 °C, then NaH (120 mg, 3 mmol) was added. The reaction
mixture was slowly warmed to room temperature and stirred for half an hour. After that, 2,6-
difluorobenzonitrile (0.261 g, 1 mmol) was added and the reaction was heated to 150 °C for 16
hours. The reaction was quenched with water and the precipitate was filtered off. The crude
product was purified by column chromatography. The white product was obtained as a powder
(0.393 g, 70% yield). 'H NMR (500 MHz, Chloroform-d) & 8.20 — 8.14 (m, 4H), 8.02 (t, J=8.1

Hz, 1H), 7.79 (d, J=8.1 Hz, 2H), 7.50 (td, J=7.5, 7.0, 1.3 Hz, 4H), 7.39 — 7.34 (m, 8H).

3,5-Di(carbazole)benzonitrile (mCzBN):

CN 9H-carbazole [Cz] /@\
F/©\F t-BuOK, DMF, reflux

3 ,5-difluorobenzonitrile

3,5-di(9H-carbazol-9-yl)benzonitrile (mCzBN)

Scheme 2-4. Synthesis of mCzBN.

Under argon atmosphere, 9H-carbazole (0.502 g, 3 mmol) in dehydrated N,N-
dimethylformamide (10 ml) was added dropwise into a dehydrated N,N- dimethylformamide (10
ml) solution containing t-BuOK (0.449 g, 4 mmol Mw=112.21) for 15 min and stirred for 3 h.

Then, 3,5-difluorobenzonitrile (0.181 g, 1.3 mmol), in dehydrated N,N-dimethylformamide (5

ml) was added dropwise for 15 min. Then the solution was stirred for 10h at 80 OC. The reaction

was quenched by adding 300 ml water and the white precipitate was filtered and dried in
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vacuum. The crude product was purified by reprecipitation with acetone and the white product
was obtained as a powder (0.405 g, 72% yield). 'H NMR (400 MHz, DMSO-ds) & 8.38 (d, J=1.9
Hz, 2H), 8.29 — 8.23 (m, 5H), 7.63 (d, J=8.2 Hz, 4H), 7.49 (ddd, J=8.4, 7.2, 1.3 Hz, 4H), 7.36 —

7.31 (m, 4H).

2,6-Di(10H-phenoxazin-10-yl)benzonitrile (0PheBN):

<8 s

CN H o) CN o)
E E 10H-phenoxazine (Phe) N N
NaH, DMF, reflux
2,6-difluorobenzonitrile 2,6-di(10H-phenoxazin-10-yl)benzonitrile (0PheBN)

Scheme 2-5. Synthesis of oPheBN.

Mineral oil dispersion of sodium hydride (60 %, 0.23 g) was washed with hexane three
times. After vacuum drying for 2 h, it was stirred in DMF (25 mL) under an argon atmosphere.
After 10 min, phenoxazine (0.8 g, 4.4 mmol) was added followed by addition of 2,6-
difluorobenzonitrile (0.29 g, 2.1 mmol). The mixture was stirred for 10 h and poured into iced
water and filtered. After filtration, the greenish product was obtained as a powder (0.80 g, 82 %
yield). The crude product was further purified by sublimation. *H NMR (500 MHz,

CDCl3): 6=8.08 (t, J=8.0 Hz, 1 H), 7.69 (d, J=8.5 Hz, 2 H), 6.78-6.68 (m, 12 H), 5.91 ppm
(d, J=9 Hz, 4 H); 3C NMR (125 MHz, CDCls): 6=145.3, 144.2, 137.7, 133.1, 132.8, 123.7,
123.0, 116.5, 113.1, 112.8 ppm; HRMS (FAB): m/z calcd for C31H19N3O2: 465.1477; found:

465.1477.
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3,5-Di(10H-phenoxazin-10-yl)benzonitrile (mPheBN):
0
LD [
N

CN H
N N
» 0 0

10H-phenoxazine (Phe)

F F NaH, DMF, reflux

3,5-difluorobenzonitrile
3,5-di(10H-phenoxazin-10-yl)benzonitrile (mPheBN)

Scheme 2-6. Synthesis of mPheBN.

mPheBN was synthesized according to the synthetic procedure used for oPHeBN (0.70 g,
72 % yield). The final product was further purified by sublimation. *H NMR (500 MHz,
CDCls): =7.77 (m, 2 H), 7.70 (m, 1 H), 6.75-6.67 (m, 12 H), 5.98 ppm (d, J=7.5 Hz, 4 H); 1*C
NMR (125 MHz, CDCls): 0=144.3, 143.7, 139.4, 134.6, 133.2, 123.7, 123.0, 118.0, 116.9, 116.4,

113.5 ppm; HRMS (FAB): m/z calcd for Cs1H19N3O2: 465.1477; found: 465.1477.

2,6-Di(9,9- dimethylacridane)benzonitrile (0(DMACBN):

X @

CN 9,9-dimethyl-9,10-dihydroacridine
DMA
Br Br ( ©)
Pd,(dba)s, P(t-Bu);HBF,,
2,6-dibromobenzonitrile NaOt-Bu, Toluene 2,6-bis(9,9-dimethylacridin-10(9H)-yl)benzonitrile (0DMAcBN)

Scheme 2-7. Synthesis of oDMACBN.

A mixture of 2,6-dibromobenzonitrile (0.100 g, 0.383 mmol), 9,9- dimethylacridane

(0.185 g, 0.882 mmol, Mw=209.29), tris(dibenzylideneacetone)dipalladium (0.0915 g, 0.100
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mmol, Mw=915.72), tri-tert-butylphosphonium tetrafluoroborate (0.1907 g, 0.657 mmol,
Mw=290.13) and sodium tert-butoxide (0.1263 g, 1.3145 mmol, Mw=96.10) in 8 ml of toluene
was heated and stirred at 110°C. After refluxing for 24 hours, the resulting mixture was diluted
by toluene, and then filtered through Celite. The crude product was dried in vacuo and then
purified by reprecipitation. More purification has been done using column machine
chromatography (silica gel, CH2CI2: n-hexane=1:1 v/v) to yield the title compound as a yellow
solid (0.021g, 11%). *H NMR (400 MHz, Chloroform-d) & 8.14 (t, J = 8.0 Hz, 1H), 7.73 (d,
J=8.1 Hz, 2H), 7.50 (dd, J=7.7, 1.6 Hz, 4H), 7.07 (td, J=7.7, 1.6 Hz, 4H), 7.00 (td, J=7.5, 1.3 Hz,

4H), 6.29 (dd, J=8.0, 1.3 Hz, 4H), 1.70 (s, 12H).

10H-Phenoselenazine (PSeZ):

H
N

H Se, Se0,, 1,
©/ \© Sulfolanc @ @
Se

diphenylamine (DPA) 10H-phenoselenazine (PSeZ)

Scheme 2-8. Synthesis of 10H-Phenoselenazine.

To a mixture of selenium (1.00 g, 12.79 mmol) in sulfolane (5 mL) diphenylamine (2 eq.
25.58 mmol, 4.329g), selenium dioxide (1.20 eq., 15.348mmol, 1.703g) and iodine (0.1 eq.,
1.279 mmol,0.32469) were added. The reaction mixture was sealed in a 100 mL pressure vial
with a Teflon bushing and placed in an oil bath at 150 °C for 5 hours. Upon completion, the
reaction mixture was cooled to room temperature and was filtered through a Celite plug using
dichloromethane (DCM). The solvent was evaporated in vacuo and recrystallized using EtOH
and then subsequently purified twice or thrice by flash chromatography using n-hexane: ethyl
acetate 5:1 to yield a yellow solid (1.01 g, 33%). '*H NMR (400 MHz, DMSO-ds) 6 8.58 (s, 1H),

7.11-7.00 (m, 4H), 6.79 — 6.73 (M, 4H).
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2,6-Di(10H-Phenoselenazine )benzonitrile (0PSeZBN):

H
N

QL

CN 10H-phenoselenazine (PSeZ) Se CN Se

Br Br ] N N

Pd,(dba);, xphos,
2,6-dibromobenzonitrile NaOt-Bu, t-BuOH 2,6-di(10H-phenoselenazin-10-yl)benzonitrile (0PSeZBN)

Scheme 2-9. Synthesis of 0PSeZBN.

2,6-Dibromobenzonitrile (0.0783 g, 0.3 mmol) and PSeZ (0.1772 g, 0.72 mmol) were
dissolved in anhydrous toluene (20 mL) and the solution degassed by bubbling through argon for
15 min. To the solution was added tert-butanol (1.5 mL), Pd2(dba)3 (0.010 g, 3 mol%) and 2-
Dicyclohexylphosphino-2',4',6'-triisopropylbiphenyl (xphos) (0.018 g, 10 mol%) and degassing
continued for an additional 15 min. Sodium tert-butoxide (0.108 g, 1.12 mmol) was added and
the mixture heated at 110 °C under argon for 28 h. Upon cooling to room temperature, water
(~150 mL) was added and the organic products extracted into DCM. The solvent was evaporated
in vacuo and recrystallized using acetone and then subsequently purified by column
chromatography using hexane: ethyl acetate 4:1 to yield a yellow solid (0.10 g, 57%). 1H NMR
(300 MHz, Chloroform-d) & 8.01 (s, 1H), 7.80 (d, J=8.0 Hz, 2H), 6.97 (dt, J=22.7, 7.3 Hz, 11H),

6.48 (d, J=8.2 Hz, 5H).

2.2.3 Computational Method

First, we performed quantum mechanical electronic structure calculations, using

Gaussian 16, for the molecules that we have synthesized in this work and for all the molecules
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listed in Table 2-1, which have been developed and experimentally characterized by other
investigators, as described in the literature. We endeavor to better understand the nature and role
of the frontier orbitals. We used B3LYP and CAM-B3LYP functional with 6-31G(d,p) basis set.
Previous studies have shown hybrid functionals like B3LYP with low HF% underestimate the
vertical transition energies for TADF molecules. However, functionals like CAM-B3LYP with
high HF% can obtain quite accurate results for TADF compounds with high charge transfer
characteristic. Here we have used both of the functionals for the sake of comparison. The CAM-
B3LYP computational results have been presented in this chapter and B3LYP in the appendix A
(Supporting Information for Chapter 2).

The optimized ground state geometries (So) are obtained followed by an analysis of
normal modes of atomic motion to confirm the stability of the optimized structures. The
electronic populations of the HOMO and the LUMO orbitals are calculated to show the position
of electron populations. Time-dependent density functional theory (TD-DFT) are carried out to
study the excited state properties, including transition compositions, vertical excitation energies,
nature of the states, and oscillator strength. Furthermore, natural transition orbitals (NTOs) are
calculated using TD-DFT to analyze the electronic configuration of the low-lying singlet and
triplet states. The effect of solvent was incorporate by self-consistent reaction field method using
polarizable continuum model (PCM) as implemented in Gaussian 16.

To quantify the charge transfer characteristics of the excitations, i.e., the percentage of
CT vs. LE states, we determined the degree of overlap between the natural transition orbitals
before and after electron migration, which are closely delineated by the HOMO and LUMO,
respectively. Essentially, the lower the amount of overlap, the larger the separation of the center

of charge when electrons transition between HOMO and LUMO, and hence, the more substantial
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is the charge transfer. HOMO-LUMO overlap integrals are calculated using multiwfn package

for obtaining a CT amount from the donor to the acceptor.

2.3 Results and Discussion

To identify the key factor that determines the emission bandwidth of TADF emitters, we
review the pertinent literature, summarized in Table 2-1, include several reported compounds in
our computational analysis,?*23 and expand our investigation with a targeted series of new
molecules. In 2016, Chen et al. proposed rotational constraint as an effective strategy to improve
color purity, based on comparing the emission characteristics of two TADF molecules, mPTC
and oPTC (compounds 1 and 2 in Table 2-1).2° Of these, mPTC has the larger rotational barrier
due to meta-placement of two addition phenyl groups on the benzonitrile acceptor, and it indeed
shows a narrower emission band (FWHM = 86 nm) compared to oPTC (FWHM = 97 nm).
However, this difference in FWHM is small, especially when expressed in terms of energies, i.e.,
0.442 and 0.469 eV for mPTC and oPTC, respectively. Moreover, our calculations show that
changing the phenyl substitution position from ortho (0PTC) to meta (mPTC) decreases the
charge transfer characteristics of the molecule, since the phenyl groups become less involved in
the LUMO orbital, which also results in a narrower emission spectrum. The HOMO-LUMO
overlap coefficients for mPTC and oPTC are 0.2531 and 0.1975, respectively. Therefore, mPTC
is equally expected to have a narrower emission spectrum based on its weaker charge transfer
character. Hence, whether the rotation restriction is really responsible for the narrower emission
of mPTC is ambiguous.

The emission band of compound 3 in Table 2.1 is narrower than that of compound 4.2
The authors imply that this is because the rotation between the donor and acceptor group about

the C-C bond is prevented for compound 3. However, they did not provide any computational or
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experimental proof for this hypothesis. Since CH N hydrogen bonding is present in both
compounds, a comparable restricting effect should ensue. Hence, we expect similar torsional
potential energy barriers for the rotation between the donor and acceptor groups in both
compounds. In the series of compounds 5-12 in Table 2.1,%627 the emission spectra become
narrower as the side chains become bulkier, from hydrogen, methyl, to the isopropyl group.
Here as well, the authors attribute the sharper emission spectra to the increased rotational barrier
imposed by steric hindrance. However, converting the FWHM from nm to eV reveals that the
FWHM are essentially the same, or even the reverse trend is observed. Compounds 13 and 14
have about the same FWHM, even though rotation should be more suppressed in 14, as an
additional methyl group is attached to the acceptor. Compounds 15-18, in which the R group is
H, Me, t-Bu, and MeO, respectively, have the same rotational barrier since the side group does
not affect the rotation of the carbazole donor. While the FWHM of these compounds are largely
different on the wavelength scale, once convert to energies, the FWHM values are almost the
same (0.41, 0.40, 0.41, and 0.44 eV), which provides credence to the choice of energy as the
proper spectral scale. Furthermore, our DFT calculations yield similar HOMO/LUMO overlap
coefficients for these four molecules (~0.31), essentially unaffected by the extra R(=Me, t-Bu,
and MeO) groups. In compound 19,? the two phenyl rings are connected to each other, making
it harder for this bulkier group to rotate than in compound 20, where the phenyl rings can rotate
almost freely. Interestingly, the rigidified compound 19 has a broader FWHM than compound
20 (96 nm and 86 nm, respectively). However, converting the FWHM to eV shows that both
molecules have about the same emission bandwidth, suggesting that molecular rotation
restriction negligibly affects the FWHM. These observations are in line with our hypothesis that

charge transfer characteristics dominantly affects the color purity of TADF emitters.
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Finally, Hatakeyama et al.?*>3 recently reported organoboron-based planar TADF
emitters with small AEst and excellent color purity. Their design separates HOMO and LUMO
based on the multiple resonance effect, without D-A alternation. They exhibit ultrapure TADF
color with a FWHM of 28 nm. Following their novel molecular design, Adachi et. al.3! report
another TADF emitter with a FWHM of 34 nm. These sharp TADF emitters all show localized
HOMO and LUMO orbitals and their first singlet state (S1) has LE characteristic rather than CT.

To verify our conjecture, we designed and characterized a series of donor-acceptor
twisted intramolecular charge transfer (TICT) molecules, in which the charge transfer character
and ability to impede intramolecular rotation is systematically varied (Figure 2-2). Benzonitrile
(BN) serves as the acceptor common to all molecules, and the donors include diphenylamine
(DPA), carbazole (Cz), phenoxazine (Phe), 9,10-dihydro-9,9-dimethyl-acridine (DMAC), and
phenoselenazine (PSeZ).3>% oPheBN and mPheBN have previously been investigated in our
group,®+-3 and 0CzBN and mCzBN have been reported in the literature;?33738 all other
molecules are synthesized and characterized for the first time in this work. Using electronic
structure calculations, we explore the HOMO and LUMO electron densities and spatial overlap
of transition orbitals before and after electron migration. The amount of charge transfer can be
assessed based on the degree of spatial overlap between the HOMO and LUMO orbitals.
Therefore, to affect the charge transfer we must control the frontier orbitals of a molecule’s

ground and excited states.
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Figure 2-2. D-A-D TADF molecules investigated in this study.

As shown in Figure 2-3, in general the HOMO and LUMO orbital overlap gradually
decreases as the donor strength increases in this series except for o0 DPABN and 0oCzBN because
diphenyl amine is known to be a stronger donor than carbazole. Even though diphenylamine is a
stronger donor, carbazole induces a stronger HOMO and LUMO separation compare to
diphenylamine. We believe that disconnected two phenyl rings differently contribute to HOMO
electron density than the fused ring donors. Since carbazole is a fused planar ring structure, the
dihedral angle between carbazole and the cyanophenyl acceptor is almost 90 degree. This
prevents the conjugation of the HOMO orbital from extending to the acceptor, and thereby the
HOMO orbital is present mainly on the carbazole group. On the contrary, the two phenyl rings
are not connected in diphenylamine, and the HOMO orbital is extended to the acceptor unit,
resulting in a larger HOMO and LUMO overlap, despite diphenylamine’s stronger donor

strength.
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Figure 2-3. Chemical structures and calculated distributions of HOMOs and LUMOs using CAM-B3LYP/6-
31g(d,p) level in vacuum. Stronger donor results in more separated HOMO and LUMO.

Furthermore, we have measured the photoluminescence spectra of o DPABN and 0CzBN
in various solvents and calculated the degree of red-shifted photoluminescence by
solvatochormism. As can be seen in Figures S3 and S4 in supporting information, the emission
peak of oDPABN shifts from 420 nm in hexane (less polar solvent) to 458 nm in methanol (more
polar solvent), whereas that of 0CzBN shifts from 381 nm in hexane to 449 nm in methanol.
Accordingly, oCzBN shows a more remarkable red shift with increasing solvent polarity. This is
in good agreement with the CT character of the emitting state where a large solvatochromic shift
indicates a prominent CT state,3®#? suggesting a stronger CT character in oCzBN than in
oDPABN.

With the least HOMO-LUMO overlap, oPSeZBN has the strongest charge transfer
character. The normalized HOMO-LUMO overlap integrals yields a coefficient that quantifies
the charge-transfer character of a molecule. These overlap coefficients are listed in Table 2-2
along with a summary comparison of computational and experimental results. Ultraviolet—
visible absorption and photoluminescence spectra of the investigated molecules that were
measured in toluene solutions at room temperature are also depicted in Appendix A (Figure A-1

and A-2).
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Table 2-2. Summary of key computational and experimental results. Energy of first singlet (S;), oscillator strength
(f) energy of first triplet states (T1), and energy gap between S;and T1 (4Est) were calculated using DFT at the
B3LYP/6-31g(d,p) level in vacuum; overlap integral between HOMO and LUMO were calculated at the CAM-
B3LYP/6-31g(d,p) level using multiwfn,*® the experimental 4Est and emission FWHM were measured in 10° M
toluene solution at 25 °C

Compound  Electron Donor S, fla T, AEst®l  AEg H/LE FWHME!  FWHMPI
(eV) V) (V) (eV) overlap (nm) (eV)
oDPABN Diphenylamine 3.15 0.1863 281 0.34 0.313 0.4912 457 0.296
0oCzBN Carbazole 3.08 0.0856 295 0.13 0.192 0.3097 51.8 0.381
oPheBN Phenoxazine 221 0.0000 219 0.02 0.00 0.2234 105.7 0.443
oDMACBN  Acridine 250 0.0000 2.48 0.02 0.00 0.2072 79.9 0.422
oDPSeZBN Phenoselenazine 2.63 0.0000 2.62 0.01 0.00 0.1795 119.1 0.473

[a] Computational results
[b] Experimental results
[c] AEst has been measured by comparing the fluorescence and phosphorescence spectra at liquid nitrogen temperature.

As expected, the calculated AEst decreases as the donor strength increases. Similarly, the
lack of orbital overlap, when spatially separating the HOMO and LUMO involved in the
excitation reduces mixing of electronic wavefunctions, e.g. <n|r"> or CT state, results in a small
AEst but also weak oscillator strength. Therefore, - DPABN, with the largest overlap between
the orbitals involved in the Si transition, has the highest oscillator strength. This value decreases
in this series as we increase the donor strength, while the HOMO-LUMO overlap coefficient
decreases. The experimental AEst values are consistent with the calculated AEsrt, suggesting that
our DFT model works well for this system.

Since the S transition in these molecules are >97% HOMO->LUMO (Table A-2
Appendix A), the HOMO/LUMO overlap coefficient has been used for Si transition. However,
natural transition orbitals (NTOSs) are calculated as well by using TD-DFT to analyze the
electronic configuration of the Si state. In Figure A-6 and Table A-2 in Appendix A one can see
HONTO (highest occupied natural transition orbital) and LUNTO (lowest unoccupied natural

transition orbital) distributions and overlap extents of the first singlet (S1) state for exciton
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transformation. The HOMO/LUMO overlap coefficient has also been given for comparison. As
evident, the HONTO/LUNTO overlap coefficient is almost the same as HOMO/LUMO overlap.
Therefore, the HOMO/LUMO overlap coefficient has been used for the analysis in this work.

Significant emission broadening is observed as the charge-transfer character increases
from DPA to PSeZ, thus reducing the overlap between HOMO and LUMO (Figure 3 & Table 2).
In this series, the substitution position remains unchanged; only the donor strength is varied,
which is accompanied by a change in dihedral angle. As evident in Figure 2-4, we observe a
linear correlation between FWHM and the HOMO-LUMO overlap coefficient.
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Figure 2-4. Correlation between measured FHWM and calculated HOMO/LUMO overlap.

If rotation of the donor group made the emission broader, one would expect that
oDPABN has a broader bandwidth than oCzBN. In the latter, the two phenyl rings in the
carbazole unit are connected to each other, making it harder for this bulkier carbazole to rotate.
By contrast, the phenyl rings on the diphenylamine group can rotate almost freely, as
substantiated by the low torsional potential energy barrier shown in Figure 2-5. However, the
TADF emission spectrum of oDPABN is much sharper than that of o0CzBN; 0.296 eV compared
to 0.381 eV. 0CzBN has stronger charge transfer character (lower HOMO-LUMO overlap, see

Table 2-2), which results in a broader emission bandwidth compared to oDPABN. This is strong
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evidence that charge transfer character controls the emission bandwidth of TADF compounds,

while rotation has a negligible effect.
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Figure 2-5. Torsional potential energy of investigated molecules (ortho position) as a function of donor-acceptor
dihedral angle from DFT calculations at the CAM-B3LYP/6-31g(d,p) level.

We also synthesized the meta version of the carbazole (mCzBN) and phenoxazine
(mPheBN) compounds. The meta position is farther away from the cyano group than the ortho
position. Ortho and meta substituted molecules have about the same charge transfer
characteristic, since their donor strength is the same; only the position of the donor is different.
We analyzed the optimized molecular structures in both So and Sz states, using quantum
mechanical calculations (Figure 2-6(a)). As designed, oPheBN and mPheBN adopt nearly
orthogonal D-A-D conformations between the Phe and the BN units, with dihedral angles of
93.9° and 99.6°, respectively, in the So state, while these dihedral angles are 87.3° and 84.1° in
the S1 state. With 6.6° compared to 15.5°, geometric differences between the ground and excited
states are smaller for oPheBN than for mPheBN. Furthermore, quantum mechanical calculations
reveal that mPheBN has a much lower energy barrier for torsional motion between donor (Phe)
and acceptor (BN) than oPheBN (Figure 2-6(b)). Accordingly, oPheBN is rigid upon
photoexcition due to the steric hindrance imposed by the cyano group. Conversely, mPheBN is

more flexible with the Phe groups at meta positions, where their rotation is less encumbered by
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the cyano group. The same behavior is observed for oCzBN and mCzBN (Figure 2-6(b)). The
torsional potential barrier for carbazole compounds are higher than phenoxazine because the
carbazole group has a five-membered ring that cannot bend out of plane, while the central ring in
phenoxazine bends to lower the molecule’s energy when the dihedral angle is raised.

The HOMO-LUMO overlap coefficents for oPheBn and mPheBN are 0.2234 and 0.2304,
which is why they have similar charge transfer character. Despite the different rotational
restriction caused by the cyano goup in oPheBN, both exhibit about the same FWHM: 0.443 eV
for oPheBN and 0.459 eV for mPheBN. Also, they both exhibit minimal emission broadening
(<0.005 eV) upon thermally activating rotation the temperature range between 5°C and 80°C
(Figure 2-6(c)). Since the rotational barrier is small for mPheBN, increasing the temperature
should provide the Phe group with enough energy to overcome the rotational barrier and broaden
the emission. However, this is not the case. 0CzBN and mCzBN exhibit the same trend (Figure
2-6(b,c)). The torsional barrier for oCzBN is higher than for mCzBN, because of the
interference with the cyano group. Similar to the phenoxazines, both show minimal emission
broadening upon raising the temperature. This strongly supports that D-A rotation negligibly

affects the emission bandwidth of TADF compounds, while charge transfer plays the major role.

33



(@) Ground state (S,) Excited state (S,)
o cN 0 6.6° change in

N N dihedral angle
D—
cN

oPheBN 93.9° 87.3°

/@\ . 15.5° change in
N N 99.6 dihedral angle

mPheBN
1.2 - - - 0.50 ;
: () : : : -e- 0PheBN : 7 077—3—477,4,,.,,g,7776
10— et e EEEEEEPEEPR eeeeeaas - mPheBN  |----- 0.48—----ooee e P T e AR
i : ‘ ‘ - 0CzBN 3 ©@ ‘ ‘ 1
7 . S O SR S -~ mCzBN 777777 _ -
> : : S
) ® aa
B 0.6 @ i s
= I [
2 = S e
i} L 042 R ARRRERREEREE e
A G e S £ A S e R 1 : -e- 0PheBN -e- 0CzBN
0.40—------------ ERRRREE -~ mPheBN -~ mCzBN
0.2 -\ B : : : :
038 & ———————e " ,,,,,,
ol o e o PRI 5P S . ‘ . ‘ . ‘ . ‘
0 50 100 150 200 250 300 350 0 20 40 60 80
D-A Dihedral Angle Temperature "C

Figure 2-6. Chemical structures of oPheBN and mPheBN and the differences in the differences in the optimized
geometries between the ground and first singlet excited states, hydrogens are not shown for clarity. oPheBN shows
6.6° change in the dihedral angles between the donor and acceptor, however, mPheBN shows a higher dihedral
angle change of 15.5°. (b) Torsional potential energy of of oPheBN (black), mPheBN (red), oCzBN (blue), and
mCzBN (purple) as a function of donor-acceptor dihedral angle from DFT calculations at the CAM-B3LYP/6-
31G(d,p) level. (c) Temperature dependence FWHM of oPheBN (black), mPheBN (red), oCzBN (blue), and
mCzBN (purple) in 105 M toluene solution (The FWHM discrepancy between (c) and table 2-1 is because different
fluorimeters were used, but measurements are consistent within each data set).

We also measured the steady state photoluminescence spectra of 0CzBN in various
solvents ranging from hexane (lowest polarity) to methanol (highest polarity). Positive
solvatochromism has been observed as expected. The emission peak red shifts from 381 nm in
hexane to 449 in methanol (Figure A-4(a) Appendix A). Significant emission broadenning is
observed as the polarity of the solvent increases. We have also converted the abscissa unit from
nm to eV (Figure A-4(b) Appendix A). Converting the FWHM to eV reveals that the FWHM
still gets broader as the solvents polarity increases (Figure A-5 Appendix A). In other words, the
same compound, oCzBN, shows different FWWHM depending on the solvent choice. We used the

polarizible continuum model (PCM) at CAM-B3LYP/6-31G(d,p) to incorporate the solvent
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effect. Asitisevidentin Table A-1 (see Appendix A), our DFT results show that the HOMO-
LUMO overlap coefficient of oCzBN decreases as the polarity of the solvent increases. This is
exactly the same trend that we observed from ortho substituted molecules in Figure 2-4.
However, we believe that the PCM model underestimates the solvent effect and changing the
polarity of solvent would have resulted in a noteworthy change in the HOMO-LUMO overlap
coefficients, making the overlap coefficients of oCzBN in various solvents are close to each
other.

Having observed the drastic emission broadening by increasing charge transfer character,
and that restricting molecular rotational has a minimal effect on the color purity of TADF
emitters, LE transitions seem to be the only effective way to improve the color purity. However,
molecules with LE emitter states tend to have rather large AEst, making up-conversion
challenging. As aresult, TADF becomes a matter of optimizing molecular designs so that AEst
is small enough for efficient TADF and the emission is still sharp.

Separating HOMO and LUMO via multiple resonance effect, suggested by Hatakeyama
et al.,?°3 which results in an LE state, is so far the most promising route for high color purity
TADF emission. The molecular resonance TADF molecules presented by Hatakeyama et al,
DABNA1 and DABNAZ2, have the HOMO/LUMO overlap coefficient of 0.6038 and 0.5869,
respectively (calculation done in this work; using B3LYP/6-31G(d,p)), implying their LE
characteristics. As a matter of fact, they have a higher LE characteristic than TADF emitters
with weak donors (like o0 DPABN), narrowing FWHM as small as 14 nm. However, the carbon-
boron bond in these compounds causes poor stability, resulting in significant roll-off in OLED

applications. Moreover, the work by Dias et. al.,** has shown that even with AEst as large as 0.3

eV, 100% TADF efficiency is achievable by introducing a 3nr” triplet state. Also,
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Higginbotham et. al.*> were able to increase the rISC rate to a near 2 orders of magnitude by
mixing the nt* with the donor  orbitals, whereas the singlet-triplet splitting, AEst, remains
unaffected. Therefore, future efforts are directed towards designing TADF molecules with weak
donors, resulting in higher HOMO-LUMO overlap and a narrower emission bandwidth. A
presence of the 3nxt” triplet state is necessary to enhance rISC and compensate for the relatively

large singlet-triplet energy gap.

2.4 Conclusions

In summary, we designed and synthesized a series of D-A-D type TADF emitters and
altered the charge transfer characteristics and rotational restrictions in these molecules.
Compounds with the same rotational barrier show a large increase in FWHM when the charge
transfer character gets stronger. However, even with increased rotational restrictions caused by
the cyano group, emitters showed minimal change in their FWHM. If increased restriction of the
molecular rotation were effective in improving color purity, one would expect broader emission
spectra upon increasing the temperature, since the molecules gain energy to overcome the
rotation barrier. However, temperature has minimal effect on color purity. These results, along
with examining data for various compounds described in the literature, strongly suggest that
molecular rotation restriction negligibly affects the FWHM and that the intrinsic TADF emission
bandwidth is mainly controlled by the charge transfer character. Our combined experimental and
computational results provide understanding about rational molecular design of TADF molecules

with a narrow emission spectrum.
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Chapter 3 The Role of Halogen Bonding in Metal Free Phosphors

3.1 Introduction

Organic light emitting diodes (OLEDSs) based on transition metal complexes have been
widely investigated over recent decades for their display and solid-state lighting applications.! 2
Increasing attention is devoted to phosphorescence materials because they can theoretically
achieve threefold higher internal quantum efficiency than fluorescent alternatives, by harvesting
triplet excitons through intersystem crossing (1SC).2® Most candidates for efficient
phosphorescence are based on heavy element complexes because the presence of a heavy atom
enhances spin—orbit coupling (SOC) interactions,” which, in turn, augment the rate of the spin
forbidden process. Although organometallic materials have high quantum efficiency, they
require expensive and rare elements such as iridium® and platinum.® Organometallic materials
also exhibit short operating lifetimes due to the degradation of weak and unstable metal-ligand
bonds.*°

Unlike organometallics, purely organic materials are less costly, lighter, readily
functionalized, and easily processed. Until now, only a few examples of purely organic
molecules with high phosphorescence quantum yield have been reported.'! This scarcity is
related to the fact that purely organic phosphors often exhibit long-lived triplet states that are
easily dissipated by vibrational effects before emissive decay can take place.” To be competitive
with organometallic OLEDs, in purely organic materials one must (1) suppress vibrations that
could cause non-radiative decays and (2) elevate intersystem crossing rates by increasing spin—

orbit coupling interactions.
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To suppress vibrational relaxation of the triplet manifold, several approaches have been
pursued. In 2011, Bolton et al.! reported enhanced room-temperature phosphorescence (RTP)
from pure organic luminogens utilizing mixed crystals and halogen bonding. They designed
chromophores that contain triplet-producing aromatic aldehyde and triplet-promoting bromine,
and diluted them into the crystal of a bi-halogenated non-carbonyl analogue. One of the crystals
they made is 2,5-dihexyloxy-4-bromobenzaldehyde (Figure 3-1). 2,5-dihexyloxy-1,4-
dibromobenzene (Br6) is a bi-halogenated analogue to Br6A. Br6 is the same as BréA, but with a
second bromine in place of its aldehyde. The resulting mixed crystals exhibit green
phosphorescence with a much higher quantum yield compared to pure Br6A crystals. The
ambient phosphorescence quantum yield for the resulting crystal reached 55%. Using this
finding, they designed a series of purely organic phosphors that emit blue, green, yellow and
orange light. Follow-up studies by Lee et al.'? explored embedding Br6A molecules into a
glassy PMMA polymer film, which exhibits a bright 7.5% phosphorescence quantum yield due
to strong halogen bonding between the bromine of Br6A molecules and the oxygen of PMMA
polymer. Kwon et al.'2 designed a purely organic RTP system with an amorphous polymer
matrix by exploiting strong noncovalent interactions such as hydrogen and halogen bonds, which
effectively suppressed vibrational triplet decay and achieved a high phosphorescence quantum

yield of 24%.
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Figure 3-1. The unit cell structure of the BréA crystal. The a lattice constant is along the x axis, the b lattice
constant is along the y axis, and the c lattice constant is along the z axis.

Furthermore, in 2013, Bergamini et al.* reported outstanding phosphorescence emission
in some environments that impart rigidity. While no phosphorescence is recorded in solution at
room temperature, the reported organic molecule shows a very bright phosphorescence in the
solid state and at low temperature. In another work, Gao et al.*>17 developed phosphorescence
co-crystals based on halogen and hydrogen bonding. This peculiar behavior of phosphorescence
emission in rigid environment is mainly attributed to the suppression of conformational mobility
and bond rotation. However, it is unclear to what extent the halogen bonding contributes to
efficient room temperature phosphorescence and how different halides affect the emission
properties. Therefore, determining their relative influences provides better guidance for future
metal-free organic phosphor development.

To promote ISC rates, a common molecular design for metal-free phosphors involves
addition of a heavy atom to enhance the SOC interactions, which is either part of,*® 1% or external
t0?9-22 the excited molecule. The enhanced SOC interactions promotes spin-forbidden processes
including singlet to triplet ISC and radiative decay from the triplet to the singlet ground state.
Halides, mostly bromine, have been widely used for the heavy atom effect in metal-free organic

phosphors. The heavy atom effect is not the only factor that promotes ISC rates. The presence of
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aromatic carbonyl groups can also enhance the ISC process. The generation of the nzt* state in
aromatic carbonyls enhances ISC rates from an nn* singlet state to a nn* triplet state, or vice
versa, based on the El-Sayed’s rule.?®?* Furthermore, a small energy gap between first singlet
state and the nearest triplet state also enhances ISC process.

In this chapter, we computationally corroborate the existence of halogen bonding
between the halogen and the carbonyl oxygen atoms of adjacent Br6A and other derivatives of
this molecule. Strong halogen bonding in BréA and its derivatives strongly suppresses
vibrational dissipation and enables RTP with high quantum yields. This peculiar behavior is
attributed to the restriction of bond rotation and conformational mobility of the molecule, which
slows down the non-radiative deactivation processes of the phosphorescent excited state. The
underlying mechanism of purely organic phosphor candidates is examined by means of a
detailed computational study based on density functional theory (DFT) and time dependant DFT
(TD-DFT) calculations, revealing the role of halogen bonding. Halogen substituted derivatives
of Br6A as well as different Br6A conformations are investigated. The calculated density of
states (DOS) is used to substantiate the halogen bonding interaction. This paper is organized as
follows: section 2 describes the details of our DFT calculations; in section 3 the results are

discussed; a conclusion and summary are given in section 4.

3.2 Methodologies

Four different Br6A systems are studied: isolated molecules, dimers, chains formed along
the y-axis, which coincides with the halogen bond direction, and three-dimensional crystals.
Isolated molecules are compared with dimers and chains in order to investigate the halogen
bonding effect. All calculations are performed using plane-wave DFT as implemented in the

Vienna ab-initio simulation package (VASP).? 26 The exchange-correlation energy and
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potential are described by Perdew, Burke and Ernzerhof (PBE) potentials.?” The electron-ion
interaction is described by the projector-augmented wave (PAW) scheme,?® 2° and the electronic
wave functions are expanded by plane waves up to a kinetic energy of 500 eV. The Brillouin
zones are sampled using a 2 x 2 x 2 Monkhorst-Pack mesh for the crystal case®® and Gamma
point for the isolated and dimer cases, since in this case there is no interaction between neighbor
cells. The convergence of the calculated properties with respect to the number of k points and
supercell size is ascertained. The many body dispersion method of Tkatchenko et al.®! is used to
account for van der Waals interactions. The spin-orbit coupling (SOC) was used within the
noncollinear approach as implemented in VASP (see Ref. %),

The calculations have been carried out with and without taking the van der Waals
interactions, spin polarization, and SOC interactions into account. Consequently, the relative
weight of each interaction and its compounding effect in the overall behavior has been
established. The experimental XRD data is only available for Br6A crystal.> However, for the
other halogenated versions of this molecule (aka F6A, CI6A and I6A), no experimental data is
available. The electronic configurations of the halogens are similar; only their size and
electronegativity are different. They do not create any additional dangling bonds nor missing
bonds when substituted. Therefore, it is to be expected that with only one atom exchanged, the
halogen, F6A, CI6A, and I6A have unit cell structures similar to that of Br6A, and that the most
significant changes are manifest in the lattice constants. Hence, using the atomic positions and
orientations of Br6A as the starting coordinates for the new molecules, stable crystalline
structures are derived based on accurate total energy minimization. The lattice constants for
each compound can be determined by varying them independently along all 3 dimensions, and

identifying the combination of a, b, and c values that result in the lowest energy. To validate this

45



approach, we submit a slightly perturbed Br6A configuration to the minimization procedure. The
experimental and calculated lattice constants are summarized in Table 3-1. Optimized lattice
parameters of BréA are found to be 9.51 A, 9.64 A and 10.85 A, while the corresponding
experimental values are 9.51 A, 9.69 A and 10.95 A, respectively. The lattice mismatch between
the two is less than 1 percent for any lattice constant. After judiciously calculating the lattice
constants for the other halogenated version of this molecule, we have analyzed the halogen bond
formation of the X6A (X=F, ClI, Br, and I) molecules using the density of states (DOS), the real
space charge density and the crystal orbital Hamilton population (COHP) analysis, which can
provide important information about the local chemistry of the species.

The TD-DFT calculations were performed using Gaussian 1623 for the molecular dimers.
We used the B3LYP functional with the 6-31G(d,p) basis set, except that for lodine atom we
used the 3-21G basis set. Optimization of the ground state geometries is followed by an analysis
of normal modes of atomic motion to confirm the stability of the optimized structures. The TD-
DFT calculations are then carried out to study the nature of the low-lying excited states.
Furthermore, the natural bond orbital (NBO) analysis is performed on molecular dimers in order

to calculate the second-order E(2) interaction energies.

3.3 Results and Discussion

Single-crystal X-ray diffraction (XRD) data for Br6 A molecules indicates close
proximity between the carbonyl oxygen and the bromine of the neighboring molecule. The
measured value of 2.86 A for the bromine—oxygen halogen bond length is among the shortest
halogen bonds reported®* and suggests definite electronic interaction between the two atoms.
Moreover, phosphorescence from Br6A crystals is strong, but cannot be detected when Br6A is

in solution. These experimental findings strongly suggest that halogen bonding is the prevalent
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reason for the remarkably efficient phosphorescence of BréA. A halogen bond occurs when
there is a net attractive interaction between an electrophilic region associated with a halogen
atom in a molecular entity and a nucleophilic region in another, or the same molecular entity.3
To investigate the existence of halogen bonding, DFT calculations are performed for Br6A
dimers in which the spacing between the Br atom of one of the molecules and the aldehyde
group of the other, i.e., the two moieties expected to form the halogen bond, is systematically
varied. When simulations are carried out without accounting for van der Waals interactions, the
minimum energy of the system occurs at a halogen bond length of 3.025 A. By contrast, when
including van der Waals interactions the molecules of the dimer approach closer to each other
and the equilibrium halogen bond length drops to 2.976 A. Since our system is not spin
polarized, taking spin polarization into account has no effect on the halogen bond length.
However, accounting for SOC interactions shortens to the halogen bond length to 2.936 A. This
trend highlights the interaction between the carbonyl oxygen and the bromine of the neighboring
molecule. Moreover, performing the same calculations for a chain of Br6A molecules shows the
same decreasing trend and clearly reveals the energy-lowering electronic interaction between the
two atoms (Figure 3-1).

The unit cell structure of the Br6A crystal, as derived from experimental XRD data,! is
shown in Figure 3-1. The structures of the other derivatives of this molecule, F6A, CI6A and
I6A, obtained using the approach described above, are geometrically similar, except for the

differences in the unit cell parameters, which are reported in Table 3-1.
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Table 3-1. Calculated and experimental lattice constants for F6A, CI6A, Br6A, and 16A

Lattice

C F6A! CI6A! BreA! Br6A? (error)  I6A!

onstants

a 9.51 A 951 A 951 A 951 A (0%) 951A
9.64 A

b 9.49 A 9.59 A 9.69 A (0.52%) 9.79 A
10.85 A

c 10.95 A 10.95 A 10.95 A (0.91%) 11.05 A

1 Calculated lattice constants
2 Experimental lattice constants

All four halogen species are capable of acting as halogen bond donors and follow a
general trend in terms of bond strength: F < ClI < Br < I, with iodine normally forming the
strongest interactions.®® When the halogen is bonded to an electron-withdrawing moiety, like
phenyl, it is more likely to form stronger halogen bonds.®” According to our calculations, the
halogen bond distance in X6A molecules is 3.15 A, 2.86 A, 2.81 A and 2.77 A for X=F, Cl, Br
and I, respectively, which follows the same trend as in the literature, and indicates that iodine
forms the strongest and fluorine the weakest interaction. We have also calculated the formation
energy of the halogen bonds. The formation energy is the amount of energy released upon the
formation of a bond. Therefore, bond formation is always an exothermic process. As it can be
seen from table 3-2, the bond formation energy for CI, Br, and | are exothermic, which suggests
formation of a strong halogen bond. In these molecules halogen and oxygen are located in close
proximity, closer than the sum of the van der Waals radii (Table 3-2). These anomalously short

intermolecular distances are among the strongest halogen bonds ever reported.
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Table 3-2. Calculated properties of halogen bond interaction for F6A, CI6A, Br6A, and 16A

Crystal F6A CI6A BréA I6A
Halogen Bond Length (A) 3.15 2.86 2.81 2.77
Sum of the van der Waals radius of oxygen 275 3.0 335 355
and halogen (A)

NBO charge on halogen -0.339 +0.049 +0.103 +0.202
Formation energy of the halogen bond (eV) +0.0225 -0.0612 -0.1097 -0.1773
Second-order E(2) interaction energy 0.06 213 439 10.12
(kcal/mol)

The standard procedure of handling halogen interactions is using sigma-hole and lone-
pair to sigma* interactions.®® Therefore, We have carried out a natural bond order B3LYP
analysis of the molecular dimers. As can be seen in table 3-2 (NBO charge on halogen), our
results show the presence of a positive electrostatic region on the outermost portion of the
halogen’s surface known as a s-hole®® for the Cl, Br and | derivatives. However, fluorine has a
negative electronic charge on the outermost portion of its surface, which substantiates the
positive value of the halogen bond formation energy. These findings indicate that the interaction
between F and the neighboring oxygen is repulsive.

The second-order E(2) interaction energies we calculated are reported in Table 3-2. This
analysis is carried out by examining all possible interactions between filled Lewis-type NBOs
and empty non-Lewis NBOs, estimating their energetic importance via 2"%-order perturbation
theory. The strongest interaction is identified for the interaction of the lone-pair orbitals of
oxygen with the adjacent sigma* C-X (X=F, ClI, Br, and 1) bonds of the neighboring molecule.
As expected, bromine and iodine form the strongest halogen bonds with second-order E(2)

interaction energies of 4.39 and 10.12 kcal/mol, respectively.
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The excited-state properties and the nature of the singlet and triplet states of X6A
molecules have been examined using TD-DFT calculations. All the X6A molecules exhibit
(nm*) S1 and (n*) Ts states. After excitation to the (n*) Si state it undergoes efficient
intersystem crossing to the triplet manifold. The presence of oxygen atom in the aldehyde group
generates the nn* state and leads to strong SOC that facilitates intersystem crossing from
(nm*) S1 to (nn*) T3 according to El-Sayed’s rule, %4 followed by internal conversion to the
(nm*) Ta state.

As mentioned earlier, the relaxation of the Br6A crystal yields a lattice constant of
b =9.636 A, and a halogen bond length of 2.807 A. The b lattice constant, as well as the halogen
bond length are deliberately increased to investigate the effect of halogen bonding on the DOS
and the HOMO-LUMO energy gap. As can be seen in Figure 3-2, which shows the DOS near
the HOMO-LUMO gap, decreasing the halogen bond length results in a red shift of the LUMO
states. We surmise that HOMO and LUMO orbitals include mostly oxygen and bromine
interactions, which cause the change in the energy gap. A more precise analysis is provided
below. F6A, CI6A and I6A also exhibit the same trend as Br6A, where 16A exhibits the greatest

decrease in the LUMO energies, since it has the strongest halogen bonding interaction.

BrrO27tA ——
Broo276A
a5 BrrO281A ——
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Br-0 2.96
3 Br0301 A ——
306 A

DOS (au.)

-0.5 o 0.5 15 2 25

1
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Figure 3-2. Total DOS of Br6A Crystal, with different b lattice constant. By decreasing b lattice constant, the
halogen bond length decreases accordingly and there is a red shift in the LUMO states. All spectra are aligned
relative to the Fermi level.
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The projected DOS plot in Figure 3-3 and HOMO-LUMO orbital renders in Figure 3-4
also reveal the contribution of the Br and O in HOMO and LUMO states. It is known that
aromatic aldehydes produce triplet states with high quantum yield at room temperature.*> 4% 1t is
expected that HOMO and LUMO states of Br6A molecule localize on the benzaldehyde group,
but as can be seen in Figure 3-4, the bromine atom also contributes to the HOMO and LUMO
states. Such a contribution may be useful. The configuration of the oxygen of the aromatic
carbonyl group adjacent to a bromine exhibits some degree of spin—orbit coupling. However,
because of the heavy atom effect, bromine shows stronger spin—orbit coupling interactions. In
Br6A molecules, carbonyl oxygen internally, and bromine of the neighboring molecule
externally promote singlet-triplet conversion and improve the phosphorescence property of these

molecules.

Total
Contribution from Br atom
7 Contribution from O atom =———

DOS (a..)
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Figure 3-3. Site projected electronic density of states of Crystal Br6A. Bromine in crystal (blue trace), oxygen in
crystal (red trace), total density of states of Br6A crystal (black trace). All spectra are aligned relative to the Fermi

level.
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Figure 3-4. Calculated distributions of HOMO (bottom) and LUMO (top) orbitals of the Br6 A molecule using
B3LYP/6-31g(d,p) level in vacuum

Among the interesting advantages of the triplet—producing aromatic aldehydes is the
possibility of generating triplet states from other molecules by direct transfer of energy from
carbonyl triplets to a neighboring molecule.*: 43 As mentioned earlier, the quantum yield of
Br6A is enhanced by diluting BréA into the crystals of Br6. We hypothesize that triplet states
produced by Br6A molecules transfer to Bré molecules and the presence of two bromines in the
Br6 molecule increases the spin—orbit coupling interactions, which, in turn, promotes the
phosphorescence emission.

To illustrate the detailed nature of the X-O (X=F, Cl, Br, and 1) halogen bonding, we
illustrate the charge redistribution by means of the electron density difference. The electron
density difference, Ap, directly reveals where and how much the electron gain and loss take
place, and is defined as

Ap = paimer — (Pxea, + Pxea,)

where pgimer 1S the electron density of the combined two molecules of X6A (dimer),
while pye4, and pye4, are the electron densities of the isolated individual molecules, which are
calculated by freezing the atomic positions of the respective dimer system. It should be noted

that Ap is a function of the x-, y-, and z-coordinates, and therefore, it is impossible to give a
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quantitative three-dimensional representation of it in a single figure. Instead, Figure 3-5 shows
the charge density difference plots of X6A with the isosurface level of 0.0006 eA-3, where the
density differences can be qualitatively assessed. Blue and red regions denote loss (depletion)

and gain (accumulation) of charges, respectively.

F6A Cl6A

BréA I6A

R e

Figure 3-5. Charge density difference plots of X6A with the isosurface level of 0.0006 eA-3. Blue and red regions
denote loss (depletion) and gain (accumulation) of charges, respectively. a lattice constant is along x axis, b lattice
constant is along y axis, and c lattice constant is along z axis.

As in many other works,*¢ we chose to calculate the plane-averaged electron density
difference (PAEDD) along the direction of the halogen bonding, which allows for a quantitative
evaluation of electron redistribution upon formation of the halogen bonds. PAEDD is the

average of electron density difference (Ap) on a certain plane, which in this work is defined as

a(y) = %ffA Ap(r)dxdz,
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where Ap(r) is the electron density difference at point r and A is the area of x-z-plane,
perpendicular to the hydrogen bonding direction (y-direction).

Figure 3-6 shows the plane-averaged electron density difference (PAEDD) along the
direction of the halogen bonding, which allows for a quantitative evaluation of electron
redistribution upon formation of these halogen bonds. This figure reveals the nature of halogen
bonding between the halogen X (X=F, Cl, Br, and 1) and the oxygen of the nearest molecule.
Solid lines represent a charge accumulation region and dotted lines represent charge depletion
regions. Accumulation of more charge along the X-O (X=F, ClI, Br, and I) signifies an
enhancement of halogen bonding. Evaluation of the integrals of Ao suggested that the charge
accumulation for the X6As are as follows: F 0.0653 e, CI 0.103 e, Br0.139 e, 1 0.195e. As
expected, I6A exhibits the most accumulation of charge, which is consistent with it forming the

strongest halogen bond, while F6A incurs the least accumulation of charge.
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Figure 3-6. Plot of the plane-averaged electron density difference along the direction of the halogen bonding. The
solid and dotted line represent charge accumulation and depletion, respectively.

The above discussion of charge redistribution into hybrid states is a global view of
overall orbital types and energies. The nature of the halogen bonds can be understood by

considering the crystal orbital Hamilton populations (COHP) analysis.*” 48 The DOS analysis
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shows where the electrons are, but nothing about their bonding character. However, a COHP
diagram shows the bonding (positive values) and antibonding (negative values) contributions to
the band-structure energy. It divides the band-structure energy into orbital-pair interactions; in
other words, it is a bond-weighted DOS between a pair of adjacent atoms. Figure 3-7 shows the
COHP analyses, obtained with the LOBSTER (Local Orbital Basis Suite Towards Electronic-
Structure Reconstruction) code.*® These are normalized by the number of bonds and are
represented with reversed sign, so that positive values of the COHP represent bonding, and
negative values antibonding contributions.

We carried out COHP analyses for different combinations of s, px, py, and pz orbitals
between halogen and the oxygen of the neighboring molecule for X6A (X=F, ClI, br, I). Since
the halogen bonding is in y-direction, we find that only s and py orbitals have large COHP peaks.
Therefore, here, we have only presented the COHP diagrams of the s and py orbitals. In Figure
3-7, for F6A, we notice strong bonding contributions from F2py-O2py in the interval from —

11 eV to -7 eV, but also some antibonding contributions in the intervals from —6 eV to -4 eV and
from -1 eV to 0 eV. However, COHP strength is significantly reduced compared to the other
halogens, which also indicates weak halogen bonding strength in F6A case.

On the other hand, we observe substantial bonding contributions from X-O (X=ClI, Br,
and 1) in the interval from -9 eV to -1 eV, accompanied by smaller antibonding contributions in
the interval from -5 eV to -1 eV. The larger footprint of X-O bonding contributions noticed in
the COHP for 1-O in comparison to X-Br(Cl), compounded with the bonding charge density of
X-0O bonds described earlier, suggests that the bonding contributions increase from Cl, Br, and I,

respectively.
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Figure 3-7. COHP analysis for halogen and Oxygen orbitals. The various components show the dominating orbital
interactions in each case. Note that x axis for F is ten times smaller than others. All spectra are aligned relative to the
Fermi level.

3.4 Conclusions

We report a first-principles quantum mechanical investigation of Br6A and its derivatives
based on DFT and TD-DFT methods, in order to explain experimentally observed properties and
to provide guidance for the design of purely organic phosphorescence compounds. The presence
of halogen bonding in Br6A and other derivatives of this molecule are demonstrated. It is
revealed that iodine forms the strongest halogen bonding interaction and fluorine forms the
weakest interaction. The strong halogen bonding present in crystals of BréA and I6A more
effectively suppress vibrations and prevent non—radiative decays compared to F and Cl

derivatives. Along with suppression of vibration-induced losses, for heavy atoms, spin-orbit
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coupling is large and a change in spin is thus more favorable. Consequently, triplet to singlet
transitions are most common in molecules containing iodine and bromine. This work also
highlights that there is a decrease in electrical energy band gap as larger halogens are involved.
The dependence of energy band gap on the halogen species is important in the context of tuning
molecules for their emission colors. For device fabrication, film forming materials, like
polymers and amorphous solids are preferred. Although these molecules are very promising for
developing purely organic phosphors, they still cannot be used for practical applications because
they require crystalline materials. However, the insights gained from computational analyses can
serve to develop materials design strategies for suppressing vibrational losses in polymers and

amorphous solids.
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Chapter 4 Molecular Design for Fluorene Based Metal Free White Light Emitters

4.1 Introduction

White purely organic light-emitting materials have attracted attention for their practicality
with regard to device implementation.>® Most designs reported so far combine multiple
emissive layers where two or more emissive materials simultaneously emit electromagnetic
radiation that together is perceived as white.*”2 In addition to the emissive layers, this approach
requires charge transport layers to minimize the barriers for charge carriers. For example, Wu et
al.® fabricated an eight-layer white organic light emitting device containing a yellow emissive
layer, two blue emissive layers, and multiple charge transport layers with only 3.9% EQE. In
contrast, single molecule white light emitters (SMWLESs) exhibit several advantages such as
simple device fabrication, higher quantum yield, improved stability, good reproducibility, no
color aging, and no phase aggregation.'® There are three different types of SMWLE devices; (1)
pure fluorescent,**-17 (2) hybrid fluorescent/phosphorescent,'®1° and (3) purely
phosphorescent.®2%21 The exploration of hybrid fluorescent/phosphorescent SMWLEs is of great
importance and attractive since they are promising energy-efficient choices. However, to date
there are a few examples of metal-free hybrid SMWLEs, and they only work under limiting
conditions such as being dissolved in a particular solution® or subject to mechanical stimuli.*®

As mentioned earlier, to achieve bright room temperature phosphorescence, collision-
based vibrational quenching should be suppressed and singlet to triplet ISC and radiative decay
from the triplet to the singlet ground state should be enhanced. The general approach to enhance

singlet to triplet ISC is to use heavy halogens (bromine and iodine) attached to the aromatic unit.
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The heavy atom effect of the bromine or iodine enhances the SOC interactions and promotes
spin-forbidden processes. However, this strategy may not work; for instance, diiodo-boron-
dipyrromethene (diiodo-BODIPY) does not show efficient phosphorescence, even at 77 K,
although it has two heavy iodine atoms.??%3 Moreover, Zhang et. al.?* studied multiple halide
substitution on BODIPY. Phosphorescence occurs when Br substituents are present in BODIPY,
but the increase in the number of Br atoms in the BODIPY core does not change the quantum
yield very significantly. Studies of naphthalene, phenanthrene, and fluorene show the same
results.?>2 Apparently, enhancing the heavy atom effect in organic molecules is not the only
requisite for developing RTP materials.

Thus, controlling the non-radiative deactivation plays a pivotal role in RTP of metal-free
phosphors. The main non-radiative deactivation process is the thermal motion and vibrations of
the phosphors. Therefore, rigid conditions such as doped-crystal,?” or embedding phosphors in
amorphous matrices such as poly(methyl methacrylate) (PMMA)?82° are commonly pursued
methods to suppress non-radiative decay.

Based on a rational design concept encompassing heavy atom effect and rigid molecular
structure, J. Jung® designed a series of metal-free organic phosphors in an amorphous polymer
matrix (Figure 4-1). These molecules (Br-FL series) were embedded into atactic poly(methyl
methacrylate) (aPMMA) and the phosphorescence and fluorescence properties were calculated.
Remarkably, Br-FL3 and Br-FL4 show over 20% fluorescent quantum yield, which is much

higher than the rest of the molecules.
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Figure 4-1. Chemical structures of designed phosphors and their phosphorescent color image upon UV irradiation
(365nm) under N2. Fluorescence and phosphorescence quantum yields of Br-FL compounds (left). Steady state
emission spectra of Br-FL compounds in aPMMA films (right). Figure adopted from Jachun Jung’s thesis.*

While Br-FL3 and Br-FL4 seem to be good candidates for hybrid SMWLEs because they
both exhibit ~25% fluorescent and ~50% phosphorescent (Figure 4-1), the combination of
fluorescent and phosphorescent emissions of these molecules is not perceived as white, but more
in the blue region. Therefore, a modification of these molecules is indicated that red shifts both
fluorescent and phosphorescent emissions without decreasing the quantum yields.

To identify the necessary molecular design changes of SMWLEs, we studied the Br-FL
series using first principles calculations, and we were able to gain a quantitative understanding of
their structure-property relationships. Our computational analysis shows why BrFL3 and BrFL4
have both high quantum yield Fluorescence and Phosphorescence, but other molecules only have
fluorescence emission. Then, we designed new molecules and we were able to shift the

fluorescence and phosphoresce peaks so that the combination of both generates white light.
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4.2 Methodologies

We explored the nature of the frontier orbitals by performing quantum mechanical
calculations using Gaussian 16 program. The optimized ground state geometries (S0) are
obtained at the B3LYP/6-311+G(d,p) level, followed by an analysis of the atomic vibrational
frequencies to confirm the stability of the optimized structures. Time-dependent density
functional theory (TD-DFT) are carried out to study the excited state properties, including
transition configurations, vertical excitation energies, the nature of these states, and oscillator
strength. Furthermore, natural transition orbitals (NTOSs) are calculated using TD-DFT to analyze

the electronic configuration of the low-lying singlet and triplet states.

4.3 Results and Discussion

4.3.1 Effect of Modifying the Functional Group on the Non-bonding Electrons of Oxygen

and the Fluorescence Quantum Yield

To elucidate the nature of the frontier orbitals, we plotted the HOMO-4 to LUMO
orbitals (Figure 4-2). We noticed that the majority of these orbitals are the = and n* orbitals of
the benzene rings. However, one of the frontier orbitals is the non-bonding orbital of oxygen
(e.g. HOMO-3 for BrFLO and HOMO-1 for BrFL1). The inductive effect of electron-
withdrawing groups such as CF3, O, and N changes the energy level of non-bonding orbital, n,

of oxygen atom.
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Figure 4-2. HOMO-4 to LUMO orbitals for Br-FL series.

Br-FL5

Table 4-1 shows where the non-bonding electrons of the oxygen lie and lists the energy

gaps between that orbital and the HOMO. BrFLO, BrFL1 and BrFL5 have a small energy gap

between the non-bonding electrons of the oxygen and the HOMO level. However, the non-

bonding electrons of oxygen lie at HOMO-4 for BrFL3 and BrFL4 and there is an energy gap of

about 1.5 eV for these two molecules. As a result, it is expected that the nm* transitions of

carboxylic acid in BrFL3 and ester in BrFL4 occur at higher energy levels and they are not

involved in fluorescence and phosphorescence emissions.
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Table 4-1. where the non-bonding electrons of oxygen lie and the energy gaps between that orbital and the HOMO

Energy gap with

Orbital HOMO level (eV)
BrFLO HOMO-3 0424
Br-FLI HOMO-1 0.778
Br-FL2 HOMO-1 0711
Br-FL3 HOMO-4 1561
Br-FL4 HOMO-4 1.495
Br-FL5 HOMO-1 0.775

The Energy diagram of the ground state and the excited states of these molecules were
investigated by using TD-DFT calculations, as shown in Figure 4-3. As expected, the four
BrFLO, BrFL1, BrFL2, and BrFL5 molecules have low-lying ‘nn* and 3nn* states. However, the
nm* and 3nn* states for BrFL3 and BrFL4 molecules lie at Ssand Ts. Although the heavy atom
effect of bromine enhances the singlet-to-triplet ISC, I1SC is not allowed for BrFL3 and BrFL4
according to El-Sayed’s rule, which explains the remarkably high fluorescent quantum yields of
BrFL3 and BrFL4. However, both the heavy atom effect and El-Sayed’s rule allow ‘nn*S3nn*
transitions simultaneously to be met for BrFLO, BrFL1, BrFL2, and BrFL5. Thus, singlet to

triplet ISC is much more efficient, and these molecules are very weakly fluorescent.
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Figure 4-3. The nature of the frontier orbitals for Br-FL molecules. The blue lines show nz* orbitals and the red
lines are nm* orbitals. Green lines indicate ground state So. The yellow arrows show the El-Sayed allowed
intersystem crossing routes.

4.3.2 Effect of Extending the Conjugation on Electronic Transitions

Consider the simple case of molecular hydrogen, H2. The molecular orbital (MO)
diagram of hydrogen molecule consists of a bonding o and a higher energy antibonding c*
orbital (as depicted in Figure 4-4). Each hydrogen atom has one electron, therefore, the H:
molecule has two electrons. By the Aufbau principle, the two electrons are placed in the bonding
o orbital. If the H2 molecule was exposed to light with energy of AE=258 kcal/mol an electron
transitions from the HOMO orbital to LUMO orbital. However, as can be seen in Figure 4-4,

when a double bond molecule such as ethene is exposed to light, a =-* transition occurs. In this
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picture, the two p atomic orbitals combine mathematically to form two = molecular orbitals with
different energies. Of these, the bonding = orbital has a lower energy than the p atomic orbitals
from which it is formed. Conversely, the antibonding =* orbital is higher in energy. Because n-

n* energy gaps are narrower than 6-6* gaps, ethene absorbs light with energy of AE=173

kcal/mol.
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Figure 4-4. Energy diagram for the HOMO and LUMO molecular orbitals of hydrogen, ethene, and 1,3-butadiene.

Now, consider the 1,3-butadiene molecule. In this molecule, the four p atomic orbitals of
carbon, designated as C1, C2, C3, and C4 from left to right, combine and form two bonding =
and two antibonding =* orbitals. As can be seen in Figure 4-4, the bonding 1 MO has one
constructive interaction and zero nodes. The bonding 72 MO has one node but two constructive
interactions. Therefore, it is still a bonding orbital. The antibonding n3* MO has two nodes and
one constructive interaction, and the antibonding ms* MO has 3 nodes and zero constructive
interaction. According to the Aufbau principle, the four electrons are placed in the bonding m1

and m2 MO’s. Therefore, the 71 and n2 are the HOMO orbitals and nz and 74 are the LUMOs.
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Because w1 includes a constructive interaction between the C2 and C3 atoms, there is a degree of
conjugation between these two carbons, which explains its shorter bond length and the barrier to
rotation.

1,3-butadiene is the simplest example of a system of conjugated = bonds. In molecules
with extended = conjugations, the HOMO-LUMO energy gap becomes smaller, resulting in a
redshift of the emission peak. Following this principle,*? we designed new molecules based on
the Br-FL series where we extend the conjugation in BrFL3 and BrFl4 molecules.

Therefore, the newly designed molecules, Br-FL4-1 and Br-FL4-1-2, shown in Figure 4-
5, might be good alternatives for hybrid fluorescent/phosphorescent white light emission.
Indeed, the DFT calculations confirm that extending the conjugation shifts the emission to red.
As can be seen in Figure 4-5, Br-FL4-1 and Br-FL4-2 have lower-energy S1 and Ti states.
Moreover, selenium alternatives (Br-FL3-Se & Br-FL4-Se) also show extended conjugation
through the non-bonding electrons of selenium, and they have lower first singlet and triplet
energy levels compare to Br-FL3 and Br-FL4. However, due to the heavy atom effect of
selenium, SOC interactions of Br-FL3-Se & Br-FL4-Se are about twofold stronger than that of
Br-FL3 and Br-FL4 and that might increase the ISC rates, which may result in higher

phosphorescence quantum yield and very low fluorescence yield.
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Figure 4-5. Br-FL3, Br-FL4, the newly designed compounds, and their singlet and triplet energy levels. As it can be
seen, extending the conjugation redshifts the fluorescence and phosphorescence emission peaks.

We have examined the NTO orbitals of suggested molecules. Both Br-Fl4-1 and Br-FL4-
2 have a high energy level 'nn* and 3nn* states. Therefore, we expect high quantum yield
fluorescence and phosphorescence emission for these molecules, similar to what we have seen
for Br-FL4 itself. Therefore, we suggest these two molecules as potential candidates for
SMWLEs. Further experimental synthesis and measurements are needed to verify the nature of

dual fluorescence/phosphorescence emission of these molecules.

4.4 Conclusions and Summary

Luminescent materials are broadly used for imaging and sensing owing to their high
sensitivity, facile detection and prompt response. Practical materials for sensing and imaging
must achieve intense fluorescence and oxygen sensitive phosphorescence. Therefore, hybrid
fluorescent/phosphorescent SMWLESs combine all of these features in one molecular platform,

which is desirable. Developing hybrid fluorescent/phosphorescent SMWLEs with high EQE
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enables us to design state of the art sensing and imaging devices with one easily tunable
molecular platform. Moreover, SMWLEs are useful for lighting application where only one
emissive layer is used for fabricating the device saving cost on fabrication expenses. Previously
in our group, Jaehun Jung®® has synthesized a series of fluorene-based phosphors. Interestingly a
few of these emitters show high quantum yield fluorescence making them ideal for hybrid
fluorescent/phosphorescent SMWLEs. However, the combination of fluorescent and
phosphorescent emission of these molecules is not perceived as white but more in the blue
region. In this work, we investigated these molecules using DFT calculations and we were able
to design some new molecules and shift the emission to red so that the combination of
fluorescent and phosphorescent is perceived as white. Our computation-based predictive design
yielded promising candidate molecules, with potential applications in sensing, imaging, and

lighting.
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Chapter 5 Accurate Prediction of Free Solvation Energy of Organic Molecules via Graph

Based Machine Learning Models from Pairwise Atomistic Interactions

5.1 Introduction

The ability to predict physiochemical and biological properties of organic compounds is
important for developing new materials with specific desired properties. It allows us to compute
properties without time-consuming and costly experiments as well as to discover novel
compounds with extraordinary characteristics. Common strategies to predict such properties are
ab initio quantum mechanical simulations like Hartree-Fock (HF),! density functional theory
(DFT),% 2 molecular dynamics (MD),* ® and hybrid quantum mechanics/molecular mechanics
(QM/MM).® 7 Traditionally, these methods have been widely used to calculate various molecular
properties without requiring input from experiments. High-performance computational
screening based on these approaches has become routine, giving researchers the ability to
simulate the properties of thousands of chemical compounds as part of a single study. However,
their applications in practice may be limited considering the high computational cost of running
these advanced methods, as well as the relatively large margin of error associated with them,
especially for large systems.? As a result, the use of machine learning models has become more
widespread as they are computationally efficient and more accurate.

Recent developments in machine learning (ML), specifically deep learning (DL), have
enabled researchers to predict the structure and properties of complex materials with an accuracy
comparable to computational chemistry methods.® *° A supervised ML algorithm trains a

predictive model using a training set of input-output pairs so that the model is able to predict the
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output given the input. Deep learning models have enabled the use of large datasets where
instead of using hand-crafted features, the models are able to identify hidden patterns in the data
by themselves. In materials science, machine learning is helpful in areas such as new material
discovery and material property prediction.' > Computational chemistry simulations and
experimental measurements are two conventional methods that are widely adopted in the field of
materials science. However, it is difficult to use these two methods to accelerate materials
discovery and design because they are often time consuming and inefficient. With the launch of
the Materials Genome Initiative, a large effort has been made by material scientists to collect
extensive datasets of materials properties, including pre-existing computational simulation
results and experimental measurements. Machine learning techniques are then used for finding
patterns in these high-dimensional data, providing a fast and reliable approach for predicting the
inherent properties of a large number of candidate molecules. In recent years, ML algorithms
have been widely used for material property prediction. They are often used in combination with
quantum chemistry simulations such as DFT and MD for applications such as excited state
dynamics,*3-17 solubility of organic molecules,'®?! bandgap of inorganic compounds,?? and
thermodynamic stability.?

Using ab initio methods or MD simulations, the set of Cartesian coordinates
corresponding to the atomic positions in 3D space serve as a fundamental identifier of molecules
and materials structures. It is a long-recognized tenet of this discipline to relate materials
properties to the geometry and energy of a molecular system, which has been amply
demonstrated by solving the Schrodinger equation or Newton’s equation of motion in
conjunction with the formalisms of statistical thermodynamics. However, when using ML

algorithms, the atomic positions in 3D space are not the only identifiers of a molecule from
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which to derive its properties. In recent years, scientists have come up with various molecular
representations for material property prediction.*> Some of these different molecular
representations are: (1) SMILES 24 25 that uses short character strings to describe the structure of
chemical species; (2) Extended Connectivity Fingerprints (ECFPs)?% 27 that breaks molecules
into local neighborhoods and hashes them into a bit vector of an specified size; (3) Electronic
density? 2% which is the measure of the probability of an electron being present at an
infinitesimal element of space; (4) Coulomb matrix'° which reflect the forces between each pair
of atoms; (5) 3D geometry which is similar to inputs for DFT and MD simulations; (6) Bag of
bonds and fragments; (7) Chemical environments;*° and etc. The advantage of ML algorithms is
that they can utilize a variety of molecular representations, giving scientists the ability to select
the best representation for the property of interest. In addition to the references cited above, we
recommend references!-33 for readers interested in these topics.

Among the possible choices, molecules can be expressed in the form of graphs, with the
inclusion of the chemical information. Graphs provide a natural way of describing molecular
structures, e.g., representing atoms by nodes and chemical bonds by edges. In addition, basic
chemical information can be encoded in the molecular graphs. This chemical information
includes atomic features such as atom type and ionic radius, bond features such as bond type and
conjugation, and molecular features such as polarity and molecular weight. Then, a graph-based
DL procedure such as Graph Neural Network (GNN) can be used to train a model. Graph
theoretical approaches have been widely used to analyze chemical compounds,3* crystal
structures, and even for the representation of reactions.®

Solvation free energy is the free energy change associated with the transfer of a solute

molecule from ideal gas to a solvent at specific pressure and temperature. Solvation free energy,
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which describes the interaction between solvent and dissolved molecules, is an important index
in the fields of organic synthesis, 3" medicinal chemistry,® 3 drug delivery,*® electrochemical
redox reactions,** %2 biological processes such as DNA and protein interaction,*® protein
folding,* electronic and vibrational properties of biomolecules,*> 6 etc. Accurate solvation free
energy determination is a time-consuming and costly process. It would be particularly useful to
assess solvation free energy in the absence of a physical sample as some molecules can be
difficult or time-consuming to synthesize. ML models can predict multiple molecular properties
prior to synthesis, avoiding the process entirely for molecules that do not demonstrate the desired
properties. This can be helpful for many material design applications including developing
metal-free organic emissive materials.

Recent studies demonstrated that ML models can successfully predict the solvation free
energy of solutes in aqueous solutions (aka hydration free energy).?% 2147 Most of these ML
models show an accuracy better than or comparable to ab initio simulations. ML models also
require much shorter calculation time than computer simulations. While computational
chemistry simulations can take up to a day for a single calculation, ML models can predict the
solvation free energy of thousands of molecules in a few hours using a personal computer.
Unfortunately, most ML models for solvation have been limited to aqueous solutions.

In the present work, we introduce a novel approach for predicting solvation free energy
of solvent-solute pairs. Herein, we have used the graph-based models: Message Passing Neural
Network (MPNN) and Graph Attention Network (GAT). The results demonstrate that our graph-
based models outperform the descriptor-based models and other graph-based models in the
literature in terms of prediction accuracy and computational efficiency. The novelty of our

model is that we take pair-wise interactions of solute and solvent into consideration. We believe
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this methodology can be applied in other molecular property prediction beyond solvation free
energy.

This chapter is organized as follows: section 2 describes the embedding method for graph
representation of molecules, a brief introduction on how MPNN and GAT models work, and
feature aggregation. In section 3, the model architecture, our results, and the performance of
each approach are demonstrated in detail. In section 4, we discuss the novelty of our models,
their sources of error, and compare their performance with both MD and DFT simulation, as well
as other ML models. In the last section, we conclude our work and discuss directions for future

work.

5.2 Methods

5.2.1 Graph Representation of Molecules

In graph neural networks, the first step is to encode the molecule as a graph. In graph
representation of molecule, the atoms and bonds that make up a molecule are mapped into sets of
nodes and edges. The graph is then augmented by the given information of the molecule which
is stored as node (atom) features and edge (bond) features.

Node Features: We use 8 features for each node where, after converting categorical
features to one-hot vectors, each node is represented by a 31-dimensional vector. These 8
features are:

1. The type of the atom is encoded as a 10-dimensional one-hot vector where the 10
choices are: Carbon, Nitrogen, Oxygen, Fluorine. Phosphorus, Sulfur, Clorine. Bromine. lodine,
or other atoms.

2. The formal charge of the atom represented as an integer.
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3. Hybridization of the atom encoded as a 3-dimensional one-hot vector with

29 ¢

categories “sp,” “sp2,” and “sp3.”
4. Hydrogen bonding: A one-hot vector of whether this atom is a hydrogen bond

donor or acceptor.

5. Aromatic: A one-hot vector of whether the atom belongs to an aromatic ring.
6. Degree: A one-hot vector of the degree (0-5) of the atom. Degree is the number of
bonded neighbors.

7. Number of Hydrogens: A one-hot vector of the number of hydrogens (0-4) to
which the atom is connected.

8. Calculated Partial charge.

Edge features: Each edge between the nodes in the graph contains 4 features. After
converting the categorical features to one-hot vectors, each edge is represented by a 11-

dimensional vector. These 4 features are:

1. Bond type: A one-hot vector of the bond type, “single,” “double,” “triple," or
“aromatic.”

2. Same ring: A one-hot vector of whether the atoms in the pair are in the same ring.

3. Conjugated: A one-hot vector of whether the bond is conjugated or not.

4. Stereo: A one-hot vector of the stereo configuration of a bond.

In Figure 5-1 we have shown the molecule 2-Nitrotoluene as an example. It can be noted
that the features are either numerical or categorical. The categorical features are encoded as one-
hot vectors, e.g., if there are five possible categories and the atom (or edge) is of category three,
that feature is represented by a 5-dimensional vector where the third element is one and the rest

is zero.
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Figure 5-1. Example of node (atom) and edge (bond) features for a sample molecule, 2-Nitrotoluene.

Once the molecule is transformed into its graph representation, it is fed into the encoder
layer of the model. As we detail below, we use two different encoder models: MPNN and GAT.
Each of these models take the graph object as input and output a learned representation of it such

that the information of different atoms and edges are aggregated.

5.2.2 Message Passing Neural Network (MPNN)

In this work, we utilize and train an MPNN“® 49 architecture to generate vectors
representing solvent and solute molecules. In this section we describe the MPNN framework in
more detail. Let G be the graph representation of a molecule (solute or solvent), where for each
node v we have its feature vector h9, and for each edge w we have its feature vector ew. The
MPNN model goes through a number of message passing steps where at each step t, the node v’s

feature vector is updated to. The update rule is:



mt = > My (hi, by, en,)

w EN(v)
hitt = U (hy, mpth)

where N(v) denotes to the v’s neighboring nodes in G, and Mt and Ut are arbitrary functions that

depends on hidden states and edges of the neighbouring nodes. For readers interested in further

reading on this we recommend references cited above.

As mentioned above, the size of the vectors in our problem is 31 (the number of the
features after converting categorical features to one-hot vectors). However, the size of the
feature vectors after message passing phase is set to be 64. This is a hyperparameter that can be
tuned. The message passing phase runs for t = 6 iteration steps which is defined as the number of

times we update the output vector representation for each node.

5.2.3 Graph Attention Network (GAT)

Introduced in reference [50], the GAT model is made of graph attention layers. A graph
attention layer maps a set of node features to a new set of node features using a soft-attention
mechanism. In short, for a given node, the graph attention layer outputs a weighted average of it
and its neighbors’ features where the weights are not fixed and are input-dependent. More

specifically, for a given node v and its feature-vector hv € RF, the graph attention mechanism

outputs k!, € RF' where:

h = Z a,, Wh,

w EN(v)
where w € RF'*F s a projection matrix and F’ is the dimension of hidden features. In many

cases, a non-linearity is also applied to the linear combination. The attention mechanism works
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such that the weights aw are determined based on the graph features. To make sure the weights
are normalized, they are computed using a softmax formula:

oL@ [Why|IWhy)

Ay =
" Y ey e1@T Whol Wiy )

where | is an activation function (we use the LeakyReLU function), || stands for concatenation,
and a is a parameter vector in R?". The extension of a graph attention layer to multi-head
attention is performed by using several projection matrices and then concatenating the resulting
hidden features.

Looking at the above formulas, it is clear that the attention mechanism adds a large
amount of flexibility to the model architecture; unlike graph convolutional layers, the attention
layer is capable of assigning different levels of importance to each of the neighboring nodes in a
dynamic fashion. Furthermore, it adds interpretability to the model as one can investigate the
neighbors that get the highest weight. In our exploration, we use a GAT model with two
attention layers for the solvent and solute encoders with F’ = 42 for both layers of the solvent
encoder and F' = 12 for both layers of the solute model. We use multi-headed attention with 4

heads in all layers of both models.

5.2.4 Feature Aggregation

After passing the molecule graph through GAT or MPNN models, the encoded output is
a matrix with a size of [number of nodes x 64]. The main problem is that different molecules will
be encoded into representations of different sizes, since different molecules have different
number of nodes. To be able to feed this representation into existing neural network architectures
(e.g. feed-forward layer), it is necessary to aggregate the information in the encoded graph

representations of different size into a feature-vector with a fixed size. To provide this capability,
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we use the set2set by Vinyals et al.,> and weightedsum&max (as implemented in DGL
package®?) readout functions for MPNN and GAT models, respectively. Given the encoded
graph, the set2set (or weightedsum&max) layer computes a feature-vector for the whole graph
using a readout function R:

= R({hylv € G}),

Further using the MPNN (or GAT) model, the input graph is encoded into a graph
represented by a matrix with a size of [number of nodes x 64]. The set2set (or
weightedsum&max) layer maps this matrix into a vector size of 128.

The final step is to aggregate the information of the solvent and solute molecules and
make a prediction. This is done by simply concatenating the two molecules’ feature vectors and
then passing it through a multilayer perception (MLP) layer. The MLP layer then outputs the
predicted solvation energy. The overall flow of the model is shown in Figure 5-2. Note that the
message function Mt, update function Ut, graph attention mechanism, and the readout functions

are all learned differentiable functions.
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Figure 5-2. The fundamental architecture of the model (top left), an example of the model with methanol as the
solvent and chlorobenzene as the solute (top right), and an explanation describing how the model works (bottom).

5.3 Computational Setup and Results

In this study, 5,952 data points for non-aqueous solvents are collected from the
Solv@TUM database version 1.0.53-°¢ This dataset contains a collection of experimentally
measured partition coefficients for a large number of molecular solutes in non-aqueous solvents.
There are 657 unique organic solvents and 146 unique organic solutes. The partition coefficients
are then converted to solvation free energies in kcal/mol. Finally, the SMILES representation of
5,952 solute-solvent pairs and their solvation free energy in kcal/mol are prepared for the

machine learning input. Because the Solv@TUM dataset only contains common names of the
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solvents, an automated search is performed using PubChemPy®’ library in order to obtain the
SMILES strings of the compounds. For a small fraction of molecules, less than 1%, whose
compound names are not valid in PubChem database, their SMILES strings are manually added
to the dataset.

For implementation of the neural network, we use PyTorch framework. At the very first
stage (Figure 2), the SMILES representations are converted to a Deepchem graph object using
the MolGraphConv®® featurizer as implemented in Deepchem.%® The graph objects have 8
features for each node (atom) and 4 features for each edge (bond). The MPNN (or GAT)
function is then applied to the graph objects, which generates a unique matrix for each molecule.
The resulting matrix is then fed into a readout phase which computes a feature vector for the
whole graph using a given readout function (MPNN uses set2set and GAT uses
WeightedSumAndMax). Then we concatenate the vectors representing each solute and solvent
pair. The resulting vector is then used in a MLP model to predict the solvation free energy. The
MLP consists of 3 hidden layers, with 256, 256, and 128 hidden neurons, respectively.

The dataset is split into train, validation, and test sets in an 8:1:1 ratio. The train set has
been used for training the models, while the validation set is used to give an estimate of model
accuracy while tuning the model’s hyperparameters. We perform an extensive grid search for
tuning hyperparameters: learning rates, learning algorithms, and dimensions of hidden layers.
We choose the stochastic gradient descent (SGD) algorithm with Nesterov momentum, whose
learning rate is 0.02, and 0.005 and momentum is 0.9, and 0.9 for the MPNN and GAT models,
respectively. We also added a cosine annealing scheduler®® to the optimizer. The test set is then
used to give an unbiased estimate of the accuracy of the final tuned model. To minimize the

variance of the test runs we take an average of results over 10 independent runs.
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The performance of the two proposed models is shown in Figure 5-3. For comparison,

the performances of two other ML models proposed by Lim & Jung?® 8! are also shown in this

figure. We can see that both of our novel models perform better than the two example models

proposed in the literature. Moreover, from Figure 5-3, we can also see that the prediction errors

for the MPNN model are 0.38 kcal/mol in RMSE and 0.22 kcal/mol in MAE, while results from

the GAT model have an error of 0.25 kcal/mol in RMSE and 0.14 kcal/mol in MAE. Together,

these results indicate that the GAT architecture is the more suitable novel model for free

solvation energy prediction. Our GAT model has the lowest error obtained in any classical,

quantum-mechanical, or ML based model for free solvation energy prediction.
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Figure 5-3. Figure 3: MAE (top left) and RMSE (top right) for Solvation free energy models for test dataset. MPNN
and GAT are done in this study. Scatter plot for true (y-axis) and ML predicted (x-axis) values of solvation energies

for MPNN (bottom left), and GAT (bottom right). All results are averaged over 10 independent runs.
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5.4 Discussion

In recent years, researchers have been widely used DFT %2 6 MD,% and QM/MM?®®
simulations to predict the solvation free energy of organic molecules in various solvents.

Despite the initial success of these methods, they are computationally expensive, often taking
days to process one calculation. Additionally, they are complicated to set up even for experts;
one needs to benchmark a variety of functional and basis sets (for DFT simulations), and force
fields (for MD simulations) to find the best hyperparameters for the simulations. Furthermore,
these hyperparameters are usually different from molecule to molecule, meaning that new
hyperparameters must be set for every molecular system. Finally, these computational chemistry
methods show a low accuracy with a mean absolute error (MAE) in the range of 0.6-1.0
kcal/mol.?® However, our GAT and MPNN models are computationally cheaper and easier to set
up with a much lower MAE of 0.14 and 0.22 kcal/mol, respectively.

Figure 5-4 shows the MAE and the number of compounds in the dataset for different
solvents. The MAE is calculated based on the prediction of the test dataset. As can be seen from
this figure, the MAE tends to be larger for the solvents that present less in the dataset. For
example, the solvents 2-Ethylhexanol, M-cresol, and 2-Picoline only represent 2, 5, and 6 of the
total number of compounds in the dataset and have an average absolute error of 3.51, 1.43, and
0.73 kcal/mol, respectively. Clearly, the more data points that are available for each solvent, the
lower the mean absolute error. To lower the MAE for all solvents to more equitable levels, we

must gather more extensive data for each solvent.
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Figure 5-4. The mean absolute error and the number of compounds in the dataset for different solvents. The mean
absolute error is calculated based on the prediction of the test dataset. The mean absolute error tends to be larger for
the solvents that present less in the dataset.

The Solv@TUM database contains a collection of experimentally measured solvation
free energy of solutes in non-aqueous solvents. The data has been compiled from the works of at
least 68 references. It is apparent that each entry has been measured in somewhat different

experimental conditions, with different equipment. Moreover, each entry has been measured by

different researchers and it is obvious that there might be some procedural error in the
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experimental values as well. We believe that since our model is trained based on this dirty and
coarse data, the small MAE of 0.14 kcal/mol for the GAT model is somewhat inevitable.
Moreover, our model’s error is in the range of the measurement errors of experimentally
measured solvation free energies. Thus, it would not be realistic to have a lower prediction error.

A validation dataset is a sample of data held back from model training that is used to give
an estimate of model accuracy, while it simultaneously serves to tuning the model’s
hyperparameters. The test dataset is also held back from the model training but, in contrast, it is
used to give an unbiased estimate of the accuracy of the final tuned model. There has been a
trend in literature, especially in material property prediction, that researchers disregard validation
datasets and use test datasets for both hyperparameter tuning and reporting the accuracy of the
final tuned model. We believe that for an unbiased model training, it is crucial for any ML study
to have validation and test datasets. Unlike the work done by Lim & Jung? ! for solvation free
energy prediction and some other studies for material property prediction, we used the validation
dataset for hyperparameter tuning and we reported the accuracy of the model using the test
dataset. We believe that this approach should also be employed by other researchers so that an
unbiased estimate of the skill of the final tuned model could be computed.

There exist descriptor-based ML models, which rather than encoding the structure of a
compound as a graph, instead the physicochemical, structural, and electronic properties of
compounds are separately calculated and manually added to the model.%¢ The Dragon
software,” for example, can calculate 5,270 molecular descriptors. These molecular descriptors
are then used as input features to predict the property of interest. However, having this many
features may not be effective, as they increase the complexity of the model while it may not help

much to improve the prediction accuracy. Moreover, the descriptors could be strongly
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correlated; for example, adding atomic mass as an additional feature might not be useful since it
is straightforwardly mapped to the atom types and thus already reflected in the atom type
information. Moreover, some of the features might be irrelevant to determining the property of
interest, and therefore negatively impact model performance. For example, in the free solvation
energy prediction features like "ring bridge count” might be totally extraneous. Therefore,
researchers should extensively search and find those features which contribute most to the
prediction variable in which we are interested in, while at the same time try to reduce overfitting,
improve accuracy, and reduce training time. This makes setting up the ML model so difficult
and exclusive to the prediction output. On the other hand, the graph molecular representation
used in this work, only requires 8 and 4 features for each atom and bond, respectively. The
graph-based models are capable of generating and evaluating the physicochemical, structural,
and electronic properties of the compounds using this minimal number of features. Using the
graph structure and the given atom and bond features, these models directly compute a feature
vector of desired size, which perfectly predicts the property of interest with a significantly low
error. This makes the ML setup so easy, fast, and, more importantly, flexible so that it can be

used for any desired molecular property prediction.

5.5 Conclusions

In this study, two novel deep learning architectures, MPNN and GAT, are applied for free
solvation energy predictions. Each solute-solvent pair molecule is first converted to graph
objects. Each node (atom) has 8 atomic features: atom types, formal charges, hybridization,
hydrogen bonding, aromaticity, degree, number of hydrogens, and partial charge. Each edge
(bond) has 4 features: bond type, same ring, conjugation, and stereo configuration. Then MPNN

(or GAT) are applied to the solute and solvent pair separately. The resulting vector feature
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representing solute and solvent are then concatenated and used in an MLP layer to predict the
solvation free energy. Our deep learning architectures show better prediction than state of the art
deep learning and quantum mechanical methods in terms of RMSE and MAE. The MPNN model
has an error of 0.38 kcal/mol in RMSE and 0.22 kcal/mol in MAE, while results from the GAT
model show an error of 0.25 kcal/mol in RMSE and 0.14 kcal/mol in MAE. This is the most
accurate free solvation energy calculation in the literature to the best of our knowledge.

Most of the deep learning methods for solubility and solvation free energy only consider
one solvent. The novelty of our neural network model is that we take pair-wise interaction of
solute and solvent into consideration. We believe our architecture can be used for pair-wise
interactions such as solvent-solute, protein-ligand, etc. Also, unlike chemical descriptor-based
models, our neural network architecture can find the physicochemical and molecular properties
needed for solvation free energy calculations with only a few atom and bond features. This
makes our model so flexible that can be used to learn and predict various molecular properties.
This methodology can be applied in other molecular property predictions beyond solvation free
energy. We believe such promising predictive models will be applicable to enhancing the
efficiency of the screening of drug molecules, essentially as a useful tool to promote the

development of molecular pharmaceutics.
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Chapter 6 Conclusion

Emissive materials are inevitable components in modern and emerging technologies such
as solid-state lighting, electronic display, bio and chemical sensors for detection of various
targets, bio-probes for imaging, and bioelectronics for optical stimulation. Unlike inorganic
semiconductors, organic semiconductors can produce singlet and triplet excitons depending on
their electrons’ spin state upon excitation. In an OLED device, electrically injected uncorrelated
charge carriers form singlet and triplet excitons in a 1:3 ratio. However, only the singlet excitons
induce fluorescent emission, which limits the internal quantum efficiency (IQE) of fluorescent
dyes to only 25%.

The goal of OLED research is to overcome the limitation imposed by forbidden decay
from triplet states. In order to harness both singlet and triplet states for light emission
applications, phosphorescent materials such as Ir and Pt complexes can be used to accelerate the
intersystem crossing (ISC) owing to the heavy atom effect. Heavy atoms such as bromine has
also been used for development of purely organic phosphorescence materials. Another
promising pathway to achieve 100% IQE is to enhance T1to Si reverse intersystem crossing
(rISC) by carefully designing organic molecules that exhibit a small energy gap (A4Est) between
S1 and T1 levels. This allows for non-radiative triplet states to up-convert to radiative singlet
states, a process called thermally activated delayed fluorescence (TADF).

Despite the advantages of TADF materials like full usage of triplet excitons, their

intrinsic limitation is the broad emission that reduces color purity. It has been long hypothesized
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that rotation between donor and acceptor is the major cause of color purity issues since
conventional TADF molecules typically involve large dihedral angle to introduce twisted
intramolecular charge transfer (TICT). However, in chapter 2, we have shown that charge
transfer characteristics play the pivotal role and determines the emission bandwidth of the TADF
emitters. Our results suggest that a higher HOMO-LUMO overlap results in a narrower emission
bandwidth. However, substantial HOMO-LUMO overlap also leads to a larger AEst, which
decreases the efficiency of the TADF emitters. Therefore, future efforts are directed towards
designing TADF molecules with a higher HOMO-LUMO overlap; A presence of the 3nx” triplet
state is necessary to enhance rISC and compensate for the relatively large singlet-triplet energy
gap.

Room-temperature phosphorescence from metal-free purely organic phosphors has
attracted considerable interests for optical imaging in biology because of the unclear toxicities
and high costs of the metal complexes. Without having metals with a heavy nucleus, purely
organic molecules severely suffer from weak spin-orbit coupling interactions and consequently
predominant non-radiative decay routes. Various design principles are adopted for purely
organic phosphor exhibiting bright room-temperature phosphorescence; one of which is to use
strong halogen bonding between bromine and the hydrogen of the neighboring molecules, which
reduces the non-radiative decays by rigidification of the system. In chapter 3, we have shown
how halogen bonding can effectively suppress vibrations and prevent non—radiative decays.
Although these molecules are very promising for developing purely organic phosphors, they still
cannot be used for practical applications because they require crystalline materials. Therefore,
future efforts are directed towards designing molecular frameworks that can emit

phosphorescence in solution or in an amorphous polymer matrix. Moreover, the emission
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lifetime of the purely organic phosphors is as fast as millisecond regime, limiting their practical
OLED applications. Thus, a breakthrough in material design of organic phosphor is demanding.

Hybrid fluorescent/phosphorescent single molecule white light emitters (SMWLE) has
attracted considerable interest in lighting, sensing, and imaging applications. Moreover,
SMWLEs are useful for lighting application where only one emissive layer is used for
fabricating the device saving cost on fabrication expenses. In chapter 4, we have designed a
fluorine-based molecular framework for developing white OLEDs by combining fluorescent and
phosphorescent from a single molecule. We believe a rigid structure is essential for efficient
phosphorescence emission so that the vibration is suppressed. Also, the fluorescence emission
can be enhanced by suppressing the Si to T1 El-Sayed enhanced intersystem crossing. Therefore,
future efforts are directed towards synthesizing the suggested molecules and verifying the
computational results presented in this chapter.

The primary objective of this thesis is to develop computational-driven rational molecular
design principles of purely organic compounds for OLEDSs. In our research strategy, we
synergistically combine computation and experiments. In this effective research approach,
computation is guiding experiments by predicting molecular and structural blueprints with
specified performance characteristics and by helping to interpret experimental observations.
Accordingly, the workflow encompasses:

1. Devising molecular design strategies based on past research experiences, literature
review, etc.
2. Conceiving of candidate molecular building blocks and prediction of their properties,

gauging their potential application for OLED applications.
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3. Screening of a large number of candidate molecules derived from these basic building
blocks, using DFT-based prediction of their ground state geometries, followed by a
vibrational frequency analysis to confirm the stability of the optimized structures. Time-
dependent density functional theory (TD-DFT) are carried out to study the excited state
properties, including transition compositions, vertical excitation energies, nature of the
states, and oscillator strength. Furthermore, natural transition orbitals (NTOs) are
calculated using TD-DFT to analyze the electronic configuration of the low-lying singlet
and triplet states. Molecular dynamic (MD) simulations can also be used to study the
molecular conformations and analyzing the physical movements of atoms and molecules.

4. ldentifying the most promising molecular candidates based on the simulation results, and
developing chemical synthesis routes for selected candidates.

5. Characterizing the structures of synthesized materials and measuring their opto-electronic
properties. Characterization includes studying the *H NMR, *C NMR, and Mass
Spectrometry spectra. Opto-electronic measurements includes UV-visible absorption
spectra, fluorescence, and phosphorescence emission spectra, experimental AEst by
comparing the fluorescence and phosphorescence spectra, steady state and delayed
emission spectra, temperature dependent emission spectra, etc.

6. Analyzing the findings and validating the predictive design simulation framework.
Governing principles underlying materials properties are identified which provides
feedback to improve the design concepts conjectured in step 1.

We have succeeded this research approach and workflow in different projects presented
in this thesis. Although for most of the computational studies presented in chapter 2, 3, and 4,

guantum chemical simulations have been used, molecular dynamics simulations can also be used
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where appropriate. DFT, MD, and hybrid quantum mechanics/molecular mechanics (QM/MM)
are common strategies for predicting molecular properties and conformational studies.
Traditionally, these methods have been widely used to calculate various molecular properties
without experimentation. High-performance computational screening based on these approaches
has become routine, giving researchers the ability to simulate the properties of thousands of
chemical compounds as part of a single study. However, their applications in real practice may
be limited considering the high computational cost of running these advanced methods, as well
as their low accuracy, especially for large systems. In chapter 5, we have shown how artificial
intelligence and machine learning can be used for material property prediction and accelerating
the design principles.

Recent developments in machine learning (ML) and deep learning (DL), have enabled
researchers to predict the structure and properties of complex materials with an accuracy
comparable to computational chemistry methods. An ML algorithm trains a machine learning
predictive model using a training set of input-output pairs so that the model is able to learn from
the input data. Therefore, these models perform well as we gather more data, and the training set
gets larger. In materials science, machine learning is critical in areas such as new material
discovery and material property prediction. Computational chemistry simulations and
experimental measurements are two conventional methods that are widely adopted in the field of
materials science. However, it is difficult to use these two methods to accelerate materials
discovery and design because they are often time consuming and inefficient. With the launch of
the Materials Genome Initiative, a large effort has been made by material scientists to collect
extensive datasets of materials properties. These datasets include pre-existing computational

simulations and experimental measurements. Therefore, machine learning techniques can be
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used for finding patterns in this high-dimensional data, providing a fast and reliable solution for
predicting the inherent properties of a large number of candidate molecules.

As aresult, the use of machine learning models has become more widespread as they are
computationally efficient and, in some cases, more accurate. We believe such promising
predictive models will be applicable to enhancing the efficiency of the screening of candidate
molecules for any material development program, especially OLED applications, as conjectured

in step 3.
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Appendices

Appendix A
Supporting Information for Chapter 2

UV-vis absorption and Photoluminescence spectra
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Figure A-1. UV-vis absorption spectra of the investigated molecules.
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Figure A-2. Photoluminescence spectra of the investigated molecules (a) in nm and (b) in eV.
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Photoluminescence spectra of oDPABN in various solvents
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Figure A-3. Photoluminescence (PL) spectra of oDPABN in various solvents (a) in nm and (b) in
eV (concentration 10-5M).
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Photoluminescence spectra of oCzBN in various solvents

(@)

12

——Toluene

——Methanol
Ethyl Acetate
Acetonitrile

——Dichloromethane

e
3

——Hexane
—Acetone
——Diethyl Ether

PL Normalized Intensity
o o
- o

0.2
0 T r r
350 400 450 500 550 600 650
Wavelength (nm)
1.2
——Toluene
. ~——Methanol
——Ethyl Acetate
Acetonitrile

o
)

——Dichloromethane
~——Hexane
—Acetone

——Diethyl Ether

PL Normalized Intensity
=) =)
- )

0.2

Wavelength (eV)

Figure A-4. Photoluminescence (PL) spectra of oCzBN in various solvents (a) in nm and (b) in
eV (concentration 10-°M).
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Correlation between measured FHWM and calculated HOMO/LUMO overlap of oCzBN
in various solvents
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Figure A-5. Correlation between measured FWHM and calculated HOMO/LUMO overlap of
0CzBN in various solvents using the polarizable continuum model (PCM) at the CAM-
B3LYP/6-31G(d,p) level. More details can be found in the computational method section.

Table A-1. Summary of emission peak, FWHM, and HOMO/LUMO overlap coefficient of
0CzBN in various solvents along with their relative polarity.

Diethyl Ethyl

Solvents Hexane Ether Toluene Acetate Dichloromethane Acetone Acetonitrile Methanol
Relative polarity® 0.009 0.145 0.099 0.228 0.309 0.355 0.460 0.762
Emission peak (nm) 381 399 402 414 426 429 441 449
FWHM (nm) 40.5 52.0 515 64.5 67.0 74.0 80.5 91.8
FWHM (eV) 0.326 0.390 0.379 0.452 0.448 0.486 0.500 0.543

HOMO/LUMO 0.3032 0.2995 0.3017 0.2986 0.2978 0.2966 0.296 0.2964

overlap coefficient!”!

[a] The values for relative polarity are normalized from measurements of solvent shifts of absorption spectra and
were extracted from Christian Reichardt, Solvents and Solvent Effects in Organic Chemistry, Wiley-VCH
Publishers, 3rd ed., 2003.
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HONTO LUNTO analysis for the first singlet state transition

Table A-2. [a] HONTO/LUNTO overlap coefficient for the first singlet state transition,
[b] HOMO/LUMO overlap coefficient for ground state optimized structure and [c]
HOMO/LUMO percentage for S1 transition which shows the S1 transition is mostly HOMO to
LUMO at B3LYP/6-31G(d,p) level. [d] HONTO/LUNTO overlap coefficient for the first singlet
state transition, [e] HOMO/LUMO overlap coefficient for ground state optimized structure at
CAM-B3LYP/6-31G(d,p) level

Compound  HONTO/LUNTO HOMO/LUMO HOMO - LUMO HONTO/LUN HOMO/LUM

overlap®” overlap®l” percentage for S TO overlap™™ O overlapleI™
transitioncl”
1 oDPABN 0.4754 0.4856 98.3% 0.5034 0.4912
2 0oCzBN 0.3081 0.3057 99.2% 0.3702 0.3097
3 oPheBN 0.2165 0.2145 98.6% 0.2351 0.2234
4 oDMACBN 0.2077 0.2063 98.8% 0.2177 0.2072
5 oDPSeZBN 0.1969 0.1687 97.9% 0.2373 0.1795

* B3LYP/6-31G(d,p)
~ CAM-B3LYP/6-31G(d,p)
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Figure A-6. Chemical structures and calculated distributions of HONTO and LUNTO for the
first singlet state (S1) transition at CAM-B3LYP/6-31G(d,p) level.

108



Phtopysical properties of o0DPABN, oDMACBN, and oPSeZBN

Table A-3. Photophysical data for oDPABN, oDMACBN, and oPSeZBN in Toluene at 300 K
(concentration 10-°M). Second column shows the excitation wavelength used for the
measurement. Third and fourth column show the absolute quantum yield (QY) in air and relative
QY in vacuum, respectively. The QY is measured in air only, and the relative QY in vacuum is
calculated by comparing the emission intensity with and without air. The photophysical
properties and TADF characteristic of 0CzBN, mCzBN, oPheBN, and mPheBN have been
reported in the literature; all other molecules are synthesized and characterized for the first time
in this work. This table shows that the o-DMACBN and oPSeZBN have TADF characteristic,
since the QY increases in vacuum condition (No oxygen). However, o-DPABN does not have
TADF characteristic and that’s because of the relatively large AEst of this compound (AEst =
0.313 eV).

Compound Excitation Wavelength (nm) Dair Dvacuum

oDPABN 385 8.89% 8.89%
oDMACcBN 371 6.96% 10.76%
0PSeZNM 320 1.01% 3.15%
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