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ABSTRACT

DESIGN OF NEW THERMALLY ACTIVATED DELAYED
FLUORESCENCE MATERIALS FOR OLED
APPLICATIONS USING COMPUTATIONAL CHEMISTRY

This study is a theoretical assessment of thermally activated delayed fluorescence
(TADF) features of fourteen molecules. The analysis based on three different descrip-
tors; the twisting angle («), @, index and AEg_r. The emitters are modelled by Den-
sity Functional Theory (DFT) at different levels of theories in vacuum. Conformational
analyses that have been conducted at the most convenient level of theory revealed the
most stable ground states geometries to be used in excited state investigations. The
twisting angle («) as a defining element of the rigidity, between donor (D) and acceptor
(A) frameworks of molecules has been reported. Subsequently, the solvent effects have
been taken into consideration at single point calculations in which excited state topolo-
gies have been analyzed by Time Dependent Density Functional Theory (TD-DFT) and
Tamm-Dancoff Approximation (TDA) to show the charge transfer (CT) characters to-
gether with the alignment of frontier orbitals (FMOs) and AEg_t of compounds have
been introduced. Population analysis of Natural Transition Orbitals (NTOs) have been
performed by TDA and @, indices were reported by two different charge distributions;
Lowdin and Mulliken. Lastly, the substitution effect of a conjugated moiety used for
aggregation induced emission (AIE), namely AlEgens on non-TADF emitter was in-
vestigated. The descriptor analyses show that, («) indicates the bulkiness of structures
which gives rise to a highly twisted molecule with a suitable angle that directly effects
the alignment of FMOs. The reported @, values as indices reflecting the difference be-
tween the detachment and attachment densities, highly twisted structures have smaller
values with a reduced orbital overlap which results in small AEg_t. Note that com-
pounds with low twisting angles have high molecular overlap densities together with

large singlet-triplet band gaps.



OZET

OLED UYGULAMALARINDA KULLANILAN YENI
TERMAL AKTIF GECIKMELI FLORESAN
MATERYALLERININ HESAPSAL YONTEMLER ILE
TASARIMI

Bu c¢aligma, termal aktif gecikmeli floresan (TADF) &zelligi gosteren on dort
molekiiliin {ig farkh tanimlayiciya dayanarak; biikiilme agis1 («), @5 ve AEs_r, yapilan
kapsamli bir teorik degerlendirmesidir. Emisyon yapan molekiiller Yogunluk Teorisi
Fonksiyoneli ve farkli fonksiyoneller yardimiyla gaz fazinda modellenmigtir. Farkl
DFT fonksiyonel incelemelerinin arasindan en uygunu secilerek tamamlanan konfor-
masyon analizlerinden elde edilen geometriler uyarilmig hal incelemelerinde kullanilmig
olup, donor (D) ile akseptor (A) gruplar arasindaki biikiilmezligin tanimlayici bir
eleman olan biikkiim agis1 () incelenerek rapor edilmistir. Takiben, uyarilmig hal du-
rumlar1 ¢oziicii etkileri dikkate alinarak Zamana Bagli Yogunluk Fonksiyonel Teorisi
(TD-DFT) ve Tamm-Dancoff Yaklagimi (TDA) hesaplamalari ile yiik transferi (CT) ve
atomik orbitallerin molekiil tizerindeki hizalanmasina ek olarak AEg_t tetkik edilerek
sunulmugtur. Dogal gecig orbitallerinin (NTO) popiilasyon analizleri TDA hesapla-
malari ile gergeklestirilmis olup, @, degerleri iki farkl yiik dagilimina istinaden; Lowdin
ve Mulliken, rapor edilmigtir. Son olarak, TADF o6zelligi gostermeyen bir materyal
iizerinde konjuge yapiya sahip bir molekiiliin ikame etkisi incelenmistir. Tanimlayici
analizleri (o) degerlerinin ikame eden kalabalik yapilarin molekiillere biikiilme saglayarak
atomik orbitallerin dagilimini etkiledigini gostermisg olup, 0 ile 1 arasinda degisken
degerlere sahip ve ayrilma-eklenme yogunluklar: arasindaki fark olarak adlandirilan @,
degerleri, yiiksek biikiilme oranlarina sahip molekiillerde minimum orbital ortiigmesi ile
daha diisiik olup kiiciik AEg_T degerlerine yol agmistir. Diisiik biikiilme agilarima sahip
molekiillerin orbitalleri arasindaki cakigma fazla oldugundan dolay1, enerji seviyelerinin

arasindaki fark yiiksek olmustur.
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1. INTRODUCTION

Energy is one of the prominent issues for the economic progress. However, sus-
tainable economic growth is now being jeopardized by circumstances such as increased
worldwide population that demands massive energy produced from conventional ex-
haustible resources. Besides, the growing energy needs give rise to the increased energy
prices, reduced amounts of natural sources and harmful materials being released to the
environment. Due to the greenhouse emissions caused by burning of fossil fuels such
as coal, oil and natural gas, climate change issues have arisen and they bring critical

consequences for social and economic infrastructure along with natural environment [1].

Despite being the largest and the most used energy source of the world, the
presence of traumatic outcomes of fossil fuel usage is indisputable and day by day,
the health complications arise from environmental pollutions related with greenhouse
emission set barriers in front of economic growth. Still, there are alternative energy
sources to eliminate the problems associated with carbon-based fossil fuel consump-
tion. One of the aforementioned energy sources is, nuclear energy which compensates
tremendous amounts of energy with no gas emissions and less quantity of resource,
yet there are many speculations about the utilization of nuclear power especially in
safety, reliance, toxic wastes and radiation. Nuclear power is said to have difficulties
competing with other technologies due to restrictions in some countries. As a result,

nuclear production started to decrease gradually soon after 2010 [1].

The most agreed difficulty of producing energy from limited resources is, main-
taining the sustainability. Conserving sustainability is crucial and for a sustainable
growth, governments adopt policies by taking account the provision of existing pop-
ulation’s demands without sabotaging the capacity of next generations to fulfill their
own needs [2]. According to the prevalent sights; environmental, social and economic
dimensions [3] together with the flow of the resource usage and value of externalities

being created [4] are the key factors of the sustainable economic growth.



The key solution to the ecological disasters, weather modifications, social and the
economic crises that disrupt most nation’s systems; is closely associated with sustain-
able growth. [5,6]. For that reason, governments began to create solutions and novel
plans based on utilization of resources and energy. As a result, large-scale of scientific
studies are dedicated to understand how to use renewable energy which contributes to
energy resilience through the use of hydropower, biofuels, biomass, solar energy and
wind energy and emerging energy technologies such as marine energy, concentrated so-
lar photovoltaic, artificial photosynthesis, cellulosic ethanol and enhanced geothermal
energy [7]. By virtue of being an answer to the green economy and providing energy
security, renewable energy is now one of the most fundamental topics of the world and a
substantial increase in global renewable energy consumption and notable enlargement
in renewable energy assets investments were seen in the last decade [8]. However, there
are still some drawbacks such as efficiencies of the systems, production costs etc. that

urgently needed to be taken care of.

Today, renewable energies compensate only 14% of the worldwide total energy
supply and most of this quantity relies on conventional and unsustainable use of
biomass. The advanced renewable energies’ potential is strikingly greater than that
of aforementioned issue. For instance, sun radiates vast amount of energy that is
theoretically 15.000 times greater than earth’s total energy need. Thus, it is now
desired to reach to component of the above potential and leave it to the access of

humankind [9-11].

At present, new technologies are being developed in order to be able to convert
the energy of light to electricity effectively. Organic electroluminescence (OEL) is a
phenomenon which is electrically derived emission of light from organic materials has
been known for many years [12]. After the invention of electroluminescence (EL) in
organic materials that inserted between two electrodes, studies about organic light-
emitting diodes (OLEDs) has become widespread and OLEDs are now being used in
many applications such as in smart phones, televisions, flexible displays, lightning and
etc. [13]. Owing to the design flexibility, high electroluminescence efficiency, low driv-

ing voltage, fast response time, low fabrication cost and superior device performance;



OLEDs are now one of the leading topics of the display and lighting markets [13].

According to the organic layers that OLEDs have, there are various types of
structures; single-layer OLED is the simplest structure that contains anode and cathode
together with an organic layer which has high quantum efficiency, enhanced hole and
electron transport abilities. In a two-layer OLED, one of the layers possesses the
ability of transporting holes, where the other one is responsible for electron carriage.
In the recombination zone, electrons-hole pair takes place and this formation gives
rise to electroluminescence. In order to improve the carrier transport properties of
emissive materials, an extra layer is added to the system in three-layer OLED. Insertion
of an electron injection layer is seen in multi-layer OLEDs and it eliminates some
important problems such as; charge carrier leakage, exciton quenching. Since excited
states are usually quenched at the interface of metal and organic layer, multi-layer
OLEDs which are composed of different layers namely ITO glass plate, hole injection
layer (HIL), emitting layer (EML), electron transporting layer (ETL), and anode are
mostly preferred for an effective electroluminescence [14]. Structures of OLEDs are

shown in Figure 1.1.

I ¢ Ik
[ EL

| N |

Single layer OLED

Three layer OLED Multi layer OLED

Figure 1.1. Structure of different OLEDs.



OLEDs have several advantages over liquid crystal displays (LCD) such as faster
response time, greater artificial contrast ratio with wider viewing angle. Also, OLEDs
are superior in terms of power efficiency and thickness [15]. However, there are some
drawbacks such as high-power consumption as a result of low quantum efficiency (QE)
and high driving voltage [13], and these problems lead to serious technical failures.
For that reason, new methods are being developed to improve the characteristics of
OLEDs, reduce the production costs in order to have competitive cost per unit with

presently used technology.

As mentioned before, organic emitters used in OLED devices should also have
high photoluminescence yields (PLQY). Minimized barrier to charge injection and con-
trolled recombination zone have to be taken into account in order to enhance the quan-
tum yield [16]. For these reasons, frontier molecular orbitals of each of the layers in
device should be adjusted orderly. Recent studies demonstrate that, design of bipo-
lar host materials that contain electron donating groups as donors (D) and electron
withdrawing groups as acceptors (A) is the most prominent and effective strategy for

having balanced and stable electron-hole patterns [17].

Management of hole and electron recombination is crucial because, in OLED de-
vices energy transfer occurs from both singlet (25%) and triplet (75%) states according
to the spin statistics and this phenomenon appears as a result of the exciton formation
through charge recombination [18]. In addition to this, energy transfer rate is associ-
ated with the compatibility of exciton energies of donor and acceptor and according to
the Dexter energy transfer (electron exchange) total spin of the donor-acceptor pair is

conserved; thus, transfer of the triplet excitons is allowed [19].

Nature of spins and the emission affect lifetimes directly and nonradiative deac-
tivation together with heat loss occurs as a result of long emission lifetimes of triplet
excitons [18]. Nonradiative deactivation of triplet excitons inevitably reduces the device
efficiency. As a response to this problem, Baldo et al. reported a novel organometallic
emitter (PtOEP) that was doped into a fluorescent host and owing to the capacity of

organometallic complexes to access triplet excited states through intersystem crossing



(ISC) from singlet excited state, quantum efficiencies (QE) were increasing [19].

Later on, it has been noticed that; internal quantum efficiencies (IQE) of 100%
are accomplishable by the use of radiative recombination of both singlet and triplet
excitons in Pt(II) and Ir(III) complexes [20]. However, application of such complexes in
OLED devices has many drawbacks. For instance, rarity of heavy-metal salt reagents
gives rise to a tremendous increase in costs of devices and another critical issue is

environmental pollution caused by heavy-metal wastes.

To achieve commercial success and high display performances, materials used in
OLED systems should have superior characteristics in a broad range of colors. De-
spite possessing high quantum efficiencies, organometallic complexes are not sufficient
enough in blue region due to their lack of stability which directly affects color purity
and brightness giving that blue pixels are labelled as the critical limitation of device
performance [21]. One of the possible causes for this limitation is chemical degradation
that forms charge traps that can quench excitons [22]. Bimolecular triplet-polaron an-
nihilation (TPA) in which an energy transfer from triplets to polarons is observed and
this phenomenon is responsible from the trap formation [21]. The faster degradation
is explained as a consequence of highly energetic polarons, which break bonds of the
molecule through thermalization [21]. Thus, highly stable and bright blue emitters are
promptly needed and in response to this necessity thermally activated delayed fluo-
rescence (TADF) molecules were introduced as the most promising exciton harvesting

mechanism which is used in OLEDs, to solve the existing problems caused by TPA [18].

Soon after the first reported organic TADF emitter in 2011, studies related with
TADF based OLEDs gained speed and now, with the newly synthesized highly effi-
cient TADF emitters EQE of devices reaches up to 30% [23] together with IQE of
100% [18]. Besides being purely organic, problems related with the application of
heavy-metal-based emitters do not occur in TADF-based OLEDs. The phenomenon of
thermally activated delayed fluorescence is based on a small singlet-triplet energy band
gap AEg_1 which is the gap between the lowest singlet energy state (S7) and lowest
triplet energy state (7). In theory, small energy difference (usually < 0.1 eV) between



lowest singlet state (S7) and lowest triplet state (7)) enables thermal up-conversion
from triplet state to singlet state via reverse intersystem-crossing (RISC) [24]. In a
conventional TADF molecule, two types of photoluminescence are observed; i) prompt
fluorescence (PF) almost immediately in nanoseconds and there is no encounter be-
tween singlet excitons and triplet excitons, ii) delayed fluorescence (DF) where triplet
excitons that were populated in triplet state via intersystem crossing (ISC) by strong
spin-orbit couplings is converted back to singlet excitons by reverse intersystem cross-
ing (RISC) [25]. To possess such an effective charge transfer, systems should contain
spatially separated donor and acceptor moieties as a result of a twisted molecular struc-
ture, that leads small AEg_ 1 gap with fast reverse intersystem crossing rate kgrrsc.
Moreover, it should be noted that the geometrical change in a molecular conformation
between ground (Sp) and the first singlet excited state (S;) must be minimized not to
cause non-radiative decay [25]. In this way, key parameters as singlet-triplet band gap
(AEs_t) RISC rate constant (kgrsc), ISC rate constant (k;sc) should be taken into

consideration when proposing new TADF emitters.

An analogy of emission mechanism of three generation is shown in Figure 1.2
[18]. In the case of 15" generation, a prompt fluorescence is observed after a rapid
decay of singlet excitons with an internal quantum efficiency of 25%. A large triplet
phosphorescence radiative rate constant as a result of the strong spin-orbit coupling
(SOC) effect between S; and T} states is observed in the case of insertion of heavy
metal atoms in the 2"? generation with 100% of internal quantum efficiency [26]. As
mentioned earlier, 100% of internal quantum efficiency is possible due to the relatively
small singlet-triplet band gap (AEs_t) of the donor-acceptor moieties that enables an

efficient charge transfer in the 37 generation.
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Figure 1.2. Comparision of the emission mechanisms [18].

Thereafter the first purely organic TADF emitter PIC-TRZ shown in Figure 1.3,
introduced to the literature by Endo et al. [27], there has been an enlargement in

studies related with the improvements of TADF emitters and their characteristics.

Figure 1.3. Chemical structure of PIC-TRZ.

Today, it has been reported more than a hundred new emitters with a wide range
of colors: i) blue emitters are one of the most promising ones and their electrolu-
minescence wavelength (EL,,q;) is shorter than 500 nm, ii) the electroluminescence
wavelength (ELy..) of green-to-yellow emitters varies within the range of 500 and
580 nm and mostly they contain cyano-based acceptors, iii) orange-red emitters whose
electroluminescence wavelength (EL,,.;) is longer than 580 nm are not known as blue

or green emitters, yet there are many ongoing research about their improvements [18].



As a comprehensive outlook on thermally activated delayed fluorescence (TADF);
for the next generation OLEDs TADF materials are considered as extremely promising
candidates in terms of many advantages including remarkable device performance, low
fabrication costs, easy material preparation etc. Still, the presence of some critical
challenges is undeniable and through innovative strategies on designing superior TADF
emitter models, it is now possible to shape the future of optoelectronics in parallel to

the global demand.



2. METHODOLOGY

2.1. Density Functional Theory

Density Functional Theory which was proposed by Kohn-Hohenberg, is a quan-
tum mechanical approach. It demonstrates that ground state (GS) and other properties

of a system of electrons can be defined by optimizing electron density [28].

In particular, DFT is based on a search for exchange-correlation functional in
which the electron density p(r) is used to describe the mixed many-body impact within
a single-particle phenomenon [29]. In small systems, the exchange-correlation func-
tional can be found exactly however it appears more inconvenient and expensive than
direct solution of Schrédinger equation [30]. The description of quantum nature of
matter by DFT requires the exact exchange-correlation functional. In fact, the basis
of both success and failure of DFT applications is associated with the approximate

nature of exchange-correlation functional [29].

Kohn stated that, for the system of many electrons where wave function methods
are stopped by the exponential wall [31] and this expression is formulated in Kohn-

Sham (KS) theory for the ground state energy:

Elp] = Ti[p] + Vaelpl + J[p] + Excp] (2.1)

The kinetic energy of the noninteracting electrons is:

T.lp] = % < ¢ —%VQ b; > (2.2)
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Where ¢; is the set of one electron in KS orbitals. The electron density in the
KS system is defined as:

p(r) =i |;(r)[* (2.3)

The remaining two energy components are the nucleus electron potential energy

expressed in terms of external potential v(r) which is written as:

v(r) ==X, (za/|r — Ral) (2.4)

Vielp] = / p(r)v(r)dr (2.5)

and the coulomb energy which is the repulsion energy between electrons J|[p| is:

Jp] = %// %drdr’ (2.6)

The sum of exchange functional E.[p] and the correlation functional E.[p] gives
the exchange-correlation functional denoted as Ex¢[p] which includes kinetic energy
term originated from the kinetic energy difference between the interacting and the non-
interacting electron system. The most convenient energy contributors are, the kinetic
energy term that is the measure of the freedom and exchange correlation energy in
which the change of opposite spin electrons (defining extra freedom to an electron) is

described [32].

The unfavorable electron-electron repulsion is depicted as Coulomb energy term
hence it disfavors the total electronic energy. The electron density p(r) can be con-

stituted as the form of Slater determinant of one-electron functions in the Equation
(2.7):
N
p(r) = (wi|z:) (2.7)

=1
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The Kohn-Sham (KS) orbitals constructed by solving the Kohn-Sham equations.

Thus, the Kohn-Sham hamiltonian A; is:

vz L p(r)
hES = —— -y T / dr + Ve 2.
D Dl e (29)

rij

Where, Vxc is the exchange-correlation potential and it is in association with

exchange correlation by:

(2.10)

As stated earlier, Vx¢ is composed of two parts: an exchange functional and a

correlation functional:

Exclpl = Ex[p] + Ec[p] (2.11)

The interactions between the electrons of the same spin indicates the exchange
term. On the other hand, the correlation term relates with interactions between the
electrons of opposite spin. The exchange-correlation energy is the only unknown in

Equation 2.1.

2.2. Time Dependent Density Functional Theory

One of the quantum mechanical tools utilized for the investigation of electronic

excited states’ natures is Time Dependent Density Functional Theory (TD-DFT). Un-
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like Density Functional Theory (DFT), a much more accurate approach for numerous
use-cases is presented by TD-DFT [33]. Currently, low-lying single excitations which
are well predicted by TD-DFT, started to play a part in most of the technologic im-
plementations [34]. It was possible to swiftly develop TD-DFT, which is an extension
of DFT and comes with a favorable accuracy to cost ratio, into already-known codes.

Hence, computing excitations via TD-DFT has become more and more preferable [33].

An alternative conceptualization of time-dependent quantum mechanics can be
considered as TD-DFT whose basic variable is the one-body electron density p(r,t) in
contrast to conventional approach that depends on wave-functions and on the many-
body Schrodinger equation [35]. Since the many-body wave function is a very complex
mathematical object that composed of 3N-dimensional space where N is the number of
electrons in the system, it is more convenient and advantageous to use density which

is a simple function that depends only on 3 variables x, y and z.

In this scope, systems are defined by the (nonrelativistic) many-body Schrédinger

equation;

({7} 1) = A, 0w({r), (212)

where H is the Hamiltonian operator and {r} = {ry,...,ry} are the spatial coordi-
nates of the IV electrons. Initial value problem is depicted in this equation and if the
state of the system at an initial time ¢y is known, Equation 2.12 leads to calculate ¥

at any time t.

The Hamiltonian is composed of three parts;

H({ry,t) = T({r}t) + W{r}, ) + Ve ({r}, 1) (2.13)
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The kinetic energy term is;

T({r}) = —%ZW? (2.14)

The electron-electron repulsion is defined as;

W({r},t) Z ’m (2.15)

%,7=1
i#]

The third term can be written as sum of one-body potentials;

M=

ea:t {T} t - Vext ru (216)

=1

Additionally, Coulomb interaction of the electrons with a set of nuclei is describes

as followed;

Zy
Uext(/ra t) - - (217)
2 |r— Ry ()]
Z, and R, are the charge and position of the nucleus respectively where v and

N,, indicates the total number of nuclei in the system.

The absolute square of the wave function ¢ ({r},t) elucidated as the probability

of finding one electron at r;, another at r, at a given time ¢. Hence,

p(r,t) = N/d3r2...d3rN W (r,7ry... 7N, )] (2.18)
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N times of probability of finding an electron at time t and position r is given.
It indicates that, the density p(r,t) is normalized at all times to the total number of

electrons, N and it is the basic variable in terms of which TD-DFT is developed [36].

2.3. Tamm-Dancoff Approximation (TDA)

The investigation of electronic properties of large molecules became feasible by
the use of Time-Dependent Density Functional Theory (TD-DFT) which is the ex-
tended version of conventional Density Functional Theory (DFT) and provides high-
accuracy calculations by examining the excited state energies as well as geometries and
other characteristics of large molecules with a modest computational costs compared to
electron-correlated wave function methods [37]. Yet, TD-DFT is lack of success in par-
ticular points such as anticipating the excitation energies of charge-transfer states accu-
rately, treatment of double excitations, providing the exact long-range 1/R dependence

on donor-acceptor distance and it associates with triplet instability problems. [38-40].

Hence, the possibility to solve aforementioned issues and to have more realistic
results gives rise to an increased attention on ad-hoc approximations. In this way,
Tamm-Dancoff Approximation (TDA) where solely positive energy electron-hole pairs
are considered, came forward with a more accurate approach [41]. Exclusively one
electron-hole pair is presumed to propagate at any time interval, because in TDA the
interplay between electron-hole pairs at positive and negative energies are disregarded

[42].

The polarization functions can be depicted accurately by the ab-initio Bethe-
Salpeter (BS) equation without being dependent on external parameters. Reduction
of the non-Hermitian BS to a Hermitian problem which can be solved with stable and
effective iterative methods is the major benefit of TDA [43]. In addition to providing
an accurate result in singlet-triplet excitations of some unstable systems, TDA renders
notable computational effort savings with relatively short operation times in contrast

to TD-DFT.
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As a comprehensive concept on explaining excitation energies which can be ob-

tained as a solution of generalized eigenvalue problem:

M N X, 1 0 X,
o = Wy (2.19)
N M Y, 0 —1 Y,

where X, and Y,, are the amplitude vectors [44] and Equation 2.19 is reduced to a less
complicated Hermitian problem in the case of singly excited configuration interaction

thus N matrix elements vanishes. Hence the equation becomes;
MX, = w,X, (2.20)
In this basis, the excitation energy w, is presented as followed;

wp =Y (a—€) X+ > [(ibllaj) + Ba,,,] Xai X (2.21)

at abij

The total energy for a TDA excited-state p in the case of solvent presence is;

GIPA =Gl +w, (2.22)
Gst is the ground state energy and w, is the TDA excitation energy.

2.4. Basis Sets

Examination of atoms and molecules requires the determination of atomic and
molecular wavefunctions that are generally developed from a series of one-electron one-
center functions. The main necessity is that set is of sufficient size that the functions

are well-represented or adjustable to be so [45].

A series of functions defining the orbitals within a system is called basis set.
By adjusting computations of a range of molecules, the basis set becomes steady in a

semiempirical manner. Up to the convergence is achieved, a chain of calculations with
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developing basis sets is implemented. In order to have computationally feasible and
economically favorable calculations, the basis set ought to be small enough because
increasing number of necessary integrals diminishes the pace of calculations exponen-
tially. Moreover, to yield more accurate outcomes within diversified geometries, the

basis set shall be sufficiently flexible [45].

The basis functions are linear combination of a series of primitive Gaussian func-
tions and splitting these primitives between different basis functions leads to a sig-
nificant increase in computational efficiency [46]. The primitive exponents are shared
between s and p functions for the valence functions at the split-valence level [46]. Some
of the most agreed basis sets that are widely in use are 3-21G, 6-21G, 6-314G and 6-
311G* [47]. The primitives in the core functions are represented by the first number
where the ones after dash indicates the number of primitives used in valance functions.
The mean valence double-( basis is represented by two numbers where three numbers

indicate the mean valence triple-( basis.

To provide systems with superior properties together with a more flexible mathe-
matical computation, it is possible to add polarization functions and use extended basis
set. Even though having advanced quality of electronic structure, increasing the size of
basis sets results in huge computational costs at higher accuracy degrees. Moreover, to
define the bigger molecular orbital occupancies diffuse functions can be supplemented.
In the case of high electron densities, implementing diffuse functions which are denoted
by a + sign is required. One “4” demonstrates an addition to only p orbitals where

“4+47 is related with the addition of diffuse function to s orbitals.

Furthermore, as mentioned it is desired to get more realistic calculations to ful-
fill the requirement of getting the exact electronic energy, polarization functions are
employed in basis sets. If the polarization considered in p orbitals which means polar-

Wk

ization functions on non-hydrogen atoms are denoted by or (d), on the contrary

“7 or (d,p) indicates that polarization functions are implemented to light atoms.



17

2.5. Continuum Solvation Models

Solvation is an important factor in chemistry, since it affects reaction rates, path-
ways as well as reaction outcomes. Thus, solvent environment and its impact must
be considered to the finest detail to acquire more realistic results. Despite numerous
methods have been proposed for this purpose, still mimicking the solvent environment

is one of the significant challenges in molecular modeling [48].

In the Quantum Mechanical (QM) approach, the solvent effects are defined by
conceptual models called as continuum solvation models in which the number of degrees

of freedom are defined continuously through the agency of distribution function [49].

The solvent environment is depicted as a polarizable medium portrayed by its
static electric constant € and the solute is embedded in a cavity enclosed by dielectric

atmosphere. Equation 2.23 clarifies the total solvation free energy,
AG solvation — AClcavity + AGYdispersion + AClelectrostan:ic + AGrepulsion (223)

the energetic cost of implementing the solute in the medium is represented by AG cquity,
where AGgispersion 15 associated with the dispersion interactions takes place between
solvent and solute and it supplies stabilization to solvation free energy. The con-
stituent of the solute-solvent interaction energy is AGjectrostatic- 1 he final fragment of
the equation AG,epuision implies the exchange solute-solvent interactions which is not

incorporated in the cavitation energy.

The electrostatic problem which is the primary weak spot of the continuum sol-

vation model, is identified by the Poisson equation.

—V[e(F)VV ()] = 4mpps (7) (2.24)
— V2V (¥) = 4mpy (F) within C (2.25)
—eV?V (7) = 0 outside C (2.26)

)
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Portion of the space occupied by cavity is denoted as C, where ¢ is dielectric
function, total quantity of electrostatic potential constituted by charge distribution

par- The reaction potential produced by the polarization of the dielectric medium is:

V(F) = VM(F) + VR(F) (2.27)

The class of polarizable continuum solvation models comprises the polarizable
continuum model (PCM) in which the solute is inserted in a cavity described by a
group of spheres centered on atoms with a radii portrayed by the van der Waals radius
of the atoms multiplied by a predefined factor (usually around 1.2) [50]. Then, the
subdivision of the cavity surface into small domains called as tesserae is observed where
the polarization charges are placed. PCM calculations can be performed by various
approaches. Dielectric PCM (D-PCM) is the preliminary method where Conductor-
like PCM (C-PCM) is the second model in which enclosing environment is considered
as a conductor in place of dielectric, and the last method is a practice by means of the

PCM equations altered in an integral equation formalism (IEF-PCM) [51].

2.6. &, Index

Assessment of the charge-separation features of chromophores is crucial to under-
stand the effectivity of the charge transfer upon the light absorption that takes place in
the chromophore. For this purpose, a quantum mechanical descriptor of photoinduced
electronic charge density variation namely @, index, was developed to quantitatively

evaluate the magnitude of the charge separation [52].

The &, index, accounts for a consistent diagnostics tool for xc-functionals, theo-
retically interpreted as the spatial overlap between the detachment and the attachment
densities [52]. Since, @, index associates with the investigation of density matrices, it
is possible to get density matrices related to ground state (P) and to the X excited

state (P,) from the excited state calculations. Hence, the difference density matrix A
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is obtained as:

K
A=Px—P=) (AS)u =0 (2.28)
k=1

If the system does not contain any electron exchange, the entropy change AS,
is the difference in entropy between to states of a system equals to zero. The eigen-
values of A in the diagonal matrix d can therefore be provided by unitary similarity

transformation that is performed on A.

s =UAU; (6);;=0 V i#j (2.29)

Detachment /attachment orbitals can be obtained from diagonalizing the A [53].
A has either positive or negative eigenvalues. Subsequently, two novel diagonal matrices
o+ and o- can be presented and their constituents are the functions of 4. These
diagonal matrices are utilized for the acquisition of Detachment I' and Attachment
A density matrices. The insufficient electron density originates from light absorption
is demonstrated by detachment, where the increments of electron density at excited
state is represented by attachment. Since there is no electron loss along the vertical
excitation, it can be seen that the density matrices can be expressed in the space of K

atomic orbitals:

(FS>MH = Z(AS)NM (2.30)

Accordingly, it is possible to portray the associated detachment/attachment den-

sities in 3D space:
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K K

0r (§1,62,63) = DY (P uwpn (61, €2, 68) 9 (1, &2, 63) (2.31)
p=1 v=1

r=T,A (2.32)

where &1, &5, &5 are three spatial coordinates. The spatial distribution of the electronic
density removed (detachment) from the ground state and reconstructed (attachment)
in excited states in the course of the transition, demonstrated by two aforementioned

functions. Remarkably, the detached/attached charged can be represented as:

0= [ des [ dea [ deior @68 = [ Peonle (2.33)

As a result, the overlap between attachment and detachment densities denoted as

dimensionless @, index can be portrayed as:

6. =7 [ Pe/ar@n® (234)

The &, index is linked with the charge-transfer of the electronic transition and
it varies within the range of 0 and 1. In the case of absolutely no overlap between
detachment and attachment matrices, @5 then be equal to 0. It equals to 1 in severe

cases where there is no fluctuation between ground and excited states.

Q

(0,0,0)

Figure 2.1. Graphical description of the @, descriptor as the overlap between

attachment and detachment densities [53].
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It is noteworthy to state that, the detachment and attachment densities will
be integrated over the delimited volume 2 from a three-dimensional integration grid

encircling the chromophore as in the Figure 2.1.

The calculated @, indices in this study belong to two different charge distribution
analyses; Lowdin and Mulliken where negative values can be obtained from Mulliken
populations that are overly affected by basis sets, on the other hand alteration of all
the atomic orbitals to an orthogonal basis is utilized in Lowdin populations [54, 55].
The overlap population is equally separated between two atoms of a bond in Mulliken
analysis, leading to a simpler approach. But this approximation may cause unrealistic
values in some cases. Thus, to address the problems associated with Mulliken popu-
lations, Lowdin charge distribution in which the atomic orbitals are converted to an

orthogonal basis set, is used to have an advanced population analysis [56].
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3. AIM OF THE STUDY

In this study, investigation of the relationship between molecular structures as
well as photophysical properties of a range of emitters was accomplished to stimu-
late a strategy for designing suitable molecular structures by quantum calculations.
To understand the correlation between the molecular structure and TADF property,
a comparative study was held among the molecules that possess TADF features and
structures which are poor in TADF characteristics. Seeing that the blue-emitter com-
plexes are not satisfactory in terms structural and operational deficiency, characteristics
of blue emitters with a various subgroup was examined via three different descriptors
to make a comparison with non-TADF structures in this study. The descriptors are
namely; twisting angle () between the adjacent electron donating (D) and electron
accepting (A) units, band gap (AEs_t) between the lowest lying singlet (S;) and
triplet (77) state and @, index which demonstrates the overlap between attachment

and detachment densities

To elucidate the subgroups of blue emitters concisely; DMAC-DPS is based on
a diphenyl sulfone as acceptor, Cz2BP contains benzophenone, DMAC-TRZ includes
1,3,5-triazine, m-ATP-PXZ as 1,4-diazatriphenylene based, 2CzPN as cyano based and
PXZ-PXB as boron based.

This study also includes a cross comparison of a group of non-TADF molecules
namely as pCBP, PhCz, TPA, TPE, DTT-s,s-dioxide [57] and a coupling product of
DTT-s,s-dioxide with TPE namely as 3,5-Bis(4’-(1,2,2-triphenylvinyl)-[1,1’-biphenyl]-
4-yl)dithieno[3,2-b:2’,3’-d|thiophene-4,4-dioxide to blue emitters. By enlightening the
differences of optoelectronic properties, a design strategy for novel emitters is intended

to be offered as the main objective of the work.
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4. RESULTS AND DISCUSSION

4.1. Background

Thermally activated delayed fluorescence (TADF) emitters have drawn attention
recently since they effectively give rise to the replacement of singlet excitons into triplet
excitons. Utilizing traditional organic compounds in emitters boost the electrolumi-
nescence (EL) efficiency of organic light emitting diodes (OLEDs) [58]. In the absence
of noble metals in contrast to phosphorescence emitters, TADF emitters can achieve

high internal quantum efficiencies (IQE) thus they are extremely innovative.

'bf % o

DMAC-DPS

@E 10 L0
@@ b 2L

Figure 4.1. 2D structures of TADF emitters utilized in this study.
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4.2. Benchmark Calculations

The precision of theoretical studies is highly dependent on the methodology in
which molecular orbitals are introduced. Thus, in this study a group of functionals
and basis sets were examined to reach more consistent singlet and triplet energies with

experimental data.

To find the energetically favored geometries of the emitters, optimizations at
different levels of theories (M06-2X, B3LYP) and basis sets (6-31G(d), 6-31G+(d)) are
accomplished. Conformation analyses are performed by changing the dihedral angles of
each molecule. The effects of each conformer on band gap are examined by Boltzmann
Distribution and it is observed that most significant contribution is obtained from the

conformers that have the lowest energy in kcal relatively.

Ground state calculations at different levels of theories showed that the most real-
istic geometries are obtained at M06-2X/6-31G(d) in vacuum where, the benchmarking
calculations for TADF emitter 2CzPN (Table 4.1) and non-TADF emitter pCBP (Ta-
ble 4.2) revealed the most consistent excited state energies to be the ones computed at
B3LYP functional with 6-31+G(d) basis sets in a shorter time frame by Time Depen-

dent Density Functional Theory and Tamm-Dancoff Approximation (TDA).

Table 4.1. Benchmark calculations of 2CzPN at different level of theories (AEg_t in

eV).

Functional /Basis Set TD-DFT | TDA | Exp.
Mo06-2X/6-31G(d) in vacuum 0.51 0.45
B3LYP/6-31G(d) in vacuum 0.32 0.27
B3LYP/6-31G(d) in toluene 0.29 0.25 | 0.31
B3LYP/6-314+G(d) in vacuum 0.31 0.27
B3LYP/6-314G(d) in toluene 0.28 0.24
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Table 4.2. Benchmark calculations of pCBP at different level of theories (AEg_t in

eV).

Functional /Basis Set TD-DFT | TDA | Exp.
MO06-2X/6-31G(d) in vacuum 0.74 0.67
B3LYP/6-31G(d) in vacuum 0.59 0.46
B3LYP/6-31G(d) in toluene 0.60 0.45 | 0.25
B3LYP/6-314+G(d) in vacuum 0.56 0.45
B3LYP/6-314+G(d) in toluene 0.57 0.44

Additionally, solvent effects are analyzed in excited state calculations to imitate
reaction conditions by Polarizable Continuum Model (PCM) in toluene. Since TDA
yields more stable triplet states and band gaps closer to experimental data, further
calculations are continued by employing TDA and reported singlet-triplet band gaps
belong to this approach.

4.3. Computational Procedure

The optimizations of ground and excited state geometries together with a con-
formational analysis are used to locate the most stable and energetically favorable
geometries. Optimizations of ground states geometries are carried out at the MOG6-
2X and B3LYP levels with 6-31G(d) and 6-31+G(d) basis sets. Being a type of hy-
brid meta exchange-correlation functional, M06-2X is a high-nonlocal functional and
parametrized for solely nonmetals [59]. To clarify the most stable and suitable molec-
ular structures, B3LYP, which is the most commonly employed functional due to its
higher performance in energy evaluations, was also employed [60]. Despite being effec-
tive, BSBLYP has some malfunctions in defining energies, reaction barrier heights and
larger molecules [60]. Geometries optimized at the M06-2X/6-31G(d) level in vacuum
are predicted well and these optimized geometries are taken to further model the ex-

cited state topologies and metrics at several functional /basis set combinations including
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M06-2X/6-31G(d), B3LYP/6-31G(d) both in vacuum and solvent. The solvent effects

are examined using polarizable continuum method (PCM) in toluene [49].

To quantify the charge transfer (CT) character of the electronic transitions and
the natures of excited states, natural transition orbitals (NTOs) analysis are conducted
to evaluate &, index, a quantum mechanical descriptor associated with the electronic
cloud polarization and portrays the photoinduced electronic charge density variation
numerically. [61]. The electron density transported from ground state is known as
detachment density (oI') and its reconstituted form in the excited state is acknowledged
as attachment density (oA). @, value obtained from analyses are in the range of 0, which
implies charge transfer with minor overlap, and 1 that indicates a local transition with a
high overlap. The @, indices and together with occupied and virtual Natural Transition
Orbital depictions are assessed by using NANCY_EX 2.0 software package [52]. All
the calculations at ground and excited states were performed at Gaussian 09 program

package [62].

4.4. Descriptor Analyses

Luminescence properties such as color, intensity and emission lifetime of organic
luminescent materials, by means of molecular structural design, can be managed pro-
vided boundless improved implementations in electroluminescence, organic lasers, sen-
sors and bioimaging [63]. However, as mentioned earlier in the previous sections,
devices suffer from low quantum efficiencies and lifetimes, color instabilities etc. To
address these issues, many strategies have been developed and TADF is one of them.
Still, there are various spots which need to be highlighted when designing innovatory

materials that dominate sophisticated TADF characteristics.

To understand why a material shows TADF properties and how these character-
istics can be improved, a comparative study has been performed through the investi-
gation of three different descriptors namely i) twisting angle («), ii) AEg_r the band
gap between the lowest singlet excited state (S7) and triplet state (77), iii) ®s index

which is obtained from natural transition orbital analyses to accentuate the structural
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differences that affect TADF characteristics of molecules.

4.4.1. Twisting Angle («)

When designing TADF emitters, minimizing the gap between the excited states
is emphasized. To satisfy this need, one can arrange the positions of adjacent donors
and acceptors with a suitable dihedral angle that enables torsion to the whole molecule,

also entitled as twisting angle («).

In order to have an adequate amount of spatial separation of HOMO and LUMO
which gives rise to a small AEg_t. This is possible with the introduction of steric hin-
drance which causes large twisting angle to the molecule [58]. Since the charge transfer
through the entire molecule is governed by twisting angle, photophysical properties of
those emitters such as radiative and nonradiative decay rates denoted as k, and k,,
respectively, depend upon « [58,64]. In general, TADF emitters are designed by im-
plementing the planar donor and acceptor groups because maintaining highly twisted

links between moieties, donor and acceptor groups should have a rigid structure that

enables bulkiness [65].

Below, Figure 4.2 shows a general view of twisting angle between two moieties as

a key parameter.

Figure 4.2. Schematic representation of twisting angle [61].
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3D structures of TADF and non-TADF emitters studied in this thesis are shown
in Figures 4.3 - 4.16.

Figure 4.3. Optimized structure of 2CzPN as cyano-based blue emitter
(M062X/6-31G(d), in vacuum).

Figure 4.4. Optimized structure of DMAC-DPS as sulfone-based blue emitter
(M06-2X/6-31G(d), in vacuum).
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Figure 4.5. Optimized structure of Cz2BP as benzophenone-based blue emitter
(M06-2X/6-31G(d), in vacuum).

Figure 4.6. Optimized structure of DMAC-TRZ as 1,3,5-triazine-based blue emitter
(M06-2X/6-31G(d), in vacuum).
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Figure 4.7. Optimized structure of PXZPO as phosphine oxide-based blue emitter
(M06-2X/6-31G(d), in vacuum).

Figure 4.8. Optimized structure of m-ATP-PXZ as 1,4-diazatriphenylene-based blue
emitter (M06-2X/6-31G(d), in vacuum).



31

o

Figure 4.9. Optimized structure of PXZ-PXB as boron-based blue emitter
(M06-2X/6-31G(d), in vacuum).

Figure 4.10. Optimized structure of pCBP as non-TADF emitter (M06-2X/6-31G(d),

in vacuum).



32

W

Figure 4.11. Optimized structure of PhCz as non-TADF emitter (M06-2X/6-31G(d),

in vacuum).

Figure 4.12. Optimized structure of TPA as non-TADF emitter (M06-2X/6-31G(d),

in vacuum).
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Figure 4.13. Optimized structure of DTT-Ox-Br as non-TADFemitter
(M06-2X/6-31G(d), in vacuum).

Figure 4.14. Optimized structure of DTT-Ox-F as non-TADFemitter
(M06-2X/6-31G(d), in vacuum).
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Figure 4.15. Optimized structure of TPE as AIEgen fluorogen (M06-2X/6-31G(d), in

vacuum).

é(:%‘“},
tr\t’
v s
Figure 4.16. Optimized structure of DTT-TPE as coupling product
(M06-2X/6-31G(d), in vacuum).
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Table 4.3. Twisting angle («) for TADF emitters (M06-2X/6-31G(d), in vacuum).

Compound Atoms Q
C5-C2-N13-C36 | 60.01
2CzPN
C3-C6-N18-C14 | 60.01
C8-ChH-N23-C25 87.7
DMAC-DPS
C19-C15-N53-Ch6 | -94
C7-C4-N23-C25 | -49.73
Cz2BP

C17-C14-N24-C30 | -49.15
DMAC-TRZ | C3-C6-N11-C40 -90
C37-N35-C1-C4 | 97.17

PXZPO
C36-N35-C1-C3 | 73.96
C23-C25-N28-C50 | 72.68
m-ATP-PXZ
C17-C19-N20-C30 | 107.83
C3-C1-N11-C34 | -80.84
PXZ-PXB

C4-C1-N11-C34 | 99.01

Twisting angles between donor (D) and acceptor (A) are given in Table 4.3.
2CzPN (Figure 4.3) with 60.01° dihedral angle, is a type of cyano-based materials
that is one of the widespread building blocks used in TADF emitters. Relatively low
dihedral angle is related with the absence of steric hindrance and bulkiness in 2CzPN.
This effect is observed as a large band gap between the excited states. It is possible to
induce more effective RISC between two excited states by introducing higher rigidity

to the molecule by attaching large groups that provides higher twisting angle.

The same condition is valid for a benzophenone-type acceptor Cz2BP (Figure
4.5) that has —49.73° of twisting angle. Thus, more sterically hindered versions with
ortho-carbazole substitutions of Cz2BP are reported in the study of Wong et al. [18]
and increased torsion between donor and acceptor moieties gives rise to a more suitable

twisting angle together with a relatively small band gap.
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The selection of dimethylacridan (DMAC) as donor in two emitters; DMAC-DPS
(Figure 4.4) sulfone-based and DMAC-TRZ (Figure 4.6) 1,3,5-triazine-based struc-

tures, gives steric hindrance and leads to a larger twisting angle.

As in the case of PXZPO (Figure 4.7) in which phosphine oxide was utilized as

weak acceptor, the angle indicates a moderate torsion between D and A units.

The emitter constructed from 1,4-diazatriphenylene acceptor m-ATP-PXZ (Fig-
ure 4.8) shows compatible twisting angle of 72.68° with its band gap due to the powerful
donor phenoxazine (PXZ). Additionally, the last TADF emitter PXZ-PXB (Figure 4.9)
built with boron-based acceptor has suitable twisting angle as a result of a torsion be-

tween phenoxazine donor and boron-based acceptor.

Non-TADF emitters and their dihedral angles are listed in the Table 4.4 All the
molecular designs above are based on an absence of twisted conformation and steric
hindrance; therefore, their dihedral angles are not suitable to provide separation of

donor and acceptor moieties.



Table 4.4. Twisting angle («) for non-TADF emitters (M06-2X/6-31G(d), in

vacuum).
Compound Atoms «
C16-C12-N21-C22 | 52.7
pCBP
(C3-C6-N42-C44 | -51.49
C7-C3-N12-C13 | -52.07
PhCz
C6-C3-N12-C14 | -52.07
C4-C2-N1-C13 | -39.24
TPA
C27-C24-N1-C13 141
C8-C10-C16-C19 | -32.69
DTT-Ox-Br
C2-C4-C26-C29 | 146.89
C8-C10-C16-C19 | -33.34
DTT-Ox-F

C2-C4-C26-C29 | 146.02
TPE C14-C12-C7-C3 | -47.36
C31-C27-C46-C48 | 33.76
C20-C17-C36-C38 | 143.99

DTT-TPE
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The emitters are shown in Table 4.4 emit light however, the RISC being an
endothermic process is not assisted due to a strictly increased AEg_1 as a consequence
of non-interrupted m-conjugation. Thus, the dihedral angle and separation distance
of moieties implicitly affects color purity and singlet-triplet energy splitting together

which is a vital point in designing effective emitters.

It is worth to note that, all the non-TADF emitters lack suitable twisting and
orbital separation, on the other hand an effective TADF emitter can be designed by
substitution of these moieties to suitable donor or acceptor structures. For instance,
triphenylamine (TPA) group is a significant electron-donating group that is utilized for
many research disciplines and it is used as building blocks to provide a precise twisting
to the molecule. The same condition is valid for tetraphenylethylene (TPE) that is
also constructed in the coupling product DTT-TPE (Figure 4.16). TPE is one of the
building materials that is used to generate an emission by causing aggregates. This
formation is named as Aggregation Induced Emission (AIE) and it effectively increases
the quality of the emission by restricting the existed intramolecular rotation within
the molecule so that the excess energy is dissipated as light. Additionally, a decrease
in singlet-triplet energy splitting was observed for the coupling product. However, a
considerable change was not observed for twisting angle. The reduction in the band
gap is probably due to the aggregation induced emission effect which is explained in

detail in the subsequent topic.

4.4.2. Natural Transition Orbitals

To identify the distinction between a TADF emitter and a non-TADF material,
the molecular orbitals responsible for the charge transfer should be well aligned in order

to induce exciton transformation from 77 to Sy effectively.

Separated HOMO and LUMO for TADF process is essential and emission is
supported by D-A molecular frameworks which present intermolecular charge transfer
(CT) character. An efficient reverse intersystem crossing (RISC) process within TADF

materials is related with a reduced overlap between frontier orbitals where small overlap
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(a) is desired to have CT.

Hereby, natural transition orbital formalism which diagonalize the transition den-
sity matrix, is proposed to give better explanation of the excited state characteris-

tics [66].

The &, index being the explanation of the overlap density between detachment

and attachment matrices, is listed in Table 4.5 and Table 4.6, ranging from 0 to 1.

Table 4.5. @, indices for TADF emitters in Lowdin (L) and Mulliken (M) charge
distributions and oscillator strengths (f) (B3LYP/6-31+G(d), PCM in toluene).

Compound | Transition L M f
2CzPN So — 51 | 0.4862 | 0.5480 | 0.0793
DMAC-DPS | Sy — S; | 0.1459 | 0.2490 | 0.0006
Cz2BP So — 51 | 0.4515 | 0.4869 | 0.48
DMAC-TRZ | Sy, — S | 0.0078 | 0.0093 | 0.00
PXZPO So — 51 | 0.2664 | 0.4869 | 0.0041
m-ATP-PXZ | Sy — S; | 0.1272 | 0.2128 | 0.0049
PXZ-PXB So — 51 | 0.1935 | 0.2737 | 0.0025
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Table 4.6. @, indices for non-TADF emitters in Lowdin (L) and Mulliken (M) charge
distributions and oscillator strengths (f) (B3LYP/6-314+G(d), PCM in toluene).

Compound | Transition L M f
pCBP So — S1 | 0.6426 | 0.7021 | 0.82
PhCz So —S1 | 0.8271 | 0.8619 | 0.05
TPA So — S1 | 0.6318 | 0.6662 | 0.02

DTT-Ox-Br | Sy — 51 | 0.7437 | 0.7579 | 0.36
DTT-Ox-F So — 51 | 0.7567 | 0.7826 | 0.36

TPE So —S1 | 0.7980 | 0.7856 | 0.54
DTT-TPE So — 51 1 0.6895 | 0.7400 | 0.02

The @, indices for TADF emitters in Table 4.5 and for non-TADF emitters in
Table 4.6 reveals the charge transfer characters of molecules. @, indices computed
for TADF emitters are closer to 0 displaying a reduced overlap between detachment
and attachment densities, where as in the case of non-TADF emitters index is closer
to 1 indicating an enhanced overlap. 2CzPN and Cz2BP show a relatively higher
trend indicating a compatibility with the previous examinations on twisting angle and
singlet-triplet band gap. Additionally, the other TADF emitters have @, indices closer
to 0 demonstrating an efficient charge transfer as a result of well separated molecular

orbitals.

The occupied and virtual Natural Transition Orbitals (NTOs) are depicted in
Tables 4.7 - 4.10. A small overlap between molecular orbitals is observed for TADF
materials. On the contrary, non-TADF emitters possess highly overlap occupied and

virtual transition orbitals.
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Table 4.7. Occupied and virtual NTO’s for the TADF emitters (B3LYP/6-31+G(d),

PCM in toluene) (1/2).

Compound

Occupied

Virtual

2CzPN

DMAC-DPS

Cz2BP

DMAC-TRZ
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Table 4.8. Occupied and virtual NTO’s for the TADF emitters (B3LYP/6-31+G(d),

PCM in toluene) (2/2).

Compound

Occupied

Virtual

PXZPO

m-ATP-PXZ

PXZ-PXB




Table 4.9. Occupied and virtual NTO’s for the non-TADF emitters
(B3LYP/6-31+G(d), PCM in toluene) (1/2).

Compound Occupied Virtual
pCBP
1™ € < & .
PhCz N
1=
TPA
(%
OX-DTT-Br m M
L %
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Table 4.10. Occupied and virtual NTO’s for the non-TADF emitters

(B3LYP/6-31+G(d), PCM in toluene) (2/2).

Compound

Occupied

Virtual

OX-DTT-F

TPE

DTT-TPE

44
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4.4.3. Excited State Profiles

The conversion between two electronic states that have same spin multiplicity
is allowed in contrast to the transition among two distinct states with different spin
multiplicity (S; and T}) called as intersystem crossing (ISC) as shown in Figure 4.17
[67].

Sy

A,

ISC(1)

Figure 4.17. Jablonksi Diagram for a TADF emitter.

Since, the combination of intersystem crossing with reverse intersystem crossing
plays a crucial role in effectiveness of TADF mechanism, it is important to employ
singlet excited states and triplet excited states whose energy levels are extremely close
to each other. The principal of TADF relies on an energy maintaining process that
facilitates reverse intersystem crossing (kgssc) in which triplet states are raised by
thermal energy to a vibronic sub level that is isoenergetic with the emissive singlet
states [68]. Accordingly, for an efficient TADF formation it is desired to have a high
rate constant of reverse intersystem crossing (krrsc) and it is obtained by lowering the
gap between low lying charge transfer states. The kr;sc is exponentially proportional
to the ratio of singlet-triplet band gap (AEs_1) to temperature (7') where kg is the

Boltzmann constant [68].

AEg_7
kT

krisc o< exp (4.1)
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Hence, to minimize (AEg_t), since core structures of emitters are based on elec-
tron donating and accepting moieties, these groups can be adjusted by insertion of
bridges also known as phenyl linkers which separates HOMO and LUMO leading to a
small band gap. To achieve this goal, it is vital to choose donor and acceptor units
with a suitable ionization potential (IP) together with electron affinity (EA) [68]. By
the use of bipolar molecules with a large twisting angle between D and A units (a-type)
shown in Figure 4.18, as mentioned in the previous section, a small exchange integral
(Jif=1/2AEg_) for the S transition that is associated with the orbital overlap inte-
gral can be achieved together with small AEg_1 [69]. However, in some cases, overlap
splitting is not enough to stabilize charge-transfer leading to a decrease in quantum
efficiency. Thence, with the insertion of an extra atomic bridge between D and A
units (b-type) separation is achieved with a large fluorescence rate constant with an
acceptable AEg_r (Figure 4.18). Low singlet-triplet splittings can be produced by ex-
tending the spacer unit that connects the two adjacent D an A. However, the number
and length of spacers incorporated should be chosen carefully because it may cause an

isolation of molecular orbitals which blocks the charge transfer within the states.

o/l o/l,  Oll;

Zzl’/g D /i; /A

a-type b-type

Figure 4.18. Designs of Donor-Acceptor and Donor-Bridge-Acceptor Models [66].
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Table 4.11. Low lying singlet-triplet band gaps AEg_1 (eV) for TADF emitters
(B3LYP/6-31+G(d), PCM in toluene).

Compound | Calculated | Experimental
2CzPN 0.24 0.31
DMAC-DPS 0.01 0.08
Cz2BP 0.19 0.21
DMAC-TRZ 0.01 0.04
PXZPO 0.02 0.26
m-ATP-PXZ 0.01 0.04
PXZ-PXB 0.004 0.03

The calculated and experimental band gaps (AEgs_ 1) for TADF emitters are
given in Table 4.11. The cyano-substituted emitters have enhanced electron affinity
due to the powerful electron-withdrawing capacity of cyano groups. However, ab-
sence of a large steric hindrance and bulkiness between donor and acceptor groups
in 2CzPN leads to a comparatively large (AEs_1). In the diphenyl sulfoxide-based
TADF emitter DMAC-DPS, has low singlet-triplet band gap with an effective reverse
intersystem crossing (RISC) process. The superior TADF property of DMAC-DPS is
because of the strong electron-withdrawing ability of diphenyl sulfoxide (DPS) moiety
together with the powerful donor dimethyacridan (DMAC). Additionally, resulting or-
thogonal structure gives rise to a well aligned electronic density of the orbitals in the
case of DMAC-DPS and DMAC-TRZ in which dimethylacridan was used as donor.
Subsequently, DMAC-TRZ being one of the promising TADF emitters contains highly
electron deficient triazine as electron accepting moiety with a low AEg_t. Even though
diphenyl ketone has a strong electron-withdrawing carbonyl group, Cz2BP has rela-
tively high band gap in the absence of highly twisted conjugation. However, as Lee
et al. reported [70] structures can be constructed in butterfly-shaped D-A-D types by
substituting carbazole or phenoxazine as donor units to get an effective TADF emitter.

In the following, TADF emitter PXZPO having phosphine oxide as weak acceptor,
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shows high band gap experimentally. The diphenylphosphine group contributes to
an augmented charge transport character. On the other hand, calculated (AEg_7)
values are not always compatible with experimental data. Contributions of the large
m-conjugated system with a superior charge transport ability of m-ATP-PXZ that has
three fused benzene rings with an electron-deficient core diaza-heterocyclic, is observed
as low band gap. In the last emitter PXZ-PXB, twisted structure and strong donor
ability of phenoxazine leads an efficient separation of HOMO and LUMO leading to a
small (AEs_7).

Table 4.12. Low lying singlet-triplet band gaps AEs_1 (eV) for non-TADF emitters
(B3LYP/6-314+G(d), PCM in toluene).

Compound | Calculated | Experimental
pCBP 0.44 0.25
PhCz 0.62 0.25

TPA 0.42 -
DTT-Ox-Br 1.01 -

DTT-Ox-F 1.03 -

TPE 0.95 -

DTT-TPE 0.55 -

The AEg_rt values for non-TADF emitters that are comparatively higher than
that of TADF emitter’s due to the absence of orbital separation, are specified in Table
4.12. Consecutively, the impact of substituted moiety’s electronegativity is examined
by changing Br with F in dithienothiophene-s,s-dioxide derivatives, still AEg_r is
slightly different because of the inability of the terminal atom’s to provide an extra
torsion to the molecule. To clarify the effect of substituted moiety, DTT-TPE is mod-
eled as a coupling product of dithienothiophene-s,s-dioxide and tetraphenylethylene
(TPE). Thus, AEg_t is lowered by implementing an extra steric hindrance with a high

rotation to the molecule that separates frontier molecular orbitals relatively.
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4.5. Conclusion

The study conducted in three phases has a main perspective to offer suitable
emitter designs to be utilized in OLED structures. First, seven blue TADF emitters
that have different groups of donor and acceptor moieties were selected to comprehend
the effects of various building blocks in structures. After conformational examinations,
the most stabilized geometries were taken for further excited state examinations and

molecular orbitals were analyzed at different level of theories.

The most convenient designs belong to DMAC-DPS (sulfone-based), DMAC-TRZ
(1,3,5-triazine-based), PXZ-PXB (boron-based), m-ATP-PXZ (1,4-diazatriphenylene)
based emitters existed in highly twisted molecular forms. The calculated AEg_t values
of the emitters are compatible with the compiled experimental data and are relatively
lower than those of non-TADF emitters. The Natural Transition Orbital (NTO) analy-
ses predicted a minor overlap between ground and excited states and molecular orbital
splitting can easily be visualized in Table 4.7 and Table 4.8 indicating that HOMO
levels are populated in acceptor moieties where LUMO levels are mainly populated in
donor groups. The &, indices are close to 0 implying that an effective charge transfer

occurs within the states.

Analyses performed on non-TADF molecules reveal a reduced molecular torsion
with comparatively lower twisting angles associated with the overlapped frontier or-
bitals. Even though having an increased conjugation system, molecules suffer from
high singlet-triplet splitting that suppresses RISC. The calculated @, indices are close

to 1 meaning that a local excited state nature of non-TADF emitters.

In order to induce intramolecular charge transfer, several design strategies have
been proposed such as implementing a linker that enhances separation distance of
donor and acceptor or substitution of an extra bulky group that enables rigidity to
the structure which prevents molecular rotation. The aggregation induced emission
character of a non-TADF emitter DTT-Ox was examined by inserting AIE fluoregen
(TPE) and the results have shown a reduction in AEg 1 by 46% in DTT-TPE. How-
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ever, the Natural Transition Orbital Analysis indicates that the @, index of DTT-TPE
is slightly smaller than that of DTT-Ox implying moderately large overlap between

frontier orbitals giving rise to a non-effective charge transfer.

Consecutively, according to the desired improvements of properties and natures
of OLED devices, one can adjust TADF emitter structures to be implemented on
solid films. Following that, it is worth to underline the importance of the proper
donor-acceptor choice. To have robust luminescence efficiency, system should contain
molecular rigidity such as twist, bulky and spirojunction that present separated HOMO
and LUMO. Also, it has been observed that even aggregation properties in solid states

are crucial to realize effective luminescence.
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5. FUTURE REMARKS

OLEDs that are constructed from TADF emitters possess improved device prop-
erties. On the other hand, to display an effective emission, TADF materials must be
spread well into host matrices in order not to induce emission quenching and/or ex-
citon annihilation. So that, a great majority of TADF doped OLEDs encounter with

aforesaid problems [71].

Aggregation caused quenching issue associated with the formation of aggregates,
can be eliminated by a distinctive photophysical phenomenon aggregation induced
emission (AIE). Materials showing weak fluorescent characters in solutions with aggre-
gation properties namely as AIEgens are used to increase fluorescence ability of mate-
rials in solid states. The emission quenching is reduced due to the twisted molecular
nature of AIEgens that contain weakened intermolecular 7 - 7 interactions in aggre-
gated state, this reduces the electronic coupling between building moieties together

with frontier orbital overlap [72,73].

Hereby, the effect of substituting a bulky moiety into a non-emissive molecule
in solid phase, was investigated with computational methods. The substitution is
achieved by the coupling between dithienothiophene—s,s—dioxide and tetraphenylethy-
lene that is an archetypical AIE fluoregen, in which excited states are deactivated by
non-radiation giving rise to non-emissive structure. The non-radiation is due to the
dynamic intramolecular rotation of the multiple phenyl groups that rotate on the axes
of o-bonds connected to the central ethylene stator [74]. The restriction of intramolec-
ular rotation (RIR) is observed in aggregated states due to the physical constrains,
and this formation blocks the non-radiative relaxation with leading to radiative decay

as shown in Figure 5.1.
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TADF materials with aggregation induced natures are reported as incentiviz-
ing candidates possessing superb solid-state photoluminescence (PL) efficiencies with

effectively utilized excitons [75].

W 7 §
W A N—/

hv
= = TPE"
P <j—‘\->
\ 7/ \—/
Tetraphenylethene
(TPE)
PN
& 2 N
\WER W)

Figure 5.1. Intramolecular rotation affecting deactivation of excited TPE species [76].

A sharp decrease in AEg_1 promoted by well separated frontier orbitals demon-
strated in Table 4.10 was noticed in DTT-TPE shown as 2D model in Figure 4.1 How-
ever, the observed band gap is not small enough to propagate RISC between triplet
and excited states. Although the AIE strategy is promising when designing TADF
materials to be doped in OLEDs, one should consider having reduced band gaps with

twisted structures.

As future work, the packing patterns in crystal structures of TPE substituted
molecules can be examined to be able to understand the mechanism of aggregation

induced emission on delayed fluorescence and propose new TADF emitters.
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