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ABSTRACT
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Yél

In this study, the effect of molecular structures on the thermally activated delayed

fluorescence (TADF) mechanism was investigatddhe research involved

theoretical calculations on molecules that have demonstrated TADF properties

experimentallyas well as their derivatives that may exhibit simdatoelectronic
characteristics.Using Density Functional Theory (DFT) and TwDBependent
Density Functional Theory (TIDFT), the ground state {5 and excited states (S

and T)) geometries of thmolecules were determindgey parameters, including the

vertical and adiabatic singtetr i pl et lkrandr g@apg@pEz ati on

spintorbit coupling matrix elements (SOCMRere obtainedReverse intersystem

crossing RISC) rate constantékrisc) were derived using Fermi's Golden Rule and

semiclassical Marcus theory with FrarCkndon approximationthe results show

that n a DA-D type symmetric moleculeeplacing one symmetric donor with a

stronger donodecreasgtheS; and T; transition energiedVhen the donor strengths

differ significantly,the effect of the stronger donor to lower thdr8nsition energy

wasfound to be greater than the effect to lower th&dnsition energy, resulting in

(]
—

en



| ower v errvaluexsCGohwersghk replacing a donor with a weaker one in
symmetric DA-D structures increases both &d T. transition energies without
signi fi cant kryNotably,aincgponatong agr&latively weaker donor
containing a heavy atom, as in PTZ, enhances treN#value, leading to higher
RISC rate constant3.hus, using a relatively weaker donor with a heavy atom
asymmetric BDA-D* type moleculesis identified as a promising strategy for

developing efficient TADF molecules.

Keywords: Thermally Activated Delged Fluorescence, Density Functional Theory,

Reverse Intersystem Crossing, Reorganization Energy-@iith Coupling
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TERMAL OLARAK AKTKVE EDKLMKkK GECKKMELK
MALZEMELERKNKN OPTOELEKTRONKK ¥ZELLKKLE]
YAPISAL ETKKLER: TEORKK BKR YAKLAKI M

Daxkt ,Maratr
Yuksek LisansKimya
Tez YoneticisiDr . ¥JErr.ol | Wél dér ém

Eylul 2024 109 sayfa

Bu -aléexkmada, mol ek¢l er yapélarén ter mal
( TADF) mekarirz maed&i et ki si i ncel enmi Ktir
TADF o©zellikleri gosteren molekdller ve benzer optoelektronik 0Ozellikler

sergileyebilecek t¢grevlierdi czerinde teor
Yojunluk FonksiyonebhnTB8ajemlé(DPBTUnhek ZE
Teorisi(TDDFT) kul l aneél arak, mple&d&suyaréhmérem
(StveTi) geometrileri belirl entnmiikptliert. bDankte ya
( b , yeni den d¢zenl ermieetkelnerwijm smat(rai)s veel ¢
(SOCME) gi bi anahtar @arriametmnled esi setl edmel eer
(RI SC) heémsgs,abFietrineir'ini(nk AFoénnd okhu ryaalkd awkeg nF
yaré klasi k Mar cus t eoradtensoruglar, AeDrti@ | ar a k

simetrik bir molekilde, bir simetrik donérin daha gucli bir dondr ile

dej i Kt i rivdTogees-iinki nenSer jil erini azaltéjeéne
°neml.i °l -¢de farkl e ol:def u md adnexdéarinngei g g -
etkisininTige-i K enerjisini de¢kegrme et kisinden

dur um dsirkeejyergdEer i ni n d¢g¢kmesine nd&den ol mu
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yapélarénda bir don®°r ¢n dahaveZlagyed-fi kKbi r don

enerjile r i ni art érgihaykit @,neamdak® | pE dOzelldlee ] i kKt i r mem

PTZ6de ol duju gibi aj ér atom i -eren g°rece
SOCME dejerini arterarak daha y¢ksek RISC |
nedenle, asimetrik A-D*t i p i mol ek¢l |l erde ajér atom i-er
don°r kull anmak, et kil i TADF mol ekg¢gl I eri ge
ol arak belirlenmixktir.

Anahtar Kelimeler: €rmal Aktif Gecikmeli Floresay oJ unl uk Fonksi yonel
Teorisi, GeriYong, Si stemler Arasé Ge-i kKYprinBeor gani zas

Et kil eki mi
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CHAPTER 1

INTRODUCTION

1.1  An Overview of Organic Light Emitting Diodes

The first demonstration of electroluminescence using an organic material was
corducted by Pope and coworkers in 196% thattime, inorganic materials were

the focus of interest for researchers because the efficiency and lifetime of devices
obtained from organic materials were considerably lower than those based on
inorganic materiald® Nevertheless, in 1987 Tang and Van Slgeveloped a
doublelayer organic lightemitting device (OLED) with an acceptable level of
luminescencefficiency.* Following this work, Adachi and eworkers developed

the multilayer OLED concept, producing relatively higificiency devices
Subsequently, the design and development of efficient OLED devices have emerged
as a focal point of interest within both academic research and industrial

applications'®

OLEDSs operate based on the principle of injection electroluminescence, wherein the
material responsible for photon emission in response to an electric curamt is
organicmolecule Injection electroluminescence is a phenomenon that encompasses
a seriesof processes, including charge injection, the recombination of charge
carriers, the creation of excited states, the quenching of these states, and finally, their

radiative decay, which ultimately results in the production of fight

A typical OLED device consists of five layers: anode, hole transport layer (HTL),
emissive layer (EML), electron transport layer (ETL), and catliedgirel.1). The
anode, typically composed of indium tin oxide (ITO), is a transparent layer. Upon

the application of a voltage, holes (positive charge carriers) are injected from the



anode, and due fits transparency, the light produced at the end of the process can
pass through and exit the devidde HTL, composed@nor gani ¢ mat er i al ( N
diphenytN , Mid([3methyl phenyBl ,-dipRenyt4 | -diaNjine  (TPD), for
example), facilitates the transfef holes injected from the anode to the EML.

metal cathode (Mg:Ag alloy film, for example) égjts the electron into the ETL.
Similar to the HTL, the ETL enables the injected electrons from the cathode to be
transferred to the EML when a current is agglOnce injected, the charges traverse
the transport layers, whereby the holes migrate through the HTL from the anode
(positive electrode) and electrons traverse the ETL from the cathode (negative
electrode) due to the electric field generated by anegpbltage. This phenomenon

is known as charge transport in injection electroluminescédimeerecombination of
electrons and holes occurs in EML. Upon reaching the EML, the electrons and holes
undergo recombination, forming an exciton. The recombinatioogss in EML

leads to the release of energy in the form of photons, producingTigétorganic

EMLs are crucial in determining the color and efficiency of OLED deVitBsspite

the selection of HTL materials with low ionization poteigito match the work
function of an anode, an energy barrier may still exist for hole injection from the
anode to the HTL. Moreover, the chemical interaction between the anode surface
and the HTL can result in the degradation of an OLED device. Thereafase,
recommended to insert a thin buffer layer between the anode and the HTL, which
can help lower the drive voltage and enhance the robustness of the.'d4&¥ice
Similarly, the metal/organic interface between the metal cathode and the ETL
exhibitsa similar lehavior. Manyof buffer layers have been proposed and utilized

at this interfacé>4
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Figurel.1 A simplified illustration of multilayer OLEDSs.

1.2  Electroluminescent Efficiency in OLED Devices

In addition to the structural characteristics of OLED devices, such as durability,
sustainability, accessibility, low fabrication costs, flexibility, and so forth, it is
necessary to highlight the efficiency ie electroluminescent process in OLED
devices, which represents a crucial aspect of their overall performiarzce OLED
device, the material that is expected to emit light via the electroluminescence
principle does not necessarily have to recombiree nmanner that always results in
photon emission. Instead, in some cases, the energy may be releasadiatbrely

as heat rather than as lighfThe quantitative characterization of the
electroluminescence efficiency of an OLED device, referred to astuyua
efficiency, can be accomplished in two distinct wdpsernal quantum efficiency
(IQE) represents the proportion of electrons injected into the device that are
converted into photon#t this stage, the emission of photons into the environment
is nottaken into account; instead, it is important whether photon production occurs
within the deviceThe photon produced as a result of efficient recombination can be
reabsorbed by the components of the device or undergo refraction and reflection
before leaving the deviceAn additional definition of efficiency that considers such
circumstances is external quantum efficieEQE). EQE s defined as the ratio of



the number of photons emitted from an OLED device into the external environment
to the number of ektrons injected into the deviceln addition to
electroluminescence efficiencygQE also evaluates how effectively light is
extracted from the OLED devick.follows that theEQE s necessarily constrained

by thelQE. One of the most critical consideratiin the design of a higéfficiency

OLED device is the selection of a light emitter with a HIQE.®*°

1.3  Spin States in OLEDs

In an OLED device, the recombination of charge carriers (electrons ars) imailee

EML can give rise to two types of excitons: singlet excitons, which have a total spin
eigenvalue of S=0, and triplet excitons with S2The proportion of excitons in
singlet ortriplet states can be estimated using-nelativistic quantum mechanics
(NQM). The spin analysis of OLEDs is analogous to that of a hypothetical two
electron system. In this simplified model, the electron and hole that form the exciton
can be representes two electrons in the hypothetical syst@ime z-component of
thespin angular momentum operafoy)) of such a system can be defined as the sum
of the individual spin operators:

Y Y Y o8
Each oneelectron spin angular momentum operator along tagigz, Y and"Y ,
has the eigenstatd$and b, with the eigenvalues of # and- /2, respectively.
Therefore, the possible eigenstates™gfcan be obtained as follow (1 and 2

representig the spin coordinates of the electrons):

el ¢ T pf ¢ | pf ¢ T pl ¢ P&
In NQM, the following commutation relationship is w&Hhown:
YRY T P&

Thus, the eigenstates of Biust be also the eigenstates afifowever, only the first

two states are the eigenstates of S



Yopl ¢ QI pl g P&

YIopT ¢ qdT plf ¢ P&y
The eigenvalues are determined by S(S#Mjhere S is the spin angular momentum
guantumnumber and S=1 for both states. Two new sates which are the eigenstates

of "Y can be constructed by a linear combination of the eigenstat§safd the

normalization condition:

. | pl ¢ 1 plg
\ > pap
N I
w U
The eigenvalues of the newly constructed eigenstatss of
Y... ¢o ..
Y... T P

A common set of eigenstates for bo¥hand™; is obtained. According to resulting
outcomes, three symmetric states (triplet states) and one antisynsteggifsinglet
state) are derived. Therefore, only 25% of the formed exciton are in the singlet sta
while 75% are in the triplet state according to NQMNQM, several rules govern
the possibility of a transition from the ground state of a system &xated state.
One of these, the spselection rule, plays a critical role in determining the
efficiency of lightemitting materialsAccording to the sphselection rule, for an
electronic transition between states taablewed the spin multiplicitieg2S + 1)of

the initial state and the final state must be the sd@imes,transitions between singlet
states are regarded as allowed transitions, whereas 4dimglet transitions are
considered as forbidden transitiom¢evertheless, such forbidden risitions can
occur in nature, which can primarily be explained by relativistic quantum mechanics

(RQM), specifically the phenomenon of spinbit coupling(SOC)*®



1.4  Light Emission Mechanisms in OLEDs

OLEDs can be classified intdifferent groups by considering their ligamitting
mechanismin the first generation of OLEDSs, fluorescent organic materials have
been used as light emitteFluorescencérigurel.2) refers to the emission process
that occurs when a molecule transitions from an excited singlet state, typically the
first singlet excited state (§ back to the ground stateofSin accordance with

K a s h a @’sSinae fluorescence results from transitions between singlet states, it
is classified as apinallowed transition. Consequently, fluorescence occurs as a
rapid process and is sometimes referred to as prompt fluoreséerraglitional
fluorescent materials can emit fluorescence only through singlet excitons. As
previously mentioned, sce only 25% of the excitons are in the singletestthe
maximum IQEof fluorescent OLED materials is limited to 25%. The remaining 75%
of excitons are in the triplet state and their energy is typically lost as®heat
Furthermore, the maximurEQE of OLED devices designed with fluorescent
organic materials is around-7%5%, which is undesirable for industrial
applicatons?® Since the relativistic effects are considerably reduced in the
fluorescent organic materials used the first generation of OLEE) the spin
statistics predicted by NQslre valid for these types of materiddince he S Y So
transition is spirallowed, it occurs rapidly with the emission of lighgpically
within the rangeof 10° to 10° second£? In contrast, the TY S transition is spin
forbidden. As a result, the lifetime of triplet states is extended, and their energy is
typically dissipated as heat through environmental interactions or molecular
collisions rather than emission of ligkirstgeneration fluorescematerials offer a
range of advantages, including flexible device architectures, reduced power
consumption, and high brightne€$® However, they also present significant
drawbacks, such as insufficient device efficiency and high driving voltage, which
limit their practical application$* To address these efficiency challenges,
researchers have advanced to seggekeration OLED materials, referred to as

phosphorescent emitters (PhOLEDSs), which aim to enhance overall performance.



The main motivation for using PhOLED materials in generdigig from electrical
energy lies in their ability to convert triplet excitons into radiative emission, thus
overcoming the nomadiative relaxation of triplet xeitons observed in
fluorescencé® Phosphorescence is a radiative transition between statdfeoét

spin multiplicities®® The aim of the phosphorescent mechanism is to convert 100%
of excitons into triplet states, enabling light emission during their transition back to
the ground state. The 25% singlet excitons generated from excitation can also be
converted into triplet exains through the intersystem crossing (ISC) chaffrial

order for triplet excitons to emit light when they go back to the ground state, the
mixing of spin states is essential. Mixinfgspin states can be achieved by high spin
orbit coupling(SOC) constanf® High SOC constants increase the probability of
triplet-singlet spin forbidden transitions, commonly observed in heavy eleifents

In heavier elements, electrons exhibit faster motion compared to those in lighter
elements due to the enhand@dulombic interaction between the electrons and the
nucleus. The high kinetic energy of the electrons underscores the necessity of
considering relativistic effects in their behavior. Findings from the integration of
relativistic theory and quantum mechanindicate that the interaction between an
electron’'s spin angular momentum and its orbital angular momentum prevents the
existence of pure spin stafésThis is the principle behind the phenomenon of
phosphorescence. When materials with high -sploit interactions are used, the
tendency for the spin states of excitons to mix increases. This facilitates the
occurrence of spHiorbidden transitions in NQM, as the triplet and singlet states
bemme mixed. SOGs proportional to the fourth power of the nualecharge®
Therefore, the incgoration of elements with high nuclear charge is a commonly
adopted strategy for enhanciB@Cthrough the heavy atom effe€tTo achieve a
strong ISC channel in phosphorescent emitters, the inclusion of metallic elements is

often necessary; however, this can also introduce high cost and toxicity coficerns
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Figure 1.2 Radiative transition processes in first, second, and -tercration
OLEDs

14.1 Thermally Activated Delayed Fluorescence

Thermally activated delayed fluorescence (TADF) materials represent the third
generation ofOLED technology’? Upon excitation of TADF materials, piiet
excitons are produced via an ef@int ISCprocessTADF refers to the process in
which the 75% triplet excitons generated as a result of excitation are thermally
activated and converted into singlet excitons via the reverse intersystem crossing
(RISC) channel, leading to delayed fluorescence upon returning to the grount state
Consequently, both prompt fluorescence (PF) deldyed fluorescence (DF) are
observed, characterized by two different fluorescent lifetimes, despite having
identical spectral distributions as typical fluorescerE.occurs due to rapid
transitions from the Sstate to the &state, characterizday an excited state lifetime

of several nanoseconds. In contr&, is attributed to the slower transitions from
Ti1to S and then to & with a lifetimeexceeding microseconds OLEDs, four key
processes contribute to TADF emission: (1) Upon the reconndnaf electrons

and holes, singlet and triplet excitons are generated in a 1:3 ratio; (2) thenkigly

exciton states rapidly transition to the lower exciton stateso(ST:) through



processes such as vibrational relaxation and internal conve(Sipmhe triplet
excitons that accumulate at are then converted back te@ 8a the RISC process,
facilitated by thermal activation; and (4) singlet excitons atwhich are either
formed directly from electronic excitation or transferred back from &e
subsequently deactivated radiatively to the ground state, resulting in varying
luminescence lifetimes for both PF and DF. Among these steps, the efficient reverse
intersystem crossing fromuTo S is crucial for effectively utilizing triplet excitons

to enhance fluorescent luminescefte

In an optimal TADF processwolving electroluminescenc25% of the emitted light
results from prompt fluorescence, while 75% arises from delayed fluorescence via
RISC. TheoreticallylQE of the TADF processan reach up th00% since all triplet
excitons carpossiblybe converted into singlet excitod® The aim of the TADF
mechanism is to promptly harvestcitons in the Tstate into the Sstate, enabling
fluorescence from the;®xcitons. If the TY  :Sransition does not occur rapidly,

it is inevitable that excitons in the $tate will lose their energy as heab convert
excitons from the Tback tothe S via RISC, it is essential for the energy difference
between the Sand T. levels to be smallConsequently, a high RISC rate constant

(krisc) between the Sand T states is imperativé

1.41.1 Advancements in TADF Materials

TADF was first rationalized by Perrin in 192%osin, fullerene, and porphyrin
derivatives are weknown materials that exhibit TADE 8 Although significant
effort and attention have been allocated to fully organic TADF emitters, the earliest
TADF emitters implemented in OLED dees were derived from traditional
organometallic complexes. Notably, the development of TADF emitters has
demonstrated a gradual transition from the use a¥yenetals, such as iridium and

platinum to lighter elements like carboand nitogen® In 2008, Yersin and



Monkowius developed TADF emitters utilizing multinuclear complexes based on
iridium, palladium, platinum, rhodium, and gold, characterized lsynall singlét

triplet energy gap € 500 2000 cm?).*° The following year, the application of

a Srt* porphyrin as a TADF emitter in OLEDs is reported by Adachi and colleagues,
although the efficiencies of the devices were notably*fdw 2010, Deaton and €o
researchers presented the first example ofighlyr emissive TADF complex:
bis(phosphine)diarylamido dinuclear coppefflrhis discovery has subsequently
motivated extensive researchdrthis type of emitter by Yersin*® Thompsorf*
Brase* and other$%48 The first purely organic TADF material, demonstrating an
external quantum efficiency (EQE) of 5.3%, was reported by Adachi et al. irf2011
Nevertheless, the fact that the efficiency of their developed OLED device was
approaching the theoretical limit of traditional fluorescent emitters does not
constitute unguivocal evidence that the emission mechanism in the device is
TADF.*° In 2012, the same research group introduced a series of organic TADF
emitters utilizing carbazole (Cz) as the donor and dicyanobenzene (DCB) as the
acceptol(Figurel.3), achieving an IQE exceeding 90% and a remarkably high EQE
of over 19%, comparable to that of higfficiency PROLEDs®® These emitters are
structured with a donesicceptor architeate characterized by a highly twisted
geometry that facilitates spatial separation betwberhighest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUM@ading to

r e d u csevdluegdBsuch high efficiency indicated that dark tripdetcitons could

be converted into the singlet state, producing radiative emisSor this report,

the use and development of organic TADF materials as emitters in OLED devices
have become a focus of academic and industrial research, as evidenced 430ov
publications®® NumerousOLED devices designed with méface materials based

on TADF have been shown to exhiliQE of over 20%* Theelectroluminescence
efficiency in a TADFbased devicee n h a n ¢ e s st belcames sopeerf-or
instance, condensed polycyclicomatic compounds, such as anthracene, exhibit
highly intense fl| uor e seeaeedieg;lehtheywa@enetr |

expected to demonstrate efficient TADEonversely, materials based on ketones,
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such as benzophenofBP) derivatives, posses a r el atdgrfaadging s mal |
from 0.1 to 0.2 eV). However, they do not display intense luminescence at room
temperature, and their phosphorescent properties are only observed at low
temperatured’ When the nonbonding@ | ectron or bi t-electromnd t he
orbital (M"” * or bi tal ) o vasabseavqu indenzophenpten est dF |,

is minimized due to the small overlapinteg@lo ns equent | ygrvale decr e a
indicatesthat the system has a lower energy barrier for RISC, thus enhancing the
efficiency of TADF procesd. n contr ast, ar omatelecronc o mpou
systems generalliy*emshbbtal sogarfagantesu
greater than 1\&%’

Although blue phosphorescent complexes are commonly acknowledged for their
instahlity in electroluminescentlevices, there is significant hope that blue TADF
devices can effectively address this challenge within OLED technéfdigye first
deepb|l ue TADF emitter class was reported
conjugation length and the redox potentials of the donor and acoegitiies® The

EQE of the deegblue TADF material produced using diphenylsulfori2P§g)
acceptor unit and 3;@i-tertbutylcarbaole (TBCz) donor uni{Figurel.3) was noted

as 9.9%wi t h sraf 0.828eV°3 The utilization ofDPSas the acqaor unit has
prompted its widespread application in the design of blue TADF molecules in
numerous subsequent studfiés’ Adachi et al. demonstrated that a dédpe TADF
molecule designed witbPSas the acceptor and dimethoxycarbazole (DMOC2z) as
the donor, which possesses strongercted@-donating properties thanBLCz,
exhibited a lower Senergylevelthan its BCz-containing counterpart, while the T
energy leveremained relativelgonstantresulting in a molecule with lowe <pE
(0.20 eV) and higher EQFE14.5%)° Lee et al. reported that by reging the
phenothiazingPTZ) donor group insymmetricDPSbased BA-D type molecuk

with phenoxazingPXZ2), they synthesized an asymime deepblue TADF emitter

to avoid the exciton quenching through aggregaitoluced emission (AIE)Y
Consequently, the asymmetric structure exhibitedjaer EQE17.0%12.5%)and

a | o wse(0.09 @m.14 eV)compared to its symmetric counterpart

11
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Figure 1.3 The chemical structures of acceptor and donor units commonly used in
TADF materials.

In recent studies, tricoordinate borone n t esyseeichs have attracted significant
attention as promising acceptor units for blue TADF emitters, includingi&y@:
13b-boranaphtho[3,2;tle]anthracene (DBA), 10dhenoxaborin (PB) and
Triarylboron (TAB)®%64To efficient TADF system, BA-D molecular frameworks
have emerged as promising candidates. It has been reportedAhBtti)pe TADF
materials exhibit highly efficient RISC, sumped by large SOCME*5*Wang et all.
identified three skyplue TADF materials of the {3-D configuration, utilizing
various combination®f DBA acceptor and acridine (ACdonor units, which
demonstrated remarkable TADF performaffceFurthermore, Yasuda et al.

12



proposed that BA-D type TADFmaterials could achieve high SOCME values due
to the presence of quadegenerate HOMO energy levels and dual charge transfer
state”®® In 202, Kwon et al. showed that the-®D type pure blue TADF
molecule formed by using DBA acceptor and 1,3{6f8amethy9H-carbazole

( TMCz) don o rstoeD0heV ith highdEQEmE43.998 These findings
indicate that an appropte@&combination of donor and acceptor moieties within the
D-A-D molecular framework could be beneficial for designing effective TADF

sensitizers for pure bluemitting OLEDs

1.4.1.2 Theoretical Approaches to Reverse Intersystem Crossing

The timeindependent Schrddinger equation provides solutions known as stationary
states thabave indefinite lifetimeTo calculate the probability of transitions between
different states, one must consider how the populations of these states evolve over
time. There are two primary methods to address this: (a) dynamic approaches, which
involve explicitly propagating the solutions of the thohependent Schrodinger
eqguation, and (b) static approaches, which use perturbation theory to account for time
dependeoy and calculate transition probabilities statistic&llyn the context of
reverse intersystem crossing (RISC), static methods are generally preferred due to
the timescales associatedthwspinforbidden transitions, which are wallited for
perturbation theory. Timdependent perturbation theory that involves a perturbation

of the electronic structure through the SOC operator, leads to an equation that

provides a way to calculate theeaf RISC by Fermi's Golden ruié

~ ¢ .

Q 750 S pay
In Eq. 1.8,0 a SO s O representsthe spirorbit coupling matrix
element (SOCME) between &nd T; states.and” stands for FrangikCondon

weighted density of final states at the energy of the initial,stdteeh describethe
thermokinetic barrier associated with theY Sransition In the limit of high

13



temperaturesi.e., assuming that all vibrational modeg atassical ¥i << kgT),

" obeys a standard Arrhenius type equafion

, p w0 _
—TﬁYA @D oy pP&n

and the rate is expressed using the semiclassical Marcus theory formulation:

Aogp 22 _=
Y Ty pep

~ [ P
Q ?$O S

He r est alspkeferredtoas d i a b atfid tlee ergpigy difference between the

S1 excited state in the optimized §eometry (Si/S1), and the T excited stge in the
optimized T geometry(T+/T1). The reorganization energy, de
as the energy difference between thest3te in the Toptimized geometry(Sy/T1),

and the Sstate in the Soptimized geometry(Si1/S:) (Figure1.4). Also, ks and T

represent the Boltzmann constant and temperature, respectively.

\ | |
E $1/T1 \ III :/ II|
"'. /
""\\ | /
Es1s1 R / : AR
S1 \ ST
Erym -
Rry

Figurel.4 Schematic pantial energy surfaces of the &d T; states as quadratic
functions centered atdrand R, respectively.
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1.4.1.3 Basic Design 8ategy of TADF emitters

For an organic material to effectively realize the TADF mechanism, it requires
suitabl e syadndiSOEME Accogdiag to Eq. 1,1@smallerp Etleads

to an increase in therisc value because it decreases the term in the exponential
factor, thereby enhancing the effectiveness of the transition between the singlet and
triplet statesin the kisc formula (Eq. 1.1D , srogpresents the adiabatic energy
difference between the excited states, which is the energy difference of the excited
states at their optimized geogmnluesones. To
molecular structure in theéesign of efficient TADF molecules, we can estimate the
adi ab attusing a (pRdamental approach. The aim is to estimate the energy
difference between thei 8nd T; states in a simple way by using thet of orbitals
resulting fromthe soldion of thetime-independent Schrodingequation for the &

state to describe tha 8nd T states, as in Koopmans' theot&min this approach,

the excitatioAnduced changes in the molecular geometry are neglahteds,both

S; and T excited states are assumed in thgebmetryln this case, the orbitals that
separate the wave functions of thea®d T. states will be singlelectron wave
functions representinthe HOMO and LUMOobtained from the solution of the
time-indepenént Schrédinger equation for the Sate. Since the energies of the
orbitals not involved in the excitation remain the same in both tlea@&T; states,

we can assume their energy to be zero. Consequently, the energieschnlderS

states at theg®)eometry and the energy difference between them can be obtained as

follows:
O 5 M M v 0 PP p
O ¢ M M v 0 PP ¢
w0 Oy Oy ¢U PP o

Here, ly and h representhe oneelectron integral of the HOMO and LUMO orbital,

respectively, whiledl is the Coulomb integral representing the Coulomb repulsion
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energy between electron 1 on the HOMO and electron 2 on the LUMO, jand K

denotes the corresponding exchange integral:

0 Qede ipf iaiﬂf ip[ ip PP T
p it can be expressed as a measure of the overlap between the HOMO and LUMO
wave finctions, as indicated in Efj.14 In this context, it is possible to obtain a low
o ErVvalue inorganicmoleculesvhere there is minimal overlap between the HOMO
and LUMO orbitls, indicating effective spatial separation of the HOMO and
LUMO.” To achieve effective spatial separation of the HOMO and LUMO,
researchers have commonly utilized molecules comprising donor and acceptor units
as TADF emitter$® 77 In twisted moleular configurations, i.e., when the donor and
acceptor units have nearl or t hogonal D, ithA spdtial lseparatian | angl e
between the HOMO and LUMO is effectively increased due to the strong charge
transfer characteristics of the excited stdtégHowever, having a large dihedral
anglebetween the donor and acceptor decreases the transition dipole moment of the
emission and slows the fluorescence rate from the chargdaratate, which often
results in reduced emission efficiencies due to competing quenching prétéses
Consequently, it is essenti al to eoptimize t
appropriate molecular structure in order to achieve efficient TADF.

The continuous advancement ofADand D-A-D type TADF molecules with low

o Ervalues has led to numerous studies demonstrating their advantages in achieving
high-efficiency OLEDS??84| n  addi t i o n stvate, thérfact tsatikec| |  PE
is directly proportional to the square of the root mean square of SQEYIE.10)

ensures that high SOCME values are associated effthient TADF®® The
dependence of theOCconstant on the fourth power of the nuclear chéggds to

the observatiorthat heteroatorrbased TADF emitters, created by incorporating
heavy atoms such as sulfur (S), bromine (Br), and iodine (I) into organic TADF

molecules, are more efficient thanitheounterparts lacking heavy atof§$’
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1.5 Aim of the Study

The primary objective of this study is to investigate thituamce of molecular
structure for a set of widely used urots theTADF mechanism. Density functional
theory (DFT) and tim&ependent density functional thedD-DFT) calculations
were applied to both experimentally verified TARRiItting molecules and their
hypothetical derivatives to explore the impact of structural modifications on their
optoelectronic propertie$n this study, 32nolecules were theoretiéaexamined,
each formed by combining widely used TADF emitter components: [DiB%
dioxa13b-boranaphtho[3,2;tle]anthracerle and DPS (Diphenyl sulfong as
acceptor units, and PXZ(Phenoxazing PTZ (Phenothiazing PSZ
(PhenoselenazineDMAC (9,9-Dimethyt9,10-dihydroacriding, and CZCarbazo)

as donor groupshe chemical structures of the donor and acceptor groups used in
this gudy are illustrated ifrigure1.5.
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Figurel.5 The chemical structures of donor and acceptor units examined.

Two different positions of the DPS acceptor Uifitgure 1.6) were used, namely
meta (m) and para (f), to evaluate the impact of donor placement on optoelectronic

properties.

AR CHNGA !

Figurel.6 Meta (left) and para (right) positions of DPS.

o0 CNe D' =D or D*
DI

For each position of DPS @mand p), donor units including, Cz, DMAC, PTZ, and
PXZ were employed to construct symmetriAED type structures and asymmetric
D-A-D* type structures. The olgave is to determine which molecular architecture
contributes more effectively to the TADF proce3fie chemical structures of

symmetric and asymmetric metabstituted DP$®ased molecules are given in

18



Figure 1.7, while those with paraubgitution are shown irFigure 1.8. Moreover
the DBA-centered molecules amategorized and examined two groups: those
containingtriple-donor P3-A) and doubledonor D-A-D) configurationsIn each
group, three different donors were utilized: PXZ,ZPBnd PSZ.The chemical
structures of DBAbased molecules containing trigdenors used in thistudy are
presented irFigure 1.9. Structures with doubldonors are further subdivided into
three subgroups based on the meneta and para pasons of the DBA Figurel.10
illustrates the chemical structures of the DBAsed molecules containing double

donors studied in this section.

The approach of mathetically expressingdsc by applying Fermi's Golden Rule

to the transition between the &d T, utilizing the FranckCondon approximation

and semiclassical Marcus theory, has been adopted in numerous.8tdtiBsis

method is also employed in this study to determine the numerical valuesgf k

which is a main factor that determines TADF efficientlye aim of this study is to

understand the effects of symmetricABD) and asymmetric (BA-D*) structures,

doubk and triple donor configurations, and positional changes (such as meta and

par a) on the key parameters in tsthe TADF
reorganization energy, and SOCME values encountered kr#tsformulation for
theselectedsets oimoleailes.
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Figurel.7 The chemical structures of the mstzbstituted DP$®ased compounds.
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Figurel.8 The chemical structures of pasabstituted DP$®ased compounds.
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Figure 1.9 The chemical structures of DBBased molecules containing triple

donors.
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Figure 1.10 The chemical structures of DBBased molecules containing double

donors.
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CHAPTER 2

COMPUTATIONAL METHODOLOGY

This section outlinegshe computational techniques employed to elucidate the
operating principles of TADF material§he manybody problem in quantum
chemistry the Hartreé~ock method, density functional theory, the concept of basis
sets, timedependent density functionagheory, the phenomenon of sgrbit

coupling, and the computational procedures usedsrsthidy are discussed in detail

2.1  The Many-Body Problem in Quantum Chemistry

One of the most significant challenges in quantum chemistry is solving the time

indeperent Schrodinger equation for a system with N electrons and M nuclei.
For such a system, tlmn-relativistic Hamiltonian operatas:

O Y Y ® @ CH
Since atomic units (au) are yarseful in molecular systems, the explicit form of the

operators will be provided in atomic unithe “Y represents the kinetic energy

operator for N electrons, and its explicit farm

“y

p
c &

Here,n? is the Laplacian operatotY corresponds to the nuclear motion of the M

nuclei.
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The kinetic energy operator of the nuclei involves the mass corresponding to each of
the nuclei in aup .Thew operator describes the Coulumbic interaction between
the nuclei and the electrons, and its explicit form is:

: 2 &

) —— G

d Y$

In the expression 2.4, the represents the charge of the nucleus labeled A,
denotes the position operator of nth electron, “#nd the position operator of the
Ath nucleusThew , which captures the Coulombic inteuclear repulsion energy,

is given by:

YR}
s 8

Y Y
Finally, thew , which represent the Coulombic repulsion energy resulting frem th
negative charges of the electrons is expressed by:

&)

P P
- P w— c8p

C I 18

In the last two expressions, 2.5 and 2.6, the summation symbol corresponds to a
double summation over two indices, and pihesence of the factor %2 arises because

interactions are counted twice, thus the final expression is divided by two.

Themain idea of many theoretical chemistry studses solve analytically the time
independent Schrddinger equation for a system witkebtrons and M nuclei (given
in Eq. 2.7).

o © G
However, an analytical solution to the equation is only available for hydrogen and
hydrogenlike atoms. This situation, in essence, representsdhe ofmanybody
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problem in quantum chemistry. Since there is no analytical solution for most
molecular systems, it is aimed to simplify the problem using various approaches and
solve it numericallyln order to apply separation of variables techniquachvis

one of the partial differential equation solutions, some assumptions can be made on
the molecular Hamiltonian (Eqg. 9.1From an experimental perspective, the kinetic
energy of the nuclei is considerably lower than the electrons due to the sighjfica
larger mass of the nuclei compared to the electrons. In this case, thperator
representing the kinetic energy of the nuclei in molecular Hamiltonian can be
neglected, which is known as the Bddppenheime(BO) approximationWhen the

BO approxmation is applied to the molecular Hamiltonian, meaning thatfherm

is neglected, thé» operator becomes a constant term. This is because neglecting
the”Y term is equivalent to assuming that the nuclei are stationary. In this case, the
Coulombic interaction between the nuclei remains constant, as the position of the

nuclei do not changdfter neglecting théY term, the remaining Hamiltonian is:

0O Y w ) ) cap
If a Hermitian operator contains a constant term in its summation form, similar to
the Hamiltonian operator where the BO approximation has been applied, the constant
term can be removed from the operator. After solvingetpenvalue problem for the
remaining operator, the constant term can then be added to the obtained eigenvalue.
Therefore, since the Hamiltonian operator is also a Hernopenator, theo term
can be removed from the Hamiltonian operator and afteing the Schrodinger
equation for the remaining Hamiltonian, ttee term can be added to the obtained
energy eigenvalue. In this case, the fully BO approximated Hamiltonian can be
obtained as follows:

O

Y]
p Y p P &
C S
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2.2  The Hartree-Fock Method

The HartreeFock method is based on the numerical solution of theitihependent
Schrddinger equation for a system containing N electrons and M nudieing the
variational principle with the Bor®ppenheimer (BO) approximation applidd.
guantum mechanics, the variational method states that if a system is represented by
a set of eigenstates tife Hamiltonian operatoiQ® denoted ass @, alongwith
the correspoding energy eigenvaluegO ¢, wherethe energy eigenvalues are
indexed in nordecreasing order, such that &hich is the lowest eigen value, is less
than or equal tde;, which is less than or equal t@,Eand so onthen the average
value of the operatd®for any trial wave functioys & will never be less than the
smalkst eigenvalue 60

s G0 Os th OMi@ O 08 P T

0 o ©O P p

In the Hartreé~ock method, the trial wave function used as the initial guess is
represented by a Slater determin@d. 2.12) whic isobtianed fom the solution of
Schrddinger eqution fahe independermlectron model, where electrahectron and
electronnucleus interactions are neglectddhe Slater determinant is formulated
from the antisymmetrized arrangementooieelectron spirspace wave functions
known as spin orbitaJ]s & ,whereldo 1 h represents thepatial coordinates,
1 and the spin coordinate, of the ith electron The presence of spin parameters
within the Slater determinant, coupled with its antisymmetric charactedistics
specifically, the change in the sign of thawe function resulting from the exchange
of coordinates between two electrdndemonstrates compliance with the Pauli
exclusion principleThe coefficienpf10 Ain the Slater determinant corresponds to

the normalization constant.
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By using the Slater determinant, the expectation value of the molecular Hamiltonian
operator in the Bor®©ppenheimer approximation is obtained in terms of spin

orbitals as follows:
[O) O e W Qe e
WL e © e O QM ¢ @ ¢

Qe @ ¢« ® QM » @+ @ ¢ o
In Eq. 213, h(n) and h(n,mare referred to as theneelectron and twelectron
Hamiltonian operators, respectivend can be defined as follows:
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By minimizing E with respect to the spin orbital set udimg Lagrange multiplier

constrained optimization technig, the canonical Fock equatiorolstained.

@ a4 -ga & @

Here, F is referred to as the Fock matrix or operator, whitorresponddo the
energy of the-th orbital. The explicit form of the Fock opeia is presented in

Equation .
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is the transposition operator that exchanges the coordiaatesidw in the
relevant spin orbitalsThe Fock equationgEq. 2.16)are solved using a self
consistent field (SCF) procedure, which allows fordetermiration of the minimum
value of E,the expectation value of the Hamiltonian calculated using the Slater
determinant. However, in the Fock formalism, electetettron correlation exists
only for electrons with parallel spins. This situation arisesabise the Slater
determinant is formulated for independent electron systems rather than for

interacting systems.

2.3  Density Functional Theory (DFT)

Themain ideabehind DFTis to compute various parameters of a molecular system,
primarily its energy, usingnother object that contains all the information contained

in the wave function, thereby eliminating the need for the wave function itself. In a
system with N electrons, the probability of any one of the N electrons being in

position r isdefined as onelectron density } ( r ) .

"1 0 8 Q00 80 s ihhAMHR s ¢® Y
Density is a functional since it is defined as a function of the wave function of the
systemA similar definition can be applied to the tvetectron density functional (or
secondorder density functional). In an-Blectron system, the probability of any two
electrons occupying positions r andsrtefined as the secomdder density:

28



. 00 p -

" ih faﬁ'ﬂ8’ﬂsihh8hs P w
Furthermore, the first order density matrix (reduced density) can be defined as
follow:

" ih O 88 Q0 80 “ihhMhH ih A MBHhH &

The expectation value of the Hamiltonian operator ford&proximated system

with N electrons and M nuclei can be expressed in terms of the defined density

functionals.
0 Qi 2 v id
C
~ ' V3 p ” VR "~ ) n Y
Qi IQS—iS i h Qi b i & p

Here,D i represents the potential:

)
g Ys

& ¢

The first part of the Hohenbeigohn theorem states, through the technique of
reductio ad absurdum, that the grotstdte density uniquely defin@si and that

the grounestate properties of a system of interacting electrons are uniquely
determined by itelectron density. This means that if the electron density is known,
one can derive all the information about the grestade energy, wave function, and
other physical properties of the systehime second part of the Hohenbd¢ghn
theorem states that tleectronic energy of the system calculated using any trial
density will always be greater than the energy obtained from the exact density,
according to the variational principl€he total energy of a system within DFT is

expressed as a functional of #lectron density.

(O Qi i Y 0" i o i & o
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In Eq. 2.23, ke first term includindd i is the external potential energy functional,
accounting for the interaction between the electrons and the external potential,
typically attributed to the nuclei’Y” i is the kinetic energy functional,
representing the kinetic energy of the electrondclvis commonly approximated
using the nofinteracting electron modab.” i is the Coulomb repulsion which is

the classical electrostatic interaction between pairs of electiidres.exchange

correlation energy O i , accounts for the complex intetaons among
electrons, incorporating effects such as exchange and correlation. This term is not
easily calculated and is frequently approximated through various functionals,
including the Local Density Approximation (LDA) and the Generalized Gradient

Approximation (GGA).

2.4 Basis Set

A basis set is a collection of functions used to define molecular orbitalenéhe
electron wave functions in a molecular systemttbpughlinear combinations of
typical atomic orbital functions (such as s, p, d, and f dd)itar their equivalents.

The functions in a basget are typically atorasentered

Basis sets can be classified and named according to the types of functions they
comprise. In a Slatdype basis set, the functigriSlatertype Orbitals (STOskre
designed to resemble the atomic orbitals derived from the solution of the Schrédinger
equation for the hydrogen ator8TOs exhibit exponential decay, which closely
resembles the actual behavior of electrons in atoms, specifically their radial
distribution being more representative of the true atomic wave functions. However,
the integrals involving STOs are often mathematically complex because of their
exponential form. This complexity can lead to tiwswnsuming calculations,

particularly in multielecton systems.
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Gaussiartype orbitals (GTOs) possess a Gaussian shape, which, despite being
mathematically easier to manipulate, does not decay as rapidly as STOs. As a result,
GTOs are less effective in representing the tails of atomic orbitals. Howes®r, t
Gaussian form offers significant advantages for computational applications; the
integrals associated with GTOs are considerably simpler to evaluate. This
simplification facilitates the efficient computation of mamydy systems. A notable
benefit of G Os is that they can be combined to accurately approximate the shapes
of STOs. By employing combinations of multiple Gaussian functions to represent a
single STO, contracted Gaussian functions are formed, enhancing computational

efficiency.

2.5 Time-DependentDensity Functional Theory (TD-DFT)

TD-DFT is an extension of the static formalism of DFT used to explore the dynamics
of manybody quantum systems in response to idependent external
perturbations. While traditional DFT focuses on grostate properés, TDDFT

allows for the exploration of excited states and dynamic processes. The foundation
of TD-DFT was established by Runge and Gross, who extended the Hohenberg
Kohn theorem to include tirm@ependent densities and potentials. In the TDDFT
framework,the primary vaable is the electron density i b , which depends on

both position and time.

il 0 8 Q00 80 s ihhMBH DS & T
The TimeDependent Kohwsham (TDKS) equations area key component of
TDDFT. The TDKS equations allow the modeling of the dynamics of a many
electron system by approximating the complex maogy problem with a set of

noninteracting KohaSham particles that evolve in an effective potential.
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Here,¢ i is the timedependent KosSham orbital for the-th electron, and

D 1P isthe KohaSham effective potential, which depends on the dehsito

and consists of three components: the external potential acting on the system (for
example, an applied electric field), the Hartree potential accounting for the classical
electrostatic interactions, and the exchaogeelation potential. The time

dependent density can be expressed in terms of ¥&¥tam orbitals:

38
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Linear Response Theory withilD-DFT establishes a framework for examining
how a quantum system reacts to minor perturbations. This approach is especially
valuable for studying the behavior of electrons in response to externaldiyiag

fields, such as electromagnetic fields, which inficeethe electron densityhe total
electron density can be expressed as a sum of the gstatedeénsity and a small

perturbation:

”‘lFI‘) ”‘l ]n‘lFb C&X
The linear response theory results in themigation of linearized equations that
relate the system's response to the perturbation applied. The response functions in
this linear approximation can be derived from the k&8tam equations, represented
as:

LR &y

16 i
...ifi N is the density response function, which quantifies how the electron
density at position r changes in response to an external perturbation applied at

position r as a f16 1 repoesentethe variationinfthee quency
external potential applied at position r'. It describes the influence of external fields

(e.g., electric fields) on the system. In this context, it is treated as a small
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perturbationEqg. 2.28llustrates the linear relatiship between the change in density

and the external potential in the frequency domain.

Overall, the development and application of-DBT represent a significant advance
in the computational study of quantum systems, bridging the gap between static

propertes and dynamic behavior.

2.6 Spin-Orbit Coupling (SOC)

Spinorbit coupling (SOC) is a fundamental interaction between the spin and orbital
angular momentum of electrons, which plays a crucial role in various physical
phenomena in quantum mechanics. Thisradion arises from the relativistic
treatment of moving charges. According to special relativity, an electron moving in
the electric field of a nucleus experiences a magnetic field due to its motion. This
magnetic field interacts with the intrinsic spihtbe electron, leading to an energy

term that couples the electron's spin to its orbital motion.

For an electron influenced by a central potential, such as that created by a nucleus,
the Hamiltonian that incorporates sqrbit coupling (SOC) can brmulated as

follows:

0 0, 3B & w

In expression 2.29, L is the orbital angular momentum operator, S is the spin angular
momentum operator, ars O is a radial function that quantifies the strengttihe

coupling and depends on the position
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2.7  Natural Transition Orbitals (NTO)

Natural Transition Orbitals (NTO) help us to obtain a clearer picture of the transition
orbitals, for all holeelectron excitations. This transformation of excitations into
isosurfaces is especially helpful when studying on the excited states of species with
highly delocalized aromatic group and multiple groups. The finery and smartness of
the NTO method originates from its connection with the orbitals and oscillatory
frequerties of excitations between these orbitals where transformations of
excitations into isosurfaces and probabilities are conducted on the occupied and

virtual orbitals to obtain a static picture for the transition density m#trix

2.8  Computational Procedure

We started from different initial conformations to reach lowest energy structures as
a first step.Using DFT, the ground state ¢Sgeometries of the molecules were
determined, and the distributions of the highest occupied molexbital (HOMO)

and the lowest unoccupied molecular orbital (LUMO) were obtaifikd. energy
difference between the first singlet excited stai¢ #8d the first triplet excited state
(T1) was also computed using tirdependent density functional theoryDDFT)

with respect to optimized ground state geometrddsreover, the excited state
geometry optimizations via MDFT were performed to more accurately represent

theadiabaticenergy difference between &d T.

The energies of the first singlet excitstate at its optimized geometryi/&), the
first triplet excited state at its optimized geometry (1), and the first singlet excited
state at the optimized geometry of the first triplet excited stat€:jSvere obtained
to computg rcwo, the Frank-Condonweighted density of statefhe semclassical

Marcus theory wea@e used to estimate |}
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The reor gani zi#68-S01), whkch is thegenergy eequife8 to bring a
system in the §o the optimized geometry of the first triplet excited state, as well as
the singlettripletadiabatido a n d A R/S T TOEL), were calculated based on
the optimized geometries of the excited states.

Furthermore, the spiarbit coupling matrix elments (SOCME) that are
significantly responsible for the; IS, transition probability have been calculated and
the RISC rate constants have been obtaideldst, natural transition orbitals (NTO)
were obtained, allowing for insights and interpretatiopgarding the nature of

singlet and triplet transitions

The geometry optimizations forn,SS;, and T states, as well as the excited state
energy levels, were calculated using the B3LY¥®1&+(d,p) level of theory in the
Gaussianl6 program. Although a sfgrant portion of the molecules was also
calculated using the MGBX and CAM-B3LYP functionals with the same basis set,
inconsistencies in the excited state energy levels led to the exclusion of these
functionals. Additionally, SOCME calculatioret $ optimized geometriesvere
performed using the ORCA5.0.4 program. Since #3.6+(d,p) basis function is

not defined for the selenium atom in the ORCA program, tB8&165+(d,p) basis
function was used only forgrlsc calculations of the molecule sets contagi
selenium, while SOC calculations for all other molecules were carried out at the
B3LYP/6-31G+(d,p) level.

35






CHAPTER 3

RESULTS AND DISCUSSION

In this study, several key parameters were calculated for different-dooeptor
setupsincluding asymmetric (BA-D*), symmetric D-A-D), andtriple-donor A-

D3) configurationdo understand the structural effects on TADF mechanism.

3.1 Comparisons of Symmetric (DA-D) and Asymmetric (D-A-D*)
Configurations with DPS Acceptor Unit

In this sectionthe optoelectronic properties of symmetricAED) and asymmetric
(D-A-D*) structures constructed using the DPS acceptor unit and the donor units Cz,
DMAC, PTZ, and PXZ are discussed.

3.1.1 Investigation of Symmetric and Asymmetric Configurations of
Donor Units at Meta Position of DPS

This section presents the theoretical analysis of symmetric and asymmetrc meta
substituted DP$%ased moleculedJsing a variety of initial guess geometries, the
molecules were optimized in the ground s&ttéheB3LYP/6-31G+(d,p) levelThe
lowest energy optimizestructuresvith the dihedral anglesetween the donamits

and DPS acceptor moietgre presented ifrigure 3.1 for the asymmetric meta

substituted molecules andkingure3.2 for the symmetric ones

37



m-Cz-DPS-DMAC | m-DMAC-DPS-PXZ | m-Cz-DPS-PXZ | m-DMAC-DPS-PTZ | m-PTZ-DPS-PXZ

m-Cz-DPS-PTZ

Figure3.1 S, Si, and T optimized geometries and dihedral angles of asymmetric

metasubstituted DP®ased compounds.
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Figure3.2 S, Si, and T optimized geometries and dihedral angles of symmetric

m-PXZ-DPS

metasubstituted DP®ased compounds.

Butterfly

Figure3.3 Representation of PTZ in butterfly and orthogonal conformations.

The results indicate tha®TZ donor goup can adopt two distinct conformations

within the molecules. These conformations, named butt@jlgnd orthogonglO),
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aredepicted inFigure3.3. In the buttetfy conformation the dihedral angle between
PTZ group andPS ranges from°3o 2C°, whereas in the orthogonal conformation,
this angle ranges from 8@ 9C°. The activation energy barrier between the O and
B conformations of PTZ has been determined td.B6 kcal/mol in the literatur®
indicating that the transition between the two conformations is feasibReXZ-
DPSPTZ and mCzDPSPTZ contain PTZ group in Bonformation in their lowest
energy optimized structures, wherea®MAC-DPSPTZ and mPTZ-DPS contain

PTZ in O conformation.

The LUMO, HOMO, and HOM@L orbitals of the asymmetric mesabsttuted
molecules are shown Figure3.4, while those of the symmetrones are presented

in Figure3.5. In symmetric molecules, except for@z-DPS, both the HOMO and
HOMO-1 are distributed over both donor units. In contrast, in asymmetric molecules,
the HOMO s localized on one donor and the HOM®n the other. In these
asymmetric molecules, the strength of the dsraetermines which donaothe
HOMO and HOMGL1 will be localized on. In alasymmetricmetasubstituted
molecules containing PXZhe HOMO is distributed ovd?XZ, while HOMGO1 is
located on the other donor attached to DPS. In asymmetric-sukstituted
molecules that contain DMA@xcludingPXZ, the HOMO is always localized on
DMAC, and the HOMGL ispositionedon the othedonor (either PTZ or Cz). Inim
Cz-DPSPTZ the HOMO is disibuted ovelCz unit, while the HOMQ1 is onPTZ

unit. This suggests that the donor strength can fiikeechas PXZ > DMAC > Cz >
PTZ. In all structures, the LUMOrbital is distributed oveDPS centralacceptor
groupas expectedn asymmetric molecules, with the exception eDMAC-DPS

PXZ, the HOMO orbital is predominantly located on the donor grouptiiarger
dihedral angle. In AIDMAC-DPSPXZ, both the PXZ and DMAC groups already
exhibit large dihedral angles with DPS. Consequently, the donating effect of the
oxygen atom in PXZ becomes dominant, leading to the localization of the HOMO
on the PXZ grop. The large dihedral angles between the donor and acceptor units

facilitate the spatial separation of the HOMO and LUMO. Effective spatial

separation of HOMO and LUMOsrtvatuescinmuci al
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Cz-DPSPTZ and mCzDPS molecules, theelatively smaller dihedral angle
between the Cz unit and DPS has resultédapoor spatial separation of the HOMO
and LUMO.

Table3.1 encompasses the LUMO, HOM@nd HOMQ1 orbital energy levels, as
well as the direct band gap values for the compoutudises! in this section. The-m
PTZ-DPSPXZ and mCzDPSPTZ mokcules, which prefer Bonformation for
PTZ, exhibit the highest LUMO energy levels. This suggeststkigapresence of
PTZ in B conformation leads to an increase in the LUMO energy level of the
molecule Furthermore, an examination of the HOMO gyydevels of mPXZ-DPS

and mPTZDPSPXZ, containing PTZ in B conformationeveals that the HOMO
localized @ the PXZ unit is higher in energy within the asymmetric configuration.
A similar trend is observed m-Cz-DPS and rCzDPSPTZ, containing PTZ in B
conformation However, the effect of th8 conformation of PTZ on the LUMO
energy level is greater thais gffect on the HOMO energy level. Consequently, this
leads to a higher band gap value for the asymmetric structure compared to its

symmetric analogue.
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HOMO, and HOMGQO1 orbitals for asymmetric meta substituted

Figure3.4 LUMO,

DPSbased compound.
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LUMO HOMO HOMO-1

m-DMAC-DPS

m-PTZ-DPS

m-PXZ-DPS

m-Cz-DPS

Figure3.5 LUMO, HOMO, and HOMGL orbitals for symmetric meta substituted

compounds.

The substitution of one of tteymmetric donors in the iDMAC-DPS, mCz-DPS,

and mPTZ-DPS molecules with the PXZ donor group gives rise to the hypothetical
formation of asymmetric molecules:BMAC-DPSPXZ, mCz-DPSPXZ, and m
PTZ-DPSPXZ. The HOMO energy levels of these asymmetric poamds are
found to be higher than those of their symmetric analogs. This can be attributed to
the fact that, in the symmetric structures, the HOMO orbitals are localized on the
DMAC, PTZ, and Cz donors, whereas in the asymmetric configuration, they are
concentrated on the PXZ donor, which possesses greater donor strength.
Additionally, the LUMO energy levels of the asymmetric structure€)MAC-
DPSPXZ and mCzDPS-PXZ, formed by replacing th®OMAC and Cz h m
DMAC-DPS and nCzDPS with PXZ group, are lowe compared to their

symmetric counterparts. Overall, it can be inferred that substituting one of the donors



in a symmetric BA-D type molecule with a stronger donor group will result in an
increase in the HOMO energy level compared to that of the symnsétuicture,

while decreasing the LUMO energy level. Consequently, this leads to a reduction in
the direct band gap value. The band gap value {8zDPSDMAC, resulting from

the exchange o€z group with the stronger DMAC donor, is lower than that of m
Cz-DPS further supports this conclusion. However, the presence of the PTZ group
in a butterfly conformation in the asymmetric structures may lead to deviations from
this trend. This is because the HOMOocalized on the PTZ in the butterfly
conformation spizally occupies the LUMO of the DPS acceptor unit, which
significantly elevates the LUMO energy level. Consequently, it has been
demonstratedhat the LUMO energy level of RTZ-DPSPXZ is higher than that

of m-PTZ-DPS, whth contains PTZ i®© conformation
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Table3.1 The LUMO, HOMO, and HOMEL orbital energy levels and direct band
gaps (eV) for metasubstituted DP$ased compounds.Experimental values
obtained from references;-BMAC-DPS% m-PTZ-DPS® m-PXZ-DPS% m-Cz
DPS%

Compounds LUMO HOMO HOMO -1 E gdirect
m-PTZ-DPS-PXZ -1.834 -5.090 -5.927 3.256
m-DMAC -DPS-PTZ -2.096 -5.407 -5.437 3.311
m-Cz-DPS-PXZ -2.125 -5.186 -5.905 3.061
m-DMAC -DPS-PXZ -2.113 -5.198 -5.404 3.085
m-Cz-DPS-DMAC -2.048 -5.323 -5.858 3.275
m-Cz-DPS-PTZ -1.768 -5.782 -5.908 4.013
-2.052 -5.372
m-DMAC -DPS -5.378 3.320
-2.26 -5.36
-2.134 -5.468
m-PTZ-DPS -5.472 3.333
-1.86 -5.35
-2.174 -5.223
m-PXZ-DPS -5.230 3.050
-1.72 -5.09
-2.073 -5.846
m-Cz-DPS -5.893 3.773
-2.48 -5.84

The §, T, T,,and Bt ransi ti on ener gi essrval@dstong wi tF
metasubstituted DP®ased macules, are presentediiable3.2. The influence of

PXZ donor group on the band gap in asymmetric structures is also edserthe

S: and T; transition energies. WhdPXZ donor group is exchanged witheoaf the

symmetric donors im-DMAC-DPS, mCz-DPS, and rPTZ-DPS molecules, the

resulting asymmetric structu@sn-DMAC-DPSPXZ, mCzDPSPXZ, and m
PTZ-DPSPXZ3d exhibit lowerS; and Ty energy levels compared to their PX2e

symmetric counterparts. This suggests that the exchange of the PXZ donor with a

donor that has lower donor strength compared to PXZ in symmetric structures

reduces the transition energy levels of the mdkecFurthermore, it has been

45



observed that when the effect of PXZ on reducingriergy levels greater than its
effect on reducing Tenergy level t he vsevalud of the struptbre also
decreasesTherefore, e v e r d4r vales for mpEZDPS and nCz-DPS are
higher than those for their PX@bntaining asymmetric analogs;PTZ-DPSPXZ

and mCz-DPSPXZ. However, in the case of-DIMAC-DPS, the exchange with
PXZ results in similar reductions in both &d T energy levels,dading to vertical

o kT values for mDMAC-DPSPXZ and mDMAC-DPS that are relatively close.
The reduction in Sand T; transition energies resulting from the exchange of one
donor in the symmetric {3-D structure with a stronger donor is also consistent in
asymmetric structures that include DMAC. Thea8id T transition energiesf m-
PTZ-DPS and nrCz-DPS are, respectively, higher than those eDMAC-DPS
PTZ and mCz-DPSDMAC. Similar to PXZ, the DMAC donor group also reduces
the S energy level more sigicantly than the T energy level, resulting in lower
ver t isewallues igrEADMAC-DPSPTZ and mCz-DPSDMAC compared to
m-PTZ-DPS and rCzDPS.

Table 3.2 S;, Ti, T2 and Tz transition energies, verticalEst valuesfor meta
substituted DP$®ased compoundall are in eV.

Compounds St T T2 Ts gEsT
m-PTZ-DPSPXZ 2.664 | 2.610 | 2.844 | 3.086 0.054
m-DMAC-DPSPTZ | 2.738 | 2.710 | 2.793 | 2.979 0.027
m-Cz-DPSPXZ 2502 | 2468 | 2.820 | 2.986 0.034
m-DMAC -DPSPXZ | 2531 | 2.497 | 2.704 | 2.852 0.034
m-Cz-DPSDMAC 2709 | 2.682 | 3.092 | 3.134 0.027
m-Cz-DPSPTZ 3.453 | 3.110 | 3.151 | 3.224 0.344
m-DMAC -DPS 2.754 | 2.726 | 2.733 | 3.167 0.028
m-PTZ-DPS 3.021 | 2.779 | 2.784 | 2.973 0.242
m-PXZ-DPS 2500 | 2.468 | 2.475 | 2.846 0.032
m-Cz-DPS 3.243 | 3.077 | 3.111 | 3.148 0.166
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When a donor with lower strength replaces the donor present in symmetric meta
substituted DP$®ased structures, no noticeable differences are observed in the S

and it ransition ener gvakies. Ther§ Ti, h e nadvalupEi c a l ®
for m-PTZDPSPXZ, mDMAC-DPSPTZ, and mCz-DPSPTZ are strikingly

similar to those of their PTF#ee symmetric analogs, namely-PXZ-DPS, m

DMAC-DPS, and mCzDPS, respectivelyA similar situation is observed in

asymmeéric structures that contaCz donorunit. The S and T transition energies

and v e rrivaluessekhibitpdEby the symmetric structure®XZ-DPS and m

DMAC-DPS are found to be significantly close to those of the asymmetric
compounds RCz-DPSPXZ and mCzDPSDMAC, respectivey.

To better understand the nature of excitation, NTO analysis was performed using the
So geometriesFigure3.6 illustrates the NTOs of asymmetric matabstituted PS

based molecules. The results indicate that the NTO distributions of the asymmetric
molecules resemble the HOMO aodMO distributions. It isconcluded that for the
asymmetric structures, the hole orbitals corresponding to bos the SndS Y

T transitionsare localized on the stronger donor in the molecule. Additionally, it
was observed that the orbitals representing the electron states in b8thYthesS
andSy Y  transitionsare distributed over the DPS acceptor unit. Furthermore,
there isa significant similarity between the hole orbital in ®eY Sransitions

and the hole orbital in th& Y  ftransition for each molecule, as well as between
the electron orbital in th& Y  :Sransition and the electron orbital in tBeY T
transtion. This highlights the similarity in the nature of tBeY SandSoY T

transitions
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Figure 3.6 NTOs corresponding to theoY S and S VY
asymmetric metaubstituted DP$®ased compounds.
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Figure 3.7 NTOs corresponding to theoY S and $ Y  transitions for
symmetric metasubstituted DP$®ased compounds.

The NTO distibutions for symmetric metaubstituted DP$®ased molecules are
presented inFigure 3.7. In contrast to the asymmetric structures, it has been
concluded that in APXZ-DPS, mPTZ-DPS, and ’DMAC-DPS, the hole orbitals
for both theSy Y SandSy Y  Ttransitions are localized such that they are
distributed across both donor units. However, fe€mDPS, a distribution similar

to that of the asymmetric case is obserwedyhich the hole orbital is concentrated
on a single donor. The asymmetric behavior exhibited bzDPS can be
attributed to hydrogemduced H’ i nteractions between
group and the phenyl ring of the other Cz group, disruptiagymmetric structure

of the donor groups in its lowest energy optimized geometry. As observed in
asymmetric structures, the orbital representing the hole stateSgnYhe Sransition
closely resembles the orbital representing the hole state $ theT; transition, as
does the orbital representing the electron state iS¢  Stransition with its

counterpart inth& Y  transition.
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To observe the impact of geometrical changes on the nature of excitation, NTO
analysis using the optimizepgeometries for both:S&nd T; states was conducted on
the top two asymmetric and symmetric molecules withhigbest calculatedrksc
values The NTO orbitals obtained from the &d T. geometries for RAPTZ-DPS

PXZ and mDMAC-DPSPTZ are shown irrigure 3.8. The NTO results obtained
using the geometry are similar to those obtained using then T. geometries.

In m-PTZ-DPSPXZ, the orbitals representirthe holesire localized oi?XZ donor
unit, while the orbitals corresponding to the elecstates are distributed ovBPS
acceptor in both excitestate optimized geometries. A similar pattern is observed
for m-DMAC-DPSPTZ, where the hole orbitals are primarlbcalized on the
DMAC donor unit.

The NTO distributions for the two symmetric moleculesPMAC-DPS and m
PTZ-DPS, are provided ifrigure 3.9. Unlike the resultobtained using the ¢S
geometry, in both the:%nd T. geometries, the orbitals representing the hole states
are localized on only one donor unit. This phenomenon can be attributed to the
asymmetric nature of the dihedral angles in the exdtat: optimied geometries.

In symmetric structures, the transition fromt& S, and T. geometries involves an
increase in the dihedral angles of both donor groups, indicating rotation of the donor
units; however, dihedral angle of one donor group increases morthéhdinedral

angle of the other donor group.the NTO analysis, the donor group over which the
hole orbitals are localized is the one with the greatest increase in dihedrallangle.
asymmetric molecules, the donor unit responsible for the excitatitetasmined by

its electrondonating ability. Nevertheless, in asymmetric molecules, it is observed
that the donor unit responsible for the excitation experiences an increase in dihedral

angle in the Sand T. geometries compared to thedggometry.
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Figure3.8 The NTO distributions representing the¥s Sand S Y  transitions
for m-PTZ-DPSPXZ (left) and mDMAC-DPSPTZ (right), at and T. optimized

geometries.
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Figure3.9 The NTO distributions representing the¥s Sand SY transitions
for m-DMAC-DPS (left) and rPTZ-DPS (right), at Sand T; optimized geometries.
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An examinati on ¢ fvaluds fee metsbstituted DPDaseplE
molecules(Table 3.2) reveals that the closestiplet transition energy to the;S
transitionenergyis not T; transition energyor compounds such assBMAC-DPS,

m-PTZ-DPS, mPXZ-DPS, mCzDPS, and r"Cz-DPSPTZ. Accurately predicting

which triplet state will engage in the RISC channel is essential for understanding the

TADF mechani sm, asy, pPSOEGMEt eandl| ke wepEc h ar
calculating kisc, canvary depending on the specific triplet state's energy level. The

ver t isewvalues weke derived from TDFT calculations performed on the S

geometry of each molecule. However, it is inevitable that molecular geometry
changes during excit at drieumseful forhmakénginitih i |1 e t he
predictions, it does not fully encapsulate the nature of the excitation process.
Therefore,excited state optimization calculations were conducted, and adiabatic

o E7 values were obtained by calculating theeSergy at the Sgeometry(Si/Sq)

and the Tenergy at the 7geometry(T/T1). However, difficulties were encountered

during the excitedtate optimization calculiains for the mCz-DPS moleculelue to

convergence problemConsequently, although -@z-DPS showed promise for

exhibiting TADF due to its smallertical oo k1 value, itis excluded from this study.

Based on the obtained adiabatkciéation energy values, it has been concluded that,

except for mCzDPS, the nearest excited triplet state to th&:Sstate for all

molecules studied in this section ig/T. Therefore, it is determined that the

potential RISC channel is energeticalfyvorable between the, &nd T states.In

this context, the reorganization energies and SOCME values were calculated
between the Sand T, statesTable3.3pr esent s t Rereomganizaidnat i ¢ @E
energies(d, and SOCME values, along with the RISC rate constéaisc)

calculated at 298 K for the mesabstituted DP®ased molecules.

52



Table3.3 The adiabatigEsT, reorganization energp), SOCME and kisc values
for metasubstituted DP$ased compoundSExperimental values obtained from
references; AIDMAC-DPS®** m-PTZ-DPS and rPXZ-DPS%

Compound gEsT(S/Si- > (eV) SOCME Krisc
TJT1)(eV) (cm?) (x1CP s?)
m-PTZ-DPSPXZ 0.027 9.08E04 1.204 34.050
m-DMAC -DPSPTZ 0.024 1.07&03 0.251 17.660
m-Cz-DPSPXZ 0.024 1.07&03 0.177 7.446
m-DMAC -DPSPXZ 0.024 9.58E04 0.131 2.046
m-Cz-DPSDMAC 0.022 3.81E04 0.630 0.234
m-Cz-DPSPTZ 0.348 0.3849 0.973 0.005
m-DMAC -DPS 0.024 1.06E03 0.102 2.935
0.07 5.8
m-PTZ-DPS 0.026 9.64E04 0.045 0.136
0.01
m-PXZ-DPS 0.023 9.65E04 0.010 0.020
0.06

Consideri ng trhvaluesaodl thearhadetules; it igoBbserved thit

compounds listed imable3.3, exceptforiCz-DPSP T Z, e x hi $&valuess mal |
ranging from 0.02 to 0.03 eV. Thisdicates that there is no significant difference in

adi abgsswatueE bet ween the asymmetréc and s
values are an important parameter for overcoming the energy barrieffioREC;

however, they are insufficient forguticting which molecules will exhibit superior

TADF performancelt can be concluded that all of the molecules, except f@zm

DPSPTZ, exhibit relatively | ow reorganiza
of m-CzDPSPTZ compared to the other moleculean be attributed to the

significant differences in the dihedral angles between Cz and DPS in dimel 3

optimized geometries, which greatly increases the reorganization energy between the

S and T; statesThe SOCME values, which determine the probability of th¥
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S: transition in the TADF mechanism, show significant differences between
symmetric and asymmetric structures. Notably, the SOCME values for-BhNEZm
DPSPXZ and mCz-DPSPTZ molecules, which antain PTZ in a butterfly
conformation, are found to be significantly higher than those of the other compounds.
Furthermore, the SOCME values exhibited by the asymmetric structures are
generally higher than those of their symmetric analogs. Higlt kalues suggest

that triplet excitons convert rapidly to singlet excitons, indicating that molecules with
the potential for efficient TADF can be assessed based on thgir&tes. In this
context, it is plausible to assert thatDMAC-DPS will serve as the ost efficient
TADF emitter among the metubstituted DP®ased symmetric molecules. Indeed,
based on reported results in the literaflifit can be inferred that BMAC-DPS
performs more efficiently compared to the other symmetric molecules. The
consistency between the experimentak&kvalue and the thedieally obtained

krisc values indicates the applicability of the theoretical methods used. However,
there are currently no experimental studies on the-swgiatituted asymmetric DPS
based molecules examined in this work in the literature. Neverthelsssl ba the
obtained kisc values, it is proposed that the asymmetric structures, particularly m
PTZ-DPSPXZ and mDMAC-DPSPTZ, are likely to exhibit efficient TADF.

3.1.2 Investigation of Symmetric and Asymmetric Configurations of

Donor Units at Para Positionof DPS

In order to generalize the optoelectronic properties of symmetric and asymmetric
donor configurations based on DPS acceptor group, the results of DFT eDBTT D
calculations performed on molecules created using the para position of DPS, similar
to those in3.1.], are discussed in detéilvestigation of Symmetric and Asymmetric

Configuratons of Donor Units at Meta Position of DPS
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The S, S, and T optimized georatries of the Czxontaining parasubstituted DPS
based molecules,-pz-DPSDMAC, p-CzDPSPXZ, pCzDPSPTZ, and pCz-
DPS,are presented iRigure3.10. It has been observed that PTZ can also exhibit
the butterfly (B) conformation in pargubstituted compounds. For instance, the
lowed energy optimized geometry @-CzDPSPTZ demonstrate$TZ in B
conformation. In the asymmetric compound€pDPSDMAC and pCzDPS
PXZ, the dihedral angles between the donors and acceptor inahd & optimized
geometries are observed to increase relative to those in geoMetry. However,

in p-CzDPSPTZ, the dihedral angle of PTZ has decreased in than8 T
optimized geometries compared to the optimized geonudtBs. Meanwhile, the
dihedral angle between the Cz group and DPS in b@rpPPS and gCz-DPSPTZ

has significantly increased in the geometry. This suggests that PTZ does not play
a primary role during excitation in@z-DPSPTZ. Furthermore, the considerable
variation in dihedral angles between theaBd T. optimized geometries of-Gz-
DPSPTZ and pCzDPS suggests that both moleculare likely to exhibit high
reorganization energies between the®d T. states.

Figure 3.11 illustrates the HOMO, HOME, and LUMO orbitals of both
asymmetric and symmetric moldes containing Cz, whil&@able 3.4 presents the
corresponding energy\els of these orbitals ardirect band gap values. Ip-Cz
DPSPXZ and pCz-DPSDMAC, the HOMO orbital is distributed over the PXZ and
DMAC donor units, respectively, while the HOMDis localized orthe Cz unit in

both molecules. In4€z-DPSPTZ, the HOMO orbital is primarily concentrated on
the Cz unit, whereas the HOMD is largely localized on the PTZ unit. The
distribution of the HOMO and HOMQ across both donor units, as observed in
metasubstiuted DPSbased symmetric molecules, is also encountered in-@e p
DPS molecule. For all four molecules, the LUMO orbital is distributed over the DPS
acceptor unit. Notably, the best spatial separation of the HOMO and LUMO is
achieved in gCzzDPSDMAC and p-Cz-DPSPXZ, facilitating the attainment of a

| o wsrgakie. However, in{£z-DPSPTZ and pCz-DPS, the HOMO is observed
to extend onto the DPS uni tsrvalsesfaréhese,
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compoundsBased on the obtained HOMO/LUM@stributions, it can be inferred
that DMAC and PXZ act as stronger donors compared to Cz, whereas the PTZ in its
butterfly conformation exhibits a lower donating ability relative to Cansidering

the HOMO/LUMO energy levels of the molecules, when PX@d BAMAC donors
replace the Cz in the symmetrie@z-DPS, a slight decrease in LUMO energy levels
and a significant increase in HOMO energy levels are observed. This results in p
Cz-DPSPXZ and pCz-DPSDMAC having lower band gap values compared-to p
Cz-DPS.Conversely, replacing one of the symmetric donors@rDPS with the

PTZ group in butterfly conformation leads to a substantial increase in the LUMO
energy level and a relatively smaller increase in the HOMO energy level, resulting
in a higher band gafor p-Cz-DPSPTZ compared to{£z-DPS.
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Figure 3.10 Sy, S, and T optimized geometries and dihedral anglesG#
Containing Par&ubstituted DP8ased Molecules

56



p-Cz-DPS-PXZ |p-Cz-DPS-DMAC

p-Cz-DPS-PTZ

p-Cz-DPS

Figure 3.11 LUMO, HOMO, and HOMG1 orbitals for Cz-Containing Para
Substituted DPBased Molecules

Table3.4 The LUMO, HOMO, and HOM@L orbital energy levels and direct band
gaps(eV) for Cz-Containing Par@ubstituted DPBased MoleculesSExperimental

values obtained from referencesCg-DPSDMAC % p-Cz-DPSPXZ.%°

Compounds LUMO HOMO HOMO -1 Egdirect

p-Cz-DPSDMAC -2.094 -5.392 -5.953 3.298
-3.00 -5.89

p-Cz-DPSPXZ -2.162 -5.212 -5.982 3.050
-2.35 -5.03

p-Cz-DPSPTZ -1.671 -5.773 -6.034 4.102

p-Cz-DPS -2.075 -5.914 -5.973 3.838
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The §, T, T,,and Bt ransi tion energi esjvalesfopr g wi t h
Cz-DPSDMAC, p-CzDPSPXZ, pCz-DPSPTZ, and pCz-DPSare presented in

Error! Not a valid bookmark self -reference. The reduction in transition energies
observed when one of the donors in a symmetr#&-D type molecule is replaced

with a stronger donor, as seen in matdstituted DP®ased moleculess also

evident in Czcontaining parasubstituted DP®ased compounds. Tha 8nd T

transition energies of the-@zDPSPXZ and pCz-DPSDMAC molecules are

lower than thosefaheir symmetric counterpart-@z-DPS. Furthermore, because

the PXZ and DMAC door groups have a greater effect on reducing thea8sition
energythan the T transition energy, the-6z-DPSDMAC and pCzDPSPXZ

mol ecul es e yrhaludsicampadred iw@zDP3IpEonversely, it has been

found that PTZ, which acts as a wealtenor compared to Cz, leads to an increase

in S and T transition energies. As the effect of the donor on thteaBsition energy

is greater than that om,Tp-CzDPSP T Z e x hi b i tssvalee thaniggzh er oE
DPS.

Table 35 S, Ti, T2 and T transition energies, verticakEst values for Cz-
Containing Pars&ubstituted DP$Based MoleculesAll are in eV.

Compounds St T1 T2 Ts gEsT
p-Cz-DPSDMAC 2.709 2.700 3.037 3.144 0.009
p-Cz-DPSPXZ 2471 2.461 2.798 3.019 0.010
p-Cz-DPSPTZ 3.528 3.113 3.148 3.267 0.415
p-Cz-DPS 3.311 3.000 3.108 3.145 0.311
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Figure3.12 NTOs corresponding to theyS Sand $ Y dTtransitions forCz
ContainingParaSubstituted DPBased Molecules

NTO analysis was performed to determine the regional origins of excitations within
the molecules. The NTO distributions of-€antaining paraubstituted symmetric

and asymmetric moledes are illustrated ifigure3.12. The obtained NTO results
resemble the HOMO/LUMO distributions. For the€Cg-DPSPXZ and pCzDPS

DMAC molecules, the& Y SandSo Y  mtransitions exhibit a distinct charge
transfer character, with the hole orbitals distributed over PXZ and DMAC,
respectively, and the orbitals representing the electron states localized on the DPS
acceptor. In contrast, although teY @ndS Y dftransitions ofp-Cz-DPS and
p-Cz-DPSPTZ molecules generally possess charge transfer character, it has been
observed that the phenyl rings of DPS are also involved inhtie orbitals
imparting a slight local character. This indicates that the transigomelen the §

and T; states is not energetically favoredguireshigh SOCME values to facilitate

this transition.
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Figure3.13NTOs corresponding to the$ Sand $Y transitions at Sand

T1 geometry for pCz-DPSDMAC and pCz-DPSPXZ.

To understand the impact of geometric changes on the nature of excitation, NTO
analysis was conducted using both theagd T. optimized geometries for-Gz-
DPSPXZ and pCzDPSDMAC, with results presented Figure3.13. The NTO
results from the Sand T, optimized geometries resemble those obtained fromgthe S
geometry. Furthermore, it wagaindetermined that both metules exhibit a charge
transfer character during excitation, with the orbitals corresponding to the electron
states localized on the DPS unit and the hole orbitals localized on the stronger
asymmetric donor. Additionally, for both molecules, the simyjabetween the
electron orbital in th& Y  ftransition at the Tgeometry and the electron orbital
intheS Y Sransition at the Sgeometry indicates that the nature of theusd T
excited states is similar, thereby reinforcing the existence &tfeRISCchannel.
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Table3.6 The adiabatigEsT, reorganization energp), SOCME and kisc values
for metasubstituted DP$ased compoundSExperimental values obtained from
referencesp-Cz-DPSDMAC %8 p-Cz-DPSPXZ.%°

gEsT(S/Si- SOCME Krisc
Compound o (eV)
TJT1)(eV) (cm?) (x1CP s?)
p-Cz-DPSDMAC 0.009 5.43E04 0.051 56.163
0.14
p-Cz-DPSPXZ 0.009 1.26E04 0.226 24.149
0.03 6.11
p-Cz-DPSPTZ 0.271 3.58E01 1.089 0.108
p-Cz-DPS 0.117 2.56E01 0.955 23.307

Upon examining the e r t i s¢valles igilable3.5, it is evident that the triplet

transition energy closest to thet&nsition energy is not the Transition energy for

the pCzDPS-PTZ and pCzDPS molecules. However, to gain a more accurate
understanding of which triplet exciton will participate in the RISC process, there is

a need f orsrtwldes.dablal6ipa oqppE des t hsevalaed,i abat i
reorganization energies, SOCME values betweesn8 T, and kisc values for p
Cz-DPSDMAC, p-Cz-DPSPXZ, pCzDPSPTZ, and pCz-DPS. Based on the

adiabatic excitation energies, it was determined that for all four molecules, the triplet

transition energy closest to thet&nsition energy is the;Transition energy.

The influence of the PXZ, DMAErisalsond PTZ
refl ected i nstvallese The dubsatbtiantof acCz gpdtip HCp-DPS

with a stronger donor group such as DMAC or PXZ leads to a decrease in adiabatic

o kT, while theexchange with the weaker donor PTZ results in an increase. While

both pCz-DPSPXZ and pCz-DPSDMAC exhibit relatively low reorganization

energies, f£z-DPSPTZ and pCzDPS have comparatively higher reorganization
energies. This difference arises frone tignificant disparity in the dihedral angle

between Cz and DPS in the &timized structure compared to the dptimized

geometryfor p-Cz-DPSPTZ and pCzDPS. The marked differences observed in
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the S and T. optimized geometries result in an incremsthe reorganization energy

between the Sand T; states. Among the four moleculesCg-DPS and pCz-DPS

PTZ exhibit notably high SOCME values. However, both molecules also have

rel atively Rkiaglav aldu ed.atTlte geEvalugdptC-y | ower ol
DPS compared to-8z-DPSPTZ correlates with its higherkc value. On the other

hand, despite both-§z-DPSDMAC and pCzDPSPXZ having relatively lower

SOCME values, t h ei rstahdavaluesasbgbest paeditialeap at i ¢ @E
efficient TADF emitters. The molecules iffable 3.6 have been reported in the

literature as experimental TADF emitters. According to the experimental data in the

literature, pCz-DPSPXZ possesses the highest efficiency among the four molecules

with an EQE of 21.8%%° while p-Cz-DPSDMAC has an EQE of 20.796 Although

experimental quanturefficienciesare not available for-€z-DPS and gCz-DPS

PTZ, both compounds have been shown to exhibit the TADF mech&hism

The lowest energy optimized geometries €?XZ-DPS, pPTZ-DPSPXZ, andp-
PTZ-DPS are shown ifrigure3.14. The lowest energy optimized structures of p
PTZ-DPSPXZ and pPTZ-DPScontain PTZ group in thbutterfly conformation;
however, based on the theoretidata presented ihable3.8 andTable 3.9, it can

be inferred that these sttures do not participate iFRADF mechaism. In contrast,
the experimental findings indicating that botfPpZ-DPS and gPTZ-DPSPXZ
exhibit TADF propertysuggest the potential involvement of conformations other
than their lowest eergy optimized structures iRADF mechanism. Therefore, this
section also presents the results obtained for the two distinct gistate
conformations of gPTZ-DPSPXZ and pPTZDSP. Additionally, Figure 3.14
includes the optimized geometries of the conformers-BTfBDPSPXZ and p
PTZ-DPS, which contain the PTZ group the orthogonal conformation. These
conformers a believed to play a role iIRADF mechanism but do not correspond to
the lowest energy struges. In this study, conformers containing PTZ in orthogonal

conformation are designated with a suffix(@) next to the molecule nanikhe S
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energy levels of #TZ-DPSPXZ, pPTZ-DPS, and their conformers containing
orthogmal PTZ are presented Trable3.7.
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Figure3.14 Lowest energy &geometries op-PXZ-DPS,p-PTZ-DPSPXZ, and p
PTZ-DPS,along with the optimizecconformersp-PTZ-DPSPXZ-(O) and pPTZ-
DPS(O).

Table3.7 S energy levels for {PTZ-DPSPXZ, pPTZDPS, and their conformers.

Compounds S (eV)
p-PTZ-DPS-PXZ -68514.572
p-PTZ-DPS-PXZ-(0O) -68514.500
p-PTZ-DPS -77303.008
p-PTZ-DPS(O) -77302.924
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The s nmsavValue, whieh plays a significant role in the TADF mechanism,
reduces the energy barrier between tharfl T, states, thereby facilitating the RISC
transi t i oshvalue$ ana dssociatpdE with effective spatial separation of
HOMO and LUMO, which is achieved when the dihedral angle between the donor
and acceptor units is orthogon@herefore, the conformersRTZ-DPSPXZ-(0)

and pPTZ-DPS(0O), which possess significéylarge dihedral angles between PTZ

and DPS, were also investigated.

Figure3.15illustrates the HOM@L, HOMO, and LUMO orbitaisosurface plotfor
p-PXZ-DPS, pPTZ-DPS, and f?TZ-DPS, as well as for their conformersPpZ-
DPS(O) and pPTZ-DPS(0O). In pPXZ-DPS, the HOMO and HOMQ orbitals are
located on the symmetric PXZ donors, while the LUMO orbital is distributed over
the DPS unit. In f?TZ-DPSPXZ, the HOMOorbital is localized on PXZ, the
HOMO-1 is distributed over PTZ and the phenyl ring of DPS attached to PTZ, and
the LUMO is localized on the DPS acceptor unit. In betPXZ-DPS and gPTZ-
DPS, effective spatial separation of HOMO/LUMO contributes to theirw stpE
values. However, in the lowest energy optimized structure-BT£DPS, the
HOMO, HOMO-1, and LUMO are distributed throughout the molecule, resulting in
a high vsevalud. CaoversetpBEn the-BTZ-DPS(O) conformer, the

successful spatis e par ati on of the HOMOstaalud. L UMO
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Figure3.15LUMO, HOMO, and HOMGQL orbitals forselected compounds and their
conformers, where the suffix (O) represents orthogonal conformers.

As presented inTable 3.8, pPTZ-DPSPXZ and pPTZ-DPSPXZ-(O) exhibit
identicalv e r t isevallies. @is similarity arises from the fact that the excitation
predomnantly occurs between the PXZ donor unit and the DPS acceptor, based on
the HOMO/LUMO distributions. Since PTZ is not involved in the excitation process,
changes in PTZ conformation have a similar effect on betan8 T; transition
energies. PTZ in the kerfly conformation behaves as a weaker donor compared to
its orthogonal conformation. The relatively stronger donor tends to stabilize the

excited state more effectively due to its greater eleadmrating ability, resulting in
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lower S and T; transition energies for {PTZ-DPSPXZ-(O) compared to those for
p-PTZ-DPSPXZ. Conversely, in the-pTZ-DPS molecule, the excitation is directly

influenced by the conformation of the PTZ donor, as PTZ is necessarily the donor

group responsible for the excitationdditionally, the observed effective HOMO
LUMO separation in f°TZ-DPS( O)
compared to #TZ-DPS. The primary reason for including thd?pZ-DPS(O)

conf or mer i
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contr.i

cal cul

but es drwmluea |
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osh wluel Vgheni t s

examining the vertical transition energies of tHeXZ-DPS molecule, it is observed

that the transition energy closest to theér&nsition corresponds to the ffansition.

However, to determine the specific triplet state from which therpal RISC

ower "

demon

channel originates, it is essential to consider the adiabatic excitation energy levels.

These levels provide a more comprehensive representation of the excitation nature,

as the optimized geometries of the excited stat¥e considered

Table 3.8 S;, T1, T2 and Tz transition energies, verticgfEst valuesfor selected

compounds and their conformers, where the suffix (O) represents orthogonal

conformersAll are in eV.

Compounds St Ta T2 Ts gEsT
p-PXZ-DPS 2430 | 2420 | 2421 | 2.801 0.010
p-PTZ-PXZ 2.674 | 2.662 | 2.800 | 3.159 0.012
p-PTZ-PXZ-(O) 2430 | 2417 | 2.694 | 2.787 0.012
p-PTZ-DPS 3.795 | 3.174 | 3.314 | 3.449 0.621
p-PTZ-DPS-(O) 2.721 | 2.699 | 2.699 | 2.992 0.022

Excitedstate optimization calculations have been performed for the structures of p
PXZ-DPS, pPTZ-DPSPXZ, pPTZDPSPXZ-(0), pPTZ-DPS, and f°PTZ-DPS

(O). Triplet optimization calculation could not yield successful results due to

convergence issuesly for p-PTZ-DPS. For the examined molecules, the adiabatic

o Ervalues, reorganization energies, anddvalues calculated at 298 K (excluding
p-PTZ-DPS) along with the SOCME values betweeai®l T, are provided iTable
3.9 According to the adiabatic transition energies ePXZ-DPS, it has been
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concluded that the triplet transition energy closest to thére@sition energy

corresponds to ther Transition energy.

Table3.9 The adiabatigEsT, reorganization energp), SOCME and kisc values

for selected compounds and their conformers, where the suffix (O) represents
orthogonal conformersExperimental values obtaingtom references; XZ-
DPS® p-PTZ-DPSPXZ.%®

Compounds gEsT(S1/Si- > (eV) SOCME Krisc
TJT1)(eV) (cm?) (x1CP s?)
p-PXZ-DPS 0.009 2.44E04 0.070 30.074
0.08
p-PTZ-DPSPXZ 0.010 2.83E05 0.058 9.24E13
0.09
p-PTZ-DPSPXZ-(O) 0.009 3.74E04 0.087 115.287
p-PTZ-DPS - - 0.014 -
p-PTZ-DPS-(O) 0.007 1.66E04 0.137 137.013

The observation thatBTZDPS ex hi bi t s arvdlueofg@.€2leVer ti cal
combined with its lower SOCME compared to that of tH&lZ-DPS(O) conformer

and the absence of the charge transfer character typically observed in TADF
molecules, suggests that the lowest energy optimized structurB -PPS does

not play a role in the TADF mechaniskhhur t her mor e, t &wlud, ow adi
high SOCME value, acceptable reorganization energy, and significantly high k

rate constant of the-PTZ-DPS(O) conformer together explain the experimental
observation ofTADF in p-PTZ-DPS. According to referen®® the experimental

%EQE efficiency of pPTZ-DPS is approximately 12%. The fact that °TZ-DPS

has such a high theoreticatids value and exhibits a relatively loaxperimental

%EQE vyield is due to the fact that the higlsk value does not belong to the lowest

energy optimized structure, but to the relatively higher enerffd DPS(O)
conformation.The reason could be the single molecule geometry optimization in

vacuum performed in this study. It is possible that better molecular packing and
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stronger intermolecular interactions leads to the O conformer in the presence of other
molecules in thin films and experimental conditiombe higher SOCME values
observed dr p-PTZ-DPS(O) and pPTZ-DPSPXZ-(O) compared to {TZ-DPS

and pPTZ-DPSPXZ, respectively, suggest that the PTZ group, which adopts the
butterfly conformation in the para position, results in a lower SOCME value
comparedo the orthogonal conformatiofhe kkisc value obtained from the lowest
energy optimized geometry ofPTZ-DPSPXZ is found to be approximately zero.
However, the ;°PTZ-DPSPXZ-(O) conformer exhibits a relatively higher SOCME
value, facilitating a highergsc. According to referenge the %EQE of gPTZ
DPSPXZ is measured at 17.7. The higher %EQE efficiency-BfTg-DPSPXZ
compared to #TZ-DPS can be attributed to the energetically more favorable
transition of pPTZ-DPSPXZ to the confamer containing PTZ in an orthogonal
conformationThe maximum %EQE value obtained fePXZ-DPS in the literature

is determined to be913%°’ p-pXZ-DPS already has a highikc value in the lowest
energy optimized geometry, which explains this efficiency.

The lowest energySoptimized geometries, along with the HOMO, LUMO, and
HOMO-1 orbitals for pDMAC-DPS, pDMAC-DPSPXZ, and pDMAC-DPS

PTZ, are shown ifrigure3.16. In p-DMAC-DPS, boh the HOMO and HOM&L
orbitals are localized on the symmetric DMAC donor units.-DIMAC-DPSPXZ,

the HOMO orbital is localized on the PXZ unit, which possesses stronger donor
characteristics than DMAC, while the HOMDis concentrated on DMAC. In
contras, for pDMAC-DPSPTZ, the HOMGL orbital is located on PTZ, which has

a weaker donor property than DMAC, while HOMO is located on DMAC.
Additionally, in all three molecules, the LUMO orbital is distributed over the DPS
acceptor unit. The welleparated BMO-LUMO orbital isosurfacesbserved in all

three molecules reselilin thel o w styakies.
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Figure 3.16 S optimized geometries, LUMO, HOMO, and HOMDorbitals for

selected compounds

Ver t i #\alues gidhg with § T1, T2 and T transition energies for-PMAC-
DPS, pDMAC-DPSPXZ, and pDMAC-DPSPTZ are provided iffable3.10. All

three molecules exhibitlrea t i

vely

| & values.eUpdn iexamihing th&

vertical transition energies of[PMAC-DPS, it can be concluded that the triplet

transition energy closest to thet&&nsition energy corresponds to thetfansition

energy.However, as mentioned earlier, adiabatic transition energies need to be

examined in order to more accurately predict the excited triplet state in which the

RISC channel will be realizedAdiabatic transition energies for[PMAC-DPS are
presented imable3.11. From the data obtained, it is clear that iDAC-DPS,

the excited adiabatic triplet state closest to #i8,$ransitionenergy level is 7T>.

However, ths alone is insufficient to assert that the RISC channel occurs between

the S and T, states. For RISC to take place betweeardl T, the triplet exciton at

the T, level must transition to:Swithout relaxation to the 1Tlevel. This condition

underscores h e

necess.i

ty of
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reorganization energgnd a high SOCME value betwe& and T states. An
alternative scenario in which the molecule could realize the TADF mechanism
involves the exciton in thezTstae undergoing nomadiative relaxation to the;T
excited state, followed by aatnsition fromT1 to $; via the RISC channel, ultimately
leading to fluorescence.

Table3.10 S;, T1, T2 and Tz transition energies, verticatEst valuesfor selected
compoundsAll are in eV.

Compounds St T1 T2 T3 gEsT
p-DMAC -DPS 2.696 | 2.687 | 2.688 | 3.153 0.009
p-DMAC -DPSPXZ 2466 | 2.454 | 2.655 | 2.807 0.012
p-DMAC -DPSPTZ 2.921 | 2910 | 3.167 | 3.204 0.011

Table3.11 Transition energies foraf Y Si/Si, S/ Y TYTiand /S9Y ToATo,
and adiabatigEst values in eV.

sT(S1/S1- sT(S1/S1-
Compound SIS T/ Ta Tof T2 aEsi( oEstl
T1Ta) T2/T2)
p-DMAC-DPS 2.535 2.527 2.528 0.008 0.007

For pDMAC-DPS, SOCME valuesgorganization energies, and thask values
calculatedat 298 K are given iffable3.12 to understand which excited triplet state
facilitates the RISC channel. According to the obtained results, fise \kalue
between $T1 is approximately 0, while therkc value between ST; is ~700s™.

In this case, it can be considered that the RICS channel betywé&ems3nore likely
than S-Ti1. However, the low ksc rate constant raises concerns regarding its
efficiency. Moreover, it hakeen reportethat the pDMAC-DPS molecule exbits
TADF characteristics, achieving an EQE of €84t supports our resulté
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Table3.12 Reorganization energies, SOCMEs, ar@d&values for pDMAC-DPS.

& (SU/Ta- SOCME (Si- krisc (T1Y S1)

S1/S1) (eV) T1) (cm?) (x1C° s?)
p-DMAC-DPS(S:1-T1) 1.47E05 0.030 4.64E16
p-DMAC-DPS(S-T2) | 2.83E05 0.391 0.007

2 (SUT2- SOCME (Si- krisc (T1Y S2)

S1/S1) (eV) T2) (cm?) (X1 s?)

The adi srbreotganizaticgp Energies, and SOCME values obtained-for p
DMAC-DPSPXZ and pDMAC-DPSPTZ are provided imable 3.13. However,
since no significant isc constants were obtained for both molecules, they are not
expected to exhibit efficient TADF properties. In addition, there is amy

experimentastudy in the literature that these molecules exhibit TADF properties.

Table3.13 The adiabatigEsT, reorganization energp), SOCME and kisc values
for selected compounds

gEsT(S1/Si- SOCME Krisc
Compound 2 (eV)
TJT1)(eV) (cm?) (sY)
p-DMAC-DPSPXZ 0.009 4.79E05 0.057 6.023
p-DMAC-DPSPTZ 0.010 3.32E05 0.140 1.41E05
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3.2  Optoelectronic Properties of DBABased Systems

In this section, the ground state and excited state optimized structuregEand
values ofLl2 molecules based on DB#cceptowunit are presented.he distrbutions

of HOMO/LUMO and theNTO orbital analysis are also provideBurthermore,
SOCME valuedetweenS;-T1 were determined, and the structural effects on the
design of efficient TADF molecules were analyzed with respect tedlwlated

krisc values

3.2.1 Insights into Triple -Donor DBA Systems(3D-DBA)

The optimized geometries of 3PX2ZBA, 3PTZDBA, and 3PSZDBA, along with

the dihedral angles between the planes of the donor units and their connected phenyl
rings, are presented igure3.17. The lowest energy optimized structure of 3RXZ

DBA confains three PXZ donor units in th@thogonal(O) conformation The
structure inFigure3.17, where the two PTZ groups at the bottom are in the butterfly
(B) conformation and the PTZ at the top is in eonformation, represents the
optimized structure of 3PFRBA. All donor units in the optimied geometry of
3PSZDBA are in the Bconformation
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Figure 3.17 The lowest energy optimized geometries of 3FDEA, 3PTZDBA
and 3PSZDBA (from left to right), with the dihedral angles between donor units and
phenyl rings of DBA.
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Considering the HOM®and LUMO distributions of the molecul¢Bigure 3.18),

the large dihedral angle between the donor unit and the phenyl ring connected to the
donor unit facilitates effective spatial separation of the HOMO and LUMIarge
dihedral antg of D83° between the PXZ units and DBA in 3PXBA results in

the spatial separation of the LUMO from the HOMO orbit&srthermore, the
highest energy HOMO among the HOMO, HOMQand HOMQ2 orbitalsin
3PXZ-DBA is localized on the PXZ donor unit, whibasthe largest dihedral angle

of 83.8. A similar behavior is observed in 3PIZBA molecule, wher¢he HOMO

orbital is distributed over the PTZ donor unit, which possesses the largest dihedral
angleof 81.8. The approximately 11° dihedral angle of tther PTZ groups
3PTZDBA causes the HOMQ and HOMG2 orbitals not only to be localized on

the donor unit but also to extend over the DBA unithe 3PSZDBA molecule, the
relatively small angle§J13°) between the PSZ units and the DBA acceptor unit
results in the HOMO orbital being distributed over the DBA urtheathan being
localized orPTZ unit

LUMO HOMO HOMO-1 HOMO-2
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Figure 3.18 LUMO, HOMO, HOMO-1, and HOMG2 orbitals for tripledonor
structures.
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Table3.14 The LUMO/HOMOSs orbital energy levels and direct band gags/.

Compounds | LUMO | HOMO | HOMO-1 | HOMO-2 | Egdirect
3PXZ-DBA -2.637 -5.132 -5.165 -5.170 2.496
3PTZ-DBA -1.756 -5.078 -5.560 -5.827 3.322
3PSZDBA -1.291 -5.323 -5.380 -5.652 4.033

The compound containing PXZ has the lowest LUMO energy level, while the
compound with PSZ has the high€Bable3.14). Additionally, the direct band gap
valuesand verticalgEst values(Table 3.15) were found to be proportional to the
atomic weight of the Group 6A element present in the dondre gqEst value
obtained usingSy optimized geometry of 3PSBBA is greater than 00ieV;
therefore, singlet and triplet optimizations were not pursued, and it was excluded
from the group designed for efficient TADFhe presence of one orthogonal donor
and two in a butterfly conformation in 3PIBA results in a distinct separation of
the HOMO eergy level from the HOM& and HOMQG2 energy levels.

Table3.15 S, T1 and Tz trangtion energies, verticand adiabatigEst values in
ev.

Compounds St T1 T2 gEsT QEsT(SYS1-TJ/Ta)
3PXZ-DBA | 2.025 | 2.020 | 2.043 0.005 0.004
3PTZ-DBA 2.843 | 2.818 | 2.845 0.026 0.005
3PSZDBA 3.489 | 3.015 | 3.075 0.474 -

The verticalqEst value is greater than the corresponding adialogfisr value for
both 3PXZDBA and 3PTZDBA. However, in both approaches, the molecule
containing PX23 has the lowest ST transition barrierWhile 3PXZDBA exhibits
a notably small verticalEst value of 0.005 eV, the corresponding value for 3PTZ
DBA is 0.026 eV.Thus, bythe TD-DFT calculations using excited state optimized

geometries, the adiabatidEsT value is predicted to be similar for both molecules.
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Figure3.19 The NTO distributions representing the¥s Sand S Y transitions
for 3PXZDBA (a), 3PTZDBA (b), 3PSZDBA (c).

The NTO distributions obtained using 8ptimized georatries are presented in
Figure 3.19. The NTO distributions for botBPXZ-DPS and 3PTDPS indicate
charge transfer character in tBeY Sand $Y  iltransitions.However, in the
3PSZDBA compound, the transitionpredominantly exhibit a local transition
character, primarily localized on the DBA acceptor unit, a phenomenon not typically
observed in conventional TADF molecul@his observation was another reason
why we did not proceed with TADF calculations for 3PBEBA. In 3PXZ-DBA and
3PTZDBA, holes are concentrated on the donor units, PXZ and PTZ, respectively,
for both transitions, while the electron states are digtih over the DBA acceptor
units. Notably, in both compounds, the NTOs of the hole state aitiggued on the
donor units with the largest dihedral angle the 3PTZDBA molecule, it is
expected that the NTO distributioof the hole staefor S Y Sand S Y T
transitionds concentrated on a single donor unit (the top PTZ). This is becatlse bo

PTZ groups located at the bottom of the molecule adopt a butterfly conformation,
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resulting in dihedral angles that are significantly smaller than that of the PTZ at the
top, thereby preventing the bottom donor groups from participating irirgte
excitedtransitions However, while it might be expected that all three donor groups

in 3PXZDBA would participate in the NTO distributions representingSh¥ S

and SY qhtransitionsit should be emphasized that this is not necessarily the case,
meaninghere is no obligation for all three donor groups to be involved in the excited
state. This does not imply that increasing the number of donor groups has no impact
on TADF properties, as other donor groups in the structure may influence various

parametersincludinggEsr, reorganization energy, and SOCME
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Figure3.20 The gtimized S and Ti geometries with the dihedral angles for 3RXZ
DBA and 3PTZDBA.
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Upon comparing the excited and groestdteoptimized geometries of 3SDBRXZ

and 3PTZDBA, it is noted that the dihedral angles betweendtieogonal donor
units andDBA aregreatelin theexcitedstate(Figure3.20) than in thegroundstate
(Figure3.17). However, in 3PTZDBA, the dihedral angle of the two PTZ units in
the butterfly conformation is lower in the excitedsteompared to the ground state.
The hexagonal ring containing oxygen and nitrogen in the top PTZ group in 3PTZ
DBA adopts a boat conformation 83 geometry, while it is observed to be planar in
the optimized gometries of; and T;. Additionally, forboth molecules, the dihedral
angles in the Sand T. optimized geometes are found to be identicalhe high
degree of similarity between the &d T. geometries energetically facilitates the S

T: transition.Moreover, considering the NTO orbitals invetl in theSo Y  Sand

S Y  ftransitions the fact that the donor group contributing to the transition is the
one with a dihedral angle closest td 98nd that this angle increasingly approaches
90° in the S and T. optimized geometries, supports theustural ortlogonality in

the TADF mechanisnT he favorability of the §T1 spinforbidden transition, which
plays a crucial role in the TADF mechanism, can be deduced from the similarity
between the Sand T. geometries and the overlap of NTO orbitalsrespnting the
SY SandS Y  dtransitions in the Sand T optimizedgeometries for 3PXZ
DBA, as shown irFigure3.21. The marked isnilarity between the NTO olectron
state in theSo Y  Sransition atS; geometry and those inti88 Y  SandSo Y 1T

transitions af’1 geometry underscores the feasibilifitlee S-T1 RISC channel

To demonstrate the feasibility of RISC fromt® S, the reorganization energies and
SOCME values between 8nd T. for 3PXZ-DBA and 3PTZDBA areprovided in
Table3.16. While the reorganization energy for the 3RRBA compound is found
to be lower compared to 3PTBA, SOCME value for 3PTDBA is determined
to be higherAccording to the kisc valuescalaulated at 298 K usingdgabaticgEsr,

& and SOCME,t is predicted that DBA3PXZ will theoretically perform more
efficient RISC In conclusion, the findings position DB3PXZ as a promising

candidate for the design of efficient TADF emitters
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Figure3.21 The NTOs corresponding to the $ Sand S Y

and T. geometry for 3PXZDBA.

fltransitions at §

Table3.16 The reorganization energg, SOCME betweeni&and T, and calculated

krisc for 3PXZ-DBA and 3PTZDBA.

Compounds 2 (eV) SOCME (cm?) krisc (x1P s?)
3PXZ-DBA 1.52E05 0.471 27.432
3PTZ-DBA 2.39E05 0.788 8.861
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3.2.2 Overview of DoubleDonor DBA Structures (2D-DBA)

In this section, we present amalysis of DBAbased double donor molecules,
categorized according to the positions of the donor groups (PXZ, PTZ, and PSZ)
relative to the DBA acceptor unit, specifically in meta, meta’, and para

configurations.

3.2.2.1 Analysis of meta and metaPosition Configurations

The S, S, and T optimized structures of ‘rsubstituted doubteonor DBAbased
molecules namelym-2PXZ-DBA, m-2PTZDBA, and mr2PSZDBA, along with

the dihedral anglesettween the donor groups and DB# e illustrated inFigure

3.22 It has been demonstrated that the butterfly conformation exhibited by PTZ and
PSZ in tripledonor DBA-based molecules is absentniisubstituted doubteonor
structures duéo the geometric constraints of the configunatid similar situation

is observed for the metubstituted doubtdonor structures containing PTZ and
PSZ. Based on DFT optimization calculations, it has been detdrthat the donor
units in m-2PTZDBA and m2PSZDBA molecules mBcessarily adopt the
orthogonal conformatioFigure 3.23). ConsideringSy optimized geometries, M
2PSZDBA and m2PSZDBA exhibit the highest dihedral angles among the meta
and metasubstituted compounds, respectivdliie HOMO and LUMO distribtions

of the metasubstituted double€lonor structures are shown kigure 3.24, while
those for metaubstituted compounds are presenitedrigure 3.25. Due to tle
orthogonal conformation ¢*SZ donor unit and the large dihedral asgigth DBA,

the spatial separation of the HOMO and LUMO orbitals has been effectively
achieved in bth m2PSZDBA and m2PSZDBA, in contrast to the situation
observed in the triptdonor analogue, 3PSDBA. The spatial separation of the
HOMO and LUMO has been achieved @il the examined meta and meta

substituted molecules in this sectigkdditionally, unlike the tripledonor DBA-
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based structures, the wttures featuring meta and metabstituted double donors
share the HOMO orbital between the two donors; that is, the HOM@azatized

over both donor urst Furthermore, in the nand n+substituted molecules, it can

be posited that the distribution of the HOMGrbital, which is nearly isoenergetic
with the HOMO(Table3.17), exhibits a charactermilar to that of the HOMO. It

can be oncluded that the meta and netabstituted doubteonor structures possess
HOMO orbitals that are nearly isoenergetic, with each orbital distributed over both

donor units

m'-2PXZ-DBA ' m'-2PTZ-DBA m'-2PSZ-DBA

;EE L

| oo e

Figure3.22 The 9, S, and T optimized geometries of ' @PXZ-DBA, m'-2PTZ
DBA, and mM2PSZDBA.
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Figure 3.24 The LUMO, HOMO and HOM®@L orbitals for md2PXZ-DBA, m'-
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2PTZDBA, and m+2PSZDBA.



m-2PTZ-DBA m-2PXZ-DBA

m-2PSZ-DBA

Figure3.25The LUMO, HOMO and HOMEGL orbitals for m2PXZ-DBA, m-2PTZ
DBA, and m2PSZDBA.

The HOMO, HOMQ1, and LUMO energy levels, along with the direct band gap
values for the molecules studied in thectgon, are presented fable3.17. The
observed trend is consistent with that found in the tdlolea structures;
specifically, m2PXZ-DBA/m'-2PXZ-DBA exhibit the lowest direct band gaps
among the metadeta‘substitutedcompounds while the analogs containing PSZ
donors possess the highest direct band gdgsibly, the msubstituted compounds
exhibit direct band gaps that are close to those of their correspondingstituted

counterparts, with diffemces of less than 0.15 eV
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Table3.17 The LUMO/HOMOSs orbital energy levels and direct band gags/.

Compounds LUMO HOMO HOMO -1 Egdirect
m'-2PXZ-DBA -2.369 -5.016 -5.089 2.647
m'-2PTZ-DBA -2.377 -5.198 -5.272 2.821
m'-2PSZDBA -2.162 -5.341 -5.369 3.179
m-2PXZ-DBA -2.397 -5.016 -5.026 2.620
m-2PTZ-DBA -2.408 -5.237 -5.243 2.829
m-2PSZ-DBA -2.188 -5.245 -5.262 3.057

Table3.18 presents the:STi, and b transition energies, as well as the vertical and

a di a b artvalues fapdseries of nand mrsubstituted DBAbased compounds.

In both m and m¥substituted comounds, the transition energies exhibit a clear
increasing trend as the donor group changes from PXZ to PTZ and then.to PSZ
Notably, in boththemand-sm® st i t ut ed compgiglowest, t he
for the compounds containing PTZ as the donat. tins noteworthy that the vertical

kT values for compounds 2PXZ-DBA and mr2PXZ-DBA are identical,

suggeshg that the substitution ateta position does not significantly influence the

energy gap between the &d T; states. A similar observatiaran be made for the
PTZcont ai ni ng ¢ omp o un dryvaluesvare alsoeloselyhakgned.e r t i c
In contrast, the PSEont ai ni ng compounds disspl ay a
values. This indicates that both and m*substitutions within these compumis do

not produce subst arnvalies Isuggesiingittaat stroctuml i n
modifications at these positions may have a limited impact on the electronic
properties relevant for TADFThe differences between the adiabatic and vertical

o ErVvalues & not significant across the examined compouidsle the adiabatic

o E7 values being nearly uniform indicates a certain consistency in the electronic
properties of the molecules, it also implies that these data alone may not be sufficient

to definitively predict which compounds will exhibit efficient TADF. In other words,

whil e verti cakrvauesdare astfuldop aitial screenpty, further
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parameters such as reorganization energy and SOCME are necessary to make more

informed judgments abothe efficiency of TADF mechanisms in these materials.

Table3.18 S;, T: and T transition energies, vertical and adiabagiest valuesfor
the examined rand m‘substituted DBAbased compounds eV.

Compounds St T1 T2 gEsT QEsT(SY/S1-TJ/Ta)
m'-2PXZ-DBA | 2.142 | 2.133 | 2.207 0.009 0.008
m'-2PTZ-DBA | 2.339 | 2.333 | 2.413 | 0.006 0.008
m'-2PSZDBA | 2.667 | 2.655 | 2.685 0.012 0.008
m-2PXZ-DBA 2.110 | 2.101 | 2.112 0.009 0.008
m-2PTZ-DBA | 2.341 | 2.335 | 2.343 | 0.006 0.007
m-2PSZDBA 2540 | 2524 | 2.542 0.017 0.009

TheNTOs were derived forth& Y SandSY  transitionsusing the ground
state geometries of the compounds studied in this section. Thts i@ illustrated

in Figure 3.26 for m*-substituted compounds and kigure 3.27 for m-substituted
compoundsThe analysis reveals thim both the mand m‘substituted compounds,
the NTO corresponding to the hole state is predominantly localized on the two donor
units present in the structyrehile the NTO assoaited with the electron state is
distributed over the DBA acceptor ynithich is consigint with the HOMO/LUMO
distributions Additionally, there is a significant overlap between thbitals that
represent the electron statethe Sy Y  Stransition and thosen the So Y T
transition for each compound analyzed. This subistamterlap is indicative of the
potential for the $T1 RISC channel, suggesting that these compounds are viable

candidates for efficient TADF mechanisms.
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Figure3.26 The NTO distributions representing the¥s Sand $Y  iftransitions
for m-2PXZ-DBA (a), m-2PTZDBA (b), and m2PSZDBA (c).

Figure3.27 The NTO distributions representing the¥s Sand S Y  itransitions
for m-2PXZ-DBA (a), m2PTZDBA (b), and m2PSZDBA (c).
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