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ABSTRACT 

 

STRUCTURAL EFFECTS ON THE OPTOELECTRONIC PROPERTIES 

OF THERMALLY ACTIVATED DELAYED FLUORESCENCE  

MATERIALS: A COMPUTATIONAL APPROACH  

 

 

 

Daĸtemir, Murat 

Master of Science, Chemistry 

Supervisor: Assist. Prof. Dr. Erol Yēldērēm 

 

 

September 2024, 109 pages 

 

 

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

fluorescence (TADF) mechanism was investigated. The research involved 

theoretical calculations on molecules that have demonstrated TADF properties 

experimentally, as well as their derivatives that may exhibit similar optoelectronic 

characteristics. Using Density Functional Theory (DFT) and Time-Dependent 

Density Functional Theory (TD-DFT), the ground state (S0), and excited states (S1 

and T1) geometries of the molecules were determined. Key parameters, including the 

vertical and adiabatic singlet-triplet band gap (ȹEST), reorganization energy (ɚ), and 

spin-orbit coupling matrix elements (SOCME) were obtained. Reverse intersystem 

crossing (RISC) rate constants (kRISC) were derived using Fermi's Golden Rule and 

semiclassical Marcus theory with Franck-Condon approximation. The results show 

that in a D-A-D type symmetric molecule, replacing one symmetric donor with a 

stronger donor decreases the S1 and T1 transition energies. When the donor strengths 

differ significantly, the effect of the stronger donor to lower the S1 transition energy 

was found to be greater than the effect to lower the T1 transition energy, resulting in 
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lower vertical ȹEST values. Conversely, replacing a donor with a weaker one in 

symmetric D-A-D structures increases both S1 and T1 transition energies without 

significantly changing ȹEST. Notably, incorporating a relatively weaker donor 

containing a heavy atom, as in PTZ, enhances the SOCME value, leading to higher 

RISC rate constants. Thus, using a relatively weaker donor with a heavy atom in 

asymmetric D-A-D* type molecules is identified as a promising strategy for 

developing efficient TADF molecules. 

 

Keywords: Thermally Activated Delayed Fluorescence, Density Functional Theory, 

Reverse Intersystem Crossing, Reorganization Energy, Spin-Orbit Coupling  
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ÖZ 

 

TERMAL OLARAK AKTĶVE EDĶLMĶķ GECĶKMELĶ FLORESANS 

MALZEMELERĶNĶN OPTOELEKTRONĶK ¥ZELLĶKLERĶ ¦ZERĶNE 

YAPISAL ETKĶLER: TEORĶK BĶR YAKLAķIM  

 

 

 

Daĸtemir, Murat 

Yüksek Lisans, Kimya 

Tez Yöneticisi: Dr. ¥ĵr. ¦y. Erol Yēldērēm 

 

 

Eylül 2024, 109 sayfa 

 

Bu ­alēĸmada, molek¿ler yapēlarēn termal olarak aktive edilmiĸ gecikmeli fluoresans 

(TADF) mekanizmasē ¿zerindeki etkisi incelenmiĸtir. Araĸtērma, deneysel olarak 

TADF özellikleri gösteren moleküller ve benzer optoelektronik özellikler 

sergileyebilecek t¿revleri ¿zerinde teorik hesaplamalar yapēlmasēnē i­ermektedir. 

Yoĵunluk Fonksiyonel Teorisi (DFT) ve Zaman Baĵēmlē Yoĵunluk Fonksiyonel 

Teorisi (TD-DFT) kullanēlarak, molek¿llerin temel durum (S0) ve uyarēlmēĸ durum 

(S1 ve T1) geometrileri belirlenmiĸtir. Dikey ve adiabatik singlet-triplet bant aralēĵē 

(ȹEST), yeniden d¿zenleme enerjisi (ɚ) ve spin-orbit etkileĸim matris elemanlarē 

(SOCME) gibi anahtar parametreler elde edilmiĸtir. Geri yºnl¿ sistemler arasē ge­iĸ 

(RISC) hēz sabitleri (kRISC), Fermi'nin Altēn Kuralē ve Franck-Condon yaklaĸēmēyla 

yarē klasik Marcus teorisi kullanēlarak t¿retilmiĸtir. Elde edilen sonuçlar, D-A-D tipi 

simetrik bir molekülde, bir simetrik donörün daha güçlü bir donör ile 

deĵiĸtirilmesinin S1 ve T1 ge­iĸ enerjilerini azaltēĵēnē gºstermektedir. Donºr g¿­leri 

ºnemli ºl­¿de farklē olduĵunda, daha g¿­l¿ donºr¿n S1 ge­iĸ enerjisini d¿ĸ¿rme 

etkisinin T1 ge­iĸ enerjisini d¿ĸ¿rme etkisinden daha b¿y¿k olduĵu bulunmuĸ ve bu 

durum dikey ȹEST deĵerlerinin d¿ĸmesine neden olmuĸtur. Aksine, simetrik D-A-D 
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yapēlarēnda bir donºr¿n daha zayēf bir donºr ile deĵiĸtirilmesi, S1 ve T1 ge­iĸ 

enerjilerini artērmakta, ancak ȹEST'yi ºnemli ºl­¿de deĵiĸtirmemektedir. Özellikle, 

PTZôde olduĵu gibi aĵēr atom i­eren gºrece daha zayēf bir donºr¿n eklenmesi, 

SOCME deĵerini artērarak daha y¿ksek RISC hēz sabitlerine yol a­maktadēr. Bu 

nedenle, asimetrik D-A-D* tipi molek¿llerde aĵēr atom i­eren gºrece daha zayēf bir 

donºr kullanmak, etkili TADF molek¿lleri geliĸtirmek i­in umut verici bir strateji 

olarak belirlenmiĸtir. 

 

Anahtar Kelimeler: Termal Aktif Gecikmeli Floresan, Yoĵunluk Fonksiyonel 

Teorisi, Geri Yönl¿ Sistemler Arasē Ge­iĸ, Reorganizasyon Enerjisi, Spin-Yörünge 

Etkileĸimi 
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CHAPTER 1  

1 INTRODUCTION   

1.1 An Overview of Organic Light Emitting Diodes 

The first demonstration of electroluminescence using an organic material was 

conducted by Pope and coworkers in 1963.1 At that time, 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 materials.2,3 Nevertheless, in 1987 Tang and Van Slyke developed a 

double-layer organic light-emitting device (OLED) with an acceptable level of 

luminescence efficiency.4 Following this work, Adachi and co-workers developed 

the multilayer OLED concept, producing relatively high-efficiency devices.5 

Subsequently, the design and development of efficient OLED devices have emerged 

as a focal point of interest within both academic research and industrial 

applications.6ï8 

OLEDs operate based on the principle of injection electroluminescence, wherein the 

material responsible for photon emission in response to an electric current is an 

organic molecule. Injection electroluminescence is a phenomenon that encompasses 

a series of 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 light.9  

A typical OLED device consists of five layers: anode, hole transport layer (HTL), 

emissive layer (EML), electron transport layer (ETL), and cathode (Figure 1.1). 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 
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anode, and due to its transparency, the light produced at the end of the process can 

pass through and exit the device. The HTL, composed of an organic material (N,Nǋ-

diphenyl-N,Nǋ-bis(3-methyl phenyl)-1,1ǋ-biphenyl-4,4ǋ-diamine (TPD), for 

example), facilitates the transfer of holes injected from the anode to the EML. A 

metal cathode (Mg:Ag alloy film, for example) injects 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 applied. Once 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 an applied voltage. This phenomenon 

is known as charge transport in injection electroluminescence. The recombination of 

electrons and holes occurs in EML. Upon reaching the EML, the electrons and holes 

undergo recombination, forming an exciton. The recombination process in EML 

leads to the release of energy in the form of photons, producing light. The organic 

EMLs are crucial in determining the color and efficiency of OLED devices.10 Despite 

the selection of HTL materials with low ionization potentials to 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. Therefore, it is 

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 device.11,12 

Similarly, the metal/organic interface between the metal cathode and the ETL 

exhibits a similar behavior. Many of buffer layers have been proposed and utilized 

at this interface.13,14  
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Figure 1.1 A simplified illustration of multilayer OLEDs. 

 

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 of the electroluminescent process in OLED 

devices, which represents a crucial aspect of their overall performance. In an OLED 

device, the material that is expected to emit light via the electroluminescence 

principle does not necessarily have to recombine in a manner that always results in 

photon emission. Instead, in some cases, the energy may be released non-radiatively 

as heat rather than as light. The quantitative characterization of the 

electroluminescence efficiency of an OLED device, referred to as quantum 

efficiency, can be accomplished in two distinct ways. Internal quantum efficiency 

(IQE) represents the proportion of electrons injected into the device that are 

converted into photons. At this stage, the emission of photons into the environment 

is not taken into account; instead, it is important whether photon production occurs 

within the device. The 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 device. An additional definition of efficiency that considers such 

circumstances is external quantum efficiency (EQE). EQE is defined as the ratio of 
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the number of photons emitted from an OLED device into the external environment 

to the number of electrons injected into the device. In addition to 

electroluminescence efficiency, EQE also evaluates how effectively light is 

extracted from the OLED device. It follows that the EQE is necessarily constrained 

by the IQE. One of the most critical consideration in the design of a high-efficiency 

OLED device is the selection of a light emitter with a high IQE.9,10 

1.3 Spin States in OLEDs 

In an OLED device, the recombination of charge carriers (electrons and holes) in the 

EML can give rise to two types of excitons: singlet excitons, which have a total spin 

eigenvalue of S=0, and triplet excitons with S=1.15 The proportion of excitons in 

singlet or triplet states can be estimated using non-relativistic 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 represented as two electrons in the hypothetical system. The z-component of 

the spin angular momentum operator (Ὓׁש) of such a system can be defined as the sum 

of the individual spin operators: 

Ὓׁש Ὓ Ὓ  ρȢρ 

Each one-electron spin angular momentum operator along the z-axis, Ὓ  and Ὓ , 

has the eigenstates Ŭ and ɓ, with the eigenvalues of +/2 and - /2, respectively.  

Therefore, the possible eigenstates of Ὓׁש can be obtained as follow (1 and 2 

representing the spin coordinates of the electrons): 

‌ρ‌ς     ‍ρ‍ς     ‌ρ‍ς     ‍ρ‌ς ρȢς 

In NQM, the following commutation relationship is well-known: 

ὛȟὛׁש π ρȢσ 

Thus, the eigenstates of S must be also the eigenstates of S2. However, only the first 

two states are the eigenstates of S2. 
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Ὓ‌ρ‌ς  ςᴐ‌ρ‌ς ρȢτ 

Ὓ‍ρ‍ς ςᴐ‍ρ‍ς ρȢυ 

The eigenvalues are determined by S(S+1)2 where S is the spin angular momentum 

quantum number and S=1 for both states. Two new sates which are the eigenstates 

of Ὓ can be constructed by a linear combination of the eigenstates of Ὓׁש and the 

normalization condition: 

ừ
Ừ

ứ…
ρ

Ѝς
‌ρ‍ς ‍ρ‌ς

…  
ρ

Ѝς
‌ρ‍ς ‍ρ‌ς

 ρȢφ 

The eigenvalues of the newly constructed eigenstates of S2: 

  Ὓ… ςᴐ…

  Ὓ… π  …
 ρȢχ  

A common set of eigenstates for both Ὓ and Ὓׁש is obtained. According to resulting 

outcomes, three symmetric states (triplet states) and one antisymmetric state (singlet 

state) are derived. Therefore, only 25% of the formed exciton are in the singlet state, 

while 75% are in the triplet state according to NQM. In NQM, several rules govern 

the possibility of a transition from the ground state of a system to an excited state. 

One of these, the spin-selection rule, plays a critical role in determining the 

efficiency of light-emitting materials. According to the spin-selection rule, for an 

electronic transition between states to be allowed, the spin multiplicities (2S + 1) of 

the initial state and the final state must be the same. Thus, transitions between singlet 

states are regarded as allowed transitions, whereas singlet-triplet transitions are 

considered as forbidden transitions. Nevertheless, such forbidden transitions can 

occur in nature, which can primarily be explained by relativistic quantum mechanics 

(RQM), specifically the phenomenon of spin-orbit coupling (SOC).16 
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1.4 Light Emission Mechanisms in OLEDs 

OLEDs can be classified into different groups by considering their light-emitting 

mechanism. In the first generation of OLEDs, fluorescent organic materials have 

been used as light emitters. Fluorescence (Figure 1.2) refers to the emission process 

that occurs when a molecule transitions from an excited singlet state, typically the 

first singlet excited state (S1), back to the ground state (S0), in accordance with 

Kashaôs rule.17 Since fluorescence results from transitions between singlet states, it 

is classified as a spin-allowed transition. Consequently, fluorescence occurs as a 

rapid process and is sometimes referred to as prompt fluorescence.18 Traditional 

fluorescent materials can emit fluorescence only through singlet excitons. As 

previously mentioned, since only 25% of the excitons are in the singlet state, the 

maximum IQE of 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.19 

Furthermore, the maximum EQE of OLED devices designed with fluorescent 

organic materials is around 5-7.5%, which is undesirable for industrial 

applications.20 Since the relativistic effects are considerably reduced in the 

fluorescent organic materials used in the first generation of OLEDs, the spin-

statistics predicted by NQM are valid for these types of materials. Since the S1 Ÿ S0 

transition is spin-allowed, it occurs rapidly with the emission of light, typically 

within the range of 10-9 to 10-6 seconds.21 In contrast, the T1 Ÿ S0 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 light. First-generation fluorescent materials offer a 

range of advantages, including flexible device architectures, reduced power 

consumption, and high brightness.22,23 However, they also present significant 

drawbacks, such as insufficient device efficiency and high driving voltage, which 

limit their practical applications.24 To address these efficiency challenges, 

researchers have advanced to second-generation OLED materials, referred to as 

phosphorescent emitters (PhOLEDs), which aim to enhance overall performance. 
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The main motivation for using PhOLED materials in generating light from electrical 

energy lies in their ability to convert triplet excitons into radiative emission, thus 

overcoming the non-radiative relaxation of triplet excitons observed in 

fluorescence.25 Phosphorescence is a radiative transition between states of different 

spin multiplicities.26 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 excitons through the intersystem crossing (ISC) channel.27 In 

order for triplet excitons to emit light when they go back to the ground state, the 

mixing of spin states is essential. Mixing of spin states can be achieved by high spin-

orbit coupling (SOC) constant.28 High SOC constants increase the probability of 

triplet-singlet spin forbidden transitions, commonly observed in heavy elements.29 

In heavier elements, electrons exhibit faster motion compared to those in lighter 

elements due to the enhanced Coulombic 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 mechanics indicate that the interaction between an 

electron's spin angular momentum and its orbital angular momentum prevents the 

existence of pure spin states.28 This is the principle behind the phenomenon of 

phosphorescence. When materials with high spin-orbit interactions are used, the 

tendency for the spin states of excitons to mix increases. This facilitates the 

occurrence of spin-forbidden transitions in NQM, as the triplet and singlet states 

become mixed. SOC is proportional to the fourth power of the nuclear charge.26 

Therefore, the incorporation of elements with high nuclear charge is a commonly 

adopted strategy for enhancing SOC through the heavy atom effect.30 To 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 concerns.31 
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Figure 1.2 Radiative transition processes in first, second, and third-generation 

OLEDs. 

 

1.4.1 Thermally Activated Delayed Fluorescence  

Thermally activated delayed fluorescence (TADF) materials represent the third 

generation of OLED technology.32 Upon excitation of TADF materials, triplet 

excitons are produced via an efficient ISC process. TADF 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 ground state.33 

Consequently, both prompt fluorescence (PF) and delayed fluorescence (DF) are 

observed, characterized by two different fluorescent lifetimes, despite having 

identical spectral distributions as typical fluorescence. PF occurs due to rapid 

transitions from the S1 state to the S0 state, characterized by an excited state lifetime 

of several nanoseconds. In contrast, DF is attributed to the slower transitions from 

T1 to S1 and then to S0, with a lifetime exceeding microseconds. In OLEDs, four key 

processes contribute to TADF emission: (1) Upon the recombination of electrons 

and holes, singlet and triplet excitons are generated in a 1:3 ratio; (2) the high-energy 

exciton states rapidly transition to the lower exciton states (S1 or T1) through 
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processes such as vibrational relaxation and internal conversion; (3) the triplet 

excitons that accumulate at T1 are then converted back to S1 via the RISC process, 

facilitated by thermal activation; and (4) singlet excitons at S1, which are either 

formed directly from electronic excitation or transferred back from T1, are 

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 from T1 to S1 is crucial for effectively utilizing triplet excitons 

to enhance fluorescent luminescence.34 

In an optimal TADF process involving electroluminescence, 25% of the emitted light 

results from prompt fluorescence, while 75% arises from delayed fluorescence via 

RISC. Theoretically, IQE of the TADF process can reach up to 100% since all triplet 

excitons can possibly be converted into singlet excitons.35 The aim of the TADF 

mechanism is to promptly harvest excitons in the T1 state into the S1 state, enabling 

fluorescence from the S1 excitons. If the T1 Ÿ S1 transition does not occur rapidly, 

it is inevitable that excitons in the T1 state will lose their energy as heat. To convert 

excitons from the T1 back to the S1 via RISC, it is essential for the energy difference 

between the S1 and T1 levels to be small. Consequently, a high RISC rate constant 

(kRISC) between the S1 and T1 states is imperative.36  

 

1.4.1.1 Advancements in TADF Materials  

TADF was first rationalized by Perrin in 1929.7 Eosin, fullerene, and porphyrin 

derivatives are well-known materials that exhibit TADF.37,38 Although significant 

effort and attention have been allocated to fully organic TADF emitters, the earliest 

TADF emitters implemented in OLED devices were derived from traditional 

organometallic complexes. Notably, the development of TADF emitters has 

demonstrated a gradual transition from the use of heavy metals, such as iridium and 

platinum, to lighter elements like carbon and nitrogen.39 In 2008, Yersin and 
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Monkowius developed TADF emitters utilizing multinuclear complexes based on 

iridium, palladium, platinum, rhodium, and gold, characterized by a small singletï

triplet energy gap, ȹEST, (500ï2000 cmī1).40 The following year, the application of 

a Sn4+ porphyrin as a TADF emitter in OLEDs is reported by Adachi and colleagues, 

although the efficiencies of the devices were notably low.41 In 2010, Deaton and co-

researchers presented the first example of a highly emissive TADF complex: 

bis(phosphine)diarylamido dinuclear copper(I).42 This discovery has subsequently 

motivated extensive research into this type of emitters by Yersin,43 Thompson,44 

Bräse,45 and others.46ï48 The first purely organic TADF material, demonstrating an 

external quantum efficiency (EQE) of 5.3%, was reported by Adachi et al. in 2011.49 

Nevertheless, the fact that the efficiency of their developed OLED device was 

approaching the theoretical limit of traditional fluorescent emitters does not 

constitute unequivocal evidence that the emission mechanism in the device is 

TADF.39 In 2012, the same research group introduced a series of organic TADF 

emitters utilizing carbazole (Cz) as the donor and dicyanobenzene (DCB) as the 

acceptor (Figure 1.3), achieving an IQE exceeding 90% and a remarkably high EQE 

of over 19%, comparable to that of high-efficiency PhOLEDs.50 These emitters are 

structured with a donor-acceptor architecture characterized by a highly twisted 

geometry that facilitates spatial separation between the highest occupied molecular 

orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), leading to 

reduced ȹEST values.50 Such high efficiency indicated that dark triplet excitons could 

be converted into the singlet state, producing radiative emissions. Since 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 by over 400 

publications.39 Numerous OLED devices designed with metal-free materials based 

on TADF have been shown to exhibit EQE of over 20%.51 The electroluminescence 

efficiency in a TADF-based device enhances when ȹEST becomes smaller. For 

instance, condensed polycyclic aromatic compounds, such as anthracene, exhibit 

highly intense fluorescence; however, due to their ȹEST exceeding 1 eV, they are not 

expected to demonstrate efficient TADF. Conversely, materials based on ketones, 
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such as benzophenone (BP) derivatives, possess a relatively small ȹEST (ranging 

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 

temperatures.37 When the nonbonding n-electron orbital and the excited ˊ-electron 

orbital (nḯ * orbital) overlap orthogonally, as observed in benzophenone, the ȹEST 

is minimized due to the small overlap integral. Consequently, a decreased ȹEST value 

indicates that the system has a lower energy barrier for RISC, thus enhancing the 

efficiency of TADF process. In contrast, aromatic compounds featuring ˊ-electron 

systems generally exhibit significant ˊḯ * orbital overlap, resulting in a large ȹEST 

greater than 1 eV.37 

Although blue phosphorescent complexes are commonly acknowledged for their 

instability in electroluminescent devices, there is significant hope that blue TADF 

devices can effectively address this challenge within OLED technology.52 The first 

deep-blue TADF emitter class was reported in 2012, considering both the ˊ-

conjugation length and the redox potentials of the donor and acceptor moieties.53 The 

EQE of the deep-blue TADF material produced using diphenylsulfone (DPS) 

acceptor unit and 3,6-di-tertbutylcarbazole (TBCz) donor unit (Figure 1.3) was noted 

as 9.9% with a ȹEST of 0.32 eV.53 The utilization of DPS as the acceptor unit has 

prompted its widespread application in the design of blue TADF molecules in 

numerous subsequent studies.54ï57 Adachi et al. demonstrated that a deep-blue TADF 

molecule designed with DPS as the acceptor and dimethoxycarbazole (DMOCz) as 

the donor, which possesses stronger electron-donating properties than TBCz, 

exhibited a lower S1 energy level than its TBCz-containing counterpart, while the T1 

energy level remained relatively constant, resulting in a molecule with lower ȹEST 

(0.20 eV) and higher EQE (14.5%).58 Lee et al. reported that by replacing the 

phenothiazine (PTZ) donor group in symmetric DPS-based D-A-D type molecule 

with phenoxazine (PXZ), they synthesized an asymmetric deep-blue TADF emitter 

to avoid the exciton quenching through aggregation-induced emission (AIE).59 

Consequently, the asymmetric structure exhibited a higher EQE (17.0%-12.5%) and 

a lower ȹEST (0.09 eV-0.14 eV) compared to its symmetric counterpart.59  
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Figure 1.3 The chemical structures of acceptor and donor units commonly used in 

TADF materials. 

In recent studies, tricoordinate boron-centered ˊ-systems have attracted significant 

attention as promising acceptor units for blue TADF emitters, including 5,9-dioxa-

13b-boranaphtho[3,2,1-de]anthracene (DBA), 10H-phenoxaborin (PB) and 

Triarylboron (TAB).60ï64 To efficient TADF system, D-A-D molecular frameworks 

have emerged as promising candidates. It has been reported that D-A-D type TADF 

materials exhibit highly efficient RISC, supported by large SOCME.63,65 Wang et al. 

identified three sky-blue TADF materials of the D-A-D configuration, utilizing 

various combinations of DBA acceptor and acridine (AC) donor units, which 

demonstrated remarkable TADF performance.66 Furthermore, Yasuda et al. 
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proposed that D-A-D type TADF materials could achieve high SOCME values due 

to the presence of quasi-degenerate HOMO energy levels and dual charge transfer 

states.67,68 In 2022, Kwon et al. showed that the D-A-D type pure blue TADF 

molecule formed by using DBA acceptor and 1,3,6,8-tetramethyl-9H-carbazole 

(TMCz) donor exhibited ȹEST of 0.01 eV with high EQE of 43.9%.64 These findings 

indicate that an appropriate combination of donor and acceptor moieties within the 

D-A-D molecular framework could be beneficial for designing effective TADF 

sensitizers for pure blue-emitting OLEDs. 

 

1.4.1.2 Theoretical Approaches to Reverse Intersystem Crossing  

The time-independent Schrödinger equation provides solutions known as stationary 

states that have indefinite lifetime. To 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 time-dependent Schrödinger 

equation, and (b) static approaches, which use perturbation theory to account for time 

dependency and calculate transition probabilities statistically.69 In the context of 

reverse intersystem crossing (RISC), static methods are generally preferred due to 

the timescales associated with spin-forbidden transitions, which are well-suited for 

perturbation theory. Time-dependent perturbation theory that involves a perturbation 

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

provides a way to calculate the rate of RISC by Fermi's Golden rule:70 

Ὧ  
ς“

ᴐ
ȿὌ ȿ”  ρȢψ  

In Eq. 1.8, Ὄ ἂ  ȿὌ ȿ  ἃ represents the spin-orbit coupling matrix 

element (SOCME) between S1 and T1 states., and  ”  stands for FranckïCondon 

weighted density of final states at the energy of the initial state, which describes the 

thermokinetic barrier associated with the T1 Ÿ S1 transition. In the limit of high 
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temperatures, i.e., assuming that all vibrational modes are classical ( ɤi << kBT),  

”  obeys a standard Arrhenius type equation:71 

”
ρ

τ“‗ὯὝ
ÅØÐ

ῳὉ ‗

τ‗ὯὝ
 ρȢω 

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

Ὧ  
ς“

ᴐ
ȿὌ ȿ

ρ

τ“‗ὯὝ
ÅØÐ
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τ‗ὯὝ
 ρȢρπ 

Here, ȹEST, also referred to as adiabatic ȹEST, is the energy difference between the 

S1 excited state in the optimized S1 geometry, (S1/S1), and the T1 excited state in the 

optimized T1 geometry, (T1/T1). The reorganization energy, denoted as ɚ, is defined 

as the energy difference between the S1 state in the T1 optimized geometry, (S1/T1), 

and the S1 state in the S1 optimized geometry, (S1/S1) (Figure 1.4). Also, kB and T 

represent the Boltzmann constant and temperature, respectively. 

 

Figure 1.4 Schematic potential energy surfaces of the S1 and T1 states as quadratic 

functions centered at RS1 and RT1, respectively.   
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1.4.1.3 Basic Design Strategy of TADF emitters 

For an organic material to effectively realize the TADF mechanism, it requires 

suitable values of ȹEST, ɚ, and SOCME. According to Eq. 1.10, a smaller ȹEST leads 

to an increase in the kRISC value because it decreases the term in the exponential 

factor, thereby enhancing the effectiveness of the transition between the singlet and 

triplet states. In the kRISC formula (Eq. 1.10), ȹEST represents the adiabatic energy 

difference between the excited states, which is the energy difference of the excited 

states at their optimized geometries. To elucidate the effect of small ȹEST values on 

molecular structure in the design of efficient TADF molecules, we can estimate the 

adiabatic ȹEST using a fundamental approach. The aim is to estimate the energy 

difference between the S1 and T1 states in a simple way by using the set of orbitals 

resulting from the solution of the time-independent Schrödinger equation for the S0 

state to describe the S1 and T1 states, as in Koopmans' theorem.72  In this approach, 

the excitation-induced changes in the molecular geometry are neglected; that is, both 

S1 and T1 excited states are assumed in the S0 geometry. In this case, the orbitals that 

separate the wave functions of the S1 and T1 states will be single-electron wave 

functions representing the HOMO and LUMO obtained from the solution of the 

time-independent Schrödinger equation for the S0 state. Since the energies of the 

orbitals not involved in the excitation remain the same in both the S1 and T1 states, 

we can assume their energy to be zero. Consequently, the energies of the S1 and T1 

states at the S0 geometry and the energy difference between them can be obtained as 

follows: 

Ὁ Ⱦ Ὤ Ὤ ὐ ὑ  ρȢρρ 

Ὁ Ⱦ Ὤ Ὤ ὐ ὑ  ρȢρς 

ῳὉ  Ὁ Ⱦ  Ὁ Ⱦ ςὑ  ρȢρσ 

Here, hH and hL represent the one-electron integral of the HOMO and LUMO orbital, 

respectively, while JHL 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, and KHL 

denotes the corresponding exchange integral: 

ὑ ὨὶᴆὨὶᴆ‪ ὶᴆ‪ ὶᴆ
ρ

ὶ
‪ ὶᴆ‪ ὶᴆ ρȢρτ 

ȹEST can be expressed as a measure of the overlap between the HOMO and LUMO 

wave functions, as indicated in Eq. 1.14. In this context, it is possible to obtain a low 

ȹEST value in organic molecules where there is minimal overlap between the HOMO 

and LUMO orbitals, indicating effective spatial separation of the HOMO and 

LUMO.73 To achieve effective spatial separation of the HOMO and LUMO, 

researchers have commonly utilized molecules comprising donor and acceptor units 

as TADF emitters.74ï77 In twisted molecular configurations, i.e., when the donor and 

acceptor units have nearly orthogonal DīA dihedral angle, the spatial separation 

between the HOMO and LUMO is effectively increased due to the strong charge 

transfer characteristics of the excited states.78,79 However, having a large dihedral 

angle between the donor and acceptor decreases the transition dipole moment of the 

emission and slows the fluorescence rate from the charge transfer state, which often 

results in reduced emission efficiencies due to competing quenching processes.80,81 

Consequently, it is essential to optimize the DīA angle by carefully selecting the 

appropriate molecular structure in order to achieve efficient TADF. 

The continuous advancement of D-A and D-A-D type TADF molecules with low 

ȹEST values has led to numerous studies demonstrating their advantages in achieving 

high-efficiency OLEDs.82ï84 In addition to the small ȹEST value, the fact that kRISC 

is directly proportional to the square of the root mean square of SOCME (Eq. 1.10) 

ensures that high SOCME values are associated with efficient TADF.85 The 

dependence of the SOC constant on the fourth power of the nuclear charge leads to 

the observation that heteroatom-based TADF emitters, created by incorporating 

heavy atoms such as sulfur (S), bromine (Br), and iodine (I) into organic TADF 

molecules, are more efficient than their counterparts lacking heavy atoms.86,87 
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1.5 Aim of the Study 

The primary objective of this study is to investigate the influence of molecular 

structure for a set of widely used units on the TADF mechanism. Density functional 

theory (DFT) and time-dependent density functional theory (TD-DFT) calculations 

were applied to both experimentally verified TADF-emitting molecules and their 

hypothetical derivatives to explore the impact of structural modifications on their 

optoelectronic properties. In this study, 32 molecules were theoretically examined, 

each formed by combining widely used TADF emitter components: DBA (5,9-

dioxa-13b-boranaphtho[3,2,1-de]anthracene) and DPS (Diphenyl sulfone) as 

acceptor units, and PXZ (Phenoxazine), PTZ (Phenothiazine), PSZ 

(Phenoselenazine), DMAC (9,9-Dimethyl-9,10-dihydroacridine), and Cz (Carbazol) 

as donor groups. The chemical structures of the donor and acceptor groups used in 

this study are illustrated in Figure 1.5.  
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Figure 1.5 The chemical structures of donor and acceptor units examined. 

Two different positions of the DPS acceptor unit (Figure 1.6) were used, namely 

meta (m-) and para (p-), to evaluate the impact of donor placement on optoelectronic 

properties.  

 

Figure 1.6 Meta (left) and para (right) positions of DPS. 

For each position of DPS (m- and p-), donor units including, Cz, DMAC, PTZ, and 

PXZ were employed to construct symmetric D-A-D type structures and asymmetric 

D-A-D* type structures. The objective is to determine which molecular architecture 

contributes more effectively to the TADF process. The chemical structures of 

symmetric and asymmetric meta-substituted DPS-based molecules are given in 
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Figure 1.7, while those with para-substitution are shown in Figure 1.8. Moreover, 

the DBA-centered molecules are categorized and examined in two groups: those 

containing triple-donor (D3-A) and double-donor (D-A-D) configurations. In each 

group, three different donors were utilized: PXZ, PTZ, and PSZ. The chemical 

structures of DBA-based molecules containing triple donors used in this study are 

presented in Figure 1.9. Structures with double donors are further subdivided into 

three subgroups based on the meta', meta, and para positions of the DBA. Figure 1.10 

illustrates the chemical structures of the DBA-based molecules containing double 

donors studied in this section. 

The approach of mathematically expressing kRISC by applying Fermi's Golden Rule 

to the transition between the S1 and T1 , utilizing the Franck-Condon approximation 

and semiclassical Marcus theory, has been adopted in numerous studies.88ï91 This 

method is also employed in this study to determine the numerical value of kRISC, 

which is a main factor that determines TADF efficiency. The aim of this study is to 

understand the effects of symmetric (D-A-D) and asymmetric (D-A-D*) structures, 

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

para) on the key parameters in the TADF mechanism by computing the ȹEST, 

reorganization energy, and SOCME values encountered in the kRISC formulation for 

the selected sets of molecules. 

 

 



 

 

20 

 

Figure 1.7 The chemical structures of the meta-substituted DPS-based compounds. 
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Figure 1.8 The chemical structures of para-substituted DPS-based compounds. 
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Figure 1.9 The chemical structures of DBA-based molecules containing triple 

donors. 

 

Figure 1.10 The chemical structures of DBA-based molecules containing double 

donors. 
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CHAPTER 2  

2 COMPUTATIONAL METHODOLOGY  

This section outlines the computational techniques employed to elucidate the 

operating principles of TADF materials. The many-body problem in quantum 

chemistry, the Hartree-Fock method, density functional theory, the concept of basis 

sets, time-dependent density functional theory, the phenomenon of spin-orbit 

coupling, and the computational procedures used in this study 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-

independent Schrödinger equation for a system with N electrons and M nuclei.  

For such a system, the non-relativistic Hamiltonian operator is: 

Ὄ Ὕ Ὕ ὠ ὠ ὠ ςȢρ 

Since atomic units (au) are very useful in molecular systems, the explicit form of the 

operators will be provided in atomic units. The Ὕ represents the kinetic energy 

operator for N electrons, and its explicit form: 

Ὕ
ρ

ς
​ ςȢς 

Here, ɳ 2 is the Laplacian operator. Ὕ corresponds to the nuclear motion of the M 

nuclei.  
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Ὕ
ρ

ς

​

ὓ
 ςȢσ 

The kinetic energy operator of the nuclei involves the mass corresponding to each of 

the nuclei in au, ὓ . The ὠ  operator describes the Coulumbic interaction between 

the nuclei and the electrons, and its explicit form is: 

ὠ
שׁ

ȿὶ Ὑȿ
 ςȢτ 

In the expression 2.4, the ׁש  represents the charge of the nucleus labeled A, ὶ 

denotes the position operator of nth electron, and Ὑ  is the position operator of the 

Ath nucleus. The ὠ , which captures the Coulombic inter-nuclear repulsion energy, 

is given by: 

ὠ
ρ

ς

שׁשׁ

ȿὙ Ὑȿ
 ςȢυ 

Finally, the ὠ , which represent the Coulombic repulsion energy resulting from the 

negative charges of the electrons is expressed by: 

ὠ
ρ

ς

ρ

ȿὶ ὶȿ
 ςȢφ 

In the last two expressions, 2.5 and 2.6, the summation symbol corresponds to a 

double summation over two indices, and the presence of the factor ½ arises because 

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

The main idea of many theoretical chemistry studies is to solve analytically the time-

independent Schrödinger equation for a system with N electrons and M nuclei (given 

in Eq. 2.7).  

Ὄ  Ὁ  ςȢχ 

However, an analytical solution to the equation is only available for hydrogen and 

hydrogen-like atoms. This situation, in essence, represents the core of many-body 
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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 numerically. In order to apply separation of variables technique, which is 

one of the partial differential equation solutions, some assumptions can be made on 

the molecular Hamiltonian (Eq. 2.1). From an experimental perspective, the kinetic 

energy of the nuclei is considerably lower than the electrons due to the significantly 

larger mass of the nuclei compared to the electrons. In this case, the Ὕ operator 

representing the kinetic energy of the nuclei in molecular Hamiltonian can be 

neglected, which is known as the Born-Oppenheimer (BO) approximation. When the 

BO approximation is applied to the molecular Hamiltonian, meaning that the Ὕ term 

is neglected, the ὠ  operator becomes a constant term. This is because neglecting 

the Ὕ 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 change. After neglecting the Ὕ term, the remaining Hamiltonian is: 

Ὄ Ὕ ὠ ὠ ὠ ςȢψ
 

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 solving the eigenvalue problem for the 

remaining operator, the constant term can then be added to the obtained eigenvalue. 

Therefore, since the Hamiltonian operator is also a Hermitian operator, the ὠ  term 

can be removed from the Hamiltonian operator and after solving the Schrödinger 

equation for the remaining Hamiltonian, the ὠ  term can be added to the obtained 

energy eigenvalue. In this case, the fully BO approximated Hamiltonian can be 

obtained as follows: 

Ὄ  
ρ

ς
​ 

שׁ

ȿὶ Ὑȿ

ρ

ς

ρ

ȿὶ ὶȿ
 ςȢω 
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2.2 The Hartree-Fock Method 

The Hartree-Fock method is based on the numerical solution of the time-independent 

Schrödinger equation for a system containing N electrons and M nuclei, utilizing the 

variational principle with the Born-Oppenheimer (BO) approximation applied. In 

quantum mechanics, the variational method states that if a system is represented by 

a set of eigenstates of the Hamiltonian operator, Ὄ,  denoted as ȿ ἃ, along with 

the corresponding energy eigenvalues ȿὉἃ, where the energy eigenvalues are 

indexed in non-decreasing order, such that E0, which is the lowest eigen value, is less 

than or equal to E1, which is less than or equal to E2, and so on, then the average 

value of the operator Ὄ for any trial wave function, ȿ ἃ, will never be less than the 

smallest eigenvalue of Ὄ. 

Ὄȿ ἃ Ὁȿ ἃȟ ύὬὩὶὩ Ὁ Ὁ Ὁȣ ςȢρπ 

  Ὄ  Ὁ Ὁ ςȢρρ 

In the Hartree-Fock method, the trial wave function used as the initial guess is 

represented by a Slater determinant (Eq. 2.12), whic is obtianed from the solution of 

Schrödinger eqution for the independent electron model, where electron-electron and 

electron-nucleus interactions are neglected. The Slater determinant is formulated 

from the antisymmetrized arrangement of one-electron spin-space wave functions 

known as spin orbitals, • ὼ , where ὼ ὶȟ‫  represents the spatial coordinates, 

 ὶ and the spin coordinate, of the ith electron . The presence of spin parameters ‫ 

within the Slater determinant, coupled with its antisymmetric characteristicsð

specifically, the change in the sign of the wave function resulting from the exchange 

of coordinates between two electronsðdemonstrates compliance with the Pauli 

exclusion principle. The coefficient ρȾЍὔȦ in the Slater determinant corresponds to 

the normalization constant. 
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ȿ ἃ
ρ

ЍὔȦ

• ὼ  • ὼ  • ὼ  ȢȢȢ• ὼ

• ὼ  • ὼ  • ὼ  ȢȢȢ• ὼ
 Ȣ            Ȣ              Ȣ                   Ȣ      
Ȣ            Ȣ              Ȣ                   Ȣ     

• ὼ  • ὼ  • ὼ  ȢȢȢ• ὼ

 ςȢρς 

By using the Slater determinant, the expectation value of the molecular Hamiltonian 

operator in the Born-Oppenheimer approximation is obtained in terms of spin 

orbitals as follows: 

  Ὄ  Ὁ Ὠὼ• ὼ Ὤὲ• ὼ  

ὨὼὨὼ• ὼ • ὼ Ὤὲȟά• ὼ • ὼ  

ὨὼὨὼ• ὼ • ὼ Ὤὲȟά• ὼ • ὼ  ςȢρσ 

In Eq. 2.13, h(n) and h(n,m) are referred to as the one-electron and two-electron 

Hamiltonian operators, respectively, and can be defined as follows: 

Ὤὲ
ρ

ς
​  

שׁ

ȿὶ Ὑȿ
 ςȢρτ 

Ὤὲȟά
ρ

ȿὶ ὶȿ
 ςȢρυ 

By minimizing E with respect to the spin orbital set using the Lagrange multiplier 

constrained optimization technique, the canonical Fock equation is obtained. 

Ὂȿ•ἃ  ‐ȿ•ἃ ςȢρφ 

 

Here, F is referred to as the Fock matrix or operator, while ‐ corresponds to the 

energy of the i-th orbital. The explicit form of the Fock operator is presented in 

Equation . 
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Ὂ
ρ

ς
​ 

שׁ

ȿὶ Ὑȿ
 

Ὠὼ• ὼ
ρ

ȿὶ ὶȿ
Ὠὼ• ὼ

ρ

ȿὶ ὶȿ
  • ὼ

 
 ςȢρχ 

   is the transposition operator that exchanges the coordinates ὼ  and ὼ in the 

relevant spin orbitals. The Fock equations (Eq. 2.16) are solved using a self-

consistent field (SCF) procedure, which allows for the determination of the minimum 

value of E, the expectation value of the Hamiltonian calculated using the Slater 

determinant. However, in the Fock formalism, electron-electron correlation exists 

only for electrons with parallel spins. This situation arises because the Slater 

determinant is formulated for independent electron systems rather than for 

interacting systems. 

 

2.3 Density Functional Theory (DFT) 

The main idea behind DFT is to compute various parameters of a molecular system, 

primarily its energy, using another 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 is defined as one-electron density, ɟ(r). 

”ὶ ὔ ȢȢȢ ὨὶὨὶȣὨὶȿ ὶȟὶȟὶȟȣȟὶ ȿ ςȢρψ 

Density is a functional since it is defined as a function of the wave function of the 

system. A similar definition can be applied to the two-electron density functional (or 

second-order density functional). In an N-electron system, the probability of any two 

electrons occupying positions r and r' is defined as the second-order density: 
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” ὶȟὶ
ὔὔ ρ

ς
ȢȢȢ ὨὶȣὨὶȿ ὶȟὶȟὶȣȟὶ ȿ ςȢρω 

Furthermore, the first order density matrix (reduced density) can be defined as 

follow:  

” ὶȟὶ ὔ ȢȢȢ ὨὶὨὶȣὨὶ ᶻὶȟὶȟὶȟȣȟὶ  ὶȟὶȟὶȟȣȟὶ  ςȢςπ 

The expectation value of the Hamiltonian operator for BO-approximated system 

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

functionals. 

 Ὄ  Ὠὶ
ρ

ς
​” ὶȟὶ  

ὨὶὨὶ
ρ

ȿὶ ὶȿ
” ὶȟὶ  Ὠὶםὶ”ὶ ςȢςρ 

Here, םὶ represents the potential:  

ὶם
שׁ

ȿὶ Ὑȿ
 ςȢςς 

The first part of the Hohenberg-Kohn theorem states, through the technique of 

reductio ad absurdum, that the ground-state density uniquely defines םὶ and that 

the ground-state properties of a system of interacting electrons are uniquely 

determined by its electron density. This means that if the electron density is known, 

one can derive all the information about the ground-state energy, wave function, and 

other physical properties of the system. The second part of the Hohenberg-Kohn 

theorem states that the electronic 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 principle. The total energy of a system within DFT is 

expressed as a functional of the electron density. 

Ὁ”ὶ Ὠὶםὶ”ὶ Ὕ”ὶ ὐ”ὶ Ὁ ”ὶ ςȢςσ 
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In Eq. 2.23, the first term including םὶ is the external potential energy functional, 

accounting for the interaction between the electrons and the external potential, 

typically attributed to the nuclei. Ὕ”ὶ  is the kinetic energy functional, 

representing the kinetic energy of the electrons, which is commonly approximated 

using the non-interacting electron model. ὐ”ὶ  is the Coulomb repulsion which is 

the classical electrostatic interaction between pairs of electrons. The exchange-

correlation energy, Ὁ ”ὶ , accounts for the complex interactions 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 orbitals, the one-

electron wave functions in a molecular system, by through linear combinations of 

typical atomic orbital functions (such as s, p, d, and f orbitals) or their equivalents. 

The functions in a basis set are typically atom-centered.  

Basis sets can be classified and named according to the types of functions they 

comprise. In a Slater-type basis set, the functions, Slater-type Orbitals (STOs), are 

designed to resemble the atomic orbitals derived from the solution of the Schrödinger 

equation for the hydrogen atom. STOs 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 time-consuming calculations, 

particularly in multi-electron systems.  
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Gaussian-type 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. However, their 

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 many-body systems. A notable 

benefit of GTOs 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-Dependent Density Functional Theory (TD-DFT) 

TD-DFT is an extension of the static formalism of DFT used to explore the dynamics 

of many-body quantum systems in response to time-dependent external 

perturbations. While traditional DFT focuses on ground-state properties, TD-DFT 

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 time-dependent densities and potentials. In the TDDFT 

framework, the primary variable is the electron density ”ὶȟὸ, which depends on 

both position and time. 

”ὶȟὸ ὔ ȢȢȢ ὨὶὨὶȣὨὶȿ ὶȟὶȟὶȟȣȟὶȟὸȿ ςȢςτ 

The Time-Dependent Kohn-Sham (TDKS) equations are a key component of 

TDDFT. The TDKS equations allow the modeling of the dynamics of a many-

electron system by approximating the complex many-body problem with a set of 

non-interacting Kohn-Sham particles that evolve in an effective potential. 
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Ὥᴐ
Ћʕ ὶȟὸ

ЋÔ

ᴐ

ςά
​ ם ὶȟὸ ʕ ὶȟὸ ςȢςυ   

Here, ʕ ὶȟὸ is the time-dependent Kohn-Sham orbital for the i-th electron, and 

ם ὶȟὸ is the Kohn-Sham effective potential, which depends on the density ”ὶȟὸ 

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 exchange-correlation potential. The time-

dependent density can be expressed in terms of Kohn-Sham orbitals: 

”ὶȟὸ ȿʕ ὶȟὸȿ

Ȣ

 ςȢςφ 

Linear Response Theory within TD-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 external time-varying 

fields, such as electromagnetic fields, which influence the electron density. The total 

electron density can be expressed as a sum of the ground-state density and a small 

perturbation: 

”ὶȟὸ ”ὶ ɿ”ὶȟὸ ςȢςχ 

The linear response theory results in the formulation 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 Kohn-Sham equations, represented 

as: 

…ὶȟὶȠʖ
ɿ”ὶ

ɿ6 ὶ
 ςȢςψ 

…ὶȟὶȠ‫  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 function of the frequency ɤ. ɿ6 ὶ  represents the variation in the 

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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perturbation. Eq. 2.28 illustrates the linear relationship between the change in density 

and the external potential in the frequency domain. 

Overall, the development and application of TD-DFT represent a significant advance 

in the computational study of quantum systems, bridging the gap between static 

properties and dynamic behavior. 

 

2.6 Spin-Orbit Coupling (SOC) 

Spin-orbit 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. This interaction 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 spin of the 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 spin-orbit coupling (SOC) can be formulated as 

follows: 

Ὄ ʊÒ,Ͻ3 ςȢςω 

In expression 2.29, L is the orbital angular momentum operator, S is the spin angular 

momentum operator, and ʊÒ is a radial function that quantifies the strength of the 

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 hole-electron 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 

frequencies 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 matrix.92 

 

2.8 Computational Procedure  

We started from different initial conformations to reach lowest energy structures as 

a first step. Using DFT, the ground state (S0) geometries of the molecules were 

determined, and the distributions of the highest occupied molecular orbital (HOMO) 

and the lowest unoccupied molecular orbital (LUMO) were obtained. The energy 

difference between the first singlet excited state (S1) and the first triplet excited state 

(T1) was also computed using time-dependent density functional theory (TD-DFT) 

with respect to optimized ground state geometries. Moreover, the excited state 

geometry optimizations via TD-DFT were performed to more accurately represent 

the adiabatic energy difference between S1 and T1.  

The energies of the first singlet excited state at its optimized geometry (S1/S1), the 

first triplet excited state at its optimized geometry (T1/T1), and the first singlet excited 

state at the optimized geometry of the first triplet excited state (S1/T1) were obtained 

to compute ɟFCWD, the Franck-Condon-weighted density of states. The semiclassical 

Marcus theory was used to estimate ɟFCWD. 
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The reorganization energy, ɚ (S1/S1 - S1/T1), which is the energy required to bring a 

system in the S1 to the optimized geometry of the first triplet excited state, as well as 

the singlet-triplet adiabatic band gap, ȹEST (S1/S1 ï T1/T1), were calculated based on 

the optimized geometries of the excited states. 

Furthermore, the spin-orbit coupling matrix elements (SOCME) that are 

significantly responsible for the T1-S1 transition probability have been calculated and 

the RISC rate constants have been obtained. At last, natural transition orbitals (NTO) 

were obtained, allowing for insights and interpretations regarding the nature of 

singlet and triplet transitions. 

The geometry optimizations for S0, S1, and T1 states, as well as the excited state 

energy levels, were calculated using the B3LYP/6-31G+(d,p) level of theory in the 

Gaussian16 program. Although a significant portion of the molecules was also 

calculated using the M06-2X 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 calculations at S0 optimized geometries were 

performed using the ORCA5.0.4 program. Since the 6-31G+(d,p) basis function is 

not defined for the selenium atom in the ORCA program, the 6-311G+(d,p) basis 

function was used only for kRISC calculations of the molecule sets containing 

selenium, while SOC calculations for all other molecules were carried out at the 

B3LYP/6-31G+(d,p) level. 
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CHAPTER 3  

3 RESULTS AND DISCUSSION 

In this study, several key parameters were calculated for different donor-acceptor 

setups including asymmetric (D-A-D*), symmetric (D-A-D), and triple-donor (A-

D3) configurations to understand the structural effects on TADF mechanism.  

  

3.1 Comparisons of Symmetric (D-A-D) and Asymmetric (D-A-D*) 

Configurations with DPS Acceptor Unit 

In this section, the optoelectronic properties of symmetric (D-A-D) 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 asymmetric meta-

substituted DPS-based molecules. Using a variety of initial guess geometries, the 

molecules were optimized in the ground state at the B3LYP/6-31G+(d,p) level. The 

lowest energy optimized structures with the dihedral angles between the donor units 

and DPS acceptor moiety are presented in Figure 3.1 for the asymmetric meta-

substituted molecules and in Figure 3.2 for the symmetric ones.  
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Figure 3.1 S0, S1, and T1 optimized geometries and dihedral angles of asymmetric 

meta-substituted DPS-based compounds. 
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Figure 3.2 S0, S1, and T1 optimized geometries and dihedral angles of symmetric 

meta-substituted DPS-based compounds. 

 

Figure 3.3 Representation of PTZ in butterfly and orthogonal conformations. 

The results indicate that PTZ donor group can adopt two distinct conformations 

within the molecules. These conformations, named butterfly (B) and orthogonal (O), 
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are depicted in Figure 3.3. In the butterfly conformation, the dihedral angle between 

PTZ group and DPS ranges from 5° to 20°, whereas in the orthogonal conformation, 

this angle ranges from 80° to 90°. The activation energy barrier between the O and 

B conformations of PTZ has been determined to be 4.36 kcal/mol in the literature,93 

indicating that the transition between the two conformations is feasible. m-PXZ-

DPS-PTZ and m-Cz-DPS-PTZ contain PTZ group in B conformation in their lowest 

energy optimized structures, whereas m-DMAC-DPS-PTZ and m-PTZ-DPS contain 

PTZ in O conformation.  

The LUMO, HOMO, and HOMO-1 orbitals of the asymmetric meta-substituted 

molecules are shown in Figure 3.4, while those of the symmetric ones are presented 

in Figure 3.5. In symmetric molecules, except for m-Cz-DPS, both the HOMO and 

HOMO-1 are distributed over both donor units. In contrast, in asymmetric molecules, 

the HOMO is localized on one donor and the HOMO-1 on the other. In these 

asymmetric molecules, the strength of the donors determines which donor the 

HOMO and HOMO-1 will be localized on. In all asymmetric meta-substituted 

molecules containing PXZ, the HOMO is distributed over PXZ, while HOMO-1 is 

located on the other donor attached to DPS. In asymmetric meta-substituted 

molecules that contain DMAC excluding PXZ, the HOMO is always localized on 

DMAC, and the HOMO-1 is positioned on the other donor (either PTZ or Cz). In m-

Cz-DPS-PTZ, the HOMO is distributed over Cz unit, while the HOMO-1 is on PTZ 

unit. This suggests that the donor strength can be ranked as PXZ > DMAC > Cz > 

PTZ. In all structures, the LUMO orbital is distributed over DPS central acceptor 

group as expected. In asymmetric molecules, with the exception of m-DMAC-DPS-

PXZ, the HOMO orbital is predominantly located on the donor group with the larger 

dihedral angle. In m-DMAC-DPS-PXZ, 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 group. 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 LUMO is crucial for achieving small ȹEST values. In m-
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Cz-DPS-PTZ and m-Cz-DPS molecules, the relatively smaller dihedral angle 

between the Cz unit and DPS has resulted in the poor spatial separation of the HOMO 

and LUMO.  

Table 3.1 encompasses the LUMO, HOMO, and HOMO-1 orbital energy levels, as 

well as the direct band gap values for the compounds studied in this section. The m-

PTZ-DPS-PXZ and m-Cz-DPS-PTZ molecules, which prefer B conformation for 

PTZ, exhibit the highest LUMO energy levels. This suggests that the presence of 

PTZ in B conformation leads to an increase in the LUMO energy level of the 

molecule. Furthermore, an examination of the HOMO energy levels of m-PXZ-DPS 

and m-PTZ-DPS-PXZ, containing PTZ in B conformation, reveals that the HOMO 

localized on the PXZ unit is higher in energy within the asymmetric configuration. 

A similar trend is observed in m-Cz-DPS and m-Cz-DPS-PTZ, containing PTZ in B 

conformation. However, the effect of the B conformation of PTZ on the LUMO 

energy level is greater than its effect 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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Figure 3.4 LUMO, HOMO, and HOMO-1 orbitals for asymmetric meta substituted 

DPS-based compound. 
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Figure 3.5 LUMO, HOMO, and HOMO-1 orbitals for symmetric meta substituted 

compounds. 

The substitution of one of the symmetric donors in the m-DMAC-DPS, m-Cz-DPS, 

and m-PTZ-DPS molecules with the PXZ donor group gives rise to the hypothetical 

formation of asymmetric molecules: m-DMAC-DPS-PXZ, m-Cz-DPS-PXZ, and m-

PTZ-DPS-PXZ. The HOMO energy levels of these asymmetric compounds 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 structures, m-DMAC-

DPS-PXZ and m-Cz-DPS-PXZ, formed by replacing the DMAC and Cz in m-

DMAC-DPS and m-Cz-DPS with PXZ group, are lower compared to their 

symmetric counterparts. Overall, it can be inferred that substituting one of the donors 
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in a symmetric D-A-D type molecule with a stronger donor group will result in an 

increase in the HOMO energy level compared to that of the symmetric structure, 

while decreasing the LUMO energy level. Consequently, this leads to a reduction in 

the direct band gap value. The band gap value for m-Cz-DPS-DMAC, resulting from 

the exchange of Cz 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 HOMO-1 localized on the PTZ in the butterfly 

conformation spatially occupies the LUMO of the DPS acceptor unit, which 

significantly elevates the LUMO energy level. Consequently, it has been 

demonstrated that the LUMO energy level of m-PTZ-DPS-PXZ is higher than that 

of m-PTZ-DPS, which contains PTZ in O conformation. 
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Table 3.1 The LUMO, HOMO, and HOMO-1 orbital energy levels and direct band 

gaps (eV) for meta-substituted DPS-based compounds. *Experimental values 

obtained from references; m-DMAC-DPS,94 m-PTZ-DPS,95 m-PXZ-DPS,95 m-Cz-

DPS.95 

Compounds LUMO  HOMO  HOMO -1 Eg
direct 

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 

m-DMAC -DPS 
-2.052/ 

-2.26*  

-5.372/ 

-5.36* 
-5.378 3.320 

m-PTZ-DPS 
-2.134/ 

-1.86* 

-5.468/ 

-5.35* 
-5.472 3.333 

m-PXZ-DPS 
-2.174/ 

-1.72* 

-5.223/ 

-5.09* 
-5.230 3.050 

m-Cz-DPS 
-2.073/ 

-2.48* 

-5.846/ 

-5.84* 
-5.893 3.773 

 

The S1, T1, T2, and T3 transition energies, along with the vertical ȹEST values for 

meta-substituted DPS-based molecules, are presented in Table 3.2. The influence of 

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

S1 and T1 transition energies. When PXZ donor group is exchanged with one of the 

symmetric donors in m-DMAC-DPS, m-Cz-DPS, and m-PTZ-DPS molecules, the 

resulting asymmetric structuresðm-DMAC-DPS-PXZ, m-Cz-DPS-PXZ, and m-

PTZ-DPS-PXZðexhibit lower S1 and T1 energy levels compared to their PXZ-free 

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 molecule. Furthermore, it has been 
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observed that when the effect of PXZ on reducing S1 energy level is greater than its 

effect on reducing T1 energy level, the vertical ȹEST value of the structure also 

decreases. Therefore, the vertical ȹEST values for m-PTZ-DPS and m-Cz-DPS are 

higher than those for their PXZ-containing asymmetric analogs, m-PTZ-DPS-PXZ 

and m-Cz-DPS-PXZ. However, in the case of m-DMAC-DPS, the exchange with 

PXZ results in similar reductions in both S1 and T1 energy levels, leading to vertical 

ȹEST values for m-DMAC-DPS-PXZ and m-DMAC-DPS that are relatively close. 

The reduction in S1 and T1 transition energies resulting from the exchange of one 

donor in the symmetric D-A-D structure with a stronger donor is also consistent in 

asymmetric structures that include DMAC. The S1 and T1 transition energies of m-

PTZ-DPS and m-Cz-DPS are, respectively, higher than those of m-DMAC-DPS-

PTZ and m-Cz-DPS-DMAC. Similar to PXZ, the DMAC donor group also reduces 

the S1 energy level more significantly than the T1 energy level, resulting in lower 

vertical ȹEST values for m-DMAC-DPS-PTZ and m-Cz-DPS-DMAC compared to 

m-PTZ-DPS and m-Cz-DPS. 

Table 3.2 S1, T1, T2 and T3 transition energies, vertical ȹEST values for meta-

substituted DPS-based compounds. All are in eV. 

Compounds S1 T1 T2 T3 ȹEST 

m-PTZ-DPS-PXZ 2.664 2.610 2.844 3.086 0.054 

m-DMAC -DPS-PTZ 2.738 2.710 2.793 2.979 0.027 

m-Cz-DPS-PXZ 2.502 2.468 2.820 2.986 0.034 

m-DMAC -DPS-PXZ 2.531 2.497 2.704 2.852 0.034 

m-Cz-DPS-DMAC  2.709 2.682 3.092 3.134 0.027 

m-Cz-DPS-PTZ 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 2.500 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 DPS-based structures, no noticeable differences are observed in the S1 

and T1 transition energies or the vertical ȹEST values. The S1, T1, and ȹEST values 

for m-PTZ-DPS-PXZ, m-DMAC-DPS-PTZ, and m-Cz-DPS-PTZ are strikingly 

similar to those of their PTZ-free symmetric analogs, namely m-PXZ-DPS, m-

DMAC-DPS, and m-Cz-DPS, respectively. A similar situation is observed in 

asymmetric structures that contain Cz donor unit. The S1 and T1 transition energies 

and vertical ȹEST values exhibited by the symmetric structures m-PXZ-DPS and m-

DMAC-DPS are found to be significantly close to those of the asymmetric 

compounds m-Cz-DPS-PXZ and m-Cz-DPS-DMAC, respectively. 

To better understand the nature of excitation, NTO analysis was performed using the 

S0 geometries. Figure 3.6 illustrates the NTOs of asymmetric meta-substituted DPS-

based molecules. The results indicate that the NTO distributions of the asymmetric 

molecules resemble the HOMO and LUMO distributions. It is concluded that for the 

asymmetric structures, the hole orbitals corresponding to both the S0 Ÿ S1 and S0 Ÿ 

T1 transitions are localized on the stronger donor in the molecule. Additionally, it 

was observed that the orbitals representing the electron states in both the S0 Ÿ S1 

and S0 Ÿ T1 transitions are distributed over the DPS acceptor unit. Furthermore, 

there is a significant similarity between the hole orbital in the S0 Ÿ S1 transitions 

and the hole orbital in the S0 Ÿ T1 transition for each molecule, as well as between 

the electron orbital in the S0 Ÿ S1 transition and the electron orbital in the S0 Ÿ T1 

transition. This highlights the similarity in the nature of the S0 Ÿ S1 and S0 Ÿ T1 

transitions. 
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Figure 3.6 NTOs corresponding to the S0 Ÿ S1  and S0 Ÿ T1 transitions for 

asymmetric meta-substituted DPS-based compounds. 
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Figure 3.7 NTOs corresponding to the S0 Ÿ S1  and S0 Ÿ T1 transitions for 

symmetric meta-substituted DPS-based compounds. 

The NTO distributions for symmetric meta-substituted DPS-based molecules are 

presented in Figure 3.7. In contrast to the asymmetric structures, it has been 

concluded that in m-PXZ-DPS, m-PTZ-DPS, and m-DMAC-DPS, the hole orbitals 

for both the S0 Ÿ S1 and S0 Ÿ T1 transitions are localized such that they are 

distributed across both donor units. However, for m-Cz-DPS, a distribution similar 

to that of the asymmetric case is observed, in which the hole orbital is concentrated 

on a single donor. The asymmetric behavior exhibited by m-Cz-DPS can be 

attributed to hydrogen-induced H-ˊ interactions between the hydrogen of one Cz 

group and the phenyl ring of the other Cz group, disrupting the symmetric structure 

of the donor groups in its lowest energy optimized geometry. As observed in 

asymmetric structures, the orbital representing the hole state in the S0 Ÿ S1 transition 

closely resembles the orbital representing the hole state in the S0 Ÿ T1 transition, as 

does the orbital representing the electron state in the S0 Ÿ S1 transition with its 

counterpart in the S0 Ÿ T1 transition. 
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To observe the impact of geometrical changes on the nature of excitation, NTO 

analysis using the optimized geometries for both S1 and T1 states was conducted on 

the top two asymmetric and symmetric molecules with the highest calculated kRISC 

values. The NTO orbitals obtained from the S1 and T1 geometries for m-PTZ-DPS-

PXZ and m-DMAC-DPS-PTZ are shown in Figure 3.8. The NTO results obtained 

using the S0 geometry are similar to those obtained using the S1 and T1 geometries. 

In m-PTZ-DPS-PXZ, the orbitals representing the holes are localized on PXZ donor 

unit, while the orbitals corresponding to the electron states are distributed over DPS 

acceptor in both excited-state optimized geometries. A similar pattern is observed 

for m-DMAC-DPS-PTZ, where the hole orbitals are primarily localized on the 

DMAC donor unit.  

The NTO distributions for the two symmetric molecules, m-DMAC-DPS and m-

PTZ-DPS, are provided in Figure 3.9. Unlike the results obtained using the S0 

geometry, in both the S1 and T1 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 excited-state optimized geometries. 

In symmetric structures, the transition from S0 to S1 and T1 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 more than the dihedral 

angle of the other donor group. In the NTO analysis, the donor group over which the 

hole orbitals are localized is the one with the greatest increase in dihedral angle. In 

asymmetric molecules, the donor unit responsible for the excitation is determined by 

its electron-donating ability. Nevertheless, in asymmetric molecules, it is observed 

that the donor unit responsible for the excitation experiences an increase in dihedral 

angle in the S1 and T1 geometries compared to the S0 geometry. 
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Figure 3.8 The NTO distributions representing the S0 Ÿ S1  and S0 Ÿ T1 transitions 

for m-PTZ-DPS-PXZ (left) and m-DMAC-DPS-PTZ (right), at S1 and T1 optimized 

geometries. 

 

 

Figure 3.9 The NTO distributions representing the S0 Ÿ S1  and S0 Ÿ T1 transitions 

for m-DMAC-DPS (left) and m-PTZ-DPS (right), at S1 and T1 optimized geometries. 
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An examination of the vertical ȹEST values for meta-substituted DPS-based 

molecules (Table 3.2) reveals that the closest triplet transition energy to the S1 

transition energy is not T1 transition energy for compounds such as m-DMAC-DPS, 

m-PTZ-DPS, m-PXZ-DPS, m-Cz-DPS, and m-Cz-DPS-PTZ. Accurately predicting 

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

TADF mechanism, as parameters like ȹEST, SOCME, and ɚ, which are used in 

calculating kRISC, can vary depending on the specific triplet state's energy level. The 

vertical ȹEST values were derived from TD-DFT calculations performed on the S0 

geometry of each molecule. However, it is inevitable that molecular geometry 

changes during excitation. Thus, while the vertical ȹEST is useful for making initial 

predictions, it does not fully encapsulate the nature of the excitation process. 

Therefore, excited state optimization calculations were conducted, and adiabatic 

ȹEST values were obtained by calculating the S1 energy at the S1 geometry (S1/S1) 

and the T1 energy at the T1 geometry (T1/T1). However, difficulties were encountered 

during the excited state optimization calculations for the m-Cz-DPS molecule due to 

convergence problem. Consequently, although m-Cz-DPS showed promise for 

exhibiting TADF due to its small vertical ȹEST value, it is excluded from this study. 

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

except for m-Cz-DPS, the nearest excited triplet state to the S1/S1 state for all 

molecules studied in this section is T1/T1. Therefore, it is determined that the 

potential RISC channel is energetically favorable between the S1 and T1 states. In 

this context, the reorganization energies and SOCME values were calculated 

between the S1 and T1 states. Table 3.3 presents the adiabatic ȹEST, reorganization 

energies (ɚ), and SOCME values, along with the RISC rate constants (kRISC) 

calculated at 298 K for the meta-substituted DPS-based molecules. 
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Table 3.3 The adiabatic ȹEST, reorganization energy (ɚ), SOCME and kRISC values 

for meta-substituted DPS-based compounds. *Experimental values obtained from 

references; m-DMAC-DPS,94 m-PTZ-DPS and m-PXZ-DPS.95 

Compound 
ȹEST(S1/S1-

T1/T1)(eV) 
ɚ  (eV) 

SOCME 

(cm-1) 

kRISC 

(x105 s-1) 

m-PTZ-DPS-PXZ 0.027 9.08E-04 1.204 34.050 

m-DMAC -DPS-PTZ 0.024 1.07E-03 0.251 17.660 

m-Cz-DPS-PXZ 0.024 1.07E-03 0.177 7.446 

m-DMAC -DPS-PXZ 0.024 9.58E-04 0.131 2.046 

m-Cz-DPS-DMAC  0.022 3.81E-04 0.630 0.234 

m-Cz-DPS-PTZ 0.348 0.3849 0.973 0.005 

m-DMAC -DPS 0.024/ 

0.07*  

1.06E-03 0.102 2.935/ 

5.8* 

m-PTZ-DPS 0.026/ 

0.01* 

9.64E-04 0.045 0.136 

m-PXZ-DPS 0.023/ 

0.06* 

9.65E-04 0.010 0.020 

 

Considering the adiabatic ȹEST values of the molecules, it is observed that all 

compounds listed in Table 3.3, except for m-Cz-DPS-PTZ, exhibit small ȹEST values 

ranging from 0.02 to 0.03 eV. This indicates that there is no significant difference in 

adiabatic ȹEST values between the asymmetric and symmetric structures. Small ȹEST 

values are an important parameter for overcoming the energy barrier for S1-T1 RISC; 

however, they are insufficient for predicting which molecules will exhibit superior 

TADF performance. It can be concluded that all of the molecules, except for m-Cz-

DPS-PTZ, exhibit relatively low reorganization energies. The notably high ɚ value 

of m-Cz-DPS-PTZ compared to the other molecules can be attributed to the 

significant differences in the dihedral angles between Cz and DPS in the S1 and T1 

optimized geometries, which greatly increases the reorganization energy between the 

S1 and T1 states. The SOCME values, which determine the probability of the T1 Ÿ 
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S1 transition in the TADF mechanism, show significant differences between 

symmetric and asymmetric structures. Notably, the SOCME values for the m-PTZ-

DPS-PXZ and m-Cz-DPS-PTZ molecules, which contain 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. High kRISC values suggest 

that triplet excitons convert rapidly to singlet excitons, indicating that molecules with 

the potential for efficient TADF can be assessed based on their kRISC rates. In this 

context, it is plausible to assert that m-DMAC-DPS will serve as the most efficient 

TADF emitter among the meta-substituted DPS-based symmetric molecules. Indeed, 

based on reported results in the literature,96,97 it can be inferred that m-DMAC-DPS 

performs more efficiently compared to the other symmetric molecules. The 

consistency between the experimental kRISC value and the theoretically obtained 

kRISC values indicates the applicability of the theoretical methods used. However, 

there are currently no experimental studies on the meta-substituted asymmetric DPS-

based molecules examined in this work in the literature. Nevertheless, based on the 

obtained kRISC values, it is proposed that the asymmetric structures, particularly m-

PTZ-DPS-PXZ and m-DMAC-DPS-PTZ, are likely to exhibit efficient TADF. 

 

3.1.2 Investigation of Symmetric and Asymmetric Configurations of 

Donor Units at Para Position of DPS 

In order to generalize the optoelectronic properties of symmetric and asymmetric 

donor configurations based on DPS acceptor group, the results of DFT and TD-DFT 

calculations performed on molecules created using the para position of DPS, similar 

to those in 3.1.1, are discussed in detail.Investigation of Symmetric and Asymmetric 

Configurations of Donor Units at Meta Position of DPS  
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The S0, S1, and T1 optimized geometries of the Cz-containing para-substituted DPS-

based molecules, p-Cz-DPS-DMAC, p-Cz-DPS-PXZ, p-Cz-DPS-PTZ, and p-Cz-

DPS, are presented in Figure 3.10.  It has been observed that PTZ can also exhibit 

the butterfly (B) conformation in para-substituted compounds. For instance, the 

lowest energy optimized geometry of p-Cz-DPS-PTZ demonstrates PTZ in B 

conformation. In the asymmetric compounds p-Cz-DPS-DMAC and p-Cz-DPS-

PXZ, the dihedral angles between the donors and acceptor in the S1 and T1 optimized 

geometries are observed to increase relative to those in the S0 geometry. However, 

in p-Cz-DPS-PTZ, the dihedral angle of PTZ has decreased in the S1 and T1 

optimized geometries compared to the optimized geometry of S0. Meanwhile, the 

dihedral angle between the Cz group and DPS in both p-Cz-DPS and p-Cz-DPS-PTZ 

has significantly increased in the S1 geometry. This suggests that PTZ does not play 

a primary role during excitation in p-Cz-DPS-PTZ. Furthermore, the considerable 

variation in dihedral angles between the S1 and T1 optimized geometries of p-Cz-

DPS-PTZ and p-Cz-DPS suggests that both molecules are likely to exhibit high 

reorganization energies between the S1 and T1 states.  

Figure 3.11 illustrates the HOMO, HOMO-1, and LUMO orbitals of both 

asymmetric and symmetric molecules containing Cz, while Table 3.4 presents the 

corresponding energy levels of these orbitals and direct band gap values. In p-Cz-

DPS-PXZ and p-Cz-DPS-DMAC, the HOMO orbital is distributed over the PXZ and 

DMAC donor units, respectively, while the HOMO-1 is localized on the Cz unit in 

both molecules. In p-Cz-DPS-PTZ, the HOMO orbital is primarily concentrated on 

the Cz unit, whereas the HOMO-1 is largely localized on the PTZ unit. The 

distribution of the HOMO and HOMO-1 across both donor units, as observed in 

meta-substituted DPS-based symmetric molecules, is also encountered in the p-Cz-

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 p-Cz-DPS-DMAC and p-Cz-DPS-PXZ, facilitating the attainment of a 

low ȹEST value. However, in p-Cz-DPS-PTZ and p-Cz-DPS, the HOMO is observed 

to extend onto the DPS unit as well, leading to relatively higher ȹEST values for these 



 

 

56 

compounds. Based on the obtained HOMO/LUMO distributions, 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 Cz. Considering 

the HOMO/LUMO energy levels of the molecules, when PXZ and DMAC donors 

replace the Cz in the symmetric m-Cz-DPS, a slight decrease in LUMO energy levels 

and a significant increase in HOMO energy levels are observed. This results in p-

Cz-DPS-PXZ and p-Cz-DPS-DMAC having lower band gap values compared to p-

Cz-DPS. Conversely, replacing one of the symmetric donors in p-Cz-DPS 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 gap for p-Cz-DPS-PTZ compared to p-Cz-DPS. 

 

Figure 3.10 S0, S1, and T1 optimized geometries and dihedral angles of Cz-

Containing Para-Substituted DPS-Based Molecules. 
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Figure 3.11 LUMO, HOMO, and HOMO-1 orbitals for Cz-Containing Para-

Substituted DPS-Based Molecules. 

 

Table 3.4 The LUMO, HOMO, and HOMO-1 orbital energy levels and direct band 

gaps (eV) for Cz-Containing Para-Substituted DPS-Based Molecules. *Experimental 

values obtained from references; p-Cz-DPS-DMAC,98 p-Cz-DPS-PXZ.99 

Compounds LUMO  HOMO  HOMO -1 Eg
direct 

p-Cz-DPS-DMAC  -2.094/ 

-3.00*  

-5.392/ 

-5.89* 

-5.953 3.298 

p-Cz-DPS-PXZ -2.162/ 

-2.35* 

-5.212/ 

-5.03* 

-5.982 3.050 

p-Cz-DPS-PTZ -1.671 -5.773 -6.034 4.102 

p-Cz-DPS -2.075 -5.914 -5.973 3.838 
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The S1, T1, T2, and T3 transition energies, along with the vertical ȹEST values for p-

Cz-DPS-DMAC, p-Cz-DPS-PXZ, p-Cz-DPS-PTZ, and p-Cz-DPS are presented in 

Error! Not a valid bookmark self -reference.. The reduction in transition energies 

observed when one of the donors in a symmetric D-A-D type molecule is replaced 

with a stronger donor, as seen in meta-substituted DPS-based molecules, is also 

evident in Cz-containing para-substituted DPS-based compounds. The S1 and T1 

transition energies of the p-Cz-DPS-PXZ and p-Cz-DPS-DMAC molecules are 

lower than those of their symmetric counterpart, p-Cz-DPS. Furthermore, because 

the PXZ and DMAC donor groups have a greater effect on reducing the S1 transition 

energy than the T1 transition energy, the p-Cz-DPS-DMAC and p-Cz-DPS-PXZ 

molecules exhibit lower ȹEST values compared to p-Cz-DPS. Conversely, it has been 

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

in S1 and T1 transition energies. As the effect of the donor on the S1 transition energy 

is greater than that on T1, p-Cz-DPS-PTZ exhibits a higher ȹEST value than p-Cz-

DPS. 

 

Table 3.5 S1, T1, T2 and T3 transition energies, vertical ȹEST values for Cz-

Containing Para-Substituted DPS-Based Molecules. All are in eV. 

Compounds S1 T1 T2 T3 ȹEST 

p-Cz-DPS-DMAC  2.709 2.700 3.037 3.144 0.009 

p-Cz-DPS-PXZ 2.471 2.461 2.798 3.019 0.010 

p-Cz-DPS-PTZ 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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Figure 3.12 NTOs corresponding to the S0 Ÿ S1  and S0 Ÿ T1 transitions for Cz-

Containing Para-Substituted DPS-Based Molecules. 

 

NTO analysis was performed to determine the regional origins of excitations within 

the molecules. The NTO distributions of Cz-containing para-substituted symmetric 

and asymmetric molecules are illustrated in Figure 3.12. The obtained NTO results 

resemble the HOMO/LUMO distributions. For the p-Cz-DPS-PXZ and p-Cz-DPS-

DMAC molecules, the S0 Ÿ S1 and S0 Ÿ T1 transitions 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 the S0 Ÿ S1 and S0 Ÿ T1 transitions of p-Cz-DPS and 

p-Cz-DPS-PTZ molecules generally possess charge transfer character, it has been 

observed that the phenyl rings of DPS are also involved in the hole orbitals, 

imparting a slight local character. This indicates that the transition between the S1 

and T1 states is not energetically favored, requires high SOCME values to facilitate 

this transition. 
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Figure 3.13 NTOs corresponding to the S0 Ÿ S1  and S0 Ÿ T1 transitions at S1 and 

T1 geometry for p-Cz-DPS-DMAC and p-Cz-DPS-PXZ. 

 

 

To understand the impact of geometric changes on the nature of excitation, NTO 

analysis was conducted using both the S1 and T1 optimized geometries for p-Cz-

DPS-PXZ and p-Cz-DPS-DMAC, with results presented in Figure 3.13. The NTO 

results from the S1 and T1 optimized geometries resemble those obtained from the S0 

geometry. Furthermore, it was again determined that both molecules 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 similarity between the 

electron orbital in the S0 Ÿ T1 transition at the T1 geometry and the electron orbital 

in the S0 Ÿ S1 transition at the S1 geometry indicates that the nature of the S1 and T1 

excited states is similar, thereby reinforcing the existence of the S1-T1 RISC channel. 
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Table 3.6 The adiabatic ȹEST, reorganization energy (ɚ), SOCME and kRISC values 

for meta-substituted DPS-based compounds. *Experimental values obtained from 

references; p-Cz-DPS-DMAC,98 p-Cz-DPS-PXZ.99 

Compound 
ȹEST(S1/S1-

T1/T1)(eV) 
ɚ  (eV) 

SOCME 

(cm-1) 

kRISC 

(x105 s-1) 

p-Cz-DPS-DMAC  0.009/ 

0.14*  

5.43E-04 0.051 56.163 

p-Cz-DPS-PXZ 0.009/ 

0.03* 

1.26E-04 0.226 24.149/ 

6.11* 

p-Cz-DPS-PTZ 0.271 3.58E-01 1.089 0.108 

p-Cz-DPS 0.117 2.56E-01 0.955 23.307 

 

Upon examining the vertical ȹEST values in Table 3.5, it is evident that the triplet 

transition energy closest to the S1 transition energy is not the T1 transition energy for 

the p-Cz-DPS-PTZ and p-Cz-DPS molecules. However, to gain a more accurate 

understanding of which triplet exciton will participate in the RISC process, there is 

a need for adiabatic ȹEST values. Table 3.6 provides the adiabatic ȹEST values, 

reorganization energies, SOCME values between S1 and T1, and kRISC values for p-

Cz-DPS-DMAC, p-Cz-DPS-PXZ, p-Cz-DPS-PTZ, and p-Cz-DPS. Based on the 

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

transition energy closest to the S1 transition energy is the T1 transition energy.  

The influence of the PXZ, DMAC, and PTZ donors on the vertical ȹEST is also 

reflected in the adiabatic ȹEST values. The substitution of a Cz group in p-Cz-DPS 

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

ȹEST, while the exchange with the weaker donor PTZ results in an increase. While 

both p-Cz-DPS-PXZ and p-Cz-DPS-DMAC exhibit relatively low reorganization 

energies, p-Cz-DPS-PTZ and p-Cz-DPS have comparatively higher reorganization 

energies. This difference arises from the significant disparity in the dihedral angle 

between Cz and DPS in the S1 optimized structure compared to the T1 optimized 

geometry for p-Cz-DPS-PTZ and p-Cz-DPS. The marked differences observed in 
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the S1 and T1 optimized geometries result in an increase in the reorganization energy 

between the S1 and T1 states. Among the four molecules, p-Cz-DPS and p-Cz-DPS-

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

relatively high adiabatic ȹEST and ɚ values. The slightly lower ȹEST value of p-Cz-

DPS compared to p-Cz-DPS-PTZ correlates with its higher kRISC value. On the other 

hand, despite both p-Cz-DPS-DMAC and p-Cz-DPS-PXZ having relatively lower 

SOCME values, their favorable adiabatic ȹEST and ɚ values suggest potential as 

efficient TADF emitters. The molecules in Table 3.6 have been reported in the 

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

literature, p-Cz-DPS-PXZ possesses the highest efficiency among the four molecules 

with an EQE of 21.8%,99 while p-Cz-DPS-DMAC has an EQE of 20.7%.98 Although 

experimental quantum efficiencies are not available for p-Cz-DPS and p-Cz-DPS-

PTZ, both compounds have been shown to exhibit the TADF mechanism.96 

 

The lowest energy optimized geometries of p-PXZ-DPS, p-PTZ-DPS-PXZ, and p-

PTZ-DPS are shown in Figure 3.14. The lowest energy optimized structures of p-

PTZ-DPS-PXZ and p-PTZ-DPS contain PTZ group in the butterfly conformation; 

however, based on the theoretical data presented in Table 3.8 and Table 3.9, it can 

be inferred that these structures do not participate in  TADF mechanism. In contrast, 

the experimental findings indicating that both p-PTZ-DPS and p-PTZ-DPS-PXZ 

exhibit TADF property suggest the potential involvement of conformations other 

than their lowest energy optimized structures in TADF mechanism. Therefore, this 

section also presents the results obtained for the two distinct ground-state 

conformations of p-PTZ-DPS-PXZ and p-PTZ-DSP.  Additionally, Figure 3.14 

includes the optimized geometries of the conformers of p-PTZ-DPS-PXZ and p-

PTZ-DPS, which contain the PTZ group in the orthogonal conformation. These 

conformers are believed to play a role in TADF mechanism but do not correspond to 

the lowest energy structures. In this study, conformers containing PTZ in orthogonal 

conformation are designated with a suffix of -(O) next to the molecule name. The S0 
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energy levels of p-PTZ-DPS-PXZ, p-PTZ-DPS, and their conformers containing 

orthogonal PTZ are presented in Table 3.7. 

 

Figure 3.14 Lowest energy S0 geometries of p-PXZ-DPS, p-PTZ-DPS-PXZ, and p-

PTZ-DPS, along with the optimized conformers p-PTZ-DPS-PXZ-(O) and p-PTZ-

DPS-(O).   

 

Table 3.7 S0 energy levels for p-PTZ-DPS-PXZ, p-PTZ-DPS, and their conformers. 

Compounds S0 (eV) 

p-PTZ-DPS-PXZ -68514.572 

p-PTZ-DPS-PXZ-(O) -68514.500 

p-PTZ-DPS -77303.008 

p-PTZ-DPS-(O) -77302.924 
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The small ȹEST value, which plays a significant role in the TADF mechanism, 

reduces the energy barrier between the S1 and T1 states, thereby facilitating the RISC 

transition. Small ȹEST values are associated with effective spatial separation of 

HOMO and LUMO, which is achieved when the dihedral angle between the donor 

and acceptor units is orthogonal. Therefore, the conformers p-PTZ-DPS-PXZ-(O) 

and p-PTZ-DPS-(O), which possess significantly large dihedral angles between PTZ 

and DPS, were also investigated.  

Figure 3.15 illustrates the HOMO-1, HOMO, and LUMO orbital isosurface plots for 

p-PXZ-DPS, p-PTZ-DPS, and p-PTZ-DPS, as well as for their conformers, p-PTZ-

DPS-(O) and p-PTZ-DPS-(O). In p-PXZ-DPS, the HOMO and HOMO-1 orbitals are 

located on the symmetric PXZ donors, while the LUMO orbital is distributed over 

the DPS unit. In p-PTZ-DPS-PXZ, the HOMO orbital 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 both p-PXZ-DPS and p-PTZ-

DPS, effective spatial separation of HOMO/LUMO contributes to their low ȹEST 

values. However, in the lowest energy optimized structure of p-PTZ-DPS, the 

HOMO, HOMO-1, and LUMO are distributed throughout the molecule, resulting in 

a high vertical ȹEST value. Conversely, in the p-PTZ-DPS-(O) conformer, the 

successful spatial separation of the HOMO and LUMO leads to a low ȹEST value. 
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Figure 3.15 LUMO, HOMO, and HOMO-1 orbitals for selected compounds and their 

conformers, where the suffix (O) represents orthogonal conformers. 

As presented in Table 3.8, p-PTZ-DPS-PXZ and p-PTZ-DPS-PXZ-(O) exhibit 

identical vertical ȹEST values. This similarity arises from the fact that the excitation 

predominantly 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 both S1 and T1 transition 

energies. PTZ in the butterfly 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 electron-donating ability, resulting in 
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lower S1 and T1 transition energies for p-PTZ-DPS-PXZ-(O) compared to those for 

p-PTZ-DPS-PXZ. Conversely, in the p-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 excitation. Additionally, the observed effective HOMO-

LUMO separation in p-PTZ-DPS-(O) contributes to a lower vertical ȹEST value 

compared to p-PTZ-DPS. The primary reason for including the p-PTZ-DPS-(O) 

conformer in the calculations is its demonstration of a small ȹEST value. When 

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

that the transition energy closest to the S1 transition corresponds to the T2 transition. 

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

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 states were considered. 

Table 3.8 S1, T1, T2 and T3 transition energies, vertical ȹEST values for selected 

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

conformers. All are in eV. 

Compounds S1 T1 T2 T3 ȹEST 

p-PXZ-DPS 2.430 2.420 2.421 2.801 0.010 

p-PTZ-PXZ 2.674 2.662 2.800 3.159 0.012 

p-PTZ-PXZ-(O) 2.430 2.417 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 

 

Excited-state optimization calculations have been performed for the structures of p-

PXZ-DPS, p-PTZ-DPS-PXZ, p-PTZ-DPS-PXZ-(O), p-PTZ-DPS, and p-PTZ-DPS-

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

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

ȹEST values, reorganization energies, and kRISC values calculated at 298 K (excluding 

p-PTZ-DPS) along with the SOCME values between S1 and T1 are provided in Table 

3.9 According to the adiabatic transition energies of p-PXZ-DPS, it has been 
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concluded that the triplet transition energy closest to the S1 transition energy 

corresponds to the T1 transition energy. 

Table 3.9 The adiabatic ȹEST, reorganization energy (ɚ), SOCME and kRISC values 

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

orthogonal conformers. *Experimental values obtained from references; p-PXZ-

DPS,97 p-PTZ-DPS-PXZ.59 

Compounds 
ȹEST(S1/S1-

T1/T1)(eV) 
ɚ  (eV) 

SOCME 

(cm-1) 

kRISC 

(x105 s-1) 

p-PXZ-DPS 0.009/ 

0.08*  

2.44E-04 0.070 30.074 

p-PTZ-DPS-PXZ 0.010/ 

0.09* 

2.83E-05 0.058 9.24E-13 

p-PTZ-DPS-PXZ-(O) 0.009 3.74E-04 0.087 115.287 

p-PTZ-DPS - - 0.014 - 

p-PTZ-DPS-(O) 0.007 1.66E-04 0.137 137.013 

 

The observation that p-PTZ-DPS exhibits a large vertical ȹEST value of 0.621 eV, 

combined with its lower SOCME compared to that of the p-PTZ-DPS-(O) conformer 

and the absence of the charge transfer character typically observed in TADF 

molecules, suggests that the lowest energy optimized structure of p-PTZ-DPS does 

not play a role in the TADF mechanism. Furthermore, the low adiabatic ȹEST value, 

high SOCME value, acceptable reorganization energy, and significantly high kRISC 

rate constant of the p-PTZ-DPS-(O) conformer together explain the experimental 

observation of TADF in p-PTZ-DPS. According to reference,59 the experimental 

%EQE efficiency of p-PTZ-DPS is approximately 12.5%. The fact that p-PTZ-DPS 

has such a high theoretical kRICS value and exhibits a relatively low experimental 

%EQE yield is due to the fact that the high kRISC value does not belong to the lowest 

energy optimized structure, but to the relatively higher energy p-PTZ-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 conditions. The higher SOCME values 

observed for p-PTZ-DPS-(O) and p-PTZ-DPS-PXZ-(O) compared to p-PTZ-DPS 

and p-PTZ-DPS-PXZ, respectively, suggest that the PTZ group, which adopts the 

butterfly conformation in the para position, results in a lower SOCME value 

compared to the orthogonal conformation. The kRISC value obtained from the lowest 

energy optimized geometry of p-PTZ-DPS-PXZ is found to be approximately zero. 

However, the p-PTZ-DPS-PXZ-(O) conformer exhibits a relatively higher SOCME 

value, facilitating a higher kRISC. According to reference,59 the %EQE of p-PTZ-

DPS-PXZ is measured at 17.7. The higher %EQE efficiency of p-PTZ-DPS-PXZ 

compared to p-PTZ-DPS can be attributed to the energetically more favorable 

transition of p-PTZ-DPS-PXZ to the conformer containing PTZ in an orthogonal 

conformation. The maximum %EQE value obtained for p-PXZ-DPS in the literature 

is determined to be 19.3%.97 p-pXZ-DPS already has a high kRISC value in the lowest 

energy optimized geometry, which explains this efficiency. 

 

The lowest energy S0 optimized geometries, along with the HOMO, LUMO, and 

HOMO-1 orbitals for p-DMAC-DPS, p-DMAC-DPS-PXZ, and p-DMAC-DPS-

PTZ, are shown in Figure 3.16. In p-DMAC-DPS, both the HOMO and HOMO-1 

orbitals are localized on the symmetric DMAC donor units. In p-DMAC-DPS-PXZ, 

the HOMO orbital is localized on the PXZ unit, which possesses stronger donor 

characteristics than DMAC, while the HOMO-1 is concentrated on DMAC. In 

contrast, for p-DMAC-DPS-PTZ, the HOMO-1 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 well-separated HOMO-LUMO orbital isosurfaces observed in all 

three molecules resulted in the low ȹEST values.  
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Figure 3.16 S0 optimized geometries, LUMO, HOMO, and HOMO-1 orbitals for 

selected compounds. 

Vertical ȹEST values along with S1, T1, T2 and T3 transition energies for p-DMAC-

DPS, p-DMAC-DPS-PXZ, and p-DMAC-DPS-PTZ are provided in Table 3.10. All 

three molecules exhibit relatively low vertical ȹEST values. Upon examining the 

vertical transition energies of p-DMAC-DPS, it can be concluded that the triplet 

transition energy closest to the S1 transition energy corresponds to the T2 transition 

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 realized.  Adiabatic transition energies for p-DMAC-DPS are 

presented in Table 3.11.  From the data obtained, it is clear that in p-DMAC-DPS, 

the excited adiabatic triplet state closest to the S1/S1 transition energy level is T2/T2. 

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

the S1 and T2 states.  For RISC to take place between S1 and T2, the triplet exciton at 

the T2 level must transition to S1 without relaxation to the T1 level. This condition 

underscores the necessity of having a small adiabatic ȹEST, along with appropriate 
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reorganization energy and a high SOCME value between S1 and T2 states. An 

alternative scenario in which the molecule could realize the TADF mechanism 

involves the exciton in the T2 state undergoing non-radiative relaxation to the T1 

excited state, followed by a transition from T1 to S1 via the RISC channel, ultimately 

leading to fluorescence. 

Table 3.10 S1, T1, T2 and T3 transition energies, vertical ȹEST values for selected 

compounds. All are in eV. 

Compounds S1 T1 T2 T3 ȹEST 

p-DMAC -DPS 2.696 2.687 2.688 3.153 0.009 

p-DMAC -DPS-PXZ 2.466 2.454 2.655 2.807 0.012 

p-DMAC -DPS-PTZ 2.921 2.910 3.167 3.204 0.011 

 

Table 3.11 Transition energies for S0/S0 Ÿ S1/S1, S0/S0 Ÿ T1/T1 and S0/S0 Ÿ  T2/T2, 

and adiabatic ȹEST values in eV. 

Compound S1/ S1  T1/ T1 T2/ T2 
ȹEST(S1/S1-

T1/T1) 

ȹEST(S1/S1-

T2/T2) 

p-DMAC-DPS 2.535 2.527 2.528 0.008 0.007 

 

For p-DMAC-DPS, SOCME values, reorganization energies, and the kRISC values 

calculated at 298 K are given in Table 3.12 to understand which excited triplet state 

facilitates the RISC channel. According to the obtained results, the kRISC value 

between S1-T1 is approximately 0, while the kRISC value between S1-T2 is ~700 s-1. 

In this case, it can be considered that the RICS channel between S1-T2 is more likely 

than S1-T1. However, the low kRISC rate constant raises concerns regarding its 

efficiency. Moreover, it has been reported that the p-DMAC-DPS molecule exhibits 

TADF characteristics, achieving an EQE of 9% that supports our results.94  
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Table 3.12 Reorganization energies, SOCMEs, and kRISC values for p-DMAC-DPS. 

 
ɚ  (S1/T1-

S1/S1) (eV) 

SOCME (S1-

T1) (cm-1) 

kRISC (T1ŸS1) 

(x105 s-1) 

p-DMAC-DPS (S1-T1) 1.47E-05 0.030 4.64E-16 

p-DMAC-DPS (S1-T2) 2.83E-05 0.391 0.007 

 
ɚ  (S1/T2-

S1/S1) (eV) 

SOCME (S1-

T2) (cm-1) 

kRISC (T1ŸS2) 

(x105 s-1) 

 

The adiabatic ȹEST, reorganization energies, and SOCME values obtained for p-

DMAC-DPS-PXZ and p-DMAC-DPS-PTZ are provided in Table 3.13. However, 

since no significant kRISC constants were obtained for both molecules, they are not 

expected to exhibit efficient TADF properties. In addition, there is not any 

experimental study in the literature that these molecules exhibit TADF properties. 

 

Table 3.13 The adiabatic ȹEST, reorganization energy (ɚ), SOCME and kRISC values 

for selected compounds. 

Compound 
ȹEST(S1/S1-

T1/T1)(eV) 
ɚ  (eV) 

SOCME 

(cm-1) 

kRISC  

(s-1) 

p-DMAC-DPS-PXZ 0.009 4.79E-05 0.057 6.023 

p-DMAC-DPS-PTZ 0.010 3.32E-05 0.140 1.41E-05 
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3.2 Optoelectronic Properties of DBA-Based Systems  

In this section, the ground state and excited state optimized structures and ȹEST 

values of 12 molecules based on DBA acceptor unit are presented. The distributions 

of HOMO/LUMO and the NTO orbital analysis are also provided. Furthermore, 

SOCME values between S1-T1 were determined, and the structural effects on the 

design of efficient TADF molecules were analyzed with respect to the calculated 

kRISC values.  

 

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

The optimized geometries of 3PXZ-DBA, 3PTZ-DBA, and 3PSZ-DBA, along with 

the dihedral angles between the planes of the donor units and their connected phenyl 

rings, are presented in Figure 3.17. The lowest energy optimized structure of 3PXZ-

DBA contains three PXZ donor units in the orthogonal (O) conformation. The 

structure in Figure 3.17, where the two PTZ groups at the bottom are in the butterfly 

(B) conformation and the PTZ at the top is in the O conformation, represents the 

optimized structure of 3PTZ-DBA. All donor units in the optimized geometry of 

3PSZ-DBA are in the B conformation.  

 

Figure 3.17 The lowest energy optimized geometries of 3PXZ-DBA, 3PTZ-DBA 

and 3PSZ-DBA (from left to right), with the dihedral angles between donor units and 

phenyl rings of DBA. 
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Considering the HOMOs and LUMO distributions of the molecules (Figure 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 LUMO. A large 

dihedral angle of Ḑ83° between the PXZ units and DBA in 3PXZ-DBA results in 

the spatial separation of the LUMO from the HOMO orbitals. Furthermore, the 

highest energy HOMO among the HOMO, HOMO-1, and HOMO-2 orbitals in 

3PXZ-DBA is localized on the PXZ donor unit, which has the largest dihedral angle 

of 83.8°. A similar behavior is observed in 3PTZ-DBA molecule, where the HOMO 

orbital is distributed over the PTZ donor unit, which possesses the largest dihedral 

angle of 81.8°. The approximately 11° dihedral angle of the other PTZ groups in 

3PTZ-DBA causes the HOMO-1 and HOMO-2 orbitals not only to be localized on 

the donor unit but also to extend over the DBA unit. In the 3PSZ-DBA molecule, the 

relatively small angle (Ḑ13°) between the PSZ units and the DBA acceptor unit 

results in the HOMO orbital being distributed over the DBA unit rather than being 

localized on PTZ unit. 

 

Figure 3.18 LUMO, HOMO, HOMO-1, and HOMO-2 orbitals for triple-donor 

structures. 
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Table 3.14 The LUMO/HOMOs orbital energy levels and direct band gaps in eV. 

Compounds LUMO  HOMO  HOMO -1 HOMO -2 Eg
direct 

3PXZ-DBA -2.637 -5.132 -5.165 -5.170 2.496 

3PTZ-DBA -1.756 -5.078 -5.560 -5.827 3.322 

3PSZ-DBA -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 highest (Table 3.14). Additionally, the direct band gap 

values and vertical ȹEST values (Table 3.15) were found to be proportional to the 

atomic weight of the Group 6A element present in the donors. The ȹEST value 

obtained using S0 optimized geometry of 3PSZ-DBA is greater than 0.40 eV; 

therefore, singlet and triplet optimizations were not pursued, and it was excluded 

from the group designed for efficient TADF. The presence of one orthogonal donor 

and two in a butterfly conformation in 3PTZ-DBA results in a distinct separation of 

the HOMO energy level from the HOMO-1 and HOMO-2 energy levels.  

Table 3.15 S1, T1 and T2 transition energies, vertical and adiabatic ȹEST values in 

eV. 

Compounds S1 T1 T2 ȹEST ȹEST(S1/S1-T1/T1) 

3PXZ-DBA 2.025 2.020 2.043 0.005 0.004 

3PTZ-DBA 2.843 2.818 2.845 0.026 0.005 

3PSZ-DBA 3.489 3.015 3.075 0.474 - 

 

The vertical ȹEST value is greater than the corresponding adiabatic ȹEST value for 

both 3PXZ-DBA and 3PTZ-DBA. However, in both approaches, the molecule 

containing PXZs has the lowest S1-T1 transition barrier. While 3PXZ-DBA exhibits 

a notably small vertical ȹEST value of 0.005 eV, the corresponding value for 3PTZ-

DBA is 0.026 eV. Thus, by the TD-DFT calculations using excited state optimized 

geometries, the adiabatic ȹEST value is predicted to be similar for both molecules. 
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Figure 3.19 The NTO distributions representing the S0 Ÿ S1  and S0 Ÿ T1 transitions 

for 3PXZ-DBA (a), 3PTZ-DBA (b), 3PSZ-DBA (c). 

 

The NTO distributions obtained using S0 optimized geometries are presented in 

Figure 3.19. The NTO distributions for both 3PXZ-DPS and 3PTZ-DPS indicate 

charge transfer character in the S0 Ÿ S1 and S0 Ÿ T1 transitions. However, in the 

3PSZ-DBA compound, the transitions predominantly exhibit a local transition 

character, primarily localized on the DBA acceptor unit, a phenomenon not typically 

observed in conventional TADF molecules. This observation was another reason 

why we did not proceed with TADF calculations for 3PSZ-DBA. In 3PXZ-DBA and 

3PTZ-DBA, holes are concentrated on the donor units, PXZ and PTZ, respectively, 

for both transitions, while the electron states are distributed over the DBA acceptor 

units. Notably, in both compounds, the NTOs of the hole state are positioned on the 

donor units with the largest dihedral angle. In the 3PTZ-DBA molecule, it is 

expected that the NTO distributions of the hole states for S0 Ÿ S1 and S0 Ÿ T1 

transitions is concentrated on a single donor unit (the top PTZ). This is because both 

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 in the first 

excited transitions. However, while it might be expected that all three donor groups 

in 3PXZ-DBA would participate in the NTO distributions representing the S0 Ÿ S1 

and S0 Ÿ T1 transitions, it should be emphasized that this is not necessarily the case, 

meaning there 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 

parameters, including ȹEST, reorganization energy, and SOCME.  

  

 

Figure 3.20 The optimized S1 and T1 geometries with the dihedral angles for 3PXZ-

DBA and 3PTZ-DBA. 
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Upon comparing the excited and ground-state optimized geometries of 3DBA-PXZ 

and 3PTZ-DBA, it is noted that the dihedral angles between the orthogonal donor 

units and DBA are greater in the excited state (Figure 3.20) than in the ground state 

(Figure 3.17). However, in 3PTZ-DBA, the dihedral angle of the two PTZ units in 

the butterfly conformation is lower in the excited state compared to the ground state. 

The hexagonal ring containing oxygen and nitrogen in the top PTZ group in 3PTZ-

DBA adopts a boat conformation in S0 geometry, while it is observed to be planar in 

the optimized geometries of S1 and T1. Additionally, for both molecules, the dihedral 

angles in the S1 and T1 optimized geometries are found to be identical. The high 

degree of similarity between the S1 and T1 geometries energetically facilitates the S1-

T1 transition. Moreover, considering the NTO orbitals involved in the S0 Ÿ S1 and 

S0 Ÿ T1 transitions, the fact that the donor group contributing to the transition is the 

one with a dihedral angle closest to 90°, and that this angle increasingly approaches 

90° in the S1 and T1 optimized geometries, supports the structural orthogonality in 

the TADF mechanism. The favorability of the S1-T1 spin-forbidden transition, which 

plays a crucial role in the TADF mechanism, can be deduced from the similarity 

between the S1 and T1 geometries and the overlap of NTO orbitals representing the 

S0 Ÿ S1 and S0 Ÿ T1 transitions in the S1 and T1 optimized geometries for 3PXZ-

DBA, as shown in Figure 3.21. The marked similarity between the NTO of electron 

state in the S0 Ÿ S1 transition at S1 geometry and those in the S0 Ÿ S1 and S0 Ÿ T1 

transitions at T1 geometry underscores the feasibility of the S1-T1 RISC channel. 

To demonstrate the feasibility of RISC from T1 to S1, the reorganization energies and 

SOCME values between S1 and T1 for 3PXZ-DBA and 3PTZ-DBA are provided in 

Table 3.16. While the reorganization energy for the 3PXZ-DBA compound is found 

to be lower compared to 3PTZ-DBA, SOCME value for 3PTZ-DBA is determined 

to be higher. According to the kRISC values calculated at 298 K using adiabatic ȹEST, 

ɚ, and SOCME, it is predicted that DBA-3PXZ will theoretically perform more 

efficient RISC. In conclusion, the findings position DBA-3PXZ as a promising 

candidate for the design of efficient TADF emitters. 
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Figure 3.21 The NTOs corresponding to the S0 Ÿ S1  and S0 Ÿ T1 transitions at S1 

and T1 geometry for 3PXZ-DBA. 

 

Table 3.16 The reorganization energy, ɚ, SOCME between S1 and T1 and calculated 

kRISC for 3PXZ-DBA and 3PTZ-DBA. 

Compounds ɚ  (eV) SOCME (cm-1) kRISC (x105 s-1) 

3PXZ-DBA 1.52E-05 0.471 27.432 

3PTZ-DBA 2.39E-05 0.788 8.861 
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3.2.2 Overview of Double-Donor DBA Structures (2D-DBA) 

In this section, we present an analysis of DBA-based 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 meta Position Configurations 

The S0, S1, and T1 optimized structures of m'-substituted double-donor DBA-based 

molecules, namely m'-2PXZ-DBA, m'-2PTZ-DBA, and m'-2PSZ-DBA, along with 

the dihedral angles between the donor groups and DBA, are illustrated in Figure 

3.22. It has been demonstrated that the butterfly conformation exhibited by PTZ and 

PSZ in triple-donor DBA-based molecules is absent in m'-substituted double-donor 

structures due to the geometric constraints of the configuration. A similar situation 

is observed for the meta-substituted double-donor structures containing PTZ and 

PSZ. Based on DFT optimization calculations, it has been determined that the donor 

units in m-2PTZ-DBA and m-2PSZ-DBA molecules necessarily adopt the 

orthogonal conformation (Figure 3.23). Considering S0 optimized geometries, m'-

2PSZ-DBA and m-2PSZ-DBA exhibit the highest dihedral angles among the meta'- 

and meta-substituted compounds, respectively. The HOMO and LUMO distributions 

of the meta'-substituted double-donor structures are shown in Figure 3.24, while 

those for meta-substituted compounds are presented in Figure 3.25. Due to the 

orthogonal conformation of PSZ donor unit and the large dihedral angles with DBA, 

the spatial separation of the HOMO and LUMO orbitals has been effectively 

achieved in both m-2PSZ-DBA and m'-2PSZ-DBA, in contrast to the situation 

observed in the triple-donor analogue, 3PSZ-DBA. The spatial separation of the 

HOMO and LUMO has been achieved in all the examined meta and meta'-

substituted molecules in this section. Additionally, unlike the triple-donor DBA-
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based structures, the structures featuring meta and meta'-substituted double donors 

share the HOMO orbital between the two donors; that is, the HOMO is localized 

over both donor units. Furthermore, in the m- and m'-substituted molecules, it can 

be posited that the distribution of the HOMO-1 orbital, which is nearly isoenergetic 

with the HOMO (Table 3.17), exhibits a character similar to that of the HOMO. It 

can be concluded that the meta and meta'-substituted double-donor structures possess 

HOMO orbitals that are nearly isoenergetic, with each orbital distributed over both 

donor units. 

 

Figure 3.22 The S0, S1, and T1 optimized geometries of m'-2PXZ-DBA, m'-2PTZ-

DBA, and m'-2PSZ-DBA. 
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Figure 3.23 The S0, S1, and T1 optimized geometries of m-2PXZ-DBA, m-2PTZ-

DBA, and m-2PSZ-DBA. 

 

Figure 3.24 The LUMO, HOMO and HOMO-1 orbitals for m'-2PXZ-DBA, m'-

2PTZ-DBA, and m'-2PSZ-DBA.   



 

 

82 

 

Figure 3.25 The LUMO, HOMO and HOMO-1 orbitals for m-2PXZ-DBA, m-2PTZ-

DBA, and m-2PSZ-DBA.  

 

The HOMO, HOMO-1, and LUMO energy levels, along with the direct band gap 

values for the molecules studied in this section, are presented in Table 3.17. The 

observed trend is consistent with that found in the triple-donor structures; 

specifically, m-2PXZ-DBA/m'-2PXZ-DBA exhibit the lowest direct band gaps 

among the meta/meta'-substituted compounds, while the analogs containing PSZ 

donors possess the highest direct band gaps. Notably, the m'-substituted compounds 

exhibit direct band gaps that are close to those of their corresponding m-substituted 

counterparts, with differences of less than 0.15 eV. 
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Table 3.17 The LUMO/HOMOs orbital energy levels and direct band gaps in eV. 

Compounds LUMO  HOMO  HOMO -1 Eg
direct 

m'-2PXZ-DBA -2.369 -5.016 -5.089 2.647 

m'-2PTZ-DBA -2.377 -5.198 -5.272 2.821 

m'-2PSZ-DBA -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 

 

Table 3.18 presents the S1, T1, and T2 transition energies, as well as the vertical and 

adiabatic ȹEST values for a series of m- and m'-substituted DBA-based compounds. 

In both m- and m'-substituted compounds, the transition energies exhibit a clear 

increasing trend as the donor group changes from PXZ to PTZ and then to PSZ. 

Notably, in both the m- and mô-substituted compounds, the vertical ȹEST is lowest 

for the compounds containing PTZ as the donor unit. It is noteworthy that the vertical 

ȹEST values for compounds m-2PXZ-DBA and m'-2PXZ-DBA are identical, 

suggesting that the substitution at meta position does not significantly influence the 

energy gap between the S1 and T1 states. A similar observation can be made for the 

PTZ-containing compounds, where the vertical ȹEST values are also closely aligned. 

In contrast, the PSZ-containing compounds display a minor difference in ȹEST 

values. This indicates that both m- and m'-substitutions within these compounds do 

not produce substantial variations in ȹEST values, suggesting that structural 

modifications at these positions may have a limited impact on the electronic 

properties relevant for TADF. The differences between the adiabatic and vertical 

ȹEST values are not significant across the examined compounds. While the adiabatic 

ȹEST 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, 

while vertical and adiabatic ȹEST values are useful for initial screening, further 
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parameters such as reorganization energy and SOCME are necessary to make more 

informed judgments about the efficiency of TADF mechanisms in these materials. 

Table 3.18 S1, T1 and T2 transition energies, vertical and adiabatic ȹEST values for 

the examined m- and m'-substituted DBA-based compounds, in eV.  

Compounds S1 T1 T2 ȹEST ȹEST(S1/S1-T1/T1) 

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'-2PSZ-DBA 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-2PSZ-DBA 2.540 2.524 2.542 0.017 0.009 

 

The NTOs were derived for the S0 Ÿ S1 and S0 Ÿ T1 transitions using the ground-

state geometries of the compounds studied in this section. The results are illustrated 

in Figure 3.26 for m'-substituted compounds and in Figure 3.27 for m-substituted 

compounds. The analysis reveals that in both the m- and m'-substituted compounds, 

the NTO corresponding to the hole state is predominantly localized on the two donor 

units present in the structure, while the NTO associated with the electron state is 

distributed over the DBA acceptor unit, which is consistent with the HOMO/LUMO 

distributions. Additionally, there is a significant overlap between the orbitals that 

represent the electron state in the S0 Ÿ S1 transition and those in the S0 Ÿ T1 

transition for each compound analyzed. This substantial overlap is indicative of the 

potential for the S1-T1 RISC channel, suggesting that these compounds are viable 

candidates for efficient TADF mechanisms.  
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Figure 3.26 The NTO distributions representing the S0 Ÿ S1  and S0 Ÿ T1 transitions 

for m'-2PXZ-DBA (a), m'-2PTZ-DBA (b), and m'-2PSZ-DBA (c). 

 

 

Figure 3.27 The NTO distributions representing the S0 Ÿ S1  and S0 Ÿ T1 transitions 

for m-2PXZ-DBA (a), m-2PTZ-DBA (b), and m-2PSZ-DBA (c). 

 

 


















































