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DEVELOPMENT OF CARBAZOLE BASED DONOR ACCEPTOR TYPED 

FLUORESCENT MATERIALS FOR OLED APPLICATIONS  

SUMMARY  

Organic light emitting diodes (OLEDs) are growing area for display and lighting 

technologies due to their numerous applications for both scientific and industry 

perspectives. Typically, an OLED device structure is formed within multi organic 

layers placed between positive and negative electrodes. The most crucial part of the 

structure is the emissive layer, which emits the three primary colors red, green and 

blue via the photoluminescence process. Especially blue-emissive materials suffer 

from several problems due to having a wide band gap (Eg), through the red & green 

ones. The main strategy to state of art a device structure is high photoluminescence 

(PL) and electroluminescenece (EL) efficiency. The historical development of 

OLEDs is divided into three generations by their emission mechanism: florescence, 

phosphorescence and thermally acticated delayed fluorescence (TADF). While 1st 

generation devices rely on PL emission pathway by fluorescence and 2nd ones are 

based on phosphorescence. Both of them have their own cons and pros but 3rd 

generation devices have more superior features than others. This last generation 

devices, TADF emitters, can meet requirements of the device performance that 

efficiency, lifetime and long-term stability. 

In this thesis, we aimed to designed, synthesized and characterized carbazole based 

organic materials which emit blue light with intented to be shown TADF mechanism. 

In the first chapter, new well-defined structurally different 9,10-bis(9-hexyl-6-((E)-

styryl)-9H-carbazol-3-yl)anthracene derivatives, shortly named ñ6a, 6b and 6cò with 

side groups having electron donating and withdrawing were systematically 

synthesized using Suzuki cross-coupling and Vilsmeier-Haack reactions. The impact 

of electron donating and withdrawing groups and their influence on the molecules 

photophysical properties has been investigated. The materials showed sky-blue 

emissions with high internal quantum efficiencies. Based on photophysical 

investigations the most promising molecule (6a) has been selected and high 

efficiency OLEDs with external quantum efficiency at very low current efficiency 

(~1 mA/cm2) reaching 5 % (doped) were obtained.  

In the second chapter, we report synthesis and photophysical properties of deep-blue 

emitting donor-acceptor (D-A) and donor-acceptor-donor (D-A-D) thermally 

activated delayed fluorescence (TADF) molecules using carbazole as a donor (D) 

and a pyridyl (a)-sulfonyl (A) based bifunctional group as an acceptor. The work 

reveals how structural changes favor reverse intersystem crossing (rISC) by forming 

emissive charge transfer (CT) state, which is thoroughly investigated in different 

donor and asymmetric acceptor positions. Three comparison sets of regioisomers are 

investigated. 2,5-substituted pyridine derivatives in Set-1 are D-Aa, D-aA, and D-

Aa-D structures with asymmetric acceptor systems, revealing that the donor nearer to 

the pyridine group substantially controls the TADF properties. In Set-2, modified the 
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D-Aa-D structures reveal how ortho and meta positioned a relative to A (keeping the 

carbazole at meta to the A) affects the emission properties, deactivating TADF and 

promotion triplet-triplet annihilation. In the final set, 2,4-substituted pyridyl-sulfonyl 

derivatives show that the positioning of the donor far from the pyridine group has 

minimal influence. This final set of molecules show superior optical and physical 

properties though, indicating the importance of correct positioning between D, a, and 

A. 

In the third chapter, we have designed and synthesized a pair of highly asymmetric 

D-aA-Dô type pyridyl-sulfonyl based isomers comprising phenothiazine (PTZ) and 

carbazole (Cz) donor units, which are able to emit thermally activated delayed 

fluorescence. PTZ-pS4-Py-2Cz and PTZ-mS4-Py-2Cz both possess spatial separation 

of HOMO/LUMO on the donor and acceptor moieties, resulting in small calculated 

singletïtriplet energy gaps (~0.25 eV). Both isomers exhibit dual emission, which is 

attributed to charge transfer states associated with the Cz and PTZ moieties at higher 

and lower energies, respectively. Photoluminescence quantum yields and time-

resolved emission decays show significant differences for the two isomers, with the 

para- isomer exhibiting more efficient emission and stronger delayed fluorescence 

than the meta- isomer in strong contrast to recently reported analogous Cz-Cz D-aA-

D isomers. The findings clearly show that the interconversion of triplets via the rISC 

mechanism is promoted when parallel Cz and PTZ charge transfer states are allowed 

to interact, explaining the improved performance of the Cz-PTZ materials compared 

to the previous Cz-Cz ones. Finally, moderate device performance was achieved in 

warm-yellowish (CIE; 0.41; 0.53 & 0.49; 0.48) non-doped OLEDs, which exhibited 

0.5% & 1.9% maximum external quantum efficiencies for the meta- and para- 

isomers, respectively. 
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OLED UYGULAMALARINDA KULLANILMAK ÜZERE DONÖR  

AKSEPT¥R TĶP KARBAZOL TABANLI FLORESANS MALZEMELERĶN 

GELĶķTĶRĶLMESĶ 

ÖZET 

Organik Iĸēk Yayan Cihazlar (OLED), farklē elektron ve boĸluk (hole) taĸēma 

ºzelliklerine sahip birden ­ok nanoboyutta organik katmanēn anot ve katod arasēna 

sēkēĸtērēlmasē ile meydana gelen elektronik bir devreden oluĸmaktadērlar. Elektrik 

enerjisini ēĸēk enerjisine ­eviren OLEDôler; hem bilim d¿nyasēnēn hem de endüstrinin 

ilgisini çeken, aydēnlatma ve ekran uygulamalarēnda geliĸime a­ēk ancak ¿mit 

vaadeden bir teknolojidir. 

Ekran ve aydēnlatma teknolojilerinde kullanēlan ēĸēk yayēcē katmanlar ¿­ ana renkte; 

mavi, yeĸil ve kērmēzē emisyon vermektedirler. Bu ¿­ temel rengin arasēndan mavi 

ēĸēk yayan organik materyaller, diĵer renklere kēyasla daha fazla iyileĸtirmeye ihtiyaç 

duymaktadērlar. Söz konusu geniĸ bant aralēĵēna (Eg) sahip mavi ēĸēk yayan organik 

yarēiletkenlerin d¿ĸ¿k ˊ-konjugasyonlarē sebebiyle, cihazēn y¿k taĸēma ºzelliĵini 

azaltarak y¿k¿n ēĸēk yayēcē tabakaya giriĸini zorlaĸtērmaktadēr. Dolayēsēyla mavi ēĸēk 

yayan organik molek¿llerin dizaynē, sentezi, karakterizasyonu ve aygēt uygulamalarē 

diĵer ana renklere (kērmēzē-yeĸil) gºre daha fazla ºnem taĸēmaktadēr. 

OLED cihaz yapēsēnēn ana stratejisi, kullanēlan ēĸēk yayan katmana ait organik 

materyalin yüksek fotolüminesans (PL) ve elektrolüminesans (EL) verimliliĵe sahip 

olmasēdēr. OLEDôlerin tarihsel geliĸimi incelendiĵinde, ēĸēk yayēcē katmanlarda 

kullanēlan yarēiletken bileĸiĵin ēĸēma t¿r¿ne gºre ayrēldēĵē bilinmektedir. Floresans 

ēĸēma yapan molek¿llerin kullanēldēĵē cihazlar birinci nesil, fosforesans ēĸēma 

yapanlar ise ikinci nesil olarak adlandērēlmaktadērlar. Floresans ēĸēmalarda; spin 

uyarēlmalarēn teorik olarak maksimum %25ôi singlet durumdan, fosforesans 

ēĸēmalarda ise %25 singlet ve %75 triplet durumdan olmak ¿zere; teorik olarak 

toplam %100ô¿ luminesansa dºn¿ĸ¿r. Fosforesans ēĸēma yapabilen molek¿llerde 

genellikle nadir element kullanēmē (Ir, Pt, Os vb.) gerektiren ve organometalik 

bileĸiklerin izinsiz singlet-triplet ge­iĸlerine olanak saĵlayan bir mekanizma sºz 

konusudur. Ayrēca organometalik bileĸiklerin sentezi ve dizayn ­eĸitliliĵi, floresans 

ēĸēma yapan organik molek¿llere kēyasla kēsētlēdēr. Floresans ve fosforesans ēĸēmalar 

ile ilgili t¿m avantaj ve dezavantajlar gºz ºn¿nde bulundurulduĵunda; ¿­¿nc¿ nesil 

TADF (Thermally Activated Delayed Fluorescence) mekanizmasē ile ēĸēma yapan 

molek¿ller her iki t¿re ait ¿st¿n ºzellikleri bir arada barēndērērlar. Son nesil 

OLEDôlerde kullanēlan TADF materyalleri; cihazēn performansēnē arttēran; cihaz 

verimliliĵi ve ºmr¿ne ait gereklilikleri karĸēlamaktadērlar. 

Sºz konusu tezde; karbazol esaslē mavi ēĸēk yayan ve TADF mekanizmasē i­ermesi 

beklenen organik molek¿llerin tasarēmē, sentezi ve karakterizasyonu ama­lanmēĸtēr.  

Bu kapsamda tezin ilk kēsmēnda; 6a, 6b ve 6c olarak adlandērēlmēĸ, elektron ­ekici ve 

salēcē gruplar i­eren 9,10-bis(9-hekzil-6-((E)-stiril)-9H-karbazol-3-yl)antrasen 

türevleri, Suzuki kenetlenme, Vilsmeier-Haack ve Horner-Wadsworth-Emmons 
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reaksiyonlarē ile sentezlenmiĸlerdir. Elektron ­ekici ve salēcē gruplarēn moleküller 

¿zerindeki etkisinin fotofiziksel ºzelliklerine yansēmasē incelenmiĸtir. Özellilke 9,10-

s¿bstit¿ye edilmiĸ antrasen grubu; elektron konjugasyonunu kēsētlayarak, toplam 

yapēnēn mavi renkte emisyon vermesini saĵlamēĸtēr. Elekton salēcē grup olarak 

metoksi (-OMe) ve elektron çekici grup olarak triflorometil (-CF3) kullanēlmēĸtēr. 

Ayrēca yapēnēn ­ºz¿n¿rl¿ĵ¿n¿ arttērmak amacē ile karbazol birimleri azot 

pozisyonunundan alkillenmiĸtir. Hedef molek¿ller arasēndan D-A tip yapēya en yakēn 

molekülün 6b olduĵu belirlenmiĸtir. Fotol¿minesans analizlerin ēĸēĵēnda, en kuvvetli 

yük-transfer ºzelliĵine sahip ve ēĸēma mekanizmasēnda gecikmiĸ floresans 

emisyonun ger­ekleĸtiĵi tek molek¿l yine 6b yapēsēnda karĸēmēza ­ēkmēĸtēr.  

Sentezlenen üç tip molekül arasēndan, 6a molek¿l¿ kullanēlarak tasarlanan doplanmēĸ 

ve mavi ēĸēk yayan OLED cihazēnēn d¿ĸ¿k akēm deĵerinde ((~1 mA/cm2) oldukça 

y¿ksek %5 dēĸ kuantum verimine sahip olduĵu tespit edilmiĸtir. 

Tezin ikinci kēsmēnda; donºr-akseptör (D-A) ve donör-akseptör-donör (D-A-D) tip, 

TADF mekanizmasē i­eren ve mavi ēĸēk yayan molek¿llerin sentez ve fotofiziksel 

özellikleri araĸtērēlmēĸtēr. Sºz konusu moleküllerde, karbazol grubu donör (D) ve 

piridil (a)-sülfonil (A) gruplarē ise akseptºr birimlerini oluĸturmaktadēr. ¢alēĸma; 

farklē ve asimetrik donºr-akseptºr pozisyonlarēnēn molek¿l ¿zerindeki yapēsal 

deĵiĸiklikleri kapsamlē bir ĸekilde incelenerek, meydana gelen yük transferinin (CT) 

sistemler arasē ge­iĸi (rISC) nasēl desteklediĵini ortaya koymaktadēr. 

Bu amaçla ilgili konum izomerleri rezonans yapēlarēna gºre ¿­ karĸēlaĸtērma seti 

i­erisinde incelenmiĸtir. 2,5-pozisyonunda s¿bstit¿ye edilmiĸ piridin türevleri; D-Aa, 

D-aA ve D-Aa-D tip ve asimetrik sisteme ºrnek teĸkil edecek ĸekilde karĸēlaĸtērma 

seti 1ôi meydana getirmektedirler. Söz konusu set 1ôe ait molek¿ller en kararlē 

rezonans yapēsēna sahiptirler. Piridin grubuna daha yakēn olan donºr¿n TADF 

ºzelliklerini b¿y¿k ºl­¿de kontrol ettiĵi belirlenmiĸtir. 

Karĸēlaĸtērma set 2ôde D-Aa-D tip yapē i­erisinde, 3,5- ve 2,6-sübstitüye piridin 

türevlerinin sülfonil akseptºr¿ Aônēn orto ve meta pozisyonunda bulunan donöre 

konumlandērēlmasē ile ortaya ­ēkan emisyon ºzellikleri incelenmiĸtir. Sºz konusu 

orto ve meta pozisyonlarēnda; y¿k transfer ge­iĸlerinin TADF mekanizmasēnē 

azaltarak triplet-triplet anilasyonunu tetiklediĵi ortaya konmuĸtur. Piridin 

halkasēndaki azot atomunun pozisyonunun deĵiĸmesi, molek¿llerin fotol¿minesans 

ºzelliklerine kritik bir deĵiĸime sebep olmazken; 3,5- sübstitüye piridin türevinin en 

d¿ĸ¿k fotol¿minesans kuantum verimine sahip olduĵu tespit edilmiĸtir. 

Final karĸēlaĸtērma seti 3ôde ise; 2,4- sübstitüye piridin türevleri, donörün piridin 

grubundan uzakta konumlandērēlmasēnēn yapē ¿zerinde minimum etkiye sahip 

olduĵunu gºstermektedir. T¿m karĸēlaĸtērma setlerindeki moleküller 

karĸēlaĸtērēldēĵēnda; 2,4- sübstitüye piridin türevlerinin en yüksek fotolüminesans 

kuantum verimi ve en verimli TADF mekanizmasēna sahip olduklarē belirlenmiĸtir. 

Oldukça üstün optik ve fiziksel özelliklere sahip olan bu izomerler için, karbazol (D) 

ve piridil (a), sülfonil (A) birimlerinin en doĵru konumda bulunduĵu tespit edilmiĸtir. 

Tezin ¿­¿nc¿ kēsmēna ait ­alēĸmada, D-aA-Dô tip, asimetrik piridil -sülfonil esaslē 

farklē tip donºr i­ereren bir ­ift molek¿l tasarlanmēĸ ve sentezlenmiĸtir. PTZ-pS4-Py-

2Cz ve PTZ-mS4-Py-2Cz olarak adlandērēlmēĸ izomerler, bir ºnceki ­alēĸmada ¿st¿n 

fotofiziksel özellikleri belirlenen 2,4-pozisyonundan ilham alēnarak dizayn edilmiĸtir. 

TADF ēĸēmasē gºsteren molek¿llerde; dikarbazol yapēsē yerine, bifonskiyonel 

fenotiyazin (PTZ)-karbazol (Cz) donºr yapēsē yer almaktadēr. Yapēsal 

karakterizasyonda, ilk ger­ekleĸtirilen C-N kenetlenme reaksiyonunun (Ullmann 
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Reaksiyonu) yapēnēn hangi halojen atomuyla ger­ekleĸtiĵi belirlenmiĸtir. Bu ama­la 

X-Ray kristalografi tekniĵi ile, ilk kenetlenme reaksiyonunun piridin halkasēna orto 

pozisyonunda baĵlē olan brom atomundan olduĵu tespit edilmiĸtir. Hedef 

molek¿llerde, HOMO ¿zerindeki elektron yoĵunluĵu daĵēlēmēnēn donºr ve LUMO 

¿zerindeki daĵēlēmēn ise akseptºr birimlerinin ¿zerinde olduĵu yapēlan teorik 

­alēĸmalarda bulunmuĸtur. Söz konusu elektron yoĵunluĵunun uzaysal olarak farklē 

konumlardaki daĵēlēmē singlet-triplet d¿zeyler arasē enerji farkēnē (ȹEST) oldukça 

d¿ĸ¿rm¿ĸt¿r (~0.25 eV). Bu d¿ĸ¿ĸ TADF mekanizmasēnēn ortaya çēkmasēna 

yardēmcē olmuĸtur. Oksijensiz ortamda ölçülen fotoluminesans kuantum verimleri 

sērasēyla para izomerinde 0.53, meta izomerinde 0.23 olarak hesaplanmēĸtēr. Konum 

izomerine sahip moleküllerdeki yapēsal farklēlēĵēn, fotolüminesans kuantum verimi 

deĵerlerini dolayēsēyla bozulma hēz sabitlerini (kf, kISC and krISC) etkilediĵi 

belirlenmiĸtir. PTZ donörünün para ve meta pozisyonlarēnda yer alan iki molekülde 

de dual emisyon gºzlemlenmiĸtir. Gºzlemlenen dual emisyonun, Cz ve PTZ 

birimlerinin CT mekanizmasēna birlikte katkēda bulunduĵunu gºstermektedir. Elde 

edilen bulgular, rISC mekanizmasē aracēlēĵēyla sistemlerarasē ge­iĸ yapan tripletlerin, 

yüksek oranda 
3
LE-PTZ ve 

1
CT-PTZ seviyeleri arasēnda bulunduĵunu a­ēk­a 

göstermektedir; bu nedenle TADF mekanizmasēnda, uzun ömürlü CT-PTZ emisyonu 

baskēn hale gelir. Moleküllere ait fotolüminesans kuantum verimleri ve zaman 

ayrēmlē emisyon bozunmalarē deĵerlendirildiĵinde ise; D-aA-D tip Cz-Cz 

analoglarēnēn tersine para izomerinin meta izomerine kēyasla olduk­a kuvvetli bir 

gecikmiĸ floresansa ve emisyona sahip olduĵu ortaya ­ēkmēĸtēr. Sonuç olarak; 

doplanmamēĸ cihaz tasarēmēyla hazērlanmēĸ cihaz performanslarē meta ve para 

izomerleri i­in sērasēyla; sēcak sarē (CIE; 0.41; 0.53 & 0.49; 0.48) renkte emisyon, dēĸ 

kuantum verimi (EQE) % 0.5 ve % 1.9 olarak elde edilmiĸtir.  
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1.  INTRODUCTION  

Carbazole is an aromatic heterocyclic compound which has triple ring system 

containing a five membered pyrrole unit, in the middle of the structure that fused to a 

benzene ring on each side. This molecule has one nitrogen atom which involving the 

nonbonding electron pair on it. The lone pair (n) in the electronic spectrum is 

corresponding to n-ˊ* transitions have characteristics that are same features those of 

-́ˊ* transitions [1]. Based on that approach, carbazole moities, especially N-

substituted derivatives linked between C-N atoms act as an electron donor so a 

variety of organic optoelectronic compounds have accomadated carbazole (Cz) as the 

donor unit [2,3]. Additionally, insertion a carbazole group to the building block 

demonstrate exceptionally good thermal and electrochemical stability as well as 

sufficient electron donating characteristics [4ï6]. The low cost of the starting 

material, flexible adjustment of its structure, strong hole-transporting characteristics, 

and structural stability make carbazole derivatives attractive [7,8]. 

Molecules which are able to make transition from an excited triplet state to an 

excited singlet state, named as reverse intersystem crossing (rISC), exhibit TADF 

properties. The lowest ȹEST, the energy difference between excited triplet & singlet 

state, could be occurred by the best combination with electron donor and electron 

acceptor units [9,10]. From an another point of view, once minimizing orbital 

overlap between HOMO and LUMO in which localized on the donor and acceptor 

respectively, enough smallest ȹEST value can be obtained [11ï13]. In the literature, it 

is widely accepted that reducing ȹEST is essential for TADF, and it is the standard 

design paradigm for such emitters [14,15]. 

The D-A-D or D-A type structures, in which A denotes to an electron acceptor unit 

and D denotes to an electron donor unit, has emerged as one of the most effective 

architectures of TADF molecules [16]. These molecules are also referred to as push-

pull materials [17].  

Up to now, it is a common strategy to create blue-emitting materials using push-pull 

tecnique by restriction of ˊ conjugation length. The nonplanar structure with highly 
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steric hindrance is obtained by the limitation of the electron mobility. The p-linker as 

an anthracene or a direct linkage to the acceptor units is the most common method of 

contruct a D-A or D-A-D frameworks [18]. 

Due to their ease of chemical modification and strong photoluminescence 

characteristic, anthracene derivatives are often employed as deep-blue colored 

emitting OLED materials [19ï21]. However, anthracene is quite rigid and flat 

molecule so it often faces to p-p stacking [22]. The electrophilic substitution of 

anthracene at 9,10- positions is bonded the out of plane so it would be help to 

suppressing the planarity [23,24]. 

The sulfonyl group is utilized as an electron acceptor (A) of TADF emitters to 

control the emission wavelength of the whole molecule [25ï27]. Electronegative 

oxygene atoms on the group have tendency to be strong electron-withdrawing ability. 

Moreover electron delocatization of the molecule are restricted by sulfonyl groups 

hence their distorted tetrahedral geometry [11]. Pyridine molecule does not have 

electron acceptor capacity as much as sulfonyl groups but pyridine based OLED 

materials in the solid state exhibit high photoluminescence quantum yield [28ï30]. 

On the other hand, combination of pyridyl & sulfonyl groups to strengthen acceptor 

unit was not argued in the literature. 

All chapters in this thesis discussed the relationship between structure and property 

of carbazole based molecules. 

In the first chapter; anthracene moity was used as a p-linker to connect directly with 

carbazole (D) which including electron donating (-OMe), electron withdrawing (-

CF3) and neutral (-H) groups.  

In the second chapter; carbazole (D) was bonded with differently substituted 

asymmetric pyridyl-sulfonyl (aA) groups act as an electron acceptor unit to build up 

D-Aa-D, D-Aa & D-Aa type TADF materials.  

In the last chapter; the impact of carbazole (D) unit was investigated in depthly by 

changing bisdonor structure (D-Aa-D) with phenotiazine (Dô) by created a kind of D-

Aa-Dô structure. 
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2.  SYNTHESIS AND ELECTROLUMINESCENCE PROPERTIES OF 

HIGHLY EFFICIENT BLUE -EMITTING MATERIALS BASED ON 

ANTHRACENE -CARBAZOLE DERIVATIVES FOR OLEDS
1
  

2.1 Introduction  

Organic light emitting diodes (OLEDs) have attracted a great deal of interest due to 

their potential applications in display and solid state lighting technologies [31,32]. In 

order to fabricate full color OLED display and white lighting, it is necessary to get 

high performance red, green and blue light emitters with high electroluminescence 

(EL) efficiencies, good thermal properties and long device lifetimes [33,34]. A 

number of blue OLEDs based on small molecules with excellent electroluminescence 

(EL) performance, high efficiency and thermal stability have been reported [35,36].  

Anthracene and its derivatives have been extensively investigated for many years 

especially as blue-light emitters [37ï39]. The derivatives have attracted attention as 

small organic molecules possesing unconventional physical properties, such as 

outstanding electroluminescence and photoluminescence, high thermal stability and 

extensive conjugated ˊ-electron structure [40ï43]. In addition, anthracene derivatives 

are stable compounds that are amenable for substition at the 9- and 10- positions 

[44ï47]. Modification of anthracene with bulky groups along with a great variety of 

electron-donating (D) and electron-withdrawing (A) subtituents is of particular 

importance for supressing aggregation by steric hindrance, improvement the EL 

performance and enhancement of ˊ-conjugated structure [48ï51]. Fluorene, 

carbazole, naphthalene and triphenylsilane derivatives are often selected as blue 

emitting building blocks for synthesis of anthracene-based emitters. It was observed 

that the introduction of substituents in the 2-position of the anthracene leads to a non-

                                                 

 
1
 This chapter is based on the paper óHaykir, G., Aydemir, M., Han, S. H., Gumus, S., Hizal, G., Lee, 

J. Y. and Turksoy, F. (2018), The investigation of sky-blue emitting anthracene-carbazole derivatives: 

Synthesis, photophysics and OLED applications. Organic Electronics, 59: 319ï329. 

doi.org/10.1016/j.orgel.2018.05.055ô 
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coplanar structure and suppression of the intermolecular interaction, which results in 

high efficiency and color purity for blue light emitting materials [52ï54]. 

In here, we synthesized a series of sky-blue emitting materials, which include 9,10-

diphenyl-anthracene moiety at the center position of structure and side groups 

contain carbazole and methoxy substituents (Figure 2.1). Structurally, we made slight 

changes on carbazole connecting side units which comprises either a strong electron 

withdrawing or electron donating groups to understand the effects of anthracene side 

groups on molecular photophysics and device performance. Addressing this point, 

the photophysical properties were fully investigated, particularly using temperature 

dependent time-resolved gated spectroscopy. And device performances were made 

comparing the materials in doped and non-doped form. According to the results, it 

was highlighted that the anthracene-carbazole based materials showed sky-blue 

emission with reasonable external quantum efficiency (EQE) over 2.5% in non-

doped and over 4% in doped devices. 

 

Figure 2.1 : The synthesis route used to prepare 6a-c. 
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2.2 Experimantal Details 

2.2.1 Material and instruments 

All reagents were of analytical reagent grade and were used without further 

purification Solvents were distilled by using standart methods and purged with argon 

before use. The 
1
H and 

13
C spectra were recorded on a Bruker Spectrospin Avance 

DPX 500 spectrometer operating at 500, 470 and 125 MHz, respectively. Mass 

spectra and High resolution Mass Spectrometry (LC-TOF-ESI) were recorded on 

BRUKER MALDITOF-microflex and LC-TOF- microTOF II. The absorption and 

photoluminescence spectra were recorded on a Shimadzu UV-1650PC- UV-vis 

spectrophotometer and HORIBA JOBINYVON, Fluorolog TCSPC Fluoresans 

spectrophotometer in CH2Cl2 solution, respectively. The thermal stability of the 

compound was measured by differential scanning calorimetry (Pyris 1). A heating 

rate of 10 °C min
-1
 was used after reaching the first melting point the compound was 

rapidly cooled down to room temperature. Cyclic voltammetry (CV) was performed 

in Acetonitrile containing 0.1 M tetrabutylammonium hexafluorophosphate at room 

temperature using Gamry Instrument Reference 600. Platinum, platinum wire and 

Ag/AgCl were used as the working, counter and reference electrodes, respectively. 

Each oxidation potential was calibrated using ferrocene as a reference.  

2.2.2 Time-resolved and steady-state measurements 

Time-resolved decay measurements (TRDM) were taken in degassed solutions (~10
-5 

M) using at least three-freeze-thaw cycles in long necked quartz degassing cuvette. 

The TRDM measurements (from 400 ps to 1 s) were performed using a high energy 

pulsed nitrogen laser (LTB Lasertechnik Berlin) pulse width 3 ns, energy 60-100 ɛJ 

per pulse emitting at 3.68 eV (337 nm) was used as an excitation source. During the 

experiments, the solution phase samples were mounted in a liquid nitrogen cryostat 

(Janis) and the emission was detected with a highly sensitive iCCD camera (4 Picos, 

Stanford Computer Optics). 

Temperature dependent PL measurements were taken in degassed solution using the 

same aforementioned technique. The samples were mounted in a liquid nitrogen 

cryostat (including temperature controller) and then mounted in Jobin-Yvon Horiba 

Spex Fluoromax 3 spectrometer for temperature dependent steady-state 

measurements. 
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2.2.3 Device fabrication and measurements 

The device layout of the non-doped blue OLEDs was indium tin oxide (ITO, 120 

nm)/ poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, 60 

nm)/4,4ô-bis(N-(1-naphthyl)-N-phenylamino)biphenyl (NPD, 70 nm)/6a, 6b, or 6c 

(25 nm)/2,2ǋ,2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBI, 35 

nm)/ LiF (1 nm)/ Al (200 nm). The emitting layer was 25 nm thick 6a, 6b or 6c 

emitter. In the case of the doped blue devices, the emitting layer was designed using 

9,10-di(1-napthyl)anthracene (a-ADN), where 25 nm thick a-ADN:6a, a-ADN:6b 

and a-ADN:6c with the emitter doping concentration of 25%. The ITO substrate was 

planarized by the spin coated PEDOT:PSS hole injection layer followed by 

deposition of NPD, emitting layer, TPBI, LiF and Al in a high vacuum chamber by 

thermal evaporation. The devices were protected from moisture and oxygen by 

encapsulating the devices using a glass cover bonded to the ITO substrate using an 

epoxy sealant in a nitrogen atmosphere. The encapsulated OLEDs were used to 

characterize electrical and optical performances by CS1000 spectroradiometer and 

Keithley 2400 source measurement unit. 

2.2.4 Synthesis 

2.2.4.1 6-(10-(3-formyl -9-hexyl-9H-carbazol-6-yl)anthracen-9-yl)-9-hexyl-9H-

carbazole-3-carbaldehyde (4) 

Compound 3 was synthesized by Suzuki Coupling reaction using 9,10-

dibromoanthracene (2) and 9-hexyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-

9H-carbazole (1) according to the literature [55]. 

POCl3 (0.21 mol, 33.35 g.) was added dropwise into DMF (0.45 mol, 35.0 ml) at 0 

°C under a nitrogen atmosphere. Then, a solution of compound (3) (5,9 mmol, 4 g.) 

in dry chloroform (CHCl3) (20 ml) was added and the reaction mixture was heated at 

30 °C for 20 h than cooled to RT. The mixture was poured into ice water. The 

aqueous solution was extracted several times with CHCl3. The CHCl3 solution was 

dried with anhydrous sodium sulphate. After filtration, the solvent was removed 

under reduced pressure. The residue was purified by column chromatography on 

silica gel (hexane/ethylacetate (5:1) as eluent) to give the product (3,54 g. % 81) 

whitish solid. m.p. 264 °C. FTIR (KBr, cm
-1

): 2954, 2855, 1685, 1625, 1594, 811, 
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766 (Figure A.1). 
1
H-NMR (500 MHz, CDCl3): dH= 10.08 (d, 2H, J= 4), 8.60 (dd, 

2H, J= 3, 8.5), 8.32 (d, 2H, J= 9), 8.10-8,07 (m, 2H), 7.79 (dd, 4H, J= 3.5, 7), 7.72-

7.66 (m, 4H), 7.59 ( d, 2H, J= 8.5), 7.33 (dd, 4H, J= 3.5, 7), 4.49 ( t, 4H, J= 7), 2.07-

2.01 (m, 4H), 1.57-1.5 (m, 4H), 1.45-1.33 (m, 8H), 0.93 ( t, 6H, J= 7) (Figure C.1). 

13
C-NMR (125MHz, CDCl3): 191.7, 144.6, 140.6, 137.4, 131.1, 131.0, 130.6, 130.2, 

130.1, 128.8, 128.7, 127.2, 127.1, 127.0,  125.1, 124.7, 124.5, 123.6, 123.5, 123.2, 

123.0, 109.4, 109.3, 109.2, 43.8, 31.6, 29.1, 27.1, 22.6, 14.0 (Figure C.2). MS m/z 

calcd for C52H48N2O2; [M]+ 732,3 (Figure B.1). 

2.2.4.2 General procedure for synthesis of 9,10-bis(9-hexyl-6-((E)-styryl) -9H-

carbazol-3-yl)anthracene (6a-c) 

To mechanically stirred solution of aryl phosphonate (5a-c) (3eq) in THF (for 5c in 

DMF) was added NaH (for 5c KOt-Bu) (8 eq.) portionwise at 0 °C and the mixture 

stirred for 30 min. under N2 atmosphere. Thereafter, solution of compound (4) (1 eq.) 

was added dropwise to cooled mixture within 10 min. The solution was allowed to 

stir for an additional 30 min, then warmed to RT and stirred for 36 h. The reaction 

was quenched with cold water and extracted with dichloromethane. The combined 

organic layers were washed with brine and dried (MgSO4). The solvent was 

evaporated to afford crude product (6a-c). 

 9-hexyl-3-(10-(9-hexyl-3-styryl -9H-carbazol-6-yl)anthracen-9-yl)-6-styryl -9H-

carbazole (6a)  

6a was purified by a column chromatograhpy on silica-gel using 

dichloromethane/hexane (1:1) as an eluent. Further purification of 6a was 

recrystallized with chloroform to yield compound as a yellow solid (0.155 g, 55%); 

m.p. 318.4 °C. FTIR (KBr, cm
-1

): 2945, 2851, 1626, 1593, 1487, 1387, 960, 805, 

767, 755, 692, 674 (Figure A.2). 
1
H-NMR (500 MHz, CDCl3): dH= 8.28 (d, 2H, J= 

4.5), 8.22 (dd, 2H, J= 1, 11), 7.84 (dd, 4H, J= 3, 7), 7.73 (d, 2H, J= 9), 7.65-7.6 (m, 

4H), 7.53 (dd, 4H, J= 4.5, 7), 7.48 ( d, 2H, J= 9), 7.36-7.28 (m, 10H),  7.22 ( t, 2H, 

J= 14.5), 7.13 (dd, 2H, J= 6.5, 16.5),  4.44 ( t, 4H, J= 7), 2.06-2.0 (m, 4H), 1.56-1.5 

(m, 4H), 1.45-1.33 (m, 8H), 0.93 ( t, 6H, J= 7) (Figure C.3). 
13

C-NMR (125MHz, 

CDCl3): 143.4, 142.9, 140.6, 140.4, 133.3, 132.3 132.2, 131.9, 131.4, 131.3, 130.2, 

130.0, 129.6, 128.8, 127.5, 127.4, 126.0, 125.8, 125.7, 121.4, 111.7, 111.4, 46.1, 

34.3, 31.8, 29.8, 25.3, 16.7(Figure C.4). MS m/z calcd for C66H60N2; [M]
+
 880,2 

(Figure B.2). 
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3-(4-methoxystyryl)-6-(10-(3-(4-methoxystyryl)-9-hexyl-9H-carbazol-6-

yl)anthracen-9-yl)-9-hexyl-9H-carbazole (6b) 

m.p. 301.4 °C. FTIR (KBr, cm
-1

): 2926, 2853, 1603 1509, 1479, 1386, 1250, 1175, 

1027, 963, 820, 804, 767, 674 (Figure A.3). 
1
H-NMR (500 MHz, CDCl3): dH= 8.27 

(d, 2H, J= 3.5), 8.18 (dd, 2H, J= 1, 11), 7.84 (dd, 4H, J= 3, 7), 7.69 (d, 2H, J= 9), 

7.64-7.59 (m, 4H), 7.45 (dd, 6H, J= 4.5, 8.5), 7.31 (dd, 4H, J= 3, 7), 7.16 (dd, 2H, J= 

5, 16), 7.06 (dd, 2H, J= 6.5, 16), 6.88 (dd, 4H, J= 3.5,  8.5), 4.42 ( t, 4H, J= 7), 3.81 

(d, 6H, J= 2.5), 2.04-1.98 (m, 4H), 1.52-1.49 (m, 4H), 1.44-1.34 (m, 8H), 0.92 ( t, 

6H, J= 7) (Figure C.5). 
13

C-NMR (125MHz, CDCl3): 158.8, 140.5, 140.3, 137.8, 

130.8, 130.7, 129.6, 129.2, 129.1, 127.5, 127.4, 127.3, 125.7, 124.8, 124.5, 123,3, 

123,1, 123,0, 118.4, 114,1, 109.0, 108.7, 55,3, 43,5, 41,1, 31,6, 29,2, 27,1, 22,6, 14,0 

(Figure C.6). MS m/z calcd for C68H64N2O2; [M+H]
+
 941,6 (Figure B.3). 

3-(4-(trifluoromethyl)styryl) -6-(10-(3-(4-(trifluoromethyl)styryl) -9-hexyl-9H-

carbazol-6-yl)anthracen-9-yl)-9-hexyl-9H-carbazole (6c) 

m.p. 308.9 °C. FTIR (KBr, cm
-1

): 2927, 2854, 1611, 1599, 1482, 1387, 1323, 1184, 

1120, 1108, 1108, 960, 948, 820, 805, 768, 608 (Figure A.4). 
1
H-NMR (500 MHz, 

CDCl3): dH= 8.21 (d, 2H, J= 5), 8.17 (dd, 2H, J= 1 J= 11), 7.77 (dd, 4H, J= 3, 7), 

7.67 (d, 2H, J= 8.5), 7.6-7.5 (m, 12H), 7.43 (d, 2H, J= 8.5), 7.33 (d, 1H, J= 5), 7.3 

(d, 1H, J= 5), 7.26 (dd, 4H, J= 3,5, 7), 7.06 (dd, 2H, J= 6.2, 16.2), 4.38 ( t, 4H, J= 7), 

1.99-1.93 (m, 4H), 1.49-1.43 (m, 4H), 1.38-1.27 (m, 8H), 0.86 ( t, 6H, J= 7) (Figure 

C.7). 
13

C-NMR (125MHz, CDCl3): 151.8, 150.9, 144.1, 143.7, 143.0, 140.3, 136.8, 

134.8, 134.7, 133.3, 132.5, 132.1, 131.3, 130.8, 130.6, 130.2, 130.0, 129.6, 128.9, 

128.8, 128.2, 127.5, 127.3, 127.1, 126.8, 126.7, 126.0, 125.9, 125.6, 121.9, 121.8, 

121.6, 119.6, 117.6, 112.2, 111.8, 111.7, 111.6, 111.5, 46.2, 34.3, 31.8, 29.7, 25.3, 

16.7 (Figure C.8). MS m/z calcd for C68H58N2F6; [M]
+
 1015,8 (Figure B.4).  

2.3 Result and Discussion 

2.3.1 Synthesis 

The synthetic routes for the compounds, 6a-c are shown in Figure 2.1. Firstly, 9,10-

bis(9-hexyl-9H-carbazol-3-yl)anthracene 3 was obtained via Pd(0)-mediated Suzuki-

Miyaura cross-coupling reactions between and 9-hexyl-3-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-9H-carbazole 1 and 9,10-dibromoanthracene 2. Secondly, the 

resulting bromoarene product 3 reacted with dry DMF and POCl3 via a Vilsmeier-
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Haack reaction to produce 6,6'-(anthracene-9,10-diyl)bis(9-hexyl-9H-carbazole-3-

carbaldehyde) 4 in 81 % yield. Finally, the aromatic aldehyde 4 reacted with aryl 

phosphonate 5 (a-c) via a Horner-Wadsworth-Emmons (HWE) type reaction to 

produce target molecules of 6 (a-c). The compound of 6 (a-c) were characterized by 

FTIR, NMR
 
(
1
H-, 

13
C-) and HRMS, the details of which were shown in materials and 

details section. 

2.3.2 Thermal properties 

We investigated the thermal properties of the compounds using differential scanning 

calorimetry (DSC) and thermal gravimetric analysis (TGA) in N2 atmosphere. The 

key thermal data of the anthracene derivatives are summarized in Table 2.1. DSC 

analysis revealed that all of the compounds are amorphous solids, melting between 

273-305 °C upon first heating. However upon second heating in addition to melting 

points not only glass transitions for 6a, 6b and 6c were observed at 122, 128 and 137 

°C, but also crystallisation for 6a-c were observed at 224, 175 °C. Nevertheless, the 

presence of sterically bulky carbazole side groups increase the glass transition 

temperature (Tg), which is higher than those of the well known blue emiting material 

2-methyl-9,10-di(2-naphthyl)anthracene (MADN, 120 °C) [56]. The TGA indicates 

that compounds 6a-c exhibit good thermal stability with 5% weight loss temperatures 

(DT 5%) ranging from 436 °C to 477 °C. The high thermal properties of these 

compounds will retain stable film morphological properties during the device 

fabrication which are very desirable characteristic for OLEDs stability. 

Table 2.1 : The physical and thermal properties of 6a-c. 

Emitter l
abs

(nm)
d, e

 lmax
ems 

(nm)
 d, e, f

 QE (fF)
g
 Tg/Tc/Tm/Td (

o
C)

h
 

6a 375
d
, 375

e 
434

d
, 458

e
, 447

f
 0,83 122/224/273/477 

6b 376
d
, 377

e 
433

d
, 478

e
, 450

f
 0,80 128/175*, 240/297/436 

6c 347
d
, 346

e
 433

d
, 457

e
, 455

f
 0,87 137/244/305/449 

d 
Measured in hexane, 

e 
acetonitrile and in 

f 
solid film. 

g 
Quantum yields measured in tetrahydrofuran solution relative to 9,10-diphenylanthracene at room 

temperature in oxygen free environment (lexc= 360 nm, fF= 0,95). 
h 
Obtained from TGA and DSC measurements and Td (5% weight loss). 

* Unexpected crystallization temperature. 
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2.3.3 Photophysical properties 

2.3.3.1 Steady-state measurements 

The normalized absorption and photoluminescence (PL) spectra of molecules (6a-c) 

are shown in Figure 2.2. The broad range solubility of these materials allows us to 

study the optical properties in variety of solvents (from nonpolar hexane to very 

polar acetonitrile). In Figure 2.2, the absorption spectra peaking around 350 nm in 

different solvents, and shows a slight red shift by increasing the polarity of solvents, 

which can be associated with ˊ-ˊ* transitions. The emission spectra appear well-

structured in non-polar solvent (e.g. hexane), however, in more polar solvents, the 

emission spectra becomes broad and featureless. Moderate solvatochromic effects 

are observed in the emission of 6a and 6c (due to strong electron withdrawing 

character of the CF3 unit), however, the emission of 6b shifts by more than 40 nm to 

lower energy with increasing solvent polarity (acetonitrile). The solvatochromic shift 

is commonly faced with donor-acceptor-donor (D-A-D) type molecules, screening of 

Coulomb exchange between the charges on the D and A units or the change in 

relative orientations of D and A units stabilizes the intramolecular interactions, 

concomitantly the excited charge transfer (CT) state is formed at lower energies. In 

here, the strong CT character is observed with the material having methoxy groups at 

the side arms of the structure 6b, which gives rise to strengthen hole transport 

character of the emitter as confirmed in below (see section 2.3.6). However, the 

photoluminescence quantum yield (PLQY) values of three materials are almost the 

same (within the standart experimental error ~ 4%, Table 2.1. The structure of the 

emitters consists similar electron acceptor units (anthracene) at the central position, 

and slight modifications to the side arms (donor groups) changed the CT properties, 

concomitantly the slight difference has been observed in PLQY values. 
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Figure 2.2 : Normalized absorption (ABS) and photoluminescence (PL) spectra of 

6a-c in different polarity solvents. 

The steady-state behavior of the molecules was observed in non-polar methyl 

cyclohexane (MCH) solution as a function of temperature (Figure 2.3). The emission 

peaking at ca. 435 nm is assigned to 
1
(-́ˊ) transition with the 0-0 transition having 

the highest intensity with slightly vibronic structure at 295 K. However, for 6a and 

6c molecules, when the temperature is decreased, the intensity of emission is 

gradually drop-off and the spectra shift to the red by ca. 15-20 nm. Furthermore, 

when the solvent totally frozen, the spectra of 6a shifts back to the blue from relaxed 

state and emits closely around locally excited singlet state (
1
LE). Instead, the 

emission spectra of 6c shows stabilization in frozen solution and emits ca. 450 nm. 

For 6b molecule, on cooling down to 170 K, the change in temperature do not make 

significant effect to the intensity of emission, and no thermochromic shift is observed 

until the solvent is frozen. However, at 145K and belows, the emission becomes 

more structured and stabilizes at red-shifted (ca. 10 nm) state, no return to blue is 

observed.  



 

12 

 

Figure 2.3 : Temperature dependence of steady-state emission of the molecules (6a-

c) in degassed MCH solution. 

2.3.3.2 Time-resolved measurements 

The delayed fluorescence in MCH solution was studied with the aim to investigate an 

environment where the molecules have weaker ion pair character in the charge 

transfer (CT) state, i.e. the emissive state retains strong 
1
LE state character. The 

contribution of triplet excited states to the overall emission was determined by 

comparing the emission intensity in air-saturated and degassed MCH and 2-

methyltetrahydrafuran (2-MeTHF) solutions (Figure D.1). The emission spectra 

obtained in degassed and air-saturated solutions match each other, indicating that the 

emission comes always come from the same state. In MCH solution, the 

enchancement in emission intensity was obtained ~22% for all the molecules. 

However, once the measurements repeated in polar 2-MeTHF solution, a slight 

decrease was observed for 6a (~19%) and 6b (~17% ) molecules, indeed, an increase 

was observed for 6c (~33%) molecule.  

Figure 2.4 shows the decay curve of the molecules in MCH solution, where the 

delayed fluorescence (DF) was represented at room temperature (RT) and 80 K. 

Once the temperature was decreased to 80 K, the lifetime of the DF was increased 

slightly increased for 6a and 6c molecules (with very small prompt emission 
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contribution), however, a significant increase in lifetime was observed with 6b 

molecule (including quite long prompt emission contribution). Previously highly 

temperature dependent DF was reported [57,58] where a dramatical increase was 

obtained in intensity as the tempererature was decreased, also the DF dependence on 

excitation intensity was found linear with aproaching value of slope ~1. These were 

reported as typical behaviours of geminate electron-hole pair recombination, 

resulting in DF from monomolecular process. In here, the laser fluence dependence 

of DF shows a monomolecular trend with the value of slope -1.08 (Figure 2.4 for 6a 

molecule and other molecules follow the same trend), confirming the DF arising 

from a monomolecular process. However, this is not a thermally activated delayed 

fluorescence (TADF), because the increase in intensity with low temperatures is 

clearly not consistent with the TADF mechanism. Consequentially, we conclude that 

the DF arising from long-lived geminate CT state recombination, which is consistent 

with the previous reports, not any TADF or bimolecular recombination (e.g. triplet-

triplet annihilation) is operative [58]. 

 

Figure 2.4 : Lif etime decays of delayed fluorescence in MCH solution at RT and 90 

K. Laser fluency dependence of DF is given for 6a molecule, where the excitation 

wavelength of 337 nm has been used at 40 ns delayed and 1 µs integration times. 

The analyses of the normalized time-evolution spectra (Figure 2.5) of 6a molecule 

shows that the DF emission arises from singlet-CT (
1
CT) state, peaking ca. 445 nm 
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(between 38.9 ns to 292 ns) at RT and no significant shift is observed with time delay 

(from 40.9 ns to 499 ns) at 80K. The phosphorescence (PH) emission is clearly 

observed as the lowest energy level of the system, from where we can calculate the 

triplet energy of 6a from its onset as 3.02 eV and the energy gap between 
1
CT and 

locally excited triplet state (
3
LE) is ~0.23 eV. For 6b molecule, the prompt emission 

from 
1
LE state decays to 

1
CT state in ~30 ns, then red-shifted (comparing the prompt 

emission, Figure D.2) 
1
CT emission dominates the system, and no time evolution is 

observed between 38.9 ns and 159.2 ns at RT and also between 38.9 ns and 23.5 µs 

at 80 K. The PH was weakly observed, which had an onset value of 3.1 eV, 

indicating nearly zero 
1
CT-

3
LE energy gap. If the singlet-triplet energy gap (ЎὉ ) is 

small enough (on the order of thermal energy, ὯὝ), significant triplet cycling occurs 

between the states (
1
CT-

3
LE). This can allow for the population of the singlet CT 

state followed by DF. This explains why we observed very weak PH emission as 

well as prolonged lifetime decay of 
1
CT emission at 80 K. When it comes to 6c 

molecule, the change in temperature (to 80 K) results in red-shifted structured 

emission spectra between 17.9 ns to 277. 3 ns, which includes contribution from the 

long-lived prompt emission from 
1
LE state, however, at increasing delay times (from 

383.6 ns to 2.2 µs) the 
1
CT state stabilizes significantly and dominates the system. 

 

Figure 2.5 : Time evolution spectra of the molecules in MCH solution at RT and 80 

K. 
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Figure 2.6 shows the decay curves of 6b molecule in dropcast film at 300 K and 25 

K, where no well-defined separation between prompt and delayed emission, these 

two distinct emissions are unclear at both temperatures. Emission spectra detected in 

quite long time delay region were observed at 25 K, indicating that the triplet state 

makes contribution to overall emission. Figure 2.6 shows the normalized spectra 

collected in the whole region of analyses. At early times (from 1 ns to 16 ns), the 

spectra show the emission from 
1
LE state, which continuously red shifts to higher 

wavelengths until it achieves the CT state emission (e.g. 116 ns time delay at 300 K), 

onset at 2.92 ± 0.01 eV. At 25 K, the same time-evolution trend occurs, where the 

DF emission from a 6b film shows clearly the presence of red shift emission co-

existing with the PF. We can say that in the film there is a dispersion of molecular 

environments, most of which have very limited molecular motion and likely to drive 

weak (or no) charge transfer character to the excited state, but some of which 

increase the possibility of formation of charge transfer state, by means of allowing 

geometric relaxations followed by pinning the molecule in distorted configuration. 

As a consequence, the film of 6b molecule has complex excited state characteristics, 

which should play a significant role in device performance. 

 

Figure 2.6 : Lifetime decay of 6b dropcast film and the time evoluation spectra at 

RT and 25 K. 
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2.3.4 Electrochemical properties 

Electrochemical properties of 6a-c were investigated by cyclic voltammetry (CV). 

Cyclic voltammetry (CV) was performed in CH2Cl2 containing 0.1 M 

tetrabutylammonium perchlorate at room temperature. All scans are given in Figure 

E.1. The electrochemical properties of these materials are listed in Table 2.2. The 

HOMO (highest occupied molecular orbital) energy levels were calculated from 

oxidation potential using ferrocene as a standard referenced to the energy level of 

ferrocene (4.8 eV below the vacuum level) [59]
 
and the LUMO (lowest unoccupied 

molecular orbital) levels were estimated by subtracting the band-gap energy 

(calculated from the extrapolation of the long wavelength) from the HOMO level.  

Table 2.2 : The electrochemical properties of 6a-c. 

Emitter 
E

ox
onset 

(V)
a
 

E1/2
ox  

(V) 
l

abs
onset 

(nm)
c
 

HOMO 

(eV)
b 

LUMO
 

(eV)
b
 

Eg 
opt

 

(eV)
c
 

6a 0,995 1,085 430 -5,34 -2,46 2,88 

6b 0,91 0,981 432 -5,25 -2,38 2,87 

6c 1,035 1,189 428 -5,38 -2,49 2,89 
a 
Onset oxidation potentials versus Ag/AgCl obtained from Cyclic Voltammograms for Pt electrode in 

contact with a 0,1 M n-Bu4NClO4/CH2Cl2 solution of compounds 6a-c relative to ferrocene; scan rate 

100 mV/s.  
b 
The HOMO and LUMO levels were determined using the following equations;  

EHOMO =[Eox ī E1/2
1
(ferrocene) + 4,8], ELUMO =EHOMO ī Eg

opt
. 

c 
Optical band gap (Eg

opt
) obtained from onset of the absorption spectra by extrapolation;(Eg

opt
=1240 / 

ɚonset) 

The HOMO level of 6b with methoxy group have relatively higher HOMO level than 

the other anthracene derivatives. These could be explained that the strong donating 

substituents reduce the oxidation potentials of the molecule and raise the HOMO 

energy level.  

2.3.5 Theoretical calculations 

The three-dimensional ground state (S0) geometry of all compounds was geometry 

optimized using Density Functional Theory (DFT) [60] by using the Gaussian 09W 

[61] package program and the hybrid functional B3LYP. The B3LYP is composed of 

Becke's three parameter exchange functional (B3) [62] and the nonlocal correlation 

functional by Lee, Yang, and Parr (LYP) [63]. The basis set used for all atoms was 6-

31G(d,p) in both DFT and time-dependent density functional theory (TD-DFT) 

method. We have applied default G09 grid for computations. 
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For each compound, vibrational analyses were carried out and the frequency 

computations did not yield any non-real frequencies, indicating that the structure of 

each molecule corresponds to at least a local minimum on the potential energy 

surface. The normal mode analysis was performed for 3N-6 vibrational degrees of 

freedom, N being the number of atoms in the molecule. 

The low-lying singlet excited states (S) of the compounds were relaxed to obtain 

their minimum energy geometries using the TD-DFT as implemented in G09 

package program[61]. The vertical excitation energies and oscillator strengths were 

obtained for the lowest singlet transitions at the optimized ground state equilibrium 

geometries by using TD-DFT at CAM-B3LYP hybrid functional and 6-31G(d,p) 

basis set [64]. Optimized ground state structures were utilized to obtain the electronic 

absorption spectra, including maximum absorption wavelengths, oscillator strengths, 

and main configuration assignment by using TD-DFT. CAM-B3LYP functional has 

been introduced as a better method for description of excitations using time 

dependent theory (TDDFT) for Rydberg states and charge transfer excitations [65]. 

To gain insight into the electronic structures of the compound, the ground-state 

geometries and the frontier molecular orbital energy levels and electron distribution 

were calculated using the density functional theory (DFT) in Gaussian 09W program 

at the B3LYP/6-31G(d,p) level. Geometry optimizations of all the compounds led to 

twisted geometries with a dihedral angles 81°, 76° and 83° for 6a, 6b and 6c, 

respectively. Therefore, in this twisted geometry, there is a chance of overlapping of 

molecular orbitals to form a hybrid local and charge transfer state. Frontier molecular 

orbitals involved in electronic transitions are given in Figure 2.7. HOMO energy 

level for 6b was found to be slightly higher from that of 6a due to the existance of 

electron donating methoxy group, similarly, the HOMO, HOMO-1 and HOMO-2 

levels of 6c decreased as a results of strongly electron withdrawing CF3 group. The 

charge distribution graphs of 6a-c can be seen in Figure 2.8. 

The LUMO level of 6b was mainly distributed on the anthracene moiety while the 

HOMO level were largely located on the carbazole moiety, as expected. However, in 

6a and 6c both HOMO and LUMO were located on the anthracene. The separation 

between HOMO and LUMO levels might be favorable to the efficient hole- and 

electron-transporting behaviors. The absorption spectra based on the TDDFT 

computations (CAM-B3LYP/6-31G(d,p)) revealed that S1 state for 6a was attributed 
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to transition form HOMO to LUMO, whereas, the excitation states were mainly 

refered to transitions from H-1ŸL+1 for 6b and H-2ŸL+1 for 6c with oscilator 

strengths 2.0560 and 2.4977, respectively (Table 2.3).  

Table 2.3 : Calculated absorption wavelengths (ɚmax in nm), excitation energies (eV) 

and oscillator strengths (f) for 6a, 6b and 6c. 

Compound Transition 
Transition 

Coefficients 
ɚmax 

Excitation 

 Energy 

Oscillator  

Strength 

6a 
HŸL 0.61004 360.19 3.4422 0.4909 

H-1ŸL+1 0.30270 308.91 4.0136 0.1253 

6b 
H-2ŸL 0.61303 360.68 3.4375 0.5097 

H-1ŸL+1 0.49975 310.07 3.9985 2.0560 

6c 
HŸL 0.66727 359.73 3.4466 0.5040 

H-2ŸL+1 0.40141 315.37 3.9314 2.4977 

 

 

Figure 2.7 : Frontier molecular orbital energies involved in excitations. 
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Figure 2.8 : Charge distribution of 6a-c. 

2.3.6 Electroluminescent properties 

The device performances of the non-doped blue OLEDs were studied by just 

changing the emitter in the emitting layer. The a-ADN was used as host materials 

due to having high thermal, morphological stability and large energy band gap, 

therefore which is widely preferred as the host material for blue and full color 

OLEDs [66,67]. The current density (J) - voltage (V) and luminance (L) - voltage 

(V) data shows that the 6b provides higher J and L than other emitters (see Figure 

2.9). The high J and L of the 6b emitter are assisted by the methoxy substituent 

which strengthens hole transport character of the emitter as confirmed by the shallow 

HOMO level of 6b compared to that of other emitters. In the molecular calculation 

data, the HOMO is extended from the anthracene core to the carbazole derived side 

groups. Therefore, the methoxy substituent affects the hole injection and transport in 

the emitter, increasing the J and L. However, the J and L were very low in the 6c 

because the HOMO was localized only on the central anthracene core by the strong 

electron withdrawing character of the CF3 unit. The deepened HOMO and localized 

HOMO decreased the J and L of the 6c device.  
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Figure 2.9 : Current density-voltage-luminance data of non-doped 6a, 6b, and 6c 

devices. 

External quantum efficiency (EQE) data of the 6a, 6b, and 6c devices are shown in 

Figure 2.10. The EQE was relatively high in the 6a device because of balanced 

carriers in the emitting layer. In the case of 6b, too high hole density disrupted carrier 

balance in the emitting layer, while too low hole density hindered carrier balance in 

the 6c device. The maximum EQE of the 6a device was 2.8%, while it was 2.6% in 

the 6b device and 2.4% in the 6c device.  

 

Figure 2.10 : Quantum efficiency-luminance data of non-doped 6a, 6b, and 6c 

devices. 

Electroluminescence (EL) spectra of the blue devices are presented in Figure 2.11. 

Three devices showed similar EL spectra although the EL spectrum of 6c was 

slightly blue-shifted. As the main chromophore of the emitters is the anthracene core, 

there was little change of the EL spectra by the carbazole side groups. Color 

coordinates of the 6a, 6b, and 6c devices were (0.16,0.20), (0.16,0.22), and 

(0.15,0.18).  
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Figure 2.11 : EL spectra of non-doped 6a, 6b, and 6c devices. 

Doped blue OLEDs were also developed using the 6a, 6b, and 6c emitters. The a-

ADN was selected as the host because the emission spectrum of a-ADN is 

overlapped with the absorption spectrum of the emitters. The trend of the current 

density and luminance of the doped blue OLEDs was the same as that of the non-

doped blue OLEDs because the emitter can play a role of a carrier transport media at 

high doping concentration (Figure 2.12). 

 

Figure 2.12 : Current density-voltage-luminance data of doped 6a, 6b, and 6c 

devices. 

The EQE of the doped device also followed the EQE order of the non-doped devices 

as shown in Figure 2.13. The highest EQE was 4.1% in the 6a device and the lowest 

EQE was 3.7% in the 6c device. The EQE was improved in the doped blue OLEDs 

because intermolecular interaction was suppressed by separating the blue emitters. In 

particular, the efficiency was maintained constant up to 1,000 cd/m
2
 without any 

efficiency drop. Compared with the efficiency roll-off data reported in other works 
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[35], the efficiency roll-off was largely improved although the efficiency loss above 

5000 cd/m
2
 was large due to instability of the materials used in the device structure.  

 

Figure 2.13 : Quantum efficiency-luminance data of doped 6a, 6b, and 6c devices. 

 

Figure 2.14 : EL spectra of doped 6a, 6b, and 6c devices. 

The long intermolecular distance improved color purity of the blue OLEDs and the 

color coordinates of the 6a, 6b, and 6c devices were (0.14, 0.13), (0.14, 0.14), and 

(0.14, 0.13), respectively. EL spectra are shown in Figure 2.14. All device 

performances are summarized in Table 2.4. 
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Table 2.4 : Device performances of non-doped and doped 6a, 6b, and 6c devices. 

Emitter 
External Quantum 

efficiency (%) 

Current efficiency 

(cd/A) 

Color 

coordinate 

Non-

doped 

6a 2.8
a
, 2.7

b 
4.3

a
, 4.2

b
 0.16, 0.21 

6b 2.6
a
, 2.4

b 
4.2

a
, 3.9

b
 0.16, 0.22 

6c 2.4
a
, 1.8

b
 1.7

a
, 1.0

b
 0.15, 0.18 

Doped 

6a 4.1
a
, 4.1

b
 4.4

a
, 4.4

b
 0.14, 0.13 

6b 3.8
a
, 3.6

b
 4.4

a
, 4.2

b
 0.14, 0.14 

6c 3.7
a
, 3.7

b
 4.1

a
, 4.1

b
 0.14, 0.13 

2.4 Conclusion 

Three new anthracene carbazole derivatives with side groups having electron 

donating or withdrawing properties have been synthesized in order to investigate 

their effects to molecular photophysics and device performance. The CT state 

potentially formed between D-A units, which is strong in 6b molecule due to having 

methoxy groups in side units. Besides, moderate solvatochromic effects were 

observed in the emission of 6a and 6c, where the molecules have weak CT character 

due to having strong electron withdrawing units. The advantage of CT state in device 

performance is reported by getting extra emission via delayed fluorescence 

mechanism. In addition, the devices compared in doped and non-doped structures, 

according to the results the doped devices showed acceptable EL performance than 

the non-doped devices. The best performance was taken from device 6a (doped), 

which showed moderate electroluminescence performance (4.4 cd/A and 4.1% EQE) 

nearly twice that of MADN. This study demonstrated that these sky-blue emitting 

materials have promising structural features that set an example to design new blue-

emitting molecules for potential OLED applications. 
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3.   EFFECT OF ASYMMETRIC ACCEPTOR AND DONOR POSITIONING 

IN DEEP BLUE PYRIDYL -SULFONYL BASED TADF EMITTERS
2
 

3.1 Introduction  

The growing interest in state-of-the-art display applications and illumination 

technologies has made organic light emitting diodes (OLEDs) a very attractive field 

of research for the last three decades [31,68,69]. Driven by this, materials that emit 

light via thermally activated delayed fluorescence (TADF) have become a central 

feature of materials chemistry due to their ability to convert the non-emissive triplets 

to emissive singlet excitons by reverse intersystem crossing (rISC) [70ï73]. As a 

result, TADF-OLEDs can attain 100% internal quantum efficiency [74] without 

using scarce organometallic phosphorescent emitters [75]. Additionally, heavy metal 

complexes have not yet produced stable deep-blue emitters suitable for applications, 

which is still challenging [76]. The TADF mechanism provides an alternative 

strategy for developing highly efficient deep-blue emitters for OLED applications 

[77,78].  

When designing TADF molecules, a small energy splitting is required between the 

excited singlet and triplet states (ȹEST) to enhance rISC and the conversion of triplets 

into emissive singlets. Achieving perpendicular dihedral angles between donor and 

acceptor units is now a common approach for designing highly efficient TADF 

emitters, as the energies of the resulting charge transfer (CT) singlet states can be 

tuned by the host environment to align localized donor or acceptor triplet states 

[79,80]. Such tuning of excited states can also be achieved by modifications of donor 

or acceptor [77,81] types and positions [82]. TADF molecules should also be 

structurally rigid to suppress non-radiative pathways to maximize the 

photoluminescence efficiency. Crucially, the 
1
CT state is ideally energetically very 

                                                 

 
2
 This chapter is based on the paper óHaykir, G., Aydemir, M., Danos, A., Gumus, S., Hizal, G., 

Monkman, A. P. and Turksoy, F. (2021), Effect Of Asymmetric Acceptor and Donor Positioning in 

Deep Blue Pyridyl-Sulfonyl Based TADF Emitters. Dyes and Pigments, 194, 109579. 

doi.org/10.1016/j.dyepig.2021.109579ô 
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close to a locally excited triplet state (
3
LE) with dissimilar symmetry [83], where 

second-order spin-vibronic coupling occurs between 
3
LE and a charge transfer triplet 

excited state (
3
CT), enabling the spin flip that results in delayed 

1
CT state emission 

[84]. 

Based on that approach, a small number of efficient blue TADF emitters have been 

designed by using, sulfone [77,81,85], pyrimidine [86], pyridine [87], phosphine-

oxide [88], pyridine-carbonitrile [89], diazole [11], triazine [90] and their derivatives. 

In particular, the pyridine ring is found to have a suitably high triplet energy level 

and good electron withdrawing ability as an acceptor. Electron withdrawing sulfonyl 

groups show distorted tetrahedral geometry and restrict electron conjugation of the 

compounds. Carbazole is also routinely used as a donor material for blue and green 

TADF materials [81,91ï94] and host materials [95]. 

Although pyridine and sulfone based TADF molecules have been reported by several 

groups, the majority of these reports focus exclusively on symmetric D-A-D 

materials [96,97]. Comperatively little work has gone towards understanding the 

variety of possible pyridine positions and to clarify the resulting effects of 

photophysical properties on TADF emitters. In other TADF materials, location of the 

acceptor on the target molecules played a significant role in minimizing the ȹEST 

value and lead to well-separated highest occupied molecular orbital (HOMO) and 

lowest unoccupied molecular orbital (LUMO) [82,98]. 

Herein, we present synthesis and photophysical properties of a series of asymmetric 

deep-blue emitting pyridyl-sulfonyl cored carbazole derivatives. The pyridyl-

sulfonyl group is designed as an asymmetric acceptor, and carbazole groups are used 

as the donors in various positions. Initially with the aim of understanding the 

intramolecular interactions between pyridine (a)-sulfonyl (A) core and the carbazole 

(D) unit, we designed the parent molecules Cz-pS2-Py, pS2-Py-5Cz and Cz-pS2-Py-

5Cz, with the D attached to the asymmetric aA unit on either (D-Aa, D-aA) or both 

sides (D-Aa-D), respectively. Comparing these materials shows that formation of 

charge transfer state (CT) is significantly promoted in asymmetric (D-aA, 51° 

dihedral angle) and symmetric (D-aA-D, 54°-54° dihedral angle) systems, where the 

delayed fluorescence arise from a rISC cycle between very close energy 
3
LE-

1
CT 

states. 



 

27 

The TADF properties are further investigated in two additional D-Aa-D comparison 

sets. In Cz-pS2-Py-6Cz and Cz-pS3-Py-5Cz, the nitrogen on the pyridine ring is 

changed from ortho (o) to meta (m) positions relative to the sulfonyl A (with 

carbazole meta to the sulfonyl in both). Both materials show very similar emission 

decay dynamics with rISC remaining operative between 
3
LE-

1
CT states, although 

with (m) position nitrogen resulting in significantly reduced photoluminescence 

quantum yield (PLQY) and the appearance of triplet-triplet annihilation delayed 

fluorescence. That gives insights into how the donor interactions with both parts of 

the accepting unit impact the performance.  

In a final comparison, for Cz-pS4-Py-2Cz and Cz-mS4-Py-2Cz, the position of the 

donor on the opposite side of the pyridine is varied. Consistant with observations in 

the D-Aa, D-aA and D-aA-D materials, these comparisons show that the influence of 

the donor unit far from the pyridine is highly limited. Nontheless, these new 

structural designs give rise to very small ȹEST values (0.01 ± 0.002 eV) and greatly 

enhanced PLQY values. This greatly improved performance when the two acceptor 

units are arranged para to each other is because the TADF activation mechanism is 

fundamentally altered compared to the parent molecules (where the formation of CT 

state is not promoted) and the rISC cycling therefore occurs directly between locally 

excited singlet-triplet states. These results therefore highlight the complexity and the 

potential performance gains that can be achieved by appropraite arrangement of the 

same donor and acceptor units. 

3.2 Experimental Details 

3.2.1 Material and instruments 

All reagents and solvents were provided from commercial suppliers and used without 

further purification. Solvents were distilled by using standard methods and purged 

with N2 before use. All the experiments were carried out under N2. Column 

chromatography was performed on silica gel 60 (230-400 mesh) and TLC was 

performed on silica gel 60 F254 alumina plate. 

The 
1
H and 

13
C spectra were recorded at 298 K on a 400 & 100 MHz and 600 & 150 

MHz spectrometer. All NMR data were referenced to the internal deuterated solvent 

relative to protic residue from CDCl3 respectively 7.26 ppm for 
1
H and 77.0 ppm for 
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13
C. Multiplicities are indicated as s (Singlet), d (Doublet), t (Triplet), q (Quartet), m 

(Multiplet) and coupling constants (J) are reported in hertz units. High resolution 

mass spectra were recorded on Bruker Daltonics microTOF II Electrosprey 

Ionization Time-of-Flight mass spectrometer. The thermal stability of the compound 

was measured by differential scanning calorimetry (Pyris 1). A heating rate of 10 

o
C/min was used after reaching the first melting point the compound was rapidly 

cooled down to room temperature. Cyclic voltammetry measurements were 

performed on Gamry Instrument Reference 600 potentiostat/galvanostat, in 

acetonitrile solutions (10
-3

 M) at a scan rate of 100 mVs
-1

 with a platinum plate as the 

working, platinum wire as the counter and Ag/AgCl as the reference electrode. The 

supporting electrolyte was tetrabutylammonium hexafluorophosphate (0.1 M) and 

ferrocene was selected as an external standard. The solutions were bubbled with a 

constant nitrogen flow a couple of minute before measurements. The absorption and 

photoluminescence spectra were recorded on a Shimadzu UV-1650PC- UV-vis 

spectrophotometer and Horiba Jobinyvon, Fluorolog TCSPC Fluorescence 

spectrophotometer (for solutions) and Shimadzu UV-3600 spectrometer and Jobin 

Yvon Fluoromax fluorescence spectrometer (for films). The films were prepared 

using zeonex host in 1% w/w ratio, drop cast from toluene solution on quartz or 

sapphire substrates. PLQYs were measured under nitrogen atmosphere using a 

Horiba Quanta-ű integrating sphere attachment. Time-resolved gated spectroscopy 

were performed using a pulsed Nd:YAG laser (SL312, EKSPLA) emitting at 355 

nm, then the emission was focused onto a spectrograph and detected on a very 

sensitive gated iCCD camera (Stanford Computer Optics).  

3.2.2 Synthetic procedure for halogenated phenylthiopyridine & phenylsulfonyl 

pyridine derivatives 

3.2.2.1 1,2-bis(4-bromophenyl)disulfane (3) 

While solution of 4-bromobenzenethiol (1) (2.0 g, 10.6 mmol) in chloroform and 

dimethyl sulfoxide (8 mL:12 mL) was stirring in room temperature, Hygrogen 

bromide % 48 (v/v) (172 mL, 10.6 mmol) was loading dropwise into mixture under 

nitrogen atmosphere. The mixture was stirred more 12 h at RT. Then chloroform was 

evaporated in reaction and residue poured into ice water (250 mL). After filtration, 

crude product was dried under vacuum then purified by column chromatography on 
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silica gel (hexane as eluent) to give the product (2.73 g, 69 %) whitish solid. 
1
H 

NMR (600 MHz, CDCl3) ŭH= 7.43 (d, J = 8.5 Hz, 4H), 7.33 (d, J = 8.5 Hz, 4H) 

(Figure C.9). 
13

C-NMR (150 MHz, CDCl3) ŭ= 135.7, 132.2, 129.3, 121.5 (Figure 

C.10). 

3.2.2.2 1,2-bis(3-bromophenyl)disulfane (3ô) 

While solution of 3-bromobenzenethiol (1ô) (2.0 g, 10.6 mmol) in dichloromethane 

(100 mL) was stirring at 0°C, Pyridinium chlorochromate (2.28 g, 10.5 mmol) was 

added into mixture under nitrogen atmosphere. The mixture was stirred until 

complete comsumption of 1ô. Reaction mixture poured into ice water (500 mL). 

After filtration, crude product was dried under vacuum then purified by column 

chromatography on silica gel (hexane as eluent) to give the product (1.98 g, 50 %) 

whitish solid. 
1
H NMR (600 MHz, CDCl3) ŭH= 7.63 (s, 2H), 7.40 (d, J = 7.9 Hz, 2H), 

7.37 (d, J = 8.0 Hz, 2H), 7.18 (t, J = 7.9 Hz, 2H) (Figure C.11). 
13

C-NMR (150 MHz, 

CDCl3) ŭ= 138.6, 130.5, 129.9, 125.8, 123.1 (Figure C.12). 
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Figure 3.1 : Synthetic route of Phenylthiopyridine derivatives 4, 5, 6, 7, 8, 9 & 9ô. 
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Figure 3.2 : Synthetic route of Phenyl-Sulfonyl pyridine derivatives 4, 5, 6, 7, 8, 9 & 

9ô. 

3.2.2.3 2-(4-bromophenylthio)pyridine (4) 

1,2-bis(4-bromophenyl)disulfane (3) (0.5 g, 1.33 mmol) and 2-bromopyridine (0.6 g, 

3.8 mmol) were loading to a solution of dimethylsulfoxide (25 mL) at 65°C under 

nitrogen atmosphere for a couple of minutes. After then potassium carbonate (0.524 

g,  3.8 mmol) and copper(I)iodide (72.3 mg, 0.38 mmol) were added while purging 

N2. Reaction mixture was heated to 166°C and stirred for 36 h. Reaction cooled 

down to room temperature and extracted with chloroform (3 x 50 mL). Combined 

organic phase was washed with brine and dried over Na2SO4. After solvent was 

removed and purified with silica gel column chromatography using hexane:ethyl 

acetate (12:1) to yield product 0.252 g 38%. FTIR (KBr, cm
-1

): 3046, 1636, 1602, 

1571, 1472, 1448, 1416, 1385, 1352, 1280, 1238, 1175, 1148, 1121, 1106, 1093, 

1076, 1068, 1043, 1009, 986, 958, 878, 817, 758, 732, 721, 700, 618, 527, 491, 474 

(Figure A.5). 
1
H NMR (600 MHz, CDCl3) ŭH= 8.43 (d, J = 4.8 Hz, 1H), 7.54 (d, J = 

8.2 Hz, 2H), 7.50 (td, J = 7.8, 1.9 Hz, 1H), 7.45 (d, J = 8.4 Hz, 2H), 7.04 (dd, J = 7.4, 

4.9 Hz, 1H), 6.95 (dd, J = 8.1, 0.7 Hz, 1H) (Figure C.13).
13

C-NMR (150 MHz, 

CDCl3) ŭ= 160.2, 149.4, 137.1, 136.2, 132.8, 132.3, 130.1, 126.3, 123.6, 121.8, 

120.3 (Figure C.14). HRMS (ESI) m/z; [M+H]
+
 265.9620, calc. for C11H9BrNS 

265.9634(Figure B.5). 
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3.2.2.4 2-(4-bromophenylsulfonyl)pyridine (4Ac) 

Under nitrogen atmosphere 30% aqueous hydrogen peroxide (0.65 mL) was added to 

a solution of 2-(4-bromophenylthio)pyridine (4) (0.33 g, 1.24 mmol) in acetic acid 

(9.3 mL). The reaction mixture was strirred at 80°C for 2 h. After cooling to room 

temperature, the residue was poured into ice-water (80 mL) and stirred until 

completion of precipitate. It was collected by filtration, washed with water and dried 

under vacuum. The residue was purified through column chromatography on silica 

gel [dichloromethane:hexane, (3:1)] to give the product (0.175 g, 48%) whitish solid. 

FTIR (KBr, cm
-1

): 3434, 3081, 3052, 1571, 1471, 1451, 1427, 1389, 1320, 1279, 

1254, 1169, 1154, 1122, 1090, 1068, 1010, 990, 905, 828, 776, 751, 733, 724, 698, 

618, 602, 566, 477 (Figure A.6). 
1
H NMR (600 MHz, CDCl3) ŭH= 8.66 (ddd, J = 4.7, 

1.5, 0.7 Hz, 1H), 8.19 (dd, J = 7.9, 1.0 Hz, 1H), 7.96 ï 7.90 (m, 3H), 7.70 ï 7.65 (m, 

2H), 7.47 (ddd, J = 7.7, 4.7, 1.0 Hz, 1H) (Figure C.15). 
13

C-NMR (150 MHz, CDCl3) 

ŭ=  158.5, 150.5, 138.2, 137 (Figure C.16). HRMS (ESI) m/z; [M+Na]
+
 319.9346, 

calc. for C11H8BrNO2S1Na 319.9351 (Figure B.6). 

3.2.2.5 5-iodo-2-(phenylthio)pyridine (5)  

1,2-diphenylsulfane (2) (0.138 g, 0.63 mmol) and 2,5-diiodopyridine (0.6 g, 1.81 

mmol) were loading to a solution of dimethylsulfoxide (10 mL) at 65°C under 

nitrogen atmosphere for a couple of minutes. After then potassium carbonate (0.175 

g,  1.27 mmol) and copper(I)iodide (24.2 mg, 0.127 mmol) were added while 

purging N2. Reaction mixture was heated to 166°C and stirred for 36 h. Reaction 

cooled down to room temperature and extracted with chloroform (3 x 50 mL). 

Combined organic phase was washed with brine and dried over Na2SO4. After 

solvent was removed and purified with silica gel column chromatography using 

hexane:ethyl acetate (20:1) to yield product 0.167 g 42%. FTIR (KBr, cm
-1

): 3057, 

2923, 2851, 1582, 1547, 1475, 1439, 1347, 1305, 1276, 1217, 1141, 1111, 1089, 

1067, 1024, 994, 919, 816, 751, 725, 704, 689, 624, 518, 475 (Figure A.7). 
1
H-NMR 

(400 MHz, CDCl3) ŭH= 8.60 (d, J = 2.0 Hz, 1H), 7.71 (dd, J = 8.5, 2.2 Hz, 1H), 7.63 

ï 7.54 (m, 2H), 7.48 ï 7.39 (m, 3H), 6.67 (d, J = 8.5 Hz, 1H) (Figure C.17). 
13

C-

NMR (100 MHz, CDCl3) ŭH= 161.0, 155.1, 144.7, 135.0, 130.2, 129.8, 129.5, 123.0, 

87.8 (Figure C.18). HRMS (ESI) m/z; [M+H]
+
 313.9456, calc. for C11H9I1N1S1 

313.9495 (Figure B.7). 
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3.2.2.6 5-iodo-2-(phenylsulfonyl)pyridine (5Ac)  

Under nitrogen atmosphere 30% aqueous hydrogen peroxide (1.0 mL) was added to 

a solution of 5-iodo-2-(phenylthio)pyridine (5) (0.58 g, 1.88 mmol) in acetic acid 

(14.0 mL). The reaction mixture was strirred at 80°C for 2 h. After cooling to room 

temperature, the residue was poured into ice-water (500 mL) and stirred until 

completion of precipitate. It was collected by filtration, washed with water and dried 

under vacuum. The residue was purified through column chromatography on silica 

gel [dichloromethane:hexane, (3:1)] to give the product (0.589 g, 91%) whitish solid. 

FTIR (KBr, cm
-1

): 3435, 3117, 3093, 3042, 1631, 1581, 1554, 1539, 1476, 1445, 

1351, 1326, 1305, 1283, 1261, 1237, 1169, 1135, 1115, 1076, 1025, 1001, 846, 801, 

768, 753, 733, 713, 685, 623, 603, 562 (Figure A.8). 
1
H-NMR (600 MHz, CDCl3) 

ŭH= 8.86 (d, J = 2.0 Hz, 1H), 8.26 (dd, J = 8.2, 2.0 Hz, 1H), 8.05 (d, J = 7.4 Hz, 2H), 

7.96 (d, J = 8.2 Hz, 1H), 7.63 (t, J = 7.5 Hz, 1H), 7.54 (t, J = 7.8 Hz, 2H) (Figure 

C.19). 
13

C-NMR (150 MHz, CDCl3) ŭ= 157.8, 156.6, 146.4, 138.6, 134.0, 129.2, 

129.0, 123.5, 98.1 (Figure C.20). HRMS (ESI) m/z; [M+H]
+
 345.9384, calc. for 

C11H9INO2S1 345.9393 (Figure B.8). 

3.2.2.7 2-(4-bromophenylthio)-5-iodopyridine (6) 

1,2-bis(4-bromophenyl)disulfane (3) (0.5 g, 1.33 mmol) and 2,5-diiodopyridine 

(1.257 g, 3.8 mmol) were loading to a solution of dimethylsulfoxide (24 mL) at 65°C 

under nitrogen atmosphere for a couple of minutes. After then potassium carbonate 

(0.184 g,  3.8 mmol) and copper(I)iodide (72 mg, 0.38 mmol) were added while 

purging N2. Reaction mixture was heated to 166°C and stirred for 36 h. Reaction 

cooled down to room temperature and extracted with chloroform (3 x 50 mL). 

Combined organic phase was washed with brine and dried over Na2SO4. After 

solvent was removed and purified with silica gel column chromatography using 

hexane:ethyl acetate (15:1) to yield crude product 0.89 g. Regarding NMR analysis, 

it was determined that product still had impurites after column chromatography. As a 

next step, crude product was handled without any purification. HRMS (ESI) m/z; 

[M+H]
+
 391.8556, calc. for C11H8Br1I1N1S1 391.8600 (Figure B.9). 
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3.2.2.8 2-(4-bromophenylsulfonyl)-5-iodopyridine (6Ac) 

Under nitrogen atmosphere 30% aqueous hydrogen peroxide (2.16 mL) was added to 

a solution of crude 2-(4-bromophenylthio)-5-iodopyridine (6) (1.61 g, 4.1 mmol) in 

acetic acid (31.0 mL). The reaction mixture was strirred at 80°C for 2 h. After 

cooling to room temperature, the residue was poured into ice-water (250 mL) and 

stirred until completion of precipitate. It was collected by filtration, washed with 

water and dried under vacuum. The residue was purified through column 

chromatography on silica gel [dichloromethane:hexane, (3:1)] to give the product 

(0.73 g, 42%) whitish solid. FTIR (KBr, cm
-1

): 3435, 3082, 1565, 1535, 1468, 1438, 

1385, 1350, 1314, 1274, 1239, 1175, 1161, 1123, 1106, 1070, 1001, 834, 821, 755, 

735, 722, 698, 622, 608, 566 (Figure A.9). 
1
H-NMR (600 MHz, CDCl3) ŭH= 8.86 (d, 

J = 1.6 Hz, 1H), 8.26 (dt, J = 8.2, 2.0 Hz, 1H), 7.94 (dd, J = 8.2, 3.3 Hz, 1H), 7.92 ï 

7.88 (m, 2H), 7.76 ï 7.72 (m, 1H), 7.70 ï 7.66 (m, 1H) (Figure C.21). 
13

C-NMR (150 

MHz, CDCl3) ŭ= 157.5, 156.6, 146.5, 138.5, 132.5, 130.5, 130.3, 123.4, 98.3 (Figure 

C.22). HRMS (ESI TOF) m/z; [M+H]
+
 423.8526, calc. for C11H8Br1I1N1O2S1 

423.8496 (Figure B.10). 

3.2.2.9 2-(4-bromophenylthio) -6-bromopyridine (7) 

1,2-bis(4-bromophenyl)disulfane (3) (0.5 g, 1.33 mmol) and 2,6-dibromopyridine 

(0.9 g, 3.8 mmol) were loadind to a solution of dimethylsulfoxide (35 mL) at 65°C 

under nitrogen atmosphere for a couple of minutes. After then potassium carbonate 

(0.524 g,  3.8 mmol) and copper(I)iodide (72 mg, 0.38 mmol) were added while 

purging N2. Reaction mixture was heated to 166°C and stirred for 36 h. Reaction 

cooled down to room temperature and extracted with chloroform (3 x 50 mL). 

Combined organic phase was washed with brine and dried over Na2SO4. After 

solvent was removed and purified with silica gel column chromatography using 

hexane:ethyl acetate (18:1) to yield crude product 0.76 g. Regarding NMR analysis, 

it was determined that product still had impurites after column chromatography. As a 

next step, crude product was handled without any purification. HRMS (ESI) m/z; 

[M+H]
+
 343.8784, calc. for C11H8Br2N1S1 343.8739 (Figure B.11). 

3.2.2.10 2-(4-bromophenylsulfonyl)-6-bromopyridine (7Ac) 

Under nitrogen atmosphere 30% aqueous hydrogen peroxide (1.6 mL) was added to 

a solution of crude 2-(4-bromophenylthio)-6-bromopyridine (7) (0.52 g, 1.51 mmol) 
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in acetic acid (20.0 mL). The reaction mixture was strirred at 80°C for 2 h. After 

cooling to room temperature, the residue was poured into ice-water (150 mL) and 

stirred until completion of precipitate. It was collected by filtration, washed with 

water and dried under vacuum. The residue was purified through column 

chromatography on silica gel [dichloromethane:hexane, (3:1)] to give the product 

(0.29 g, 51%) whitish solid. FTIR (KBr, cm
-1

): 3400, 3082, 2921, 1562, 1542, 1469, 

1417, 1388, 1329, 1280, 1260, 1183, 1175, 1162, 1133, 1122, 1095, 1076, 1066, 

1007, 982, 824, 834, 806, 780, 739, 723, 698, 652, 620, 576, 527 (Figure A.10). 
1
H-

NMR (400 MHz, CDCl3) ŭH=  8.13 (dd, J = 7.6, 0.8 Hz, 1H), 7.99 ï 7.89 (m, 2H), 

7.77 (t, J = 7.8 Hz, 1H), 7.73 ï 7.67 (m, 2H), 7.64 (dd, J = 8.0, 0.8 Hz, 1H) (Figure 

C.23). 
13

C-NMR (100 MHz, CDCl3) ŭ= 158.7, 142.8, 140.0, 137.0, 132.5, 132.0, 

130.7, 129.7, 120.8 (Figure C.24). HRMS (ESI) m/z; [M+Na]
+
 397.8496, calc. for 

C11H7Br2N1O2S1Na 397.8456 ( Figure B.12). 

3.2.2.11 3-(4-bromophenylthio)-5-bromopyridine (8) 

1,2-bis(4-bromophenyl)disulfane (3) (0.816 g, 2.17 mmol) and 3,5-dibromopyridine 

(1.47 g, 6.2 mmol) were loadind to a solution of dimethylsulfoxide (30 mL) at 65°C 

under nitrogen atmosphere for a couple of minutes. After then potassium carbonate 

(0.856 g,  6.2 mmol) and copper(I)iodide (118 mg, 0.62 mmol) were added while 

purging N2. Reaction mixture was heated to 166°C and stirred for 36 h. Reaction 

cooled down to room temperature and extracted with chloroform (3 x 50 mL). 

Combined organic phase was washed with brine and dried over Na2SO4. After 

solvent was removed and purified with silica gel column chromatography using 

hexane:ethyl acetate (12:1) to yield product 0.41g 28%. FTIR (KBr, cm
-1

): 3053, 

1546, 1471, 1401, 1388, 1298, 1210, 1170, 1099, 1083, 1063, 1006, 870, 839, 818, 

781, 726, 689, 646, 539, 491, 480 (Figure A.11). 
1
H-NMR (600 MHz, CDCl3) ŭH= 

8.51 (d, J = 2.0 Hz, 1H), 8.41 (d, J = 1.9 Hz, 1H), 7.67 (t, J = 2.0 Hz, 1H), 7.54 ï 

7.48 (m, 2H), 7.30 ï 7.27 (m, 2H) (Figure C.25). 
13

C-NMR (150 MHz, CDCl3) ŭ= 

148.8, 148.2, 139.3, 135.3, 134.0, 134.0, 133.0, 131.6, 123.0, 121.0 (Figure C.26). 

HRMS (ESI) m/z; [M+H]
+
 343.8717, calc. for C11H8Br2N1S1 343.8739 (Figure 

B.13). 
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3.2.2.12 3-(4-bromophenylsulfonyl)-5-bromopyridine (8Ac) 

Under nitrogen atmosphere 30% aqueous hydrogen peroxide (1.2 mL) was added to 

a solution of 3-(4-bromophenylthio)-5-bromopyridine (8) (0.393 g, 1.14 mmol) in 

acetic acid (17.13 mL). The reaction mixture was strirred at 80°C for 2 h. After 

cooling to room temperature, the residue was poured into ice-water (200 mL) and 

stirred until completion of precipitate. It was collected by filtration, washed with 

water and dried under vacuum. The residue was purified through column 

chromatography on silica gel [dichloromethane:hexane, (3:1)] to give the product 

(0.28 g, 91%)  whitish solid. FTIR (KBr, cm
-1

): 3435, 3089, 3049, 2924, 1647, 1570, 

1466, 1415, 1385, 1327, 1300, 1277, 1217, 1182, 1156, 1111, 1091, 1065, 1006, 893, 

823, 796, 738, 700, 687, 650, 610, 568, 477 (Figure A.12). 
1
H-NMR (400 MHz, 

CDCl3) ŭH=  9.02 (d, J = 2.0 Hz, 1H), 8.85 (d, J = 2.1 Hz, 1H), 8.31 (t, J = 2.1 Hz, 

1H), 7.86 ï 7.79 (m, 2H), 7.75 ï 7.68 (m, 2H) (Figure C.27). 
13

C-NMR (100 MHz, 

CDCl3) ŭ= 155.1, 146.5, 139.1, 139.0, 137.5, 133.1, 129.8, 129.4, 121.2 (Figure 

C.28). HRMS (ESI) m/z; [M+H]
+
 397.8505, calc. for C11H7Br2N1O2S1Na 

397.8456 (Figure B.14). 

3.2.2.13 4-(4-bromophenylthio)-2-bromopyridine (9) 

1,2-bis(4-bromophenyl)disulfane (3) (2 g, 5.32 mmol) and 2,4-dibromopyridine (3.6 

g, 15.19 mmol) were loading to a solution of dimethylsulfoxide (70 mL) at 65°C 

under nitrogen atmosphere for a couple of minutes. After then potassium carbonate 

(2.1 g, 15.19 mmol) and copper(I)iodide (290 mg, 1.519 mmol) were added while 

purging N2. Reaction mixture was heated to 166°C and stirred for 36 h. Reaction 

cooled down to room temperature and extracted with chloroform (3 x 50 mL). 

Combined organic phase was washed with brine and dried over Na2SO4. After 

solvent was removed and purified with silica gel column chromatography using 

hexane:ethyl acetate (20:1) to yield product 1.743 g 47.5%. FTIR (KBr, cm
-1

): 3076, 

3045, 2924, 1904, 1640, 1557, 1519, 1471, 1449, 1386, 1361, 1265, 1222, 1175, 

1134, 1106, 1090, 1069, 1009, 981, 862, 818, 765, 731, 701, 681, 625, 553, 525, 489 

(Figure A.13). 
1
H-NMR (600 MHz, CDCl3) ŭH= 8.10 (d, J = 5.4 Hz, 1H), 7.61 (d, J = 

8.4 Hz, 2H), 7.41 (d, J = 8.4 Hz, 2H), 7.07 (d, J = 1.3 Hz, 1H), 6.88 (dd, J = 5.3, 1.7 

Hz, 1H) (Figure C.29). 
13

C-NMR (150 MHz, CDCl3) ŭ= 152.6, 149.4, 142.5, 136.7, 
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133.4, 127.5, 124.9, 124.0, 119.7 (Figure C.30). HRMS (ESI) m/z; [M+H]
+
 

343.8727, calc. for C11H8Br2N1S1 343.8739 (Figure B.15). 

3.2.2.14 4-(4-bromophenylsulfonyl)-2-bromopyridine (9Ac)  

Under nitrogen atmosphere 30% aqueous hydrogen peroxide (1.2 mL) was added to 

a solution of 2-(4-bromophenylthio)-4-bromopyridine (9) (0.38 g, 1.1 mmol) in 

acetic acid (16.5 mL). The reaction mixture was strirred at 80°C for 2 h. After 

cooling to room temperature, the residue was poured into ice-water (200 mL) and 

stirred until completion of precipitate. It was collected by filtration, washed with 

water and dried under vacuum. The residue was purified through column 

chromatography on silica gel [dichloromethane:hexane, (3:1)] to give the product 

(0.36 g, 87%) whitish solid. FTIR (KBr, cm
-1

): 3435, 3082, 2922, 2852, 1642, 1573, 

1542, 1467, 1445, 1386, 1355, 1331, 1270, 1163, 1126, 1098, 1075, 1067, 1006, 980, 

879, 848, 817, 783, 738, 701, 683, 621, 568,  518, 471 (Figure A.14). 
1
H-NMR (600 

MHz, CDCl3) ŭH= 8.57 (d, J = 5.1 Hz, 1H), 7.94 (s, 1H), 7.82 (d, J = 8.6 Hz, 2H), 

7.73 (d, J = 8.6 Hz, 2H), 7.68 (dd, J = 5.1, 1.4 Hz, 1H) Figure C.31). 
13

C-NMR (150 

MHz, CDCl3) ŭ= 151.7, 151.6, 143.4, 138.1, 133.2, 130.2, 129.7, 125.4, 

119.6(Figure C.32). HRMS (ESI) m/z; [M+H]
+
 375.8690, calc. for 

C11H8Br2N1O2S1 375.8637(Figure B.16). 

3.2.2.15 4-(3-bromophenylthio)-2-bromopyridine (9ô) 

1,2-bis(3-bromophenyl)disulfane (3ô) (1.95 g, 5.18 mmol) and 2,4-dibromopyridine 

(3.5 g, 14.81 mmol) were loading to a solution of dimethylsulfoxide (70 mL) at 65°C 

under nitrogen atmosphere for a couple of minutes. After then potassium carbonate 

(2.04 g,  14.81 mmol) and copper(I)iodide (282 mg, 1.48 mmol) were added while 

purging N2. Reaction mixture was heated to 166°C and stirred for 36 h. Reaction 

cooled down to room temperature and extracted with chloroform (3 x 50 mL). 

Combined organic phase was washed with brine and dried over Na2SO4. After 

solvent was removed and purified with silica gel column chromatography using 

hexane:ethyl acetate (12:1) to yield product 1.42 g 40%. FTIR (KBr, cm
-1

): 3428, 

3041, 1561, 1516, 1464, 1448, 1401, 1363, 1245, 1227, 1168, 1146, 1133, 1099, 

1067, 992, 978, 910, 862, 819, 780, 767, 757, 676, 662, 549, 455 (Figure A.15). 
1
H-

NMR (600 MHz, CDCl3) ŭH= 8.13 (d, J = 5.4 Hz, 1H), 7.71 (t, J = 1.6 Hz, 1H), 7.63 

(d, J = 8.1 Hz, 1H), 7.48 (d, J = 7.8 Hz, 1H), 7.36 (t, J = 7.9 Hz, 1H), 7.10 (d, J = 1.4 
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Hz, 1H), 6.90 (dd, J = 5.4, 1.5 Hz, 1H) (Figure C.33). 
13

C-NMR (150 MHz, CDCl3) 

ŭ= 152.6, 149.3, 142.3, 137.5, 133.6, 133.3, 131.4, 130.5, 124.2, 123.6 (Figure C.34). 

HRMS (ESI) m/z; [M+H]
+
 343.8898, calc. for C11H8Br2N1S1 343.8739 (Figure 

B.17). 

3.2.2.16 4-(3-bromophenylsulfonyl)-2-bromopyridine (9Acô) 

Under nitrogen atmosphere 30% aqueous hydrogen peroxide (1.2 mL) was added to 

a solution of 4-(3-bromophenylthio)-2-bromopyridine (9ô) (1.38 g, 4.01 mmol) in 

acetic acid (60.0 mL). The reaction mixture was strirred at 80°C for 2 h. After 

cooling to room temperature, the residue was poured into ice-water (1 L) and stirred 

until completion of precipitate. It was collected by filtration, washed with water and 

dried under vacuum. The residue was purified through column chromatography on 

silica gel [dichloromethane:hexane, (3:1)] to give the product (1.27 g, 84%) whitish 

solid. FTIR (KBr, cm
-1

): 3434, 3111, 3082, 3064, 1560, 1546, 1458, 1446, 1411, 

1357, 1327, 1297, 1220, 1163, 1128, 1077, 993, 978, 914, 900, 837, 795, 782, 757, 

719, 686, 671, 655, 612, 585, 512, 482 (Figure A.16). 
1
H-NMR (600 MHz, CDCl3) 

ŭH= 8.59 (d, J = 5.1 Hz, 1H), 8.09 (s, 1H), 7.95 (s, 1H), 7.89 (d, J = 7.8 Hz, 1H), 7.80 

(d, J = 8.0 Hz, 1H), 7.71 (d, J = 5.0 Hz, 1H), 7.48 (s, 1H) (Figure C.35). 
13

C-NMR 

(150 MHz, CDCl3) ŭ= 151.7, 151.3, 143.4, 141.0, 137.6, 131.3, 131.0, 126.8, 125.5, 

123.8, 119.7 (Figure C.36).HRMS (ESI) m/z; [M+H]
+
 375.8848, calc. for 

C11H8Br2N1O2S1 375.8637 (Figure B.18). 

3.2.3 General procedure for Ullmann r eaction  

An oven-dried flask was charged with corresponding halogenated phenyl-sulfonyl 

pyridine derivatives (4Ac, 5Ac, 6Ac, 7Ac, 8Ac, 9Ac and 9Acô) (1.0 eq), 9H-

carbazole (1.1 eq for 4Ac & 5Ac; 2.2 eq for 6Ac, 7Ac, 8Ac, 9Ac & 9Acô) and p-

xylene. After then copper(I)iodide (11% of 4Ac & 5Ac; 22% of 6Ac, 7Ac, 8Ac, 9Ac 

& 9Acô), 1,10-phenantroline (11% of 4Ac & 5Ac; 22% of 6Ac, 7Ac, 8Ac, 9Ac & 

9Acô) and potassium carbonate (2.0 eq for 4Ac & 5Ac; 4.0 eq for 6Ac, 7Ac, 8Ac, 

9Ac & 9Acô) were added under nitrogen atmosphere respectively. Reaction mixture 

was refluxed for 48 h. After cooling to room temperature mixture extracted with 

dichloromethane (3 x 50 mL). Combined organic phase was washed with brine and 

dried over Na2SO4. After solvent was removed and purified with silica gel column 

chromatography using dichlorometane:hexane (3:1). 
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3.2.3.1 9-(4-(pyridin -2-ylsulfonyl)phenyl)-9H-carbazole (Cz-pS2-Py) 

The title compound was obtained from 4Ac (0.175 g, 0.58 mmol) as white colored 

target molecule Cz-pS2-Py in 54% (0.122 g). FTIR (KBr, cm
-1

): 3435, 1591, 1500, 

1479, 1450, 1426, 1365, 1325, 1314, 1286, 1227, 1166, 1147, 1123, 1104, 1088, 

1072, 1014, 990, 936, 915, 838, 790, 770, 743, 721, 679, 624, 600, 569 (Figure 

A.17). 
1
H-NMR (600 MHz, CDCl3) ŭH= 8.76 (d, J=4.6, 1H), 8.37 ï 8.26 (m, 3H), 

8.13 (d, J=7.8, 2H), 8.00 (td, J=7.8, 1.6, 1H), 7.79 (d, J=8.5, 2H), 7.53 (ddd, J=7.6, 

4.7, 0.8, 1H), 7.47 (d, J=8.2, 2H), 7.44 ï 7.40 (m, 2H), 7.32 (t, J=7.4, 2H) (Figure 

C.37). 
13

C-NMR (150 MHz, CDCl3) ŭ= 158.7, 150.6, 143.0, 139.9, 138.2, 136.9, 

130.9, 127.1, 126.8, 126.3, 124.0, 122.3, 120.9, 120.5, 109.6 (Figure C.38). HRMS 

(ESI) m/z; [M]
+
 385.1012, calc. for C23H16N2O2S1 385.1005 (Figure B.19). 

3.2.3.2 9-(6-(phenylsulfonyl)pyridin -3-yl)-9H-carbazole (pS2-Py-5Cz) 

The title compound was obtained from 5Ac (0.35 g, 1.01 mmol) as off white colored 

target molecule pS2-Py-5Cz in 90% (0.35 g). FTIR (KBr, cm
-1

): 3435, 3090, 3050, 

1622, 1598, 1577, 1490, 1478, 1465, 1454, 1446, 1386, 1362, 1334, 1307, 1241, 

1222, 1183, 1162, 1132, 1117, 1102, 1070, 1015, 998, 983, 931, 909, 863, 783, 764, 

746, 717, 691, 678, 639, 613, 603, 569, 529, 513, 475 (Figure A.18). 
1
H-NMR (600 

MHz, CDCl3) ŭH=  8.97 (d, J = 2.4 Hz, 1H), 8.45 (d, J = 8.4 Hz, 1H), 8.19 ï 8.15 (m, 

3H), 8.13 (d, J = 7.7 Hz, 2H), 7.68 (t, J = 7.5 Hz, 1H), 7.61 (t, J = 7.8 Hz, 2H), 7.47 

ï 7.39 (m, 4H), 7.35 (ddd, J = 7.9, 5.7, 2.4 Hz, 2H) (Figure C.39). 
13

C-NMR (150 

MHz, CDCl3) ŭ= 156.2, 148.2, 139.7, 138.7, 137.8, 134.9, 134,0, 129.3, 129.1, 

126.6, 124.2, 123.4, 121.5, 120.7, 109.2 (Figure C.40). HRMS (ESI) m/z; [M+Na]
+
 

407.0822, calc. for C23H16N2O2S1Na 407.0825 (Figure B.20). 

3.2.3.3 9-(4-(5-(9H-carbazol-9-yl)pyridin -2-yl-sulfonyl)phenyl)-9H-carbazole 

(Cz-pS2-Py-5Cz) 

The title compound was obtained from 6Ac (0.35 g, 0.82 mmol) as white colored 

target molecule Cz-pS2-Py-5Cz in 47% (0.21 g). FTIR (KBr, cm
-1

): 3436, 3055, 

2923, 1590, 1573, 1499, 1478, 1463, 1448, 1385, 1361, 1334, 1313, 1284, 1224, 

1162, 1113, 1102, 1074, 1017, 929, 841, 781, 748, 723, 686, 676, 638, 623, 614, 602, 

571 (Figure A.19). 
1
H-NMR (600 MHz, CDCl3) ŭH=  9.06 (d, J = 2.4 Hz, 1H), 8.53 

(d, J = 8.3 Hz, 1H), 8.41 (d, J = 8.5 Hz, 2H), 8.23 (dd, J = 8.3, 2.4 Hz, 1H), 8.14 (dd, 

J = 4.4, 3.2 Hz, 4H), 7.86 (d, J = 8.5 Hz, 2H), 7.53 (d, J = 8.2 Hz, 2H), 7.49 ï 7.42 
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(m, 6H), 7.36 (ddd, J = 16.9, 11.3, 4.2 Hz, 4H) (Figure C.41). 
13

C-NMR (150 MHz, 

CDCl3) ŭ= 155.9, 148.3, 143.3, 139.9, 139.7, 138.0, 136.6, 134.9, 131.1, 126.9, 

126.7, 126.3, 124.3, 124.0, 123.5, 121.6, 121.0, 120.7, 120.5, 109.6, 109.2 (Figure 

C.42). HRMS (ESI) m/z; [M+Na]
+
 572.1466, calc. for C35H23N3O2S1Na 572.1403 

(Figure B.21). 

3.2.3.4 9-(4-(6-(9H-carbazol-9-yl)pyridin -2-ylsulfonyl)phenyl)-9H-carbazole 

(Cz-pS2-Py-6Cz) 

The title compound was obtained from 7Ac (0.30 g, 0.70 mmol) as white colored target 

molecule Cz-pS2-Py-6Cz in 52% (0.202 g). FTIR (KBr, cm
-1

): 3435, 1625, 1591, 1501, 

1490, 1478, 1451, 1363, 1334, 1314, 1284, 1224, 1192, 1176, 1156,1128, 1109, 

1084, 1029, 992, 976, 913, 839, 810, 795, 768, 752, 721, 694, 678, 640, 622, 614, 

596, 568 (Figure A.20). 
1
H-NMR (400 MHz, CDCl3) ŭH= 8.41 ï 8.35 (m, 2H), 8.23 

(dd, J = 7.6, 1.1 Hz, 1H), 8.19 (t, J = 7.7 Hz, 1H), 8.14 (d, J = 7.6 Hz, 2H), 8.08 (dd, 

J = 7.6, 0.7 Hz, 2H), 7.90 (dd, J = 7.8, 1.2 Hz, 1H), 7.86 ï 7.81 (m, 2H), 7.77 (d, J = 

8.1 Hz, 2H), 7.46 (d, J = 8.1 Hz, 2H), 7.42 ï 7.27 (m, 8H) (Figure C.43). 
13

C-NMR 

(100 MHz, CDCl3) ŭ= 158.3, 152.2, 143.3, 140.5, 139.8, 138.8, 136.2, 131.4, 126.8, 

126.5, 126.3, 124.7, 124.0, 121.9, 121.5, 121.0, 120.5, 120.3, 118.1, 111.3, 

109.7(Figure C.44). HRMS (ESI) m/z; [M+Na]
+
 572.1408, calc. for 

C35H23N3O2S1Na 572.1403 (Figure B.22). 

3.2.3.5 9-(4-(5-(9H-carbazol-9-yl)pyridin -3-ylsulfonyl)phenyl)-9H-carbazole 

(Cz-pS3-Py-5Cz) 

The title compound was obtained from 8Ac (0.25 g, 0.663 mmol) as white colored target 

molecule Cz-pS3-Py-5Cz in 63% (0.23 g). FTIR (KBr, cm
-1

): 3435, 3052, 1591, 1500, 

1479, 1451, 1424, 1360, 1326, 1334, 1315, 1220, 1194, 1147, 1101, 1082, 1020, 976, 

931, 912, 843, 827, 809, 768, 748, 723, 703, 691, 678, 641, 616, 607, 569, 530 

(Figure A.21). 
1
H-NMR (400 MHz, CDCl3) ŭH= 9.28 (s, 1H), 9.16 (s, 1H), 8.55 (s, 

1H), 8.26 (d, J = 8.0 Hz, 2H), 8.15 (dd, J = 10.9, 7.7 Hz, 4H), 7.86 (d, J = 7.9 Hz, 

2H), 7.54 ï 7.31 (m, 12H) (Figure C.45).
13

C-NMR (100 MHz, CDCl3) ŭ= 151.8, 

146.2, 143.5, 139.8, 139.7, 139.4, 138.0, 135.4, 132.7, 130.0, 127.4, 126.7, 126.4, 

124.2, 124.1, 121.5, 121.2, 120.8, 120.6, 109.6, 109.0 (Figure C.46). HRMS (ESI) 

m/z; [M+H]
+
 550.1661, calc. for C35H24N3O2S1 550.1584 (Figure B.23). 
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3.2.3.6 9-(4-(2-(9H-carbazol-9-yl)pyridin -4-ylsulfonyl)phenyl)-9H-carbazole 

(Cz-pS4-Py-2Cz) 

The title compound was obtained from 9Ac (0.2 g, 0.53 mmol) as off white colored 

target molecule Cz-pS4-Py-2Cz in 61% (0.177 g). FTIR (KBr, cm
-1

): 3435, 3039, 

1591, 1576, 1500, 1489, 1479, 1465, 1449, 1406, 1362, 1329, 1314, 1284, 1274, 

1244, 1226, 1193, 1154, 1120, 1100, 1078, 1028, 1015, 1004, 993, 966, 931, 914, 

890, 839, 833, 794, 768, 748, 722, 707, 680, 656, 644, 620, 607, 586, 586, 563, 534, 

498 (Figure A.22). 
1
H-NMR (600 MHz, CDCl3) ŭH= 8.96 (d, J = 5.1 Hz, 1H), 8.25 

(d, J = 8.6 Hz, 2H), 8.22 (s, 1H), 8.13 (d, J = 7.8 Hz, 4H), 7.92 (d, J = 8.3 Hz, 2H), 

7.85 (d, J = 8.6 Hz, 2H), 7.80 (dd, J = 5.1, 1.3 Hz, 1H), 7.48 (t, J = 8.3 Hz, 4H), 7.44 

ï 7.29 (m, 6H) (Figure C.47). 
13

C-NMR (150 MHz, CDCl3) ŭ= 153.4, 152.1, 151.2, 

143.7, 139.8, 139.0, 137.3, 130.2, 127.3, 126.7, 126.4, 124.9, 124.1, 122.0, 121.2, 

120.6, 120.4, 117.1, 115.4, 111.3, 109.6 (Figure C.48). HRMS (ESI) m/z; [M+H]
+
 

550.1656, calc. for C35H24N3O2S1 550.1584 (Figure B.24). 

3.2.3.7 9-(3-(2-(9H-carbazol-9-yl)pyridin -4-ylsulfonyl)phenyl)-9H-carbazole 

(Cz-mS4-Py-2Cz) 

The title compound was obtained from 9Acô (0.24 g, 0.64 mmol) as yellowish 

colored target molecule Cz-mS4-Py-2Cz in 60% (0.21 g). FTIR (KBr, cm
-1

): 3056, 

2925, 1594, 1574, 1491, 1477, 1465, 1445, 1405, 1361, 1329, 1312, 1274, 1222, 

1183, 1148, 1097, 1075, 1029, 994, 968, 916, 895, 843, 794, 778, 745, 720, 710, 690, 

655, 640, 616, 589, 562 (Figure A.23). 
1
H-NMR (600 MHz, CDCl3) ŭH=  8.93 (d, J = 

5.1 Hz, 1H), 8.27 (s, 1H), 8.18 (s, 1H), 8.14 (d, J = 7.7 Hz, 2H), 8.09 (t, J = 7.7 Hz, 

3H), 7.92 (d, J = 8.0 Hz, 1H), 7.85 (dd, J = 19.3, 8.0 Hz, 3H), 7.75 (d, J = 5.1 Hz, 

1H), 7.42 ï 7.29 (m, 10H) (Figure C.49). 
13

C-NMR (150 MHz, CDCl3) ŭ= 153.4, 

151.8, 151.2, 141.7, 140.0, 139.5, 138.9, 132.5, 131.5, 126.7, 126.4, 126.2, 124.9, 

123.8, 122.0, 120.9, 120.6, 120.4, 117.1, 115.4, 111.2, 109.2 (Figure C.50). HRMS 

(ESI) m/z; [M+H]
+
 550.1436, calc. for C35H24N3O2S1 550.1584 (Figure B.25). 

3.3 Result and Discussion 

3.3.1 Synthesis 

The starting materials 1, 1ô and 2 were purchased from commercial manufacturers 

and used without further purification. 3 and 3ô were synthesized according to the 
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literature reports but with less product yields [99,100]. The synthetic routes and their 

electronic resonance structures for the molecules; Cz-pS2-Py, pS2-Py-5Cz, Cz-pS2-

Py-5Cz, Cz-pS2-Py-6Cz, Cz-pS3-Py-5Cz, Cz-pS4-Py-2Cz and Cz-mS4-Py-2Cz are 

outlined in Figure 3.3. The target molecules were obtained from using Br and I 

functionalized pyridyl-sulfonyl intermediates prepared by copper-catalyzed Ullmann 

reaction with moderate yields. The precursors 4Ac, 5Ac, 6Ac, 7Ac, 8Ac, 9Ac and 

9Acô were synthesized from the oxidation reactions of halogenated 

phenylthiopyridine derivatives which had similar yields regardless of whether the 

substition was at ortho, meta and para position as 7Ac, 8Ac and 9Ac, respectively 

(Figure 3.2). Commercially avaliable in different positioned halopyridine molecules 

were reacted with 3 and 3ô to afford phenylthiopyridine derivatives 4, 5, 6, 7, 8, 9 

and 9ô with modarate yields (Figure 3.1). The more remarkable observation was that 

the highest yield C-S coupling reactions amongst 2,4-, 2,6-, 3,5- and 2,5- substituted 

pyridines which was positioned 2,4-. They were obtained from ligand free copper (I) 

catalyzed C(Aryl)-S coupling reactions preferentially occured at one carbon center 

(C4, C2, C2/C6 and C3/C5) on pyridine ring. 

Nucleophilic Aromatic Substitution (SNAr) Reactions of halo-pyridine derivatives 

are expected react with nucleophiles faster at C4 than at C2/C6 position which are 

depended on nucleophile types [101]. Especially soft nucleophiles such as thiolates 

readily undergo SnAr reactions at para positions (C4) of halo-pyridines [102]. 

Nevertheless the place where the sulphur atom was attached at C2 or C4 position on 

pyridine can be clarifed by using NMR spectrums of different positioned other 

pyridyl-sulfonyl isomers. When compherensively discussed with compounds 4Ac, 

5Ac, 6Ac, 7Ac and 8Ac chemical shifts of carbon atoms on pyridine ring, they were 

assigned unequivocally which carbon atoms bonded with sulphur, halogen or 

hydrogen atoms. Especially 
13

CNMR of 4Ac showed that C2-(Sulphur) atom (158.5 

ppm) has the most downfielded shifted signal when compared to C2(-Bromide) atom 

(142.5 ppm) of 2,4-dibromopyridine and C2-(Hydrogen) atom (149.8 ppm) of 

pyridine [103,104]. Also the most deshielded signal of other compounds (5Ac, 6Ac, 

7Ac) are 157.8, 157.5 and 158.7 ppm, respectively but the higher frequency peaks 

for 9Ac and 9Acô have similar resonance at 151.7 ppm. As a result of all 
13

C-NMR 

data analyses, Carbon-Sulphur bond formation must be placed at C4 position on 

pyridine ring for 9Ac and 9Acô. The comparison sets were organized with their 

electronic resonance structures. Set 1 molecules, 2,5-substituted pyridine derivatives 
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have the most stable electronic resonance structure and elongated p-electron 

conjugation. Delocalized electrons on the structures can reach at the the most 

electron withdrawing atom, Oxygene. For set 2 molecules, while carbozole p-

electrons can move to sulfonyl oxygene on the phenyl ring, pyridine p-electrons can 

not. However Cz-pS2-Py-6Cz has more stable resonance form, due to the nitrogen 

atom in the pyridine ring bears a negative charge. Comparison set 3, like as set 2, 

pyridine p-electrons can not reach at acceptor (A) unit but electron density 

distrubition on the structure is more comfortable compared to Cz-pS2-Py-6Cz 

because of its sulfonyl group leads to steric effect. On the other hand donor 

delocalized electrons on the phenyl ring is blocked by meta positioned carbazole 

moity of Cz-mS4-Py-2Cz. For this 2,4-substituted pyridine derivative, p-electron 

movement is restricted for both side. 

The compound of Cz-pS2-Py, pS2-Py-5Cz, Cz-pS2-Py-5Cz, Cz-pS2-Py-6Cz, Cz-

pS3-Py-5Cz, Cz-pS4-Py-2Cz and Cz-mS4-Py-2Cz were characterized by FTIR, 

NMR (
1
H-, 

13
C-) and HRMS, the details of which were shown in Appendix A. 

3.3.2 Photophysical properties 

Ultraviolet-visible (UV-Vis) absorption and photoluminescence (PL) spectra of 

emitters in series of different polarity solvents (10
-5

 M concentration) are illustrated 

in Figure D.5. All molecules in the series have p-p* transitions with some vibronic 

structure in 330-335 nm region. This is very similar to what was previously observed 

in carbazole systems [81]. Four of the molecules (pS2-Py-5Cz, Cz-pS2-Py-5Cz, Cz-

pS3-Py-5Cz and Cz-pS4-Py-2Cz) have an additional shoulder at 350 nm and the 

appearance of the shoulder is stronger in Cz-pS4-Py-2Cz compound, indicating that 

the D and A are more conjugated in the ground state. All molecules show 

solvatochromic behavior in solution, with a red-shift in onset of emission ranging 

from 95-100 nm upon switching from cyclohexane to acetonitrile. In non-polar 

cyclohexane, vibronically structured emission is observed for all the materials, 

changing to unstructured and Gaussian shape emission in the more polar solvents 

(Figure D.5), which establishes predominately charge transfer (CT) character in the 

emissive states of the molecules. 

https://www.seslisozluk.net/restricted-nedir-ne-demek/
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Figure 3.3 : The synthetic route of target molecules with comparison set 1, 2 & 3. 

3.3.3 Time-resolved photoluminescence 

3.3.3.1 Comparison set 1 (Cz-pS2-Py, pS2Py-5Cz and Cz-pS2-Py-5Cz) 

The photophysical properties of these differently connected D-Aa and D-aA(-D) 

materials (D= carbazole, A=sulfonyl, a=pyridine) were investigated in nonpolar 

polymer host zeonex (1% w/w, Figure 3.4), in which the steady-state emission 
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spectra appears featureless and peak at 384, 400 and 405 nm for Cz-pS2-Py, pS2Py-

5Cz, Cz-pS2-Py-5Cz, respectively. This immediately shows that the CT energy is 

lower in the D-aA and D-aA-D materials, a result of closer interactions between a 

carbazole and the pyridine group. Surprisingly, this also indicates that the properties 

of the D-aA-D material are dominated by the D-aA side of it, with the distant 

carbazole (as in the D-Aa material) having little influence. The photoluminescence 

quantum yield (PLQY) values are given in Table 3.1, where 0.21, 0.3 and 0.32 were 

obtained for the same comparison set order. The similarities between the PLQYs of 

the D-aA and D-aA-D materials are again apparent, and in contrast to the D-Aa.  
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Table 3.1 : Photophysical properties and kinetics for the molecules in zeonex (1% wt/wt) films. 

Molecules 
lpl 

(nm) 

labs 

(nm) 

PLQY
a
 

(%) 

S1 
b 

(eV) 

T1
 c 

(eV) 

ȹEST
d 

(eV) 

kf
 e 

(×10
7
 s

-1
)
 

kNR
f 

(×10
8
 s

-1
) 

kISC
 e
  

(×10
6
 s

-1
) 

krISC
 e 

(×10
3
 s

-1
) 

DF/PF
 

g
 

PF
 g
 

(ns) 

DF
 g
 

(µs) 

Cz-pS2-Py 
366

i
 

465
ii
 

335 21 3.18 3.10 0.08 14 5.2 - - 0 6.7 - 

pS2-Py-5Cz 
389

i
 

490
ii
 

335 30 3.20 3.18 0.02 3.9 0.9 1.6 1.0 0.015 11 420 

Cz-pS2-Py-5Cz 
392

i
 

489
ii
 

336 32 3.22 3.18 0.04 5.2 1.1 2.4 3.9 0.019 8.1 130 

Cz-pS2-Py-6Cz 
398

i 

487
ii  329 9.8 3.37 3.18 0.19 4.5 4.1 2.3 34 0.03 7.0 58 

Cz-pS3-Py-5Cz 
396

i
 

490
ii
 

335 3.7 3.37 3.18 0.19 5.6 14 11 21 0.21 9.4 36 

Cz-pS4-Py-2Cz 
419

i  

507
ii  336 42 3.21 3.20 0.01 2.0 0.3 40 9.9 1.29 12 280 

Cz-mS4-Py-2Cz 
430

i
 

510
ii
 

327 54 3.18 3.16 0.01 2.5 0.2 36 5.3 0.84 13 110 

(i) in cyclohexane.  

(ii) in acetonitrile.
 

a 
Measured in zeonex film under nitrogen atmosphere. 

b 
S1 from singlet PL onset. 

c
 T1 from triplet PH onset. 

d
 ȹEST = S1-T1. 

e
 kf, kISC, krISC from kinetic fitting of decays [105]. 

f
 kNR from fitting of other kinetic rates to measured PLQY value [106]. 

g
 PF and DF decay rates from weighted average of biexponential fitting of decay regions, with DF/PF ratio from areas of fitted exponentials.  
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Figure 3.4 : Normalized Uv-Vis absorption and photoluminescence spectra of Cz-

pS2-Py, pS2Py-5Cz and Cz-pS2-Py-5Cz molecules in 1% w/w zeonex films at RT. 

Phosphorescence spectra of 1% w/w zeonex films at 80 K at >50 ms delay after 

pulsed excitation. 

Figure 3.5 shows the time-dependent emission decay curves of Cz-pS2-Py, pS2Py-

5Cz, Cz-pS2-Py-5Cz materials in 1% w/w zeonex host films at room temperature 

(RT) and 80K, where the emission were collected from the early prompt 

fluorescence (PF) to the end of the delayed fluorescence (DF). The curves were 

obtained with 355 nm excitation (~100 µJ) in oxygen free environment. With the 

exception of Cz-pS2-Py, the decay curves show clear bi-modal- decays, assigned as 

the prompt and the long-lived delayed emission regions. The DF emission is 

suppressed at 80K, which is a strong indication of a TADF emission mechanism. 

Instead, PF is followed by an interval during which emission is below the detection 

noise floor of the iCCD camera, with longer time delays (in millisecond time region) 

giving rise to phosphorescence (PH) emission. Overall, the decay kinetics are 

consistant with the D-aA region of the D-aA-D molecule largely controlling its 

optical properties, with the additional distant carbazole acting only as a spectator (as 
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opposed to it forming a weakly bound CT state in the D-Aa molecule, where there is 

no nearby carbazole acting in competition). 

 

Figure 3.5 : Emission decay kinetics of the materials in 1% w/w zeonex films at RT 

and 80K a) Cz-pS2-Py b) pS2-Py-5Cz c) Cz-pS2-Py-5Cz, and d) comparison of the 

decays at RT. 

In Cz-pS2-Py (D-Aa structure) a continuous dynamic red shift (~0.44 eV) is 

observed over the PF from delay times (TD) of 3.3 ns to 66.45 ns (Figure 3.6-a). 

However, no DF is observed at longer time delays at RT (Figure 3.5-a). At 80 K, an 

extended PF emission is observed (TD=115.8 ns to 1172.5 ns), which is red-shifted 

and Gaussian shaped spectra (Figure 3.7-a), and perfectly matches with the emission 

spectra (TD=66.45 ns) at RT. This is a 
1
CT emission and show stronger stabilization 

at low temperatures, therefore, having longer lifetimes. The onset value of 
1
CT 

emission (3.18 ± 0.01 eV) perfectly matches with the onset value of PH emission. 

Although the energy splitting is nearly zero between the relaxed 
1
CT-

3
LE states, no 

DF is observed at RT. This puzzling lack of DF is likely due to the fact that the 

lifetime of 
1
CT state is very short, and is only able to undergo the strong stabilization 

that minimises ȹEST at low temperatures (where TADF is thermally suppressed). The 

fact that the steadystate PL strongly resembles the unrelaxed 
1
CT emission further 

supports this interpretation of a very quickly decaying 
1
CT state. As all three 
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materials have very similar triplet states, the main difference in their photophysics 

therefore comes from different singlet states that arise from their different CT 

strength ï itself a result of the pyridine group either being near (stronger CT, D-aA 

and D-aA-D) or far (weaker CT, D-Aa) from a participating carbazole. 

 

Figure 3.6 : Time-resolved normalized emission spectra of the compounds at RT a) 

Cz-pS2-Py (TD=3.3 ns to 66.45 ns) b) pS2-Py-5Cz (TD=3.3 ns to 219 ns) c) Cz-

pS2-Py-5Cz (TD=3.3 ns to 219 ns). 

In pS2-Py-5Cz (D-aA structure) a continuous dynamic red shift is observed from 

TD= 3.3 ns to 219 ns (~0.47 eV, Figure 3.6-b). As TD increases we observed 

moderate separation of the two emitting species and a clear isoemissive point is 

observed between 
1
LE and 

1
CT emissions, showing that the two emitting species are 

kinetically linked to each other. The PF emission (TD=3.3 ns) gradually shifts to 

lower energy (TD=49-219 ns) at RT. This red shift is associated with the energetic 

relaxation of 
1
CT state, which stabilizes at early TD (49ï219 ns) and remains 

constant thereafter (4.2 µs ï 42 ms) at RT (Figure 3.7-b). In this timeframe, the 

emission only comes from the 
1
CT state and the spectra have onset at 3.2 ± 0.02 eV. 

From TD= 1.3 ms to 75.1 ms, slightly structured PH emission is observed at 80K 

(Figures 3.4 and 3.7), where the energy of the 
3
LE can be calculated from the onset 

of PH spectra as 3.18 ± 0.05 eV. The energy splitting between 
1
CT and 

3
LE was 



 

49 

found to be 0.12 ± 0.03 eV which is sufficiently small that the 
1
CT state can be 

directly populated from the 
3
LE state at RT, leading to DF observed from 

1
CT. As 

depicted in schematic excited state energy diagram (Figure 3.14), the lowest energy 

state of D-aA molecule is 
3
LE state so moderate contribution (but stringer than D-

Aa) comes from 
3
LE state to 

1
CT via TADF mechanism. At 80K, two emitting 

species are still observable (Figure D.8), with the 
1
LE spectra shifting to 

1
CT from 

TD= 1 ns to 49 ns, after which time the spectra show no further shift until TD=219 

ns. At 80K the triplet states do not have enough thermal energy to cross the 

activation barrier to the 
1
CT manifold, therefore no TADF is observed and 

3
LE 

phosphorescence instead dominates.  

As evidenced by the steadystate PL and emission decays, the D-Aa structure has 

much weaker CT state characteristic than D-aA, where the extra acceptor strength of 

a pyridine unit near to the carbazole helps to form stronger CT state. This electronic 

interaction is significantly weakened when the carbazole is on the other side of the 

molecule from the pyridine. The power dependence of DF intensity (TD=400 µs and 

integration time TI=70 ms) shows slope ~1 (Figure D.8), indicating a 

monomolecular emission mechanism. TADF generally shows a slope ~1 at low and 

high excitation doses, while a TTA mechanism would show a slope close to 2 at low 

excitation doses turning to a slope ~1 at high excitation doses [107]. 

Finally in Cz-pS2-Py-5Cz (D-aA-D structure), the PF emission gradually relaxes to 

the DF spectrum (~0.28 eV, Figure 3.6-c) from TD= 3.3 ns to 219 ns. This red shift 

is associated with the energetic relaxation of 
1
CT state, which stabilizes between 

66.45 ns ï 94.5 ms at RT (Figure 3.7-c). The DF spectrum is blue-shifted compared 

to D-aA DF spectrum, which may be the result of slightly weakened acceptor 

strength of the sulfonyl group due to the electron donating ability of the additional 

carabazole group. In this timeframe, the DF emission only comes from 
1
CT state and 

the spectra have onset at 3.22 ± 0.05 eV for TD=66.45 ns. After (TD= 16.6 µs) the 

spectra show no further shift until TD=94.5 ms at RT. From TD= 335.5 µs to 94.5 

ms, very weak PH emission is observed at 80K, where the 3LE energy calculated as 

3.18 ± 0.03 eV. Also, the PH spectrum of the D-aA-D is identical to the D-Aa 

(Figures 3.4 and 3.7-d), confirming that the emissive 
3
LE state must be localized on 

D-Aa unit. Interestingly the PH spectra is strongly structured in Cz-pS2-Py (Figure 
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3.7-d), where Cz does not participate in forming CT state; instead this is pure Cz 

phosphorescence. 

 

Figure 3.7 : Time-resolved normalized emission spectra of Cz-pS2-Py, pS2-Py-5Cz 

and Cz-pS2-Py-5Cz at later delayed times a) Cz-pS2-Py spectra taken from TD=3.3 

ns to 1172 ns at 80K, b) pS2-Py-5Cz spectra taken from TD=1 ns to 42 ms at RT, c) 

Cz-pS2-Py-5Cz spectra taken from TD=3.3 ns to 94.5 ms at RT, d) comparison of 

PH spectra at >50 ms delay time at 80K. 

However the PH becomes broad and unstructured in other parent molecules, where 

the Cz interacts with acceptors and lowest triplet state takes on some CT character. 

This again explains why the Cz-pS2-Py material has the worst TADF. The energy 

splitting between 
1
CT and 

3
LE was found to be nearly zero (0.04 eV, Figure 3.7-c), 

and the power dependence of DF (TD=130 µs and TI=70 ms, Figure D.9) shows 

slope ~0.95, again indicating a monomolecular DF emission process. In particular, 

considering the appearance of DF emission at RT and nearly zero energy gap 

between 
1
CT-

3
LE states, we can say the 

1
CT state is significantly populated from the 

3
LE state via TADF.  

As depicted in Figure 3.14, the lowest energy excited singlet state of D-aA-D and D-

aA molecules of 
1
CT nature, so the DF contribution comes from spin-flip of the 

3
LE 

state via TADF mechanism. The CT state associated with the D-Aa subgroup of the 

D-Aa-D molecule is not TADF active, as in D-Aa molecule. However, the decay 
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kinetics are very similar in D-aA and D-aA-D (Figure 3.5-d), indicating that no 

strong interaction occurs between the two sides of the molecule, which is consistent 

with our previous report on asymetrically substituted SFPC molecule [108]. 

Consequentially, it can be said that intramolecular interactions between the 

secondary acceptor (a=pyridine) and donor (carbazole) units play a key role on DF 

properties, but only when the pyridine is close enough to interact with the carbazole 

directly. Consequently, the effect of the secondary donor in D-aA-D is marginal on 

DF properties, and the PLQYs of the D-aA and D-aA-D are nearly identical (0.30, 

0.32) while also strikingly different from the D-Aa (0.2). 

3.3.3.2 Comparison set-2 (Cz-pS2-Py-6Cz and Cz-pS3-Py-5Cz) 

In this comparison set, we compare the Cz-pS2-Py-6Cz and Cz-pS3-Py-5Cz 

molecules to get better understanding on how o- and m- positioned pyridine relative 

to sulfonyl group (with carbazole meta to the sulfonyl) effects the emission 

properties.  

Figure 3.8 shows the normalized steady-state absorption, emission and 

phosphorescence spectra of Cz-pS2-Py-6Cz (D-a(o)A-D), and Cz-pS3-Py-5Cz (D-

a(m)A-D) molecules in 1% w/w zeonex film, where the emission spectra appears 

very identical and featureless, peaking at ca. 406 nm. In addition, the energy of the 

3
LE can be calculated from the onset values of PH spectra as 3.18 ± 0.01 eV for both 

molecules. So, the singlet-triplet energy splittings are found as 0.19 ± 0.02 eV. 

Despite these similarities the PLQY values are measured as 9.8% and 3.7% for Cz-

pS2-Py-6Cz and Cz-pS3-Py-5Cz, respectively. Comparing with Cz-pS2-Py-5Cz 

(D(p)-aA-D) of the previous comparison set, a carbazole in p- position relative to the 

sulfonyl group resulted in significantly enhanced PLQY(32%). In all cases the larger 

PLQY is accompanied by worse rISC activity, with the DF intensity (DF/PF ratio) 

being significantly stronger in the lower PLQY materials. 

This suggests that the larger PLQY values in comparison set 1 arise not from 

improved rISC, but rather from less active ISC and nonradiative decay (leading to 

less triplet formation and more emission directly from the photoexcited singlet). 
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Figure 3.8 : Normalized Uv-Vis absorption and photoluminescence spectra of Cz-

pS2-Py-6Cz, and Cz-pS3-Py-5Cz molecules in 1% w/w zeonex films at RT. 

Phosphorescence spectra were taken at 80 K at >50ms delay after pulsed excitation. 

The emission decays were observed at RT and 80K (Figure 3.9). Both molecules 

show a continuous dynamic red shift from early to later time delays (Figure 3.10-

a&b). The emission comes from a low energy CT state and dominates the both 

molecular systems at longer delayed times (Figure 3.10-c&d). It can be said that the 

formation of CT state is much more favoured in Cz-pS3-Py-5Cz molecule than Cz-

pS2-Py-6Cz as evidenced by the stronger PF redshift and stronger DF intensity.  

After TD=1.3 ms, the DF spectra of Cz-pS2-Py-6Cz shows blue shift and emits from 

the exactly the same energy level of 
1
LE at RT, which has onset at 3.45 ± 0.04 eV. 

After this time (TD= 1.3 ms) the spectra show no further shift until TD=14.9 ms. 

The intensity dependence of the DF emission was analyzed as a function of the laser 

excitation dose at two different time delays and integrations (TI). 
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Figure 3.9 : Lifetime decays of Cz-pS2-Py-6Cz and Cz-pS3-Py-5Cz in 1% w/w 

zeonex films at RT and 80K. 

The power dependency of DF (TD=8 µs and TI=110 µs) shows slope 0.68 at low 

laser dose (Ò10 µJ) and slope ~1 at high excitation doses (Ò100 µJ). In the later time 

regime (TD=1.3 ms and TI=70 µs) the DF shows slope 1.2 (Figure D.10).  

 

Figure 3.10 : Time-resolved normalized emission spectra of the compounds a) Cz-

pS2-Py-6Cz (TD=3.3 ns to 115.8 ns) b) Cz-pS3-Py-5Cz (TD=3.3 ns to 4.2 µs) c) Cz-

pS2-Py-6Cz (TD=1 ns to 94.5ms) d) Cz-pS3-Py-5Cz (TD=3.3 ns to 94.5 ms). 

In Cz-pS3-Py-5Cz, the power dependency of DF (TD=2 µs and TI=10 µs) shows 

slope 0.97 at low and high excitation intensity doses (Figure D.11). However, in the 

longer time regime (TD=355 µs and TI=6 ms), the DF shows slope 1.4 at low laser 

excitation doses (Ò10 µJ) and slope ~0.95 at high excitation doses (Ò100 µJ). The 
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power dependency of DF in microsecond region (~0.95) indicates a monomolecular 

mechanism. However, the latter power dependency confirms that an additional 

bimolecular triplet harvesting mechanism is also operative on DF emission, where 

the slope 1.4 turning from 0.95 to 1.4 is a typical behavior of TTA contribution on 

DF emission. A laser fluence slope between 1 and 2 indicates that TTA is not the 

only mechanism that results in DF at longer delayed times, but also a 

monomolecular triplet harvesting mechanism (TADF) makes almost equal 

contribution. This also helps to explain why we observe structured DF emission from 

1
LE state at longer delayed times. 

These findings indicate that the 
1
CT state is populated from the 

3
LE state via TADF, 

where the intersystem crossing to the triplet excited state, and reverse intersystem 

crossing back to the 
1
CT state has occurred (Figure 3.14). Structurally, changing the 

nitrogen position on pyridine ring from o- to m- does not make significant difference 

on 
3
LE-

1
CT values, but, resulting in improved PLQY from the 

1
CT state for Cz-pS2-

Py-6Cz. It was previously reported that spin-orbit coupling is efficient between 

energetically close locally excited triplet and 
1
CT states [109], where hyperfine 

coupling can in principle interconvert 
1
CT and 

3
CT states. The near degeneracy of 

the CT manifold and 
3
LE state is crucial to promote enhanced intersystem crossing 

due to charge transfer spin-orbit coupling, also having very small energy gap 

between 
3
LE-

1
CT makes the ideal condition for thermally activated rISC mechanism. 

The DF intensity is stronger in Cz-pS3-Py-5Cz, although this is identified as partly 

due to additional TTA activity that is not present in Cz-pS2-Py-6Cz.  

The better PLQY value in comparison set 1 material D(p)-a(o)A-D compared to 

analogous comparison set 2 material D(m)-a(o)A-D can only arise due to the 

positioning of the nearby donor carbazole. The improved PLQY is also accompanied 

by significantly weaker DF though, and so cannot be due to improved rISC. As a 

result we instead propose that this larger PLQY is actually due to decreased ISC 

during the PF, consistent with weaker electronic communication between the meta-

oriented donor and pyridine nitrogen. This hypothesis is supported by the fitted 

kinetic parameters. This lower rate of ISC leads to more efficient PF emission 

contributing to the overall PLQY. The more plentiful triplet states that get formed by 

more rapid ISC in the D(p)-a(o)A-D material are more efficiently harvested, leading 
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to stronger DF. However this triplet harvesting is not fully efficient, leading to a 

lower overall PLQY. 

In comparison set 2, the interaction between carbazole and pyridine is stronger in 

Cz-pS2-Py-6Cz (ortho positioning) compared to Cz-pS3-Py-5Cz (meta positioning). 

In both of these materials though the interaction between carbazole and sulfonyl is 

also weaker than in comparison set 1 (meta vs para coupling). Based on the position 

of the donors and acceptors we would expect ISC to be stronger in Cz-pS2-Py-6Cz, 

leading to stronger DF and lower PLQY. In reality the opposite trend is observed, 

which we attribute to the active TTA channel in Cz-pS3-Py-5Cz which gives the 

appearance of stronger DF, but has a fundamentally limited ability to contribute to 

PLQY through bi-excitonic emission processes. 

3.3.3.3 Comparison set 3 (Cz-pS4-Py-2Cz and Cz-mS4-Py-2Cz) 

In this comparison set, we compare the Cz-pS4-Py-2Cz (D(p)-Aa-D) and Cz-mS2-

Py-2Cz (D(m)-Aa-D) molecules, where the secondary acceptor (a) pyridine nitrogen 

is in para position to the sulfonyl (A), and the far donor (carbazole) is at m- position 

to A. Figure 3.11 shows the normalized steady-state absorption, emission and 

phosphorescence spectra of D(p)-Aa-D and D(m)-Aa-D molecules in 1% w/w 

zeonex film, where the emission spectra appears very identical and featureless, 

peaking at ca. 432 nm. In addition, very strong PH spectra have almost the same 

onset values 3.20 ± 0.01 eV and 3.16 ± 0.03 eV for D(p)-Aa-D and D(m)-Aa-D 

molecules, respectively. So, the singlet-triplet energy splittings are found as 0.01 ± 

0.002 eV and 0.01 ± 0.002 eV for p-carbazole and m-carbazole positioned 

compounds, respectively. The PLQY values are measured as 49% and 54% for D(p)-

Aa-D and D(m)-Aa-D, respectively.  

That findings suggest that stabilising the pyridine nitrogen in p- position relative to 

the sulfonyl A gives the best TADF and PLQY performance. Conversely the position 

of the far carbazole only results in a very small impact, consistant with the presence 

of the D-Aa group having minimal influence over the overall properties of the 

previous D-aA-D material. 
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Figure 3.11 : Normalized Uv-Vis absorption and photoluminescence spectra of Cz-

pS4-Py-2Cz, and Cz-mS4-Py-2Cz molecules in 1% w/w zeonex films at RT. 

Phosphorescence spectra were taken at 80 K at >50ms delay after pulsed excitation. 

Very similar emission decays are observed between the two materials both at RT and 

80K (Figure 3.12). Comparing with the parent D-aA-D molecules above, the PF is 

not shifted towards the CT state neither at very early nor at longer time delays for 

both of the molecules (Figure 3.13).This is very different, and a remarkable feature 

compared with the strong tendency of 
1
CT state formation and relaxation in among 

the other parent molecules. We attribute the increased TADF activity to the stronger 

electronic interactions possible between the pyridine and sulfonyl groups in para 

position, causing stronger CT character and much faster equilibration of 

geometry/energy therefore no redshift in PF spectrum is observed in the nanosecond 

regime. 
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Figure 3.12 : Lifetime decays of D(p)-aA-D and D(m)-aA-D in 1% w/w zeonex 

films at RT and 80K. Clearly smaller noise is observed in D(p)-aA-D molecule. 

At all delay times the DF emission only comes from the 
1
CT state for both 

molecules. As is typical for TADF molecules, the TADF is totally gone at 80K and 

replaced by long-lived phosphorescence. This is due to the fact that a very small 

ȹEST values facilitates thermally activated reverse intersystem crossing mechanism 

between 
1
CT and 

3
LE states, concomitantly DF emits from 

1
CT state. (Figure 3.14). 

 

Figure 3.13 : Time-resolved normalized emission spectra of D(p)-Aa-D and D(m)-

Aa-D at TD= 3.3. ns to 13.3 ms at RT. 

Perfectly linear laser fluency dependence of DF with excitation doses (Figure D.12) 

also confirms that the DF arises from rISC mechanism rather than TTA. 

Consequentially, we can say that p- and m- positions of carbazole unit not changes 

the TADF activation mechanism, where the formation of CT state is promoted above 

the energy of 
3
LE state (different from the other molecules above), and rISC cycling 

directly occurs between 
1
CT and very close 

3
LE states (~0.01 eV).  
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Figure 3.14 : Schematic energy level diagram showing the electronic excited states 

of the molecules. 

3.3.4 Thermal properties 

The basic thermal properties of the emitters were investigated by differential 

scanning calorimetry (DSC) and thermal gravimetric analyzer (TGA) to identify 

the thermal events. The analysis data are depicted in Table 3.2. The thermal stability 

of all seven compounds was good, with 5% mass loss temperatures ranging from 

276.1°C to 393.6°C (Appendix F).  

Table 3.2 : Photophysical properties and kinetics for the molecules in zeonex (1% 

wt/wt) films. 

Compounds Td (°C)
 

Tm (°C) Tg (°C)
 

Cz-pS2-Py 276.1 187.0 - 

pS2-Py-5Cz 314.8 179.9 - 

Cz-pS2-Py-5Cz 348.7 232.5 116.8 

Cz-pS2-Py-6Cz 377.6 235.4 - 

Cz-pS3-Py-5Cz 391.3 234.6 - 

Cz-pS4-Py-2Cz 393.6 185.9 101.4 

Cz-mS4-Py-2Cz 334.2 157.8 91.5 

First comparison of compounds, Cz-pS2-Py-5Cz, pS2-Py-5Cz and Cz-pS2-Py, 

clearly showed that, inclusion of carbazole unit led to a raise in the melting 

temperature (Tm) and enhanced thermal stability. Among the compounds pS2-Py-

5Cz, Cz-pS2-Py, CzS2-Py-5Cz and CzS2-Py-6Cz which sulfonyl groups placed at 

C2 position on pyridine, CzS2-Py-6Cz had the higher thermal properties. In addition, 

a significant correlation was found decomposition temperature that para isomer, Cz-

pS4-Py-2Cz which had the highest Td. When compared to para and meta isomers of 

2,4-substituted derivatives, the best thermal stability belonged to para isomer. 
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3.3.5 Electrochemical properties  

Cyclic voltammetry (CV) was used to determine ionization potentials (IPs) of target 

molecules. As shown in E.2, the oxidation mechanisms and oxidation potential peaks 

(1), (2) & (3) were described in their CV curves. The electrochemical properties of 

emitters are listed in Table 3.3. HOMO levels of Cz-pS2-Py, pS2-Py-5Cz, Cz-pS2-

Py-5Cz, Cz-pS2-Py-6Cz, Cz-pS3-Py-5Cz, Cz-pS4-Py-2Cz and Cz-mS4-Py-2Cz 

were determined to be 5.38 eV, 5.42 eV, 5.43 eV, 5.44 eV, 5.60 eV, 5.39 eV and 

5.48 respectively, by using the energy level of ferrocene (4.8eV below the vacuum 

level) as an external reference and calibrating the onset potential of the first 

oxidation wave. Biscarbazole substituted derivatives displayed two irreversible 

peaks, while two quasi-reversible peaks were observed at monocarbazole substituted 

derivatives. Compared to molecules; longer conjugation length of 2,4-position lead 

to reduce oxidation potential so Cz-pS4-Py-2Cz and Cz-mS4-Py-2Cz isomers have 

the most narrow optical band gaps (Eg). HOMO/LUMO of Cz-pS3-Py-5Cz was 

deeper than other emitters due to meta configuration gave weak electron 

withdrawing ability of acceptor core. 

3.3.6 Theoretical calculations  

Gaussian 16, Revision B.01 [110] package program was to obtain the ground state 

(S0) geometries of all compounds with the application of B3LYP [62,63] hybrid 

functional and 6-311++G(d,p) the basis set. The energies of the lowest triplet (T) and 

singlet excited states (S) of the compounds were obtained via Time-Dependent 

Density Functional Theory (TDDFT) by the same basis set.  

The ground state geometries, 3-Dimensional HOMO and LUMO schemes are given 

in Table 3.4. In general, HOMO and LUMO orbitals reflect the electron donor and 

electron acceptor part of the structure, respectively. The computed orbital pictures 

clearly indicate what is expected. HOMO orbitals for all the systems were calculated 

to locate on carbozoles of each compound whereas pyridyl-sulfonyl moieties 

contribute to LUMOs (Table 3.4). Existance of sulfonyl group with tetrahedral 

geometry provided separation of HOMO and LUMO orbitals which is one of the 

requirements for potential semiconductors. In the energy point of view, the 

computed frontier molecular orbital energies and the HOMO-LUMO gap are in good 

agreement with the experimental data (Table 3.3). Moreover, measured and 
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calculated interfrontier energy gaps are all found below 4.0 eV indicating successful 

design of compounds. 

Table 3.3 : The electrochemical properties of target molecules. 

Molecules 
E

ox 
onset 

(V)
a
 

E1/2
ox 

(V)
a
 

l
abs

onset 

(nm)
b
 

Eg 
opt

 

(eV)
b
 

HOMO 

(eV)
c
 

LUMO
 

(eV)
c
 

Cz-pS2-Py 1.08 
(1)

 
1.18

 (2), qr 

1.43
 (3), qr

 
357 3.47 -5.38 -1.91 

pS2-Py-5Cz
 1.12 

(1) 
1.22 

(2),qr
 

1.46 
(3),qr

 
375 3.30 -5.42 -2.12 

Cz-pS2-Py-5Cz 1.13 
(1)

 
1.26 

(2), ir
 

1.52 
(3), ir

 
374 3.31 -5.43 -2.12 

Cz-pS2-Py-6Cz 1.14 
(1)

 
1.27 

(2), ir
 

1.53 
(3), ir

 
362 3.42 -5.44 -2.02 

Cz-pS3-Py-5Cz 1.3 
(1)

 
1.49 

(2), ir
 

1.89 
(3), ir

 
373 3.32 -5.60 -2.28 

Cz-pS4-Py-2Cz 1.09 
(1)

 
1.26 

(2), ir
 

1.51
(3), ir

 
386 3.21 -5.39 -2.18 

Cz-mS4-Py-2Cz 1.18 
(1)

 
1.36

 (2), qr 

1.78
 (3), qr

 
392 3.16 -5.48 -2.32 

a 
Onset oxidation potentials versus Ag/AgCl obtained from Cyclic Voltammograms for Pt electrode in 

contact with a 0,1 M n-Bu4NF6P/Acetonitrile solution of compounds relative to ferrocene; scan rate 

100 mV/s.  

qr and ir are referred to quasireversible and irreversible, respectively. 
b 
Optical band gap (Eg

opt
) obtained from onset of the absorption spectra by extrapolation; 

(Eg
opt
=1240 / ɚonset) 

c 
The HOMO and LUMO levels were determined using the following equations;  

EHOMO =[Eox ī E1/2
1
(ferrocene) + 4.8], ELUMO =EHOMO ī Eg

opt
 

Both HOMO and LUMO energies lower upon changing the position of carbazole 

from benzene to pyridine (Cz-pS2-Py to pS2-Py-5Cz) which is due to reduction of 

electron donor ability of carbazole when in conjugation with electron poor pyridine. 

The decrease in the LUMO energy can be attributed to spread of orbital contribution 

to more atoms in pS2-Py-5Cz. Insertion of one more carbazole moiety restored 

HOMO energy in Cz-pS2-Py-5Cz. Existance of two carbazole units in Cz-pS2-Py-

5Cz, Cz-pS2-Py-6Cz, Cz-pS4-Py-2Cz and Cz-pS3-Py-5Cz lead to higher LUMO 

energy due to loss of electron accepting ability. Only the position of the carbazole 

connecting to pyridine was changed among Cz-pS2-Py-6Cz, Cz-pS4-Py-2Cz and 

Cz-pS3-Py-5Cz. Cz-pS3-Py-5Cz possesses the lowest HOMO energy due to orbital 
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contribution from both carbozole units. The same argument holds for Cz-pS4-Py-

2Cz where the contribution of atoms to both HOMO and LUMO is least. 

All the compounds considered here have been computed to have very small singlet-

triplet energy difference which promote them for potential TADF structures (Table 

3.4). Among them pS2-Py-5Cz and Cz-pS3-Py-5Cz have the narrovest æEST data. 

When pyridine moiety is not substituted (Cz-pS2-Py) a æEST value of 0.04 eV has 

been obtained which is quite reasonable. Among the substituted pyridines, lower 

æEST values have been computed for structures having carbazole on ɓ position. 

The singlet-triplet energy level difference of the systems are mostly effected by the 

conjugation throughout the structure. The disturbance of conjugation in the system 

results in decrease in the æEST values due to separation of donor and acceptor parts. 

The dihedral angle between donor and acceptor moieties in a potential 

semiconductor is quite important since it represents the degree of separation of them. 

In the case of TADF systems, well-separated donor and acceptor units are expected 

as well. The structural data were obtained after geometry optimization. Dihedral 

angles in Table 3.4 shows the degree of twisting of the donor part from planarity. 

The angle values out and in paranthesis are carbazole-benzene and carbazole-

pyridine dihedral angles, respectively. For Cz-pS2-Py and pS2-Py-5Cz, D-A angles 

were computed to be 51º. In both cases, HOMOs were located on carbazole units as 

expected, but on different sides of the molecule. Angles > 50º indicates disruption of 

the conjugation, therefore resulting in low æEST values. The other four systems were 

designed as D-A-D type with two carbazole units - one on each side. Since the 

higher degree of the angle represents lower overlap of HOMO and LUMO thus, 

smaller values, Cz-pS2-Py-5Cz and Cz-pS3-Py-5Cz were expected to be best 

canditates for low æEST values. In accordance, computational TDDFT calculations 

showed smallest æEST data for Cz-pS2-Py-5Cz and Cz-pS3-Py-5Cz which is a good 

representation of separation of donor and acceptor units in the systems.  

Table 3.5 shows the 3D electrostatic potential maps for the compounds in this study 

which indicate the electron distribution throughout the molecule. Extreme electron 

localization is presented by red color whereas green or blue mean low electron 

density moiety. The high power electron withdrawing sulfonyl located in the center 

of the system is expected to pull the electrons from the donor carbazoles, which is 

quite represented by maps in the corresponding table (Table 3.5). Jang et.al reported 
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that a uniformly distributed electrostatic potential on the acceptor side of the 

molecule enhances stability [111]. In the present case, non-uniform electron 

distribution in the parent pyridine is promoted by the connection to a high power 

acceptor on one side and a strong donor on the other side. Although there is still 

some electron localization on pyridine nitrogen, the extent of polarization is smaller 

that of pyridine itself. As for Cz-pS4-Py-2Cz and Cz-mS2-Py-2Cz, similar 

experimental TADF properties observed which is attributed to their similar 

theoretical structural and electronical properties. The structural difference is only on 

the far donor part whose effect was discussed before to be limited. Moreover, 

electrostatic potential maps of these duo have been computed to be almost the same. 

Therefore, both structural and electronic resemblance led us expect similar TADF 

behavior as stated in the experimental section. 
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Table 3.4 : Ground state geometry (GSG), frontier molecular orbital energy diagrams (HOMO and LUMO) and dihedral angles of the 

compounds. 

 

Table 3.5 : 3D electrostatic potential maps for the compounds. 
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3.4 Conclusion 

Summarising, a series of deep-blue emitting TADF molecules has been rationally 

designed, synthesised and characterised in detail. These materials provide 

understanding on how to manage the positions of donors and asymetric acceptors 

relevant to blue OLED devices. A pyridine secondary acceptor unit was found to to 

manipulate the TADF properties depending on its position. The findings in D-aA and 

D-aA-D systems confirm that addition of donor on the opposite side of the structure 

makes little difference to overall emission properties, but in both systems, the 

formation of CT is significantly promoted, where the DF arises from a rISC cycle 

between very close energy 
3
LE-

1
CT states. In addition, the effects of nitrogen on 

pyridine ring were investigated in ortho- and meta-isomers, which show different 

acceptor strengths associated with resonance and inductive effects, resulting in 

different DF mechanisms and PLQY values. The best TADF and PLQY performance 

was found in Cz-pS4-Py-2Cz and Cz-mS4-Py-2Cz molecules, with the two acceptor 

groups para to each other. These new structural designs give rise to very reduced 

ȹEST values and greatly enhanced PLQY values, arising from proper arrangement of 

donor and acceptor(s) in the molecular structure. 
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4.   EFFECT OF ASYMMETRIC ACCEPTOR AND DONOR POSITIONING 

IN DEEP BLUE PYRIDYL -SULFONYL BASED TADF EMITTERS
3
 

4.1 Introduction  

Thermally activated delayed fluorescence (TADF) emitters have recently become the 

key materials used to progress third-generation organic light emitting diode (OLED) 

technologies. Theoretically, TADF materials can reach up to 100% internal quantum 

efficiency because all the electrically generated triplet excitons are capable of being 

converted to emissive singlet states [112ï114]. This unique spin-conversion process 

called reverse intersystem crossing (rISC) requires spatial separation of 

HOMO/LUMO of donor and acceptor groups to achieve charge-transfer (CT) states 

small singletïtriplet energy gaps (ȹEST) [115-117]. Towards this end, donor (D) and 

acceptor (A) groups with steric hindrance are commonly connected to optimise the 

equilibrium geometry between them [118-120]. It is critical to choose suitable D and 

A functional groups while designing TADF emitters, as the efficiency of the 

resulting materials depends greatly upon the electron donating/accepting strengths as 

well as the bonding pattern within the larger molecule [82,95,121-122]. Furthermore, 

while highly perpendicular D-A geometries can enhance rISC, the same kinds of 

structures also lead to weak oscillator strengths and low photoluminescence quantum 

yields (PLQYs), requiring a compromise approach for optimum material 

performance [123-124]. 

Recently we have reported a set of asymmetric D-aA-D materials [121], which 

featured carbazole (Cz) donors in different positions. We found that the position of 

the auxiliary acceptor (a), in the mono- and disubstituted pyridine materials can 

strongly impact the TADF performance despite these materials all comprising 

identical D and Aa chemical groups. In different positioned pyridyl-sulfonyl 
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derivatives, 2,4- substituted regioisomers were found to possess superior optical and 

physical properties. Simultaneously, the position of the Cz donor on the side of the 

molecule opposite to the pyridine group was found to have minimal effect on the 

TADF and PLQY properties for meta- and para- substitution. 

Separately, we have also recently reported on the excited state properties of a related 

asymmetric D-A-Dô TADF material, employing chemically distinct D and Dô units 

[108]. In that work, it was demonstrated that the CT state associated with the 

stronger phenothiazine (PTZ) donor unit dominated the photophysical properties in 

(4-(9H-carbazol-9-yl)phenyl)(4-(10H-phenothiazin-10-yl)-phenyl)sulfone (SFPC) 

molecule, highlighted through comparison to the symmetric D-A-D and Dô-A-Dô 

materials.  

Combining the concepts of both previous works, herein we present an effective 

design concept for TADF materials and examine the excited state properties of 

highly asymmetric D-aA-Dô emitters PTZ-pS4-Py-2Cz and PTZ-mS4-Py-2Cz 

(Figure 4.1). Based on the superior performance in the previous work, the 2,4- 

substituted pyridyl-sulfonyl structure was chosen as the asymmetric aA acceptor unit. 

D-Aa-Dô structures were then obtained by coupling this to Cz, and to PTZ in two 

different isomer patterns. Comparison to previously studied PTZ and Cz analogy 

gives valuable context for understanding the unexpected optical behaviours of the 

new materials. For PTZ in particular, its geometric ñbutterfly wingò folding 

distortions enabled by the larger atomic radius of sulphur relative to oxygen [125-

126], were expected to prevent molecular aggregation and provide high HOMO 

electron densities [127-130]. In both molecules we observe dual CT emission with 

enhanced delayed fluorescence from the PTZ CT state. In both optical measurements 

the para- isomer is found the have superior performance to the meta- isomer, in 

strong contrast to the near-identical performance of the analogous Cz-Cz materials.   

4.2 Material and Methods 

4.2.1 Synthesis details 

All reagents and solvents were provided from commercial suppliers and used without 

further purification. Solvents were distilled by using standard methods and purged 

with N2 before use. All the experiments were carried out under N2. Column 
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chromatography was performed on silica gel 60 (230-400 mesh) and TLC was 

performed on silica gel 60 F254 alumina plate. 

The 
1
H and 

13
C spectra were recorded at 298 K on 600 & 150 MHz spectrometer. All 

NMR data were referenced to the internal deuterated solvent relative to protic residue 

from CDCl3 respectively 7.26 ppm for 
1
H and 77.0 ppm for 

13
C. Multiplicities are 

indicated as s (Singlet), d (Doublet), t (Triplet), q (Quartet), m (Multiplet) and 

coupling constants (J) are reported in hertz units. High resolution mass spectra were 

recorded on Bruker Daltonics microTOF II Electrosprey Ionization Time-of-Flight 

mass spectrometer. The thermal stability of the compound was measured by 

differential scanning calorimetry (Pyris 1). A heating rate of 10°C/min was used after 

reaching the first melting point the compound was rapidly cooled down to room 

temperature. Cyclic voltammetry measurements were performed on Gamry 

Instrument Reference 600 potentiostat/galvanostat, in acetonitrile solutions (10
-3

 M) 

at a scan rate of 100 mVs
-1

 with a platinum plate as the working, platinum wire as the 

counter and Ag/AgCl as the reference electrode. The supporting electrolyte was 

tetrabutylammonium hexafluorophosphate (0.1 M) and ferrocene was selected as an 

external standard. The solutions were bubbled with a constant nitrogen flow a couple 

of minute before measurements. The absorption and photoluminescence spectra were 

recorded on a Shimadzu UV-1650PC- UV-vis spectrophotometer and Horiba 

Jobinyvon, Fluorolog TCSPC Fluorescence spectrophotometer (for solutions) and 

Shimadzu UV-3600 spectrometer and Jobin Yvon Fluoromax fluorescence 

spectrometer (for films). The films were prepared using zeonex host in 1% w/w ratio, 

drop cast from toluene solution on quartz or sapphire substrates. Neat films were 

obtained by deposition in an evaporation chamber under high vacuum (pressure 

below 1Ĭ10ī6 mBar) (20 nm). PLQYs were measured under nitrogen atmosphere 

using a Horiba Quanta-ű integrating sphere attachment. Absolute quantum yields 

were achieved by Edinburgh Instruments Spectrofluorometer FS5 equipped with a 

calibrated integrated sphere. Time-resolved gated spectroscopy were performed 

using a pulsed Nd:YAG laser (SL312, EKSPLA) emitting at 355 nm, then the 

emission was focused onto a spectrograph and detected on a very sensitive gated 

iCCD camera (Stanford Computer Optics).  
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4.2.2 General procedure for Ullmann reaction  

Synthetic details and strucrure charactereziations of 2,4-position substituted 

halogenated phenylthiopyridine and pyridiyl-sulfonyl derivatives (1, 1ô, 3, 3ô, 9, 9ô, 

9Ac, 9Acô) were given in section 3.2.2. 

An oven-dried flask was charged with corresponding halogenated phenyl-sulfonyl 

pyridine derivatives (9Ac & 9Acô) (1.0 eq), 9H-carbazole (1.1 eq 9Ac & 9Acô) and 

p-xylene. After then copper(I)iodide (11% of 9Ac & 9Acô), 1,10-phenantroline (11% 

of 9Ac & 9Acô) and potassium carbonate (2.0 eq for 9Ac & 9Acô) were added under 

nitrogen atmosphere respectively. Reaction mixture was refluxed for 48 h at 138°C. 

After cooling to room temperature mixture extracted with dichloromethane (3 x 50 

mL). Combined organic phase was washed with brine and dried over Na2SO4. After 

solvent was removed and purified with silica gel column chromatography using 

dichlorometane:hexane (2:1). 

4.2.2.1 9-(4-(4-bromophenylsulfonyl)pyridin -2-yl)-9H-carbazole (Br-pS4-Py-

2Cz) 

The title compound was obtained from 9Ac (0.6 g, 1.59 mmol) as off white colored 

target molecule Br-pS4-Py-2Cz in 75% (0.55 g). FTIR (KBr, cm
-1

): 3453, 3079, 

3056, 2923, 2851, 1622, 1596, 1573, 1490, 1478, 1465, 1449, 1403, 1389, 1334, 

1322, 1275, 1248, 1215, 1189, 1150, 1106, 1068, 1077, 1030, 1009, 991, 970, 932, 

913, 889, 855, 820, 790, 774, 752, 709, 655, 645, 625, 613, 576, 567, 536, 496( 

Figure A.24). 
1
H-NMR (600 MHz, CDCl3) ŭH= 88.89 (d, J = 5.1 Hz, 1H), 8.11 (d, J 

= 6.8 Hz, 2H), 7.88 (d, J = 8.6 Hz, 2H), 7.84 (d, J = 8.3 Hz, 2H), 7.73 (d, J = 8.6 Hz, 

2H), 7.67 (dd, J = 5.1, 1.2 Hz, 1H), 7.46 (t, J = 7.4 Hz, 2H), 7.37 (t, J = 7.4 Hz, 2H) 

(Figure C.51). 
13

C-NMR (150 MHz, CDCl3) ŭ= 153.29, 152.94, 150.80, 140.26, 

138.94, 134.80, 130.87, 129.97, 129.38, 129.16, 128.77, 127.47, 127.17, 126.79, 

126.56, 124.70, 121.74, 120.28, 116.91, 115.22, 114.45, 111.22. (Figure C.52). 

HRMS (ESI) m/z; [M+H]
+
 463.0183, calc. for C23H16Br1N2O2S1 463.0110 (Figure 

B.26). 
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4.2.2.2 9-(4-(3-bromophenylsulfonyl)pyridin -2-yl)-9H-carbazole (Br -mS4-Py-

2Cz) 

The title compound was obtained from 9Acô (0.6 g, 1.59 mmol) as off yellowish 

colored target molecule Br-mS4-Py-2Cz in 55% (0.40 g). FTIR (KBr, cm
-1

): 3433, 

3060, 2923, 2852, 1597, 1573, 1491, 1479, 1464, 1449, 1407, 1333, 1273, 1243, 

1220, 1191, 1159, 1113, 1100, 1079, 992, 965, 909, 845, 798, 784, 768, 749, 719, 

707, 674, 658, 617, 605, 593, 563, 527, 491 (Figure A.25). 
1
H-NMR (600 MHz, 

CDCl3) ŭH= 8.91 (d, J = 5.1 Hz, 1H), 8.17 (s, 1H), 8.13 (d, J = 4.9 Hz, 2H), 8.11 (s, 

1H), 7.95 (d, J = 7.9 Hz, 1H), 7.85 (d, J = 8.3 Hz, 2H), 7.79 (d, J = 8.0 Hz, 1H), 7.69 

(d, J = 5.1 Hz, 1H), 7.47 (td, J = 8.0, 3.7 Hz, 3H), 7.37 (t, J = 7.4 Hz, 2H) (Figure 

C.53). 
13

C-NMR (150 MHz, CDCl3) ŭ= 153.30, 151.62, 151.19, 143.27, 141.47, 

139.27, 138.87, 137.43, 136.64, 131.25, 131.01, 127.28, 126.74, 126.68, 124.85, 

123.81, 121.99, 120.38, 116.99, 115.38, 114.05 (Figure C.54). HRMS (ESI) m/z; 

[M+H]
+
 463.0327, calc. for C23H16Br1N2O2S1 463.0110 (Figure B.27). 

4.2.3 General procedure for Buchwald-Hartwig r eaction  

An oven-dried flask was charged with corresponding halogenated phenyl-sulfonyl 

pyridine derivatives (9Ac & 9Acô) (1.0 eq) and potassium tert-butoxide (1.5 eq for 

9Ac & 9Acô) were dissolved in dry toluene under inert atmosphere. After then 9H-

phenothiazine (1.1 eq) was added to reaction mixture and stirred at room temperture 

for a while . Finally, Tris(dibenzylideneacetone)dipalladium-chloroform adduct (0.05 

eq for 9Ac & 9Acô) and Tri-tert-butylphosphonium tetrafluoroborate (0.1 eq for 9Ac 

& 9Acô) were added simultaneously under nitrogen atmosphere. Reaction mixture 

was refluxed for 24 h at 106°C. After cooling to room temperature mixture extracted 

with dichloromethane (3 x 50 mL). Combined organic phase was washed with brine 

and dried over Na2SO4. After solvent was removed and purified with silica gel 

column chromatography using dichlorometane:hexane (2:1). 

4.2.3.1 10-(4-(2-(9H-carbazol-9-yl)pyridin -4-ylsulfonyl)phenyl)-10H-

phenothiazine (PTZ-pS4-Py-2Cz) 

The title compound was obtained from Br-pS4-Py-2Cz (0.28 g, 0.6 mmol) as white 

colored target molecule PTZ-pS4-Py-2Cz in 78% (0.275 g). FTIR (KBr, cm
-1

): 

34363434, 3056, 2924, 2851, 1725, 1596, 1573, 1490, 1479, 1452, 1403, 1314, 1275, 

1263, 1237, 1191, 1146, 1102, 1028, 1000, 929, 854, 827, 793, 762, 751, 722, 695, 
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616, 603, 587, 572, 528, 515, 492, 469 (Figure A.26). 
1
H-NMR (600 MHz, CDCl3) 

ŭH=  8.83 (d, J = 5.1 Hz, 1H), 8.10 (d, J = 7.7 Hz, 2H), 8.05 (s, 1H), 7.83 (d, J = 8.3 

Hz, 2H), 7.76 (d, J = 9.0 Hz, 2H), 7.65 (dd, J = 5.1, 1.3 Hz, 1H), 7.49 (d, J = 7.7 Hz, 

2H), 7.44 (t, J = 7.1 Hz, 4H), 7.35 (q, J = 7.5 Hz, 4H), 7.28 ï 7.20 (m, 3H), 7.09 (d, J 

= 9.0 Hz, 2H) (Figure C.55). 
13

C-NMR (150 MHz, CDCl3) ŭ= 153.29, 152.94, 

150.80, 140.26, 138.94, 134.80, 130.87, 129.97, 129.38, 129.16, 128.77, 127.47, 

127.17, 126.79, 126.56, 124.70, 121.74, 120.28, 116.91, 115.22, 114.45, 111.22 

(Figure C.56). HRMS (ESI) m/z; [M+H]+ 582.1179, calc. for C35H24N3O2S2 

582.1304 (Figure B.28). 

4.2.3.2 10-(3-(2-(9H-carbazol-9-yl)pyridin -4-ylsulfonyl)phenyl)-10H-

phenothiazine (PTZ-mS4-Py-2Cz) 

The title compound was obtained from Br-mS4-Py-2Cz (0.38 g, 0.82 mmol) as white 

colored target molecule PTZ-mS4-Py-2Cz in 73% (0.35 g). FTIR (KBr, cm
-1

): 3435, 

3058, 2924, 1598, 1575, 1489, 1462, 1450, 1404, 1327, 1311, 1274, 1260, 1242, 

1228, 1190, 1149, 1099, 1076, 1062, 1027, 988, 967, 934, 920, 864, 842, 800, 789, 

781, 753, 739, 725, 715, 684, 676, 658, 646, 616, 599, 574, 566, 535, 517, 

466(Figure A.27). 
1
H-NMR (600 MHz, CDCl3) ŭH=  8.89 (d, J = 5.1 Hz, 1H), 8.12 

(d, J = 7.6 Hz, 2H), 8.09 (s, 1H), 7.83 (d, J = 8.3 Hz, 3H), 7.81 (d, J = 8.0 Hz, 1H), 

7.67 (dd, J = 5.1, 1.1 Hz, 1H), 7.59 (t, J = 7.6 Hz, 1H), 7.49 (d, J = 7.6 Hz, 1H), 7.43 

(t, J = 7.3 Hz, 2H), 7.36 (t, J = 7.4 Hz, 2H), 7.24 (d, J = 8.7 Hz, 2H), 7.01 (s, 4H), 

6.71 (s, 2H) (Figure C.57). 
13

C-NMR (150 MHz, CDCl3) ŭ= 153.15, 152.04, 151.03, 

141.38, 138.87, 131.28, 127.25, 126.65, 124.80, 123.74, 121.92, 121.44, 120.34, 

117.06, 115.36, 111.20 (Figure C.58). HRMS (ESI) m/z; [M+H]+ 582.1421, calc. for 

C35H24N3O2S2 582.1304 (Figure B.29). 

4.2.4 X-ray crystallography 

Crystallographic data were recorded on a Bruker APEX II QUAZAR three-circle 

diffractometer using mono-chromatized Mo-KŬ X-radiation (ɚ = 0.71073 ¡). 

Absorption correction was performed by the multi-scan method implemented in 

SADABS [131] and space groups were determined using XPREP implemented in 

APEX2 [132]. Structure was solved using the direct methods procedure in SHELXT 

[133] and refined by full-matrix least squares on F2 using SHELXL [134] in the 

Olex2 Software Package [135]. All non-hydrogen atoms were refined with 
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anisotropic displacement factors and C-H hydrogen atoms were placed in calculated 

positions and allowed to ride on the parent atom. The final geometrical calculations 

and the molecular drawings were carried out with PLATON [136], MERCURY 

[137], and DIAMOND (Version 3.1) [138] programs. Structure determinations were 

deposited with the Cambridge Crystallographic Data Centre with reference CCDC-

2089158 and 2089159 for PTZ-pS4-Py-2Cz and PTZ-mS4-Py-2Cz, respectively. 

4.2.5 Computational details 

Geometry optimizations have been performed using TURBOMOLE V7.5.1 [139] 

quantum chemistry package utilizing the DFT [60,140] with several functionals 

(B3LYP [141], M06-2X [142], wB97XD [143], CAM-B3LYP [65] and PBE0 [144]) 

and basis sets including 6-31G(d), 6-31G(d,p), TZVP and aug-cc-pVDZ (aVDZ). 

The resolution of identiy (RI) [145] approximation was switched on in all 

relaxations. Time-dependent DFT (TDDFT) [146,147] was employed for the 

calculation of excitation energies using the relaxed structures at B3LYP/6-31G(d) 

and B3LYP/aVDZ. 

4.3 Results and Discussion 

4.3.1 Molecular design and synthesis  

In the previous work, we designed and synthesized differently substituted pyridiyl-

sulfonyl derivatives with Cz donors [121]. The best TADF performance was 

obtained with para- substitution of the sulfonyl group by the pyridine ring, with 

bicarbazole units as donor. In this study, we examine more structurally complex D-

aA-Dô materials by also introducing a PTZ donor. This is also inspired by previous 

investigations of asymmetric PTZ-Cz TADF materials, with the additional feature of 

the asymmetric aA acceptor [108]. PTZ was therefore inserted at the 4- position on 

the pyridyl-sulfonyl group (para-) while Cz was attached at the 2-position on the 

pyridine ring (PTZ-pS4-Py-2Cz). An additional isomer was also produced with the 

PTZ group in a meta- position relative to the sulfonyl group (PTZ-mS4-Py-2Cz). To 

achieve these 2-carbozyl and 4-phenothiazyl substituted materials, appropriate 

pyridyl-sulfonyl derivatives were initially produced. Regioselectivity of the C-N 

bond forming reaction on 2-halogenated pyridine was used to achieve the target 

structures [102,104]. X-ray and NMR analysis of the final products demonstrates that 
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the first C-N cross-coupling reaction occurred at the 2-position of the regioselective 

halopyridine. 

 

Figure 4.1 : The synthetic route of target molecules. 

The synthetic routes and molecular structures are depicted in Figure 4.1. The 2,4- 

substituted pyridiyl-sulfonyl derivatives, 9Ac & 9Acô were synthesized by redox, C-

S cross coupling, and oxidation reactions respectively [121]. The target molecules 

were obtained using para- and meta- functionalized aA acceptor units along with 

appropriate C-N coupling reactions. The first C-N coupling was a copper-catalyzed 

Ullmann reaction, and the second coupling was a palladium-catalyzed Buchwald-

Hartwig reaction. The target materials PTZ-pS4-Py-2Cz and PTZ-mS4-Py-2Cz were 

further characterized by FTIR, NMR (
1
H- and 

13
C-), single crystal X-ray, and 

HRMS, the details of which are shown in Appendix A. 

4.3.2 X-ray single-crystal structure 

The x-ray suitable single crystals of compounds PTZ-pS4-Py-2Cz and PTZ-mS4-Py-

2Cz were obtained by slow evaporation of a solution of in a mixture of 

dichloromethane and methanol (1:1, v/v). Their molecular structures were 

determined by x-ray crystallography; data collection and refinement details were 
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presented in Table 4.1 and their molecular structures were given in Figure 4.2. The 

asymmetric unit of PTZ-pS4-Py-2Cz contains two crystallographically independent 

molecules, which have been denoted as PTZ-pS4-Py-2Cz-A and PTZ-pS4-Py-2Cz-B 

(Figure 4.2-a and 4.2-b). 

The x-ray molecular structures clearly confirmed that PTZ-pS4-Py-2Cz and PTZ-

mS4-Py-2Cz are structural isomers; in both structures, the carbazole (Cz) moiety 

linked to pyridyl ring on ortho- position while the phenothiazine (PTZ) moiety 

linked to benzene ring on the para- or meta- position, respectively with respect to 

sulfone unit.  

The selected bond parameters were given in Table G.1. All bond lengths and angles 

belong to phenothiazine, carbazole and pyridyl-sulfone units were found in expected 

ranges. The S=O bond lengths were found in the range of 1.429 (3)-1.436 (2) Å. The 

S-C bond lengths were similar for sulfone and PTZ units, [in the range of 1.742 (4)-

1.785 (3) Å] and the C-N bond lengths were similar for Cz and PTZ units, [in the 

range of 1.389 (4)-1.439 (4) Å]. The O-S-O bond angles were found close to 120 . 

The C-S-C bond angles of PTZ units [in the range of 97.37- 98.41 ] narrow than 

those angles of sulfone units [in the range of 102.74- 106.04 ]. The sum of the C-N-

C bond angles around the nitrogen atoms of Cz units found very close to 360  which 

showed their trigonal planar character. In the case of PTZ units, the sum of the C-N-

C bond angles were found more deviated from 360  (349.5  for PTZ-pS4-Py-2Cz-A, 

354.6  for PTZ-pS4-Py-2Cz-B and 358.3  for PTZ-pS4-Py-2Cz). 

The orientations of carbazole (Cz), phenothiazine (PTZ) and pyridyl-sulfone groups 

were investigated and related conformational parameters were given in Table G.1. 

The phenothiazine unit of PTZ-pS4-Py-2Cz displayed relatively wider stance; the 

angle between the planes of two benzenes of PTZ was 45.06  for PTZ-pS4-Py-2Cz-

A, 46.05  for PTZ-pS4-Py-2Cz-B and 50.73  for PTZ-pS4-Py-2Cz (Figure G.2). 

Although the N-C-C-S(PTZ) torsion angles were similar for all structures the angles 

between the planes of one ring of PTZ and benzene were found wider for PTZ-pS4-

Py-2Cz (Table G.1 and Figure G.3). Another conformational importance for PTZ 

units that the sulphur atoms (SPTZ) of two crystallographically independent 

molecules of PTZ-pS4-Py-2Cz had different orientation with respect to SO2 group; 

the S atom was found in cis- configuration in PTZ-pS4-Py-2Cz-A while it was in 
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trans- configuration in PTZ-pS4-Py-2Cz-B. The S(PTZ) atom of compound PTZ-

mS4-Py-2Cz was also oriented in cis- configuration. 

Table 4.1 : X-ray crystallographic data and refinement parameters for compounds 

PTZ-pS4-Py-2Cz and PTZ-mS4-Py-2Cz. 

Compound PTZ-pS4-Py-2Cz PTZ-mS4-Py-2Cz 

Empirical formula C35H23N3O2S2 C35H23N3O2S2 

Formula weight 581.68 581.68 

Temperature (K) 173 273 

Crystal system Monoclinic Orthorhombic 

Space group P21/n Pbca 

a (Å) 9.9848 (7) 8.5517 (10) 

b (Å) 45.348 (3) 24.556 (3) 

c (Å) 12.5894 (9) 26.427 (3) 

b  ( )̄ 99.101 (1)  

Volume (Å
3
) 5628.6 (7) 5549.8 (10) 

Z 8 8 

Density  (calc, 

Mg/m
3
) 

1.373 1.392 

Absorption coeff. 

(mm
-1

) 
0.23 0.23 

2qmax ( )̄ 50 50 

Reflections collected 34606 24819 

Independent 

reflections  
9903 4895 

Rint (merging R 

value) 
0.045 0.085 

Parameters 757 379 

R (F
2
>2sF

2
)
 0.062 0.057 

wR (all data) 0.147 0.140 

Goodness-of-fit on F
2
 1.11 1.10 
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Figure 4.2 : Crystal structures of a) compound PTZ-pS4-Py-2Cz-A b) compound 

PTZ-pS4-Py-2Cz-B and c) compound PTZ-mS4-Py-2Cz with the atom-numbering 

scheme. Displacement ellipsoids are drawn at the 30% probability level. The 

hydrogen atoms have been omitted for clarity. 

4.3.3 Theoretical calculations 

A conformational analysis has been perfomed for both PTZ-pS4-Py-2Cz and PTZ-

mS4-Py-2Cz and for each compound the lowest-energy conformer shown in Figure 

4.3 have been obtained after the B3LYP/aVDZ relaxations. Vibrational frequency 

calculations confirmed that molecules shown in Figure 4.3 are stable, since no 

imaginary frequency was obtained.  

a

b

c
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Figure 4.3 : B3LYP/aVDZ optimized geometries of two PTZ-pS4-Py-2Cz (left) and 

PTZ-mS4-Py-2Cz (right) confomers. 

Table 4.2 lists the experimental and computational HOMO, LUMO and band gap 

energies obtained at several levels of theory. For both molecules, HOMO, LUMO 

and band gap energies calculated at both B3LYP/aVDZ, B3LYP/6-31G(d) and 

B3LYP/6-31G(d,p) are the most closer ones to the experimentally determined values. 

It should also be mentioned that the newer hybrid functional of Truhlar and Zhao 

(M06-2X) and longe-range corrected ones (wB97XD and CAM-B3LYP) 

overestimate the frontier orbital energies and band gap. As expected, all calculated 

HOMO-LUMO gaps are higher than the experimental gaps. However, the calculated 

optical band gaps (S0-S1) at B3LYP/aVDZ and B3LYP/6-31G(d) are quite in 

agreement as shown in Table 4.3.  

The lowest singlet (S1) and triplet (T1) excited state energies were also calculated 

using both B3LYP/6-31G(d) and B3LYP/aVDZ methods. Figure 4.4 shows the 

electron density distribution of the HOMOs and LUMOs of the singlet and triplet 

states. In both compounds, while the HOMO is localized on the carbazole donors and 

slightly extending to the pyridyl bridges, the LUMO is localized on both the sulfone 

and pyridyl/phenyl rings. However, as shown in Figure 4.4 we find that the HOMO-1 

is also involved in a separate electronic transition. Indeed, the HOMO-1s of both 

PTZ-pS4-Py-2Cz and PTZ-mS4-Py-2Cz are delocalized over the PTZ moiety, raising 

the possibility of dual CT states associated with the two different donor units. We 

subsequently observe dual emission in photoluminescence experiments, which we 

therefore attribute to competing CT emission channels associated with the two 

different donor units. Independent CT transitions were also observed theoretically 

and experimentally in similar D-A-Dô compounds such as 4-carbazol-10-

phenothiazine diphenyl sulfone in previous studies [148,149].  Both S1 (absorbing at 
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373 nm, oscillator strength fosc =0.07) and T1 states (absorbing at 416 nm, 

fosc=0.32) are mainly ˊ-ˊ* transitions.  

Table 4.2 : Comparison of experimental and computational HOMO [eV], LUMO 

[eV] and band gap [eV] energies. 

 
PTZ-pS4-Py-2Cz PTZ-mS4-Py-2Cz 

HOMO LUMO Eg HOMO LUMO Eg 

Experiment -5.14 -1.86 3.28 -5.08 -1.92 3.16 

B3LYP/6-31G(d) -5.49   -1.61 3.88 -5.58 -1.76 3.82 

B3LYP/6-31G(d,p) -5.50 -1.62 3.88 -5.60 -1.76 3.84 

B3LYP/TZVP -5.78 -1.97 3.81 -5.87 -2.13 3.74 

B3LYP/aVDZ -5.82 -2.00 3.82 -5.90 -2.16 3.74 

PBE0/aVDZ -6.00 -1.84 4.16 -6.09 -2.00 4.09 

M06-2X/6-31G(d,p) -6.71 -0.69 6.02 -6.53 -1.18 5.35 

wB97XD/6-31G(d,p) -7.43 0.23 7.66 -7.55 0.05 7.60 

CAM-

B3LYP/631G(d,p) 
-6.79 0.39 6.40 -6.88 -0.54 6.34 

Table 4.3 lists the calculated ȹEST, ȹEST(LE), S1 and T1 energies of both molecules at 

B3LYP/6-31G(d) and B3LYP/aVDZ levels of theory. The calculated ȹEST are 

between 0.29ï0.35 eV, which indicates the possibility of TADF character of these 

molecules. Moreover, the computed ȹEST(LE) (S1 - T2 (
1
CT - 

3
LE)) are 0.15 eV and 

0.21 eV respectively for PTZ-pS4-Py-2Cz and PTZmS4-Py-2Cz. 

Table 4.3 : Calculated S1, T1, ȹEST (S1-T1), ȹEST(LE) (S1-T2) energies and 

experimental band gaps (Eg) [eV] for PTZ-pS4-Py-2Cz and PTZ-mS4-Py-2Cz 

conformers at using B3LYP/aVDZ (and B3LYP/6-31G(d) values also provided 

given in parenthesis). 

Molecules Experimental Eg S1 T1 ЎὉ  

PTZ-pS4-Py-2Cz 3.28 3.26 (3.32) 2.94 (2.97) 0.32 (0.35) 

PTZ-mS4-Py-2Cz 3.16 3.19 (3.27) 2.90 (2.94) 0.29 (0.33) 
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S1 Molecules T1 

HOMO LUMO PTZ-pS4-Py-

2Cz 

HOMO LUMO 

 

 

 

 

 
HOMO-1 LUMO HOMO-1 LUMO 

 

 

 

 

 

 

 

 

 

HOMO LUMO PTZ-mS4-Py-

2Cz 

HOMO LUMO 

  

 

  
HOMO-1 LUMO HOMO-1 LUMO 

    

 Figure 4.4 : Calculated (B3LYP/aVDZ) natural transition orbitals of the S1 and T1 

states of both molecules. 

4.3.4 Thermal and electrochemical properties 

All measured electrochemical and thermal properties are tabulated in Table 4.4. The 

thermal properties of PTZ-pS4-Py-2Cz and PTZ-mS4-Py-2Cz were characterized by 

differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA) 

under nitrogen atmosphere. The results of TGA and DSC revealed that the para- 

isomer possesses higher thermal stability than the meta- isomer and also sulfonyl 

group was greatly improved the thermal stability [121,150], as seen in their DSC 

termograms(Appendix F). Compared to the previous Cz-Cz materials, introducing 

the PTZ group enhances the Tg and Tm [121]. Cyclic voltammetry (CV) 

measurements were also performed to determine the oxidation potential of the target 

molecules in degassed acetonitrile solution. The absolute energy levels of emitters 

were estimated using cyclic voltammetry and UV-visible absorption. The IP/EA 

energy levels of PTZ-pS4-Py-2Cz and PTZ-mS4-Py-2Cz were determined to be -
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5.14/-1.86 eV and -5.08/-1.92 eV, respectively, measured from the first oxidation 

wave and relative to ferrocene. Voltammograms showed that the DïAaïDô 

molecules exhibited one quasi-reversible and one reversible oxidation Figure E.3). 

Table 4.4 : The thermal and electrochemical properties for emitters. 

 PTZ-pS4-Py-2Cz PTZ-mS4-Py-2Cz 

Td/Tg/Tm (°C) 
a
 375.1/ 93.9 

b
/220.9 

c 
362.4/74.2 

b
/198.1 

c 

E
ox 

onset(V)
d
 0.84 0.78 

HOMO (eV) 
e
 -5.14 -5.08 

LUMO
 
(eV) 

e
 -1.86 -1.92 

Eg 
opt

 (eV) 
f
 3.28 3.16 

a 
Values of the Td (corresponding to a weight-loss of 5%), Tm (melting peak point) and Tg (glass 

transition temperature) of target molecules from TGA and DSC in N2 atmosphere at heating rate 10
°
C 

min
-1
. 

b 
Glass transition (Tg) was obtained from the second run at DSC curves. 

c 
Melting point (Tm) was obtained from the first run at DSC curves. 

d 
Onset oxidation potentials versus Ag/AgCl obtained from Cyclic Voltammograms for Pt electrode in 

contact with a 0,1 M n-Bu4NF6P/Acetonitrile solution of compounds relative to ferrocene; scan rate 

100 mV/s.  
e 
The HOMO and LUMO levels were determined using the following equations;  

EHOMO =[EoxīE1/2
1
(ferrocene) + 4.8], ELUMO =EHOMOīEg

opt
. 

f 
Optical band gap (Eg

opt
) obtained from onset of the absorption spectra by extrapolation; 

(Eg
opt
=1240 / ɚonset) 

4.3.5 Photophysical and TADF properties 

In zeonex (1% wt/wt) solid host matrix, the para- and meta- isomers show structured 

absorption peaks around 330 nm. The spectra are approximately the sum of the 

absorption spectra of each D and A components (Figure 4.5-a), which can be 

attributed to the decoupled nature of donor and acceptor for both Cz and PTZ donors 

[151]. The photoluminescence spectra of the molecules show dual Gaussian bands in 

dilute films, with both bands showing positive solvatochromism in different polarity 

solvents (Figure D.6 & Figure D.7). The shorter wavelength gaussian emission band 

(ca. 425nm) is attributed to the 
1
CT state of the Cz unit of AīD pair (

1
CT-Cz), which 

clearly undergoes a red shift with increasing solvent polarity (Table 4.5). The second 

emission band (ca. 550 nm) is attributed to 
1
CT emission from the PTZ unit of AīD 

pair (
1
CT-PTZ), which also shows a clear solvatochromic shift in different polarity 

solutions and has redshifted emission due to the increased donor strength of PTZ 

[81]. The 
1
CT-PTZ band disappears in highly polar solvents like acetonitrile, which 

we suggest is due to enhanced quenching of this low-energy band due to the energy 
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gap law as its energy becomes too deeply redshifted. None of the molecules shows 

vibronically structured emission from locally excited singlet states, even in non-polar 

cyclohexane solution and zeonex polymer host. 

 

Figure 4.5 : Left Normalized absorption (ABS) and photoluminescence (EMS) 

spectra of the molecules in zeonex (1% wt/wt) films at RT. Right Molecular structure 

of SFPC. 

Comparing the optical properties of these materials with a related previously studied 

linear analog SFPC [108] (Figure 4.5), we observe dual emission in the pyridine-

containing materials while only a single emission peak from the PTZ CT state is 

observed in SFPC films. This may be explained by the increased conformational 

freedom of the Cz when adjacent to the pyridine heteroatom, allowing it to explore 

D-A dihedral angle conformations with higher fluorescence rate, thus activating the 

1
CT-Cz emissive pathway in the new materials. The CT character of the 

1
CT-Cz state 

is also likely enhanced compared to SFPC, due to the adjacent pyridine acting as an 

auxiliary acceptor [94]. At longer times, all energy is emitted through the lower-

energy 
1
CT-PTZ state (Figure 4.6, lower contour plots), similar to SFPC, for reasons 

discussed further below. 
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Table 4.5 : Photophysical properties for PTZ-pS4-Py-2Cz and PTZ-mS4-Py-2Cz.  

Molecules 

lPL
a 
(nm)

 

lABS
b
 

(nm) 

PLQY
c
 

(%) 

PLQY
d 

(%) 

PLQY
e

(%) 

DEST 

(eV) 

ŰPF
f 

(ns)
 

ŰDF
f 

(µs) 
DF/PF

f 
kf

g 

(x10
7
s

-1
) 

kISC
g 

(x 10
7
s

-1
) 

krISC
g 

(x 10
5
s

-1
) 

CH T CB ACN 

PTZ-pS4-Py-

2Cz 

409 
i
 444 

i
 457

 i
 496

 i 

283, 320, 

329 
53 12 20 0.26 7.8 17.2 6.25 1.3 9.9 4.1 

505
 ii
 554

 ii
 591

 ii
 

ND
 

PTZ-mS4-Py-

2Cz 

428
 i
 456

 i
 481

 i 
507

 i 
283, 322, 

328 
23 3 6 0.33 33.4 37.3 4.64 0.97 2.1 0.95 

524
 ii
 563

 ii
 

ND
 

ND
 

a
 Dual emission maxima in different solvents (Cyclohexane-CH, Toluene-T, Chlorobenzene-CB and Acetonitrile-ACN). 

i
  Higher energy emission maximum wavelength attributed to 

1
CT-Cz 

ii
 Lower energy emission maximum wavelength attributed to 

1
CT-PTZ 

ND
 Peak is not observed in the 

spectrum. 
b
 Absorption maxima for solutions in toluene at RT. 

c
 Measured in 1% wt/wt zeonex film under nitrogen atmosphere.  

d
 Measured in non-doped solid film under nitrogen atmosphere. 

e
 Measured in toluene solution in air. 

f
 PF and DF decay lifetimes from weighted averages of biexponential fitting of separate decay regions, with DF/PF ratio from areas of fitted exponentials. 

g
 kf, kISC, krISC from simultaneous kinetic fitting of PF and DF emission decays [105]. 
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The emission spectra redshifts slightly when the positions of PTZ changes from 

para- to meta- relative to the sulfone, which also results in a reduction in PLQY 

values (Table 4.5). While in zeonex films the PLQY of the para- isomer is higher 

than the meta- isomer (53% compared to 23%), the reported PLQY in the linear 

SFPC molecule is 93% [88]. This indicates that the structural modifications in PTZ-

pS4-Py-2Cz and PTZ-mS4-Py-2Cz likely enhance nonradiative pathways, possibly 

enabled by the flexible PTZ unit. The materials were further analysed using time-

resolved spectroscopy in zeonex (1% wt/wt) films, where the complex nature of the 

emissive states of PTZ-pS4-Py-2Cz, PTZ-mS4-Py-2Cz are determined in more 

detail. Figure 4.6 shows the decay of the total integrated emission intensity following 

pulsed laser excitation of the zeonex films under vacuum at RT and under dry 

nitrogen gas at 80K. Contour plots of the normalised time-resolved spectra at 

different times are presented below the decay curves. The materials emit across two 

distinct time regimes, with prompt fluorescence (PF) occurring over nanoseconds as 

optically excited CT states emit. Delayed fluorescence (DF) extends over 

microseconds as triplet states undergo slower rISC and emit at later times. The PF 

includes both contribution from the 
1
CT-Cz and 

1
CT-PTZ states, where short-lived 

1
CT-Cz emission is dominant at early times. Long-lived and redshifted 

1
CT-PTZ 

emission later significantly dominates the DF decay. By simultaneously fitting the 

PF and DF regions by kinetic fitting [105], we find that the relevant emission decay 

constants (kf, kISC, and primarily krISC, Table 4.5) are improved somewhat compared 

to the analogous Cz-Cz D-aA-D materials [121]. Similar krISC values are determined 

by combining the PLQY and DF/PF ratios using the method described by Dias et al 

[84]. We take this as confirmation that the amplitude scaling factor ñ[S1](t=0)ò 

originally introduced in the kinetic fitting model to account for LE emission in the 

PF time regime is able to also adequately account for the Cz CT emission.  
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Figure 4.6 : Decay of the total integrated emission intensity for PTZ-pS4-Py-2Cz, 

PTZ-mS4-Py-2Cz in zeonex film (1% wt/wt) at room temperature and at 80K. 

Below, contour plots of normalised time-resolved emission spectra show how the 

emission spectra change from 
1
CT-Cz-dominated at early times, to 

1
CT-PTZ-

dominated at later times. 

Nonetheless, for the Cz-PTZ D-aA-Dô materials the krISC rate constants are 

significantly different for the isomers and improved for the para- isomer. We 

previously found them to be identical in the corresponding Cz-Cz isomers. This 

finding adds to the growing understanding of how para- and meta- substitutions can 

have significant effect on photophysical parameters [77,82,95,152ï153]. In this 

specific case we suggest that the presence of multiple CT states with distinct rISC 

pathways leads to an improved overall rate of rISC. 

The PF and DF spectra show temperature dependent changes, where we observe 

faster PF decay at RT compared to at 80K. This can be explained under the vibronic 

coupling theory relevant to D-A TADF emitters, in which both ISC and rISC rates 

are thermally activated when ȹEST is small[154]. 

In the DF, emission from 
1
CT-PTZ dominates in both of the molecules (Figure 4.6, 

similar to in linear SFPC), indicating a more efficient triplet harvesting mechanism in 

the PTZ side of the molecules. This outcome is in agreement with the observed 
1
CT-

3
LE gaps of the two subunits (see Figure 4.7-b/d), and supported by calculations of 
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the same (0.22 eV and 0.28 eV respectively at B3LYP/6-31G(d) and B3LYP/aVDZ 

levels of theory). 

 

Figure 4.7 : Time-resolved photoluminescence spectra of the molecules in zeonex 

film (1% wt/wt). a,c) Normalized PF (from -1.05 ns to 1.3 µs) spectral evolution at 

RT b,d) Normalized DF (from 1.3 µs to 23.7 ms) spectral evolution at RT. Low 

temperature  phosphorescence specta (PH: 80 K, >10ms delay) is also given for 

comparison. 

Finally, when the PTZ group is shifted from para- to meta-, the DF intensity and rate 

of rISC both decrease alongside significant decrease in PLQY (Table 4.5). As seen 

previously [82,121], this meta- positioning of D and A units decreases the electronic 

coupling between them. Since PTZ is the donor unit primarily involved in the 
1
CT-

PTZ DF emission, its position therefore significantly controls the DF properties. 

Nonetheless, the active emission from both Cz and PTZ CT states stands in contrast 

to other similar materials such as SPFC, and the enhanced rISC is likely assisted by 

the presence of multiple rISC pathways. 
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4.3.6 Electroluminescent properties 

4.3.6.1 OLED device fabrication 

Non-doped bottom-emitting OLEDs were investigated for both materials, using a 

stack structure of ITO/NPB(50 nm)/synthesized molecules(20nm)/TPBi (30 nm)/LiF 

(1 nm)/Al (100 nm). The energy levels of this stack are shown in Figure 4.8. Pre-

patterned indium tin oxide coated glass (ITO, 120 nm, Kintec Company) with a sheet 

resistance of 10 ɋĿsquare-1 was used as the substrate. These substrates were cleaned 

with distilled water, acetone, ethanol, and isopropanol in an ultrasonic solvent bath, 

and treated with oxygen plasma for 5 min before use. N,Nǋ-Di(1-naphthyl)-N,Nǋ-

diphenyl-(1,1ǋ-biphenyl)-4,4ǋ-diamine (NPB, Sigma-Aldrich) was deposited in an 

evaporation chamber under high vacuum (pressure below 1Ĭ10ī6 mBar) as the hole 

injection layer (50 nm). Next, emissive layers of PTZ-pS4-Py-2Cz or PTZ-mS4-Py-

2Cz (20 nm), electron transport layer of 1,3,5-tris(phenyl-2-benzimidazolyl)benzene 

(TPBI, 30 nm), and a cathode composed of calcium (10 nm) and aluminium (100 

nm) were sequentially deposited via evaporation. The size of the active OLED area 

defined by shadow masks was 9 mm
2
. The electroluminescence spectra and current 

densityïvoltage-brightness of the devices were measured with a Hamamatsu PMA-

12 C10027 Photonic Multichannel analyzer and digital multimeter (2427-C 3A 

Keithley). All the measurements were carried out at room temperature under ambient 

conditions. 

 

Figure 4.8 : The energy diagram of the OLED layers. 
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4.3.6.2 OLED device results 

As can be seen from Figure 4.9, the PTZ-pS4-Py-2Cz OLED showed a maximum 

luminous efficiency of 4.5 cd/A, and 1.5 cd/A for the PTZ-mS4-Py-2Cz OLED. The 

maximum luminances were about 450 and 350 cd/m
-2

 for the para- and meta- 

materials respectively, although with significantly higher turn-on and operating 

voltages for para-. Figure 4.9 shows the EL spectra of the OLEDs, which exhibited 

yellow emissions at 580 and 560 nm for the para- and the meta- respectively, with 

other optoelectronic data summarised in Table 4.6. The higher relative performance 

of the PTZ-pS4-Py-2Cz device is in great agreement with optical findings. Indeed, 

the lower conductivity of the para- substituted material is evident in Figure 4.9-a, 

which may in turn have led to better charge confinement in the emissive layer than 

with the more conductive meta-substituted material. 

Table 4.6 : Summary of device characteristics of synthesized molecules: onset 

voltage (VON), luminous efficiency (LE), external quantum efficiency (EQE), color 

coordinates and EL wavelength(lEL). 

Sample 
VON 

(V)
a
 

LE 

(cd/A)
b
 

EQE 

(%)
b
 

Color Coordinates 

(x;y)
c
 

lEL 

(nm)
b
 

PTZ-pS4-Py-2Cz 8 4.5 1.9 0.49; 0.48 580 

PTZ-mS4-Py-2Cz 7 1.5 0.5 0.41; 0.53 560 

a
 Turn-on voltage at 1 cd/m

2
. 

b
 Maximum values. 

c
 Chromaticity coordinates (CIE 1931) recorded at 12 V. 
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Figure 4.9 : a) Current densityïVoltage, b) Luminous efficiencyïVoltage of c) 

LuminanceïVoltage and d) Electroluminescence (EL) characteristics of OLEDs 

fabricated with PTZ-mS4-Py-2Cz and PTZ-pS4-Py-2Cz. 

4.4 Conclusion 

In conclusion, we have investigated the emissive properties of 2,4-substituted 

pyridyl-sulfonyl based regioisomers. The multistep synthesis of the Cz and PTZ 

substituted compounds was confirmed by single crystal X-ray and NMR analysis. 

The HOMO and LUMOs for both molecules have spatial separation, with the 

HOMO localized on Cz, HOMO-1 on PTZ, and LUMO across the sulfone and 

pyridyl/phenyl rings. Changes in the position of PTZ from para- to meta- leads to 

considerable detrimental impacts on TADF and PLQY properties, in contrast to 

analogous Cz-Cz materials which had no strong isomeric differences. Prompt 

emission is dominated by the 
1
CT-PTZ state, and delayed emission arises from the 

1
CT-PTZ state leading to steady-state dual emission in both materials. Non-doped 

OLEDs based on PTZ-mS4-Py-2Cz & PTZ-pS4-Py-2Cz present warm-yellowish 

emission with CIE coordinates of (0.41; 0.53, 0.49; 0.48), and maximum EQEs of 

0.5% and 1.9%, respectively. 
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5.  CONCLUSIONS 

The propose of the thesis is to describe the carbazole based electron 

withdrawing/donating groups with D-p, D-Aa/D-aA, D-Aa-D and D-Aa-Dô type 

molecules which are blue-emitted and show TADF mechanism. The main design 

strategy of the emitters is reducing the overlap of the HOMO-LUMO energy levels 

and limiting the p-conjugation of the whole molecule structure to obtain blue 

coloured emission. According to the researches the best overall structure-property of 

the carbazole based derivatives is 2,4-substituted pyridyl-sulfonyl compounds.  

In the first research, which was presented in Chapter 2; only compound 6b which 

includes methoxy group has CT character that provides the molecule with additional 

emission through TADF. All doped and nondoped devices demonstrated sky-blue 

emission but the compound 6a that using in the emissive layer in the device was 

found to exhibit the best EL performance. 

In the second research, which was presented in Chapter 3; all pyridyl-sulfonyl 

substituted carbazole derivatives were shown TADF mechanism and blue emission. 

When pyridine moity was utilized as an auxillary acceptor, it was found that the 

TADF characteristics changed depending on where it was placed. Another interesting 

observation was that the rISC of D-Aa-D type monodonor emitters occurred between 

the 
3
LE and 

1
CT states. The 2,4-substituted derivatives had better thermal, 

electrochemical, PL, and TADF properties than the other positions. 

In the third research, which was presented in Chapter 4; based on previous studyôs 

best results. DFT calculations revealed that HOMO electron density mainly localized 

for both D-Aa-Dô type regioisomers on the carbazole unit. All characterizations of 

structural, thermal, and electrochemical properties have slight differences. However, 

TADF and PL properties have significant changes in the position of the PTZ unit due 

to the strong 
1
CT-PTZ state transition. 
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APPENDIX A : FTIR Spectra of Molecules 

 

Figure A.1 : FTIR Spectrum of compound (4). 
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Figure A.2 : FTIR Spectrum of compound (6a). 
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Figure A.3 : FTIR Spectrum of compound (6b). 
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Figure A.4 : FTIR Spectrum of compound (6c). 
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Figure A.5 : FTIR Spectrum of compound (4). 
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Figure A.6 : FTIR Spectrum of compound (4Ac). 
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Figure A.7 : FTIR Spectrum of compound (5). 
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Figure A.8 : FTIR Spectrum of compound (5Ac). 
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Figure A.9 : FTIR Spectrum of compound (6Ac). 
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Figure A.10 : FTIR Spectrum of compound (7Ac). 
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Figure A.11 : FTIR Spectrum of compound (8). 
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Figure A.12 : FTIR Spectrum of compound (8Ac). 
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Figure A.13 : FTIR Spectrum of compound (9). 
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Figure A.14 : FTIR Spectrum of compound (9Ac). 
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Figure A.15 : FTIR Spectrum of compound (9ô). 
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Figure A.16 : FTIR Spectrum of compound (9Acô). 
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Figure A.17 : FTIR Spectrum of compound (Cz-pS2-Py). 
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Figure A.18 : FTIR Spectrum of compound (pS2-Py-5Cz). 
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Figure A.19 : FTIR Spectrum of compound (Cz-pS2-Py-5Cz). 



 

125 

 

Figure A.20 : FTIR Spectrum of compound (Cz-pS2-Py-6Cz). 
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Figure A.21 : FTIR Spectrum of compound (Cz-pS3-Py-5Cz). 
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Figure A.22 : FTIR Spectrum of compound (Cz-pS4-Py-2Cz). 



 

128 

 

Figure A.23 : FTIR Spectrum of compound (Cz-mS4-Py-2Cz). 
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Figure A.24 : FTIR Spectrum of compound (Br-pS4-Py-2Cz). 
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Figure A.25 : FTIR Spectrum of compound (Br-mS4-Py-2Cz). 
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Figure A.26 : FTIR Spectrum of compound (PTZ-pS4-Py-2Cz). 
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Figure A.27 : FTIR Spectrum of compound (PTZ-mS4-Py-2Cz). 
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APPENDIX B: Mass Spectra of Molecules 

 

 

Figure B.1 : MS Spectrum of compound (4).  
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Figure B.2 : MS Spectrum of compound (6a). 
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Figure B.3 : MS Spectrum of compound (6b). 
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Figure B.4 : MS Spectrum of compound (6c). 
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Figure B.5 : MS Spectrum of compound (4). 
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Figure B.6 : MS Spectrum of compound (4Ac). 
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Figure B.7 : MS Spectrum of compound (5). 
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Figure B.8 : MS Spectrum of compound (5Ac). 
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Figure B.9 : MS Spectrum of compound (6). 
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Figure B.10 : MS Spectrum of compound (6Ac). 
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Figure B.11 : MS Spectrum of compound (7). 
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Figure B.12 : MS Spectrum of compound (7Ac). 
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Figure B.13 : MS Spectrum of compound (8). 



 

146 

 

Figure B.14 : MS Spectrum of compound (8Ac). 
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Figure B.15 : MS Spectrum of compound (9). 
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Figure B.16 : MS Spectrum of compound (9Ac). 
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Figure B.17 : MS Spectrum of compound (9ô). 
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Figure B.18 : MS Spectrum of compound (9Acô). 
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Figure B.19 : MS Spectrum of compound (Cz-pS2-Py). 
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Figure B.20 : MS Spectrum of compound (pS2-Py-5Cz). 
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Figure B.21 : MS Spectrum of compound (Cz-pS2-Py-5Cz). 
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Figure B.22 : MS Spectrum of compound (Cz-pS2-Py-6Cz). 
























































































































































































