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Abstract 

Organic materials have received immense attention in the last few decades owing to their 

utility in optoelectronic applications particularly organic light emitting diodes (OLED) and 

photovoltaics. The OLED serves as potentially energy saving technology when compared to 

their inorganic counterpart light sources such as liquid crystal displays and incandescent 

sources. Further, they provide low cost and environmental sustainability over their hazardous 

inorganic counterparts. The wide range of availability of organic chromophores and their facile 

functional modification leads to the development of library of organic emitters exhibiting 

primary colors such as red, green and blue. Despite of benchmark red and green emitters, blue 

emitters showing high efficiency and long durability are scarce in the literature owing to their 

associated wide band gap and improper charge injection and transportation. Thus, the pursuit of 

developing highly efficient blue emitters exhibiting good charge transport and better 

morphological stability is indispensable. In general, the efficacy of functional chromophore 

decides the fate of OLED device in terms of efficiency and durability. Carbazole is considered 

as a potential building block for the construction of fluorescent emitters since they possess high 

charge carrier mobility, good quantum yields, wide band gap and good electronic conjugation. 

The facile functionalization at various nuclear position of carbazole opens promising pathway 

for developing number of organic materials with tunable properties. The materials exhibiting 

bipolar character are desirable for realizing high efficiency because they provide balanced 

charge mobility. Generally, the incorporation of electron withdrawing group on carbazole 

results in bipolar nature. The modification at 3,6-position of carbazole gives good redox 

properties and the insertion of electron withdrawing group induces donor-acceptor interaction. 

The detrimental donor-acceptor interaction must be controlled otherwise which would quench 

the emission. On the other hand, 2,7-substitution of carbazole suppresses donor-acceptor 

interaction while providing extended conjugation. So, the carbazole-based materials containing 

2,7-substitution got significant attention.  

This thesis is classified into seven chapters. Chapter 1 presents the review of functional 

derivatives of carbazole in OLED applications as hole transporter, fluorescent emitter, thermally 

activated delayed fluorescence (TADF) emitter and phosphorescent host. Carbazole substitution 

at 3,6-position provides good redox properties, 2,7-substitution gives extended conjugation 

while 1,8-position results good morphological stability. However, N-functionalization did not 
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alter conjugation length, though increased the solubility of the materials. Chapter 2 deals with 

the aim and scope of the thesis in which cyanocarbazole-based derivatives are developed for 

fluorescent OLED applications. Chapter 3 to Chapter 6 presents the carbazole-based materials 

containing electron withdrawing cyano group and different chromophoric moieties as 

fluorescent emitters. The highlight of the thesis can be summarized as below. 

 

Chart 1. Pictorial representation of the work done in this thesis. 

In chapter 3, asymmetrically 2,7-substituted carbazole derivatives are presented as 

fluorescent emitters. The photophysical properties of the dyes are dependent on the nature of 

chromophore attached. Further, the effect of acetylene/vinyl spacer between cyanocarbazole 

and the chromophore on optical, electrochemical and electroluminescent properties is 

elucidated. The absorption maxima of the compounds depending on the linker are in the order 

of direct < acetylene < vinyl. Carbazole/triphenylamine substituted dyes showed positive 

solvatochromism in emission spectra which is due to intramolecular charge migration from 

donor to acceptor. Electrochemical studies revealed high oxidation propensity for 
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triphenylamine substituted compounds among the substituents and for vinyl spacer among three 

different linkers. The high onset thermal decomposition temperature of carbazole substituted 

dyes is attributed to the presence of two rigid carbazole molecular back bones. All the dyes 

showed deep blue electroluminescence emission with the CIE coordinate of 0.15≤ x ≤0.17 and 

0.04≤ y ≤0.10 while vinyl derivatives carbazole, triphenylamine and pyrene showed 0.12≤ y 

≤0.33. The best electroluminescence performance is realized for the device fabricated with a 

dye containing triphenylamine chromophore directly connected to cyanocarbazole chromophore 

exhibiting the maximum EQE of 4.1%. 

In chapter 4, cyanocarbazole end-capped rigid and rod-like fluorophores containing 

fluorene or carbazole bridge are described. The optical and electroluminescence properties of 

the dyes are tuned by altering the bridge and the position/mode of linkage. The absorption 

maxima depends on the nature of bridge and follows the order 3,6-carbazole < 2,7-fluorene < 

2,7-carbazole. The linear carbazole dyes displayed high thermal robustness when compared to 

fluorene analogs which is ascribed to three rigid carbazole units. Linear dyes showed typical π-

π* transition while V-shaped carbazole dyes showed intramolecular charge transfer transition. 

The largest Stokes shift is observed for directly connected dyes which indicate the involvement 

of high degree of structural reorganization of the dye molecules in the excited state. Despite of 

similar HOMO energy levels, dyes containing acetylene spacer showed low lying LUMO over 

directly connected dyes. It supports the electron withdrawing nature of acetylene spacer. The 

cyano end capping is found to be helpful in realizing balanced charge transport and thus better 

electroluminescence performance when compared to the known compounds in the literature. 

The devices fabricated with the dyes as emitting dopants in CBP host system showed deep blue 

emission with CIEy of 0.04. The electroluminescence performances of these dyes are superior 

to their analogous dyes containing only one cyanocarbazole unit (Chapter 3).  

In chapter 5, pyrene appended cyanocarbazoles connected through acetylene spacer are 

presented. The optical and electroluminescence properties of the dyes are drastically changed as 

the number of cyanocarbazole units increased on the pyrene core. Particularly, 1,6- and 1,8-

disubstituted dyes exhibited different optical and electroluminescence properties. 1,6-

disubstitued dye showed hypsochromic absorption maxima when compared to mono-substituted 

dye while 1,8-disubstituted dye showed bathochromic shift. The solvent independent absorption 

and emission profiles of the dyes indicate the absence of donor-acceptor interactions. The 
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electroluminescence emission is tuned from deep blue to green color depending on 

cyanocarbazole density. The power and current efficiency of the dyes are linearly increased as 

the number of cyanocarbazole units increased on the pyrene core. It clearly indicates the role of 

cyanocarbazole in realizing the balanced charge transport and thus better device performance.  

In chapter 6, a series of donor-acceptor configured arylamine donor substituted 

cyanocarbazoles linked through acetylene spacer is developed. The π electronic conjugation of 

triphenylamine dyes is increased as compared to their carbazole analogs. This leads to 

enhancement in thermal stability for them over rigid carbazole counterparts. The compounds 

containing arylamine acetylene at 2,7-position of core carbazole displayed negative absorption 

solvatochromism while the other isomers showed solvent independent absorption profiles. The 

positional variation of donor and acceptor tuned the optical and electroluminescence properties 

of the dyes. Despite of similar HOMO energy levels, 1,8-arylamine substituted dyes showed 

wide band gap over 2,7-substitued congeners which is due to the steric nature of the former. 

The high lying HOMO energy level of triphenylamine substituted dyes align well with the 

neighboring charge transporting layer which favors facile charge injection. As a result, low 

turn-on voltage and superior electroluminescence performance is observed. The best 

performance is obtained for the dye containing 3,6-dicyano and triphenylamine at 2,7-position 

of carbazole (3 wt%) exhibiting power efficiency, current efficiency and EQE of 5.3 lm/W, 6.7 

cd/A and 4.1% respectively. 

In chapter 7, summary of thesis is presented. The structure-property relationships among 

the dyes established in the thesis is critically analyzed. The outcome is used as a basis to predict 

the development of conceptually advanced emitters.  
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1.1 Introduction 

Carbazole is a fused heterocyclic aromatic hydrocarbon containing nitrogen at 9-position. 

Carbazole is an inexpensive and widely available material. It is a white color solid which 

crystallizes as flakes in hot organic solvents such alcohol, glacial acetic acid, toluene and 

benzene [1]. Classically, carbazole was extracted from petroleum byproducts in 1878. Pure 

carbazole fluoresces slightly. The purification process of carbazole from coal tar product 

involves tedious steps and is difficult. Later, highly pure carbazole was prepared synthetically in 

laboratories. Graebe and Ullmann method of carbazole synthesis is widely employed to prepare 

carbazole [2]. The synthesis involves the treatment of o-aminodiphenylamine with nitrous acid 

to give 1-phenyl-1,2,3-benzotriazole which on heating would give carbazole quantitatively with 

the loss of nitrogen (Scheme 1.1).  

 

Scheme 1.1 Synthesis of carbazole. 

The facile functionalization of carbazole at various nuclear positions makes them attractive 

in synthetic aspects as well as material property views [3-6]. Carbazole easily undergoes 

electrophilic substitution reaction at C3, C6, C1 and C8 positions owing to electron donating 

nature of nitrogen atom. The C3 and C6- positions are highly reactive while the reactivity of C1 

and C8- positions is moderate due to steric reasons. N9 position can also be functionalized 

without altering the molecular backbone [7]. Since the meta- position of carbazole is 

deactivated, the functionalization at C2 and C7 position is difficult. However, the bottleneck has 

been overcome by following an indirect method. In material point of view, carbazole is an 

excellent hole transporter and thermally stable material [8-10]. In addition, carbazole is found to 

possess fluorescence quantum efficiency and high triplet energy value of about 3.02 eV [11]. 

The reactivity of carbazole is accelerated by the presence of nitrogen atom compared to the 

structural analog fluorene. Carbazole undergoes one electron oxidation attributed to the 

formation of stable dicarbazyl provided the C3 and C6 positions are blocked [12].  
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Carbazole can be considered as dibenzo pyrrole. Due to the symmetric nature of the fused 

benzene rings, the reactivity of both the benzene rings is same. The order of reactivity of 

nuclear positions follows C3,C6 > C1,C8. The bromination of carbazole at various nuclear 

positions makes them more attractive for the functional modification of carbazole by various 

metal-catalyzed reaction protocols using appropriate coupling partners. The mono-, di-, tri- and 

tetra- bromination of carbazole can be easily done by exploiting NBS as brominating reagent 

with the variation of reagent equivalents (Scheme 1.2) [5,13].  

 

Scheme 1.2 Mono-, di-, tri- and tetra-bromination of carbazole. 

The C2 and C7 position of carbazole cannot be functionalized by direct method because of 

deactivation by electron donating nature of nitrogen atom. However, the limitation was 

overcome by adopting an indirect synthetic protocol to synthesize 2,7-functionalized carbazole. 

The most efficient synthetic strategy was developed by Müllen and coworkers during the year 

2003 [14]. The synthetic procedure involves the nitration of dibromo biphenyl followed by 

Cadogan cyclization reaction to yield target 2,7-dibromocarbazole (Scheme 1.3).  
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Scheme 1.3 Synthesis of 2,7-dibromo-9H-carbazole. 

Similarly, the functionalization at bridge-head carbons such as C4 and C5 is also difficult 

by direct method of electrophilic substitution reactions. Using suitable precursors and 

appropriate synthetic procedures, Lee and coworkers reported the mono- bromination of 

carbazole at C4 position [15]. Here, 2-bromophenylboronic acid was reacted with 1-bromo-2-

nitrobenzene under Suzuki coupling reaction condition to obtain 2-bromo-2’-nitro-1,1’-biphenyl 

which then underwent Cadogan ring closure reaction by using triphenylphosphine as reagent to 

yield 4-bromo-9H-carbazole (Scheme 1.4). 

 

Scheme 1.4 Synthesis of 4-bromo-9H-carbazole. 

Further, the asymmetric substitution functionalization of carbazole was established by Lee 

and coworkers [16]. Since the benzene rings of carbazole are equally reactive, asymmetric 

substitution of carbazole at C2 and C5 positions is realized through indirect method. The 

synthesis involves the Suzuki coupling reaction between 1,4-dibromo-2-nitrobenzene and 2-

bromophenylboronic acid to yield 2′,4-bromo-2-nitro-1,1′-biphenyl which then converted into 

2,5-dibromo-9H-carbazole by ring closure reaction using triphenylphosphine (Scheme 1.5). 

Also, they established the high thermal stability of 2,5-functionalzied carbazole over 

symmetrically 2,7-functionalized one. 
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Scheme 1.5 Synthesis of 2,5-dibromo-9H-carbazole. 

Later, multi-bromination of carbazole was reported by using 2,7-dibromocarbazole as a 

starting material. Tao and coworkers synthesized tetra, penta and hexa-bromocarbazole by 

changing the equivalent of bromine reagent at either low temperature (4 °C) or room 

temperature with good yields (Scheme 1.6) [17].  

 

Scheme 1.6 Multi-bromination of carbazole. 

The halogenated carbazole provides wide opportunity to functionally tune the carbazole 

using various conjugated chromophores. The halogenated carbazoles easily undergo a number 

of coupling reactions such as Suzuki coupling (boronic acids and boronic ester), Stille coupling 

(tin reagents), Heck coupling (vinyl compounds), Sonogashira coupling (terminal acetylenes) 

with suitable coupling partners. Further, they undergo C-N coupling reaction protocol 

developed by Buckwald-Hartwig reactions.  
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The advantageous material properties of carbazole-based compounds such as high thermal 

stability, hole transporting nature and high quantum yields are appealing to be exploited in 

optoelectronic applications. In addition, facile functional modification of carbazole offers 

library of compounds to functionally tune the material properties by studying the structure-

property relationships [9,18,19]. Particularly, they found application in organic light emitting 

diodes (OLED). Carbazole has been utilized as potential building block for constructing OLED 

exhibiting desirable performances. Carbazole itself is a blue emitter. But, the emission intensity 

is weak and falls in ultra-violet region [20]. Moreover, they are prone to form aggregate in solid 

state. The abovementioned limitations make them unrealistic for the optoelectronic applications. 

However, these shortcomings can be overcome by the functional modification of carbazole with 

other conjugate chromophores. The extended conjugation of functionalized carbazole is 

beneficial to tune the emission color towards visible region from deep blue to red by careful 

design of molecules using choice of chromophores. Also, the detrimental aggregation could be 

controlled by incorporating non-planar chromophores [21]. Here, the role of carbazole in 

designing OLED device with different functional properties is briefly reviewed. 

1.2 Carbazole functionalized molecules in fluorescent OLED 

1.2.1 Carbazole-based hole transporting materials 

Being electron rich, carbazole itself is a hole transporting material. However, the poor film 

morphology and tendency to form aggregates in solid state make them less attractive for 

applications in the OLED devices. But these limitations can be overcome by the 

functionalization of carbazole with bulky chromophoric units. Moreover, the incorporation of 

non-planar electron donating moieties on carbazole would not only alleviate detrimental 

aggregation but also enhance hole transporting character.  

Recently, Jou and coworkers demonstrated phenyl or naphthyl substituted carbazole as an 

efficient hole transporting materials (C1-C3) for OLED applications (Chart 1.1) [22]. The 

fluorescent device utilizing these materials as hole transporting layer (HTL) exhibited better 

performance compared to the control device fabricated with conventional hole transporting 

material NPB. The increment in electroluminescence performance is attributed to good 

morphological stability of the hole transporting materials used. Atomic force microscopy 

(AFM) studies revealed that these compounds (C1-C3) are found to possess smooth thin film 
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compared to that of NPB. The high current efficiency of the device containing naphthyl (C1) 

and binaphthyl (C2) substituted carbazole were 4.5 and 4.0 cd/A respectively. This is 165% and 

135% higher than the device made of NPB. Interestingly, naphthyl substituted carbazole (C1) 

exhibited high brightness of 10360 cd/m2 which is attributed to facile hole transport arising 

from low energy barrier and  the prevention of electron leakage at EML/HTL interface due to 

high lying LUMO. The high luminance of the device is also attributed to the smooth thin film 

morphology which would avoid undesirable current leakage at the interface. Furthermore, these 

materials are also used as hole transporting material in phosphorescent organic light emitting 

diodes (PhOLED) as they possess high triplet energy over CBP host. Here also, naphthyl 

substituted carbazole (C1) displayed high device performance compared to the control device 

fabricated with NPB hole transporting material. It is attributed to high hole transporting ability 

and low hole injection barrier of C1 which facilitates the charge carrier injection into emissive 

layer. 

Further, Grigalevicius and coworkers reported naphthyl/pyrenyl substituted carbazole 

containing phenyl linker as hole transporting materials (C4-C5) for red emitting phosphorescent 

OLED (Chart 1.1) [23]. Generally, low band gap emitters suffer high driving voltage due to 

serious carrier trapping and charge imbalance. The HOMO value of C4 and C5 is lower than 

that of NPB which eventually reduces the energy barrier for the hole injection into emissive 

layer. The calculated triplet energy of C4 and C5 is to be 2.39 and 2.48 eV respectively which 

clearly demonstrates their use in triplet harvesting OLED. The lack of characteristic emission of 

host and hole transporting layer in electroluminescence (EL) spectra indicates the origin of 

emission from the dopant and the effective carrier transporting nature of C4 and C5. The EL 

performances of the devices constructed with these materials as HTL exhibited comparable EL 

performance with that of NPB. It is evident that the C4 based device exhibited low current 

density due to poor injection of holes as a result of high energy barrier. The favorable HOMO 

level of C5 resulted in efficient hole injection from ITO and lead to high luminance which is 

comparable to the control device fabricated with NPB.   

Jou and coworkers developed 3,6-bis(4-vinylphenyl)-9H-ethylcarbazole (C6) and 

demonstrated as hole transporting material (Chart 1.1) for PhOLED devices [24]. They 

fabricated three different devices which emit primary colors such as red, green and blue. For 

comparison, they fabricated devices without hole transporting layer and presented their EL 
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performances for comparison. The power efficiency of 13.5 lm/W is observed for red emitting 

device without HTL. When the HTL layer C6 is inserted, the power efficiency is raised to 20.6 

lm/W at the brightness of 100 cd/m2. The rise of power efficiency indicates the positive role of 

HTL made of C6 in improving the device performance. The high efficiency of the device 

possessing HTL might arise from suitable HOMO and LUMO energy level of HTL which 

selectively allows the passage of hole carriers into emissive layers while forbidding the electron 

leakage at the interface owing to high LUMO level. Similarly, blue emitting device also gave 

improved efficiency when HTL is employed. It clearly demonstrates the electron confining 

nature of the hole transporting material which prevents overflowing of electron from host or 

guest into HTL. In contrast, green emitting device exhibited poor performance with low 

luminance of 3000 cd/m2. At higher brightness, the efficiency increased because of the 

prevention of overflow of electrons into HTL. The poor performance of the devices without 

HTL is attributed to charge leakage at interface. 

Yu and coworkers designed diphenylamine decorated bicarbazole (C7; Chart 1.1) and used 

as hole transporting material for both fluorescent and phosphorescent OLED devices [25]. This 

molecule showed high glass transition temperature of 170 °C which is exceedingly higher than 

that of widely used hole transporting materials such as NPB (95 °C), TPD (65 °C), TCTA (151 

°C) and TAPC (78 °C). The excellent morphological stability of C7 is attributed to its highly 

twisted orientation of bulky diphenylamine at peripheral position of carbazole. The fluorescent 

OLED device constructed with C7 as hole transporting layer and C4-DFQA doped Alq3 as 

emitting layer exhibited the electroluminescence performance with the EQE of 2.14%, power 

efficiency of 7.73 lm/W and current efficiency of 7.63 cd/A. But, the device exhibited high 

efficiency roll-off at high luminance. It is reasoned that Alq3 act as electron transporting host 

but not as bipolar host which result in imbalanced charge carrier mobility across the device. 

However, the performance is comparable with the NPB hole transporter based device. Further, 

the diphenylamine substituted bicarbazole C7 is used as hole transporting layer in 

phosphorescence OLED with the device structure of ITO/HTL/DPDT-ICZ/ 5% Ir(ppy)2(tipg)/ 

Bepp2/LiF/Al. The device exhibited yellow color emission with the maximum current 

efficiency, power efficiency, and EQE of 48.3 cd/A, 57.0 lm/W and 13.2% respectively.  
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Chart 1.1 Carbazole-based derivatives as hole transporting materials in OLED. 

Chai and coworkers reported arylamine substituted carbazoles (C8-C10; Chart 1.2) as hole 

transporting materials for red emitting phosphorescent OLED devices [26]. Generally, small 

molecules based hole transporters are highly desirable because they possess uniform thin film 

forming ability, high thermal stability and easy accessibility. The arylamine tethered carbazoles 

exhibited facile oxidation and constructed high lying HOMO energy level which is higher than 

that of NPB. As a result, the molecules possess low energy barrier for hole injection and exhibit 

superior hole transporting character over NPB. On the other hand, the high lying LUMO of the 

compounds is beneficial to prevent electron leakage and thus confine the charge carriers in 

emissive layer rather than at interface. Due to high hole transporting ability, C8 exhibited 

comparable device performance with the device fabricated with NPB.  

Since triphenylamine possesses high hole mobility and provides uniform thin film owing to 

its twisted structure, triphenylamine integrated carbazoles could be a choice of hole transporting 

materials. Promarak and coworkers reported di-, tri- and tetra- triphenylamine substituted 

carbazole (C11-C13; Chart 1.2) as hole transporting materials for fluorescent OLED devices 

[5]. The materials (C11-C13) exhibited high glass transition temperatures, thermal 

decomposition temperatures and hole transporting ability as compared to widely used NPB and 
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TPD. The identical electroluminescence spectra of the devices containing these materials as 

hole transporter with the device having NPB or TPD confirms the origin of electroluminescence 

is only from emitter. The electroluminescence data are similar to NPB and TPD devices. The 

durability of the devices is mainly dependent on stability of thin film of HTL. Since these 

triphenylamine-carbazole hybrids exhibited superior morphological stability, they are shown as 

potential hole transporting materials to realize stable device.  

   

Chart 1.2 Carbazole-based derivatives as hole transporting materials in OLED. 

Recently, Chai and coworkers reported arylamine substituted carbazoles (C14-C15; Chart 

1.2) as hole transporting materials and employed them in red phosphorescent OLED devices 

[27]. The compounds (C14 and C15) showed high glass transition temperature of 165 and 260 

°C respectively which are promising for obtaining stable thin film and raise morphological 



 

Carbazole-Based Materials for OLED Applications: A Review 

 

10 

 

Chapter 1 

stability. Also, the high decomposition temperature of these compounds would be beneficial for 

realizing stable device. The HOMO and LUMO energy level of the compounds are in such a 

way that they allow hole injection due to low injection barrier while high lying LUMO which 

restricts the electron passage into HTL to confine the charge carriers in emissive layer. The 

phosphorescent OLED device fabricated with C14 as HTM as hole transporting layer exhibited 

comparable EL performance with that of NPB based device. The poor performance of C15 

based device is attributed to poor hole mobility of C15 when compared to C14 and NPB.  

Table 1.1 Photophysical and thermal properties of carbazole-based hole transporting materials 

Dye λmax (nm)a λem 

(nm)a 

HOMO, 

eVc 

LUMO, 

eV 

E0-0, 

eVd 

Tg (°C)e Td (°C)f Ref 

C1 326b 381b -5.27 -2.12 3.15 57 379 22 

C2 308b 384b -5.31 -2.21 3.10 107 461 22 

C3 299b 384b -4.93 -1.82 3.11 55 360 22 

C4 318 404 - -  3.34 58 344 23 

C5 345 418 - - 3.19 61 341 23 

C6 - - -5.30 -2.30 3.30 109 350 24 

C7 309, 370 429 -4.94 -1.94 3.00 170 481 25 

C8 351 470 -5.16 -2.22 2.94 90 400 26 

C9 316 435 -5.14 -2.19 2.95 86 380 26 

C10 353 454 -5.06 -2.05 3.01 120 200 26 

C11 320 415 -5.15 -1.86 3.29 - 334 5 

C12 325 417 -5.16 -1.90 3.26 78 372 5 

C13 328 419 -5.15 -1.91 3.24 122 415 5 

C14 333  444 -5.55 -2.51 3.04 165 500 27 

C15 313 402 -5.62 -2.31 3.31 260 575 27 
a Measured in dichloromethane. b Measured in tetrahydrofuran. c Measured from cyclic voltammetry.            

d Optical band gap obtained from intersection of absorption and emission. e Glass transition temperature.       

f Thermal decomposition temperature at 5% weight loss.   
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Table 1.2 Electroluminescence properties of the devices containing carbazole-based derivatives as hole transporting layer. 

Dye Device structure Von 

(V)a 

Lmax 

(cd/m2)b 

ηc 

(cd/A)c 

ηp 

(lm/W)d 

EQE 

(%)e 

CIE(x,y) Ref 

C1 ITO/PEDOT:PSS/HTL/Alq3/LiF/Al 3.9 10360 4.1/ 4.5 3.3 - (0.33, 0.54)       22 

C2 ITO/PEDOT:PSS/HTL/Alq3/LiF/Al 3.8 4748 3.7 3.0 - (0.34, 0.54)     22 

C3 ITO/PEDOT:PSS/HTL/Alq3/LiF/Al 4.1 5829 2.6 2.0 - (0.34, 0.55)       22 

C1 ITO/PEDOT:PSS/HTL/CBP+10% Ir(ppy)3/ 

Alq3/LiF/Al 

3.5 15140 60.1 55.6 - (0.31, 0.63)        22 

C2 ITO/PEDOT:PSS/HTL/CBP+10% Ir(ppy)3/ 

Alq3/LiF/Al 

3.4 9020 58.4 54.8 - (0.30, 0.63)        22 

C3 ITO/PEDOT:PSS/HTL/CBP+10% Ir(ppy)3/ 

Alq3/LiF/Al 

3.5 12280 45.1 40.8 - (0.31, 0.63)           22 

C4 ITO/HTL/CBP:2% Ir(MDQ)2acac/ BP4mPy/ LiF/Al 11.3 5638 17.6 3.8 11.4 (0.61, 0.38)         23 

C5 ITO/HTL/CBP:2% Ir(MDQ)2acac/ BP4mPy/ LiF/Al 6.3 19064 22.3 6.8 14.8 (0.62, 0.38)         23 

C6 ITO/PEDOT:PSS/HTL/CBP:Ir(2-phq)3/ TPBi/ LiF/Al 3.7 19310 24.0 20.6 10.8 (0.58,0.42)  24 

C6 ITO/PEDOT:PSS/HTL/CBP:Ir(ppy)3/TPBi/ LiF/Al 3.6 28470 48.8 42.7 13.4 (0.33,0.62) 24 

C6 ITO/PEDOT:PSS/HTL/CBP:(FIrpic)/TPBi/ LiF/Al 4.6 11520 15.5 10.7 6.7 (0.17,0.40) 24 

C7 ITO/HTL/Alq3:1% C4-DFQA/Bepp2/LiF/Al 3.1 36680 7.63 7.73 2.1 (0.45, 0.53) 25 

C7 ITO/HTL/DPDT-ICZ:5%Ir(ppy)2(tipg)/ Bepp2/LiF 2.4 46470 48.3 57.0 13.2 (0.44, 0.56) 25 

C8 ITO/HATCN/HTL/Bebq2:5%Ir(mphmq)2(tmd)/ 

Bphen/LiF/Al 

2.84 - 28.2 26.5 - (0.65, 0.35) 26 

C9 ITO/HATCN/HTL/Bebq2:5%Ir(mphmq)2(tmd)/ 

Bphen/LiF/Al 

2.84 - 26.7 24.1 - (0.65, 0.35) 26 

C10 ITO/HATCN/HTL/Bebq2:5%Ir(mphmq)2(tmd)/ 

Bphen/LiF/Al 

2.59 - 21.0 22.0 - (0.65, 0.35) 26 

C11 ITO/PEDOT:PSS/HTL/Alq3/LiF/Al 2.4 28781 4.97 - 0.24 - 5 

C12 ITO/PEDOT:PSS/HTL/Alq3/LiF/Al 2.4 25052 5.00 - 0.24 - 5 

C13 ITO/PEDOT:PSS/HTL/Alq3/LiF/Al 2.5 22411 5.07 - 0.25 - 5 

C14 ITO/DNTPD/HTM/Bepq2:5% Ir(mphmq)2 

(tmd)/Bepq2/LiF/Al 

2.5 - 24.6 - 23.2 (0.65, 0.35) 27 

C15 ITO/DNTPD/HTM/Bepq2:5% Ir(mphmq)2 

(tmd)/Bepq2/LiF/Al 

2.5 - 17.6 - 16.3 (0.65, 0.34) 27 

a Turn-on voltage. b Maximum luminance. c Current efficiency. d Power efficiency. e Maximum external quantum efficiency.
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1.2.2 Carbazole-based materials as hole transporting emitters 

Since carbazole-based materials exhibit excellent quantum yields, high thermal stability 

and good morphology, they have been actively researched as emitters for OLED. The materials 

possessing multifunctional characters are desirable for realizing the low cost OLED because 

they simplify the device structure. Thus, the carbazole-based materials exhibiting dual hole 

transporting and emission characteristics are briefly reviewed here.  

You and coworkers reported a hole transporting emitter (C16; Chart 1.3) constituting 

carbazole connected to naphthalene through vinyl linker [28]. The materials possessing multi-

functional behavior are highly desirable for obtaining low cost OLED since they reduce the 

number of layers in the device structure. Here, the hole transporting emitting material possessed 

high glass transition temperature of 117 °C which is advantageous for realizing defect free thin 

film formation and thus reduce the quenching of excitons at the interface. The high thermal 

decomposition temperature of 452 °C is beneficial for improving the thin film forming ability 

and thus expected to give long durable devices. The material exhibited high hole mobility of 

3.24 × 10-4 cm2 V-1 s-1 at the applied electric field of about 1.5 × 105 V cm-1. Attracted by the 

high hole mobility and the intense emission, the compound is employed as hole transporting 

emitter in fluorescent OLED. The non-doped device exhibited low turn-on voltage of 3.0 V, 

maximum luminance of 1114 cd/m2, current efficiency of 0.65 cd/A and EQE of 0.25%. 

Despite of high hole mobility, the performance of the device is poor which might be due to 

unfavorable energy barrier for charge carrier injection between charge transporting and 

emissive layers.  

Promarak and coworkers developed pyrene decorated carbazoles (C17-C19; Chart 1.3) as 

hole transporting emitters [29]. As the number of pyrene unit increased on carbazole, the glass 

transition temperature is increased due to the increase of non-planarity. From, DFT calculation, 

it was found that pyrene at 1,8-position of carbazole did not contribute to conjugation. The 

Stokes shift of 5480 cm-1 of these materials indicates the less energy loss during excitation 

which would be beneficial for efficient fluorescence. The electroluminescence spectrum of the 

devices fabricated with the compounds (C17-C19) confined to blue region which attests the 

non-planar functionalization of carbazole at C1 and C8 positions. The bilayer device fabricated 

with tri-substituted carbazole (C18) as emitters in non-doped device exhibited high luminance, 
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current efficiency and low turn on voltage of 8235 cd/m2, 2.53 cd/A and 3.0 V respectively. 

Further, they improved the device by incorporating additional hole transporting layer, TPD. The 

current efficiency and maximum luminance was greatly increased about three fold. In these 

device structures, di-substituted carbazole (C17) based device exhibited the lowest turn on 

voltage of 2.6 V which is one of the best low turn-on voltage realized so far. The stable 

emission from tri-substituted carbazole (C18) over wide range of driving voltage makes it a 

promising material for display and lighting applications.    

Velasco and coworkers synthesized carbazole trimer (C20; Chart 1.3) connected with 

acetylene spacer and demonstrated as hole transporting blue emitter [30]. The N-alkylation of 

peripheral carbazole with 2-ethylhexyl chain was beneficial to suppress non-radiative 

fluorescence quenching when compared to N-arylation. Moreover, the rigid acetylene linker 

provided planar structure and effective conjugation across the molecular backbone and thus 

raise fluorescence quantum yield. The solid state quantum yield of C20 is similar to the solution 

quantum yield which indicates the role of 2-ethylhexyl chain in suppressing non-radiative decay 

pathway as well as controlling the aggregation in solid state. So, the alkylation of peripheral 

carbazole is preferable over arylation at N- position of carbazole. The hole charge mobility is 

observed to be 2.8 × 10-4 cm2 V-1 s-1 at an electric field of 6.4 × 105 V cm-1. This relatively high 

charge carrier mobility indicates the hole transporting character of the material. Further, the 

non-doped device fabricated with the hole transporting emitter (C20) to evaluate the potentiality 

of the material for OLED applications. They optimized the device performance by varying the 

thickness of emitting layer from 25 nm to 55 nm. The device exhibited blue emission with 

current efficiency of 0.17 cd/A and maximum luminance of 39.46 cd/m2 at 50 nm thickness of 

emitting layer.  

Lu and coworkers reported asymmetrically functionalized carbazole with 

triphenylamine/pyrene (C21,C22; Chart 1.3) and employed them as hole transporting green 

emitters [31]. Though the chromophoric conjugation is increased in C22, it exhibited blue 

shifted absorption due to decrease of coplanarity as the increase of conjugation length. Similar 

results are obtained in emission spectra. Thin film emission spectra exhibited blue shifted 

emission compared to solution spectra which is attributed to the formation of H- aggregates in 

solid state. The bilayer devices employing these materials as hole transporting emitters 

displayed green emission with intense fluorescence. The device fabricated with C21 exhibited 
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the maximum luminance, current efficiency of 13470 cd/m2 and 1.18 cd/A, respectively. The 

poor device performance of C22 is attributed to extended molecular length which eventually 

leads to the crystallization of thin film and thus leads to failure of the device.   

 

Chart 1.3 Carbazole-based materials as hole transporting emitters. 

Li and coworkers developed triphenylethene and triphenylbenzene substituted carbazole as 

hole transporting emitters (C23, C24; Chart 1.4) for non-doped fluorescent OLED [32]. Owing 

to their twisted structure, the absorption and emission of these materials are restricted to blue 

region. Triphenylethene substituted carbazole (C23) exhibited aggregation induced emission 

(AIE) properties in emission spectra recorded in different THF/water ratio. In contrast, 

triphenylbenzene derivative (C24) exhibited aggregation caused quenching (ACQ) effect. The 

high lying HOMO values of these materials are comparable to the HOMO of NPB. Both of 

these carbazole derivatives gave high hole transporting ability of about 1 × 10-3 cm2 V-1 s-1 

which is the best hole mobility among the twisted molecules reported so far. Considering the 

superior hole mobilities and high quantum efficiency, they employed these molecules as hole 
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transporting emitter in bilayer device architecture. Interestingly, their EL spectra resembled to 

PL spectra recorded in THF and thin film which indicates the mitigation of π-π interaction in 

solid state ascribed to twisted triphenylethene and triphenylbenzene moiety. The best EL 

performance observed for triphenylbenzene derivative (C24) with current efficiency of 1.21 

cd/A and EQE of 2.76% for the device containing TPBi as electron transporting layer. Further, 

the EL performance of the triphenylbezene tethered carbazole (C24) was improved by changing 

the electron transporting layer from TPBi to TmPyPB. The exciting EL performance for the 

device with current efficiency of 2.21 cd/A and EQE of 4.27% whose emission is confined to 

blue-violet region with electroluminescence maximum at 397 nm.  This is the best EL device 

performance so far reported for deep blue emitting materials in double layer device.  

Liu and coworkers demonstrated carbazole end-capped diphenylethene (C25; Chart 1.4) as 

hole transporting emitter [33]. Interestingly, the material is non-emissive in dilute solution but 

intensely emissive in aggregate form. When the hole transporting emitter is fabricated in the 

device which does not have exclusive hole transporting layer, it showed lower turn on voltage, 

high current efficiency and EQE. The current efficiency and luminance of the device without 

dedicated hole transporting layer (NPB) exhibited more than double of that device possessing 

HTL. The high performance of the device which does not possess HTL clearly demonstrates the 

role of bi-functional nature of carbazole based materials. The low turn-on voltage of the device 

is attributed to high-lying HOMO of the emitter which reduce energy barrier for hole injection 

into emissive layer. 

Tang and coworkers studied carbazole tethered triphenylethene via N- and C3- position 

(C26, C27; Chart 1.4) as hole transporting emitters [34]. The high thermal stability and glass 

transition temperature are favorable for obtaining morphologically stable thin film and long 

durable devices. The devices containing these hole transporting emitters exhibited sky blue 

emission. The C26 based device displayed the maximum luminance, current efficiency and 

EQE of 6300 cd/m2, 1.1 cd/A and 0.6%, respectively. The better performance of C26 is 

attributed to favorable energy alignment of the emitter with the work function of ITO anode. 

The low energy barrier for the injection of charge carriers allows the effective charge transfer 

into emissive layer, effective harvesting of excitons and thus high luminance. 
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Chart 1.4 Carbazole-based materials as hole transporting emitters. 

Zhu and coworkers studied the effect of tetraphenylethene (TPE) chromophore on 

carbazole (C28-C32; Chart 1.5) over AIE and EL properties systematically [9]. Due to high 

hole transporting property of carbazole and high solid state photoluminescence quantum yield 

of TPE, the combination of carbazole and TPE is a fruitful methodology to obtain efficient hole 

transporting emitting molecules. The glass transition temperature of the compounds 

progressively increased as the number of TPE loading on carbazole. All the compounds exhibit 

AIE properties in typical THF/water fluorescence measurements. As the number of TPE unit 

increases on carbazole, AIE property is observed at lower water percentage. This indicates the 

insolubility of TPE which tends to form nano aggregates and easily show AIE property at low 

water content. All of the materials are exploited as hole transporting emitters in OLED device. 

The EL performances and low turn on voltages of TPE decorated carbazole is much better than 

the TPE decorated fluorene analogs. It is ascribed to the proper alignment of HOMO energy 

level with the neighboring charge transporting layers.  
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Chart 1.5 Carbazole-based materials as hole transporting emitters. 
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Table 1.3 Photophysical and thermal properties of the carbazole-based hole transporting 

emitters 

Dye λmax 

(nm)a 

λem (nm)a 

(ΦF)c 

HOMO 

(eV)d 

LUMO 

(eV) 

E0-0, 

(eV)f 

Tg (°C)g Td (°C)h Ref 

C16 407b 472b (0.71) -5.26 -2.63 2.63 - - 28 

C17 348 430 (0.94) -5.45 -2.33 3.12 70 375 29 

C18 346 436 (0.72) -5.46 -2.36 3.10 125 398 29 

C19 347 439 (0.56) -5.47 -2.40 3.09 170 407 29 

C20 349 392 (0.39) -5.89 -2.57 3.32 - - 30 

C21 408b 506b (0.52) -4.94 -2.31 2.63 - 418 31 

C22 401b 504b (0.59) -4.97 -2.35 2.62 - 426 31 

C23 350 b 451b (0.08) -5.37 -2.27 3.10 186 479 32 

C24 330 b 398b (0.72) -5.47 -2.15 3.32 198 564 32 

C25 - 502b (0.22) -5.20 -2.10 3.10 119 370 33 

C26 341 b 466b (0.70) -5.20e -1.40 3.80 72 294 34 

C27 342 b 489b (0.27) -4.93e -1.08 3.85 50 301 34 

C28 334 b 483b (0.37) -5.01 -1.21 3.80 21 331 9 

C29 337 b 487b (0.16) -4.96 -1.25 3.71 65 449 9 

C30 360 b 483b (0.22) -4.97 -1.39 3.58 138 443 9 

C31 318 b 488b (0.23) -5.07 -1.43 3.64 70 493 9 

C32 326 b 485b (0.18) -4.96 -1.37 3.59 94 463 9 
a Measured in dichloromethane. b Measured in tetrahydrofuran. c Absolute quantum yield. d Calculated 

from cyclic voltammetry. e Calculated from DFT. f Band gap obtained from optical edge. g Glass 

transition temperature. f Thermal decomposition temperature at 5% weight loss. 
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Table 1.4 Electroluminescence properties of carbazole-based hole transporting emitters 

Dye Device structure Von 

(V)a 

Lmax 

(cd/m2)b 

ηc 

(cd/A)c 

ηp 

(lm/W)d 

EQE 

(%)e 

CIE(x,y) Ref 

C16 ITO/PEDOT:PSS/HT-EML/ PFN/Al 3.0 1114 0.65 - 0.25 (0.34, 0.59) 28 

C17 ITO/PEDOT:PSS/HT-EML/ BCP/LiF/Al 3.2 7193 1.86 - - (0.15, 0.13) 29 

C18 ITO/PEDOT:PSS/HT-EML/ BCP/LiF/Al 3.0 8235 2.53 - - (0.18, 0.26) 29 

C19 ITO/PEDOT:PSS/HT-EML/ BCP/LiF/Al 3.1 9645 2.46 - - (0.21, 0.28) 29 

C20 ITO/PEDOT:PSS/HT-EML/ TPBi/LiF/Al 3.2 39.5 0.17 - - - 30 

C21 ITO/PEDOT:PSS/HT-EML/ Alq3/LiF/Al 4.4 13470 1.18 0.35 - - 31 

C22 ITO/PEDOT:PSS/HT-EML/ Alq3/LiF/Al 3.3 7767 1.00 0.66 - - 31 

C23 ITO/MoO3/HT-EML/TPBi/ LiF/Al 3.2 5446 2.79 2.41 1.93 (0.16, 0.17) 32 

C24 ITO/MoO3/HT-EML/TPBi/ LiF/Al 3.8 4025 1.27 0.92 2.76 (0.17, 0.07) 32 

C24 ITO/MoO3/HT-EML/TmPyPB/LiF/Al 3.9 2587 2.21 1.83 4.27 (0.17, 0.08) 32 

C25 ITO/HT-EML/TPBi/Alq3/ LiF/Al 4.5 5060 5.7 3.4 2.3 - 33 

C26 ITO/HT-EML/TPBi/LiF/Al 4.0 6300 1.1 0.4 0.6 - 34 

C27 ITO/HT-EML/TPBi/LiF/Al 4.6 4390 1.0 0.5 0.4 - 34 

C28 ITO/PEDOT/HT-EML/ TPBi/LiF/Al 3.5 2585 3.5 2.1 - (0.18, 0.34) 9 

C29 ITO/PEDOT/HT-EML/ TPBi/LiF/Al 3.5 1353 4.9 3.9 - (0.20, 0.40) 9 

C30 ITO/PEDOT/HT-EML/ TPBi/LiF/Al 4.2 1129 5.5 3.1 - (0.20, 0.38) 9 

C31 ITO/PEDOT/HT-EML/ TPBi/LiF/Al 3.3 986 3.1 2.2 - (0.20, 0.39) 9 

C32 ITO/PEDOT/HT-EML/ TPBi/LiF/Al 3.6 2088 3.1 1.8 - (0.20, 0.38) 9 
a Turn-on voltage. b Maximum luminance. c Maximum current efficiency. d Maximum power efficiency. e Maximum external quantum efficiency.
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1.2.3 Carbazole-based bipolar emitting materials 

The carrier mobility of holes is several orders higher than the mobility of electrons in thin 

film devices. Since the energy harvesting mechanism involves the recombination of hole and 

electron charge carrier at emissive layer to generate excitons at the emissive layer, the color of 

emission depends on the band gap of the materials used. Due to the unbalanced movement of 

charge carriers, the recombination may take place at the interface of emissive layer and charge 

transporting layer rather than emissive layer. This reduces the device efficiency and 

compromises color purity of the OLED device. Generally, unipolar materials suffer poor device 

performance due to unbalanced charge carrier mobility across the device. On the other hand, 

bipolar materials exhibit both hole and electron transporting character which would be helpful 

to realize balanced charge transport and improve the electroluminescence efficiency. Since 

carbazole is a hole transporter, tethering electron withdrawing moieties on carbazole would 

boost the transportation of electron carriers and thus provide bipolar nature.   

Liu and coworkers recently reported carbazole-phenathroimidazole hybrids as bipolar 

materials (C33 and C34; Chart 1.6) for non-doped fluorescent OLED (only C34 is fabricated) 

[35]. Though both the compounds exhibited similar absorption profile, biphenyl bridged 

compound showed blue shifted emission to that of phenyl compound. Here, the local excited 

state (LE) component is dominant over charge transfer (CT) component in HLCT mechanism 

which results in blue shifted emission. The HLCT emission is confirmed by two independent 

linear relationships in Lippert-Mataga plot. Also, the PLQY recorded in thin film is 72% for 

biphenyl while 14% for phenyl. It indicates the supremacy of the biphenyl compound for OLED 

applications. The HOMO is dispersed over phenanthraimidazole-carbazole axis while LUMO is 

located on benzonitrile which indicates the effective charge separation in D-A molecules and 

renders bipolar nature. From the single charge carrier devices, these compounds are found to 

have bipolar nature by observing similar current densities over the voltage range for both hole 

only and electron only devices. The hole and electron mobility of the compounds are 

comparable to the conventional hole and electron transporters namely NPB and Alq3 

respectively. The non-doped device exhibited EQE of 4.71% and low efficiency roll-off (only 

3.2% drop) at high luminance of 1000 cd/m2 with EQE of 4.56%. Further, the device 

performance is enhanced by modulating HTL with different ratio of TCTA/MoO3. The 

optimized device showed high EQE of 5.80% which is the best deep blue emitter known in the 
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literature for non-doped devices matching NTSC standard. The EQE exceeds the theoretical 

limit which is attributed to HLCT in emission mechanism.    

You and coworkers developed D-π-A configured molecule as bipolar emitter (C35; Chart 

1.6) which contains carbazole as donor, biphenyl as π bridge and triphenylimidazole as acceptor 

[36]. Due to twist structure of biphenyl linker, the emission of the molecule was restricted to 

blue region. From the single charge carrier devices, it is confirmed that the molecule exhibit 

both hole and electron transporting properties. The high current density of electron only device 

over the current density of hole only device indicates that this molecule possess good electron 

transporting character. The non-doped device fabricated with the dye as emitter exhibited deep 

blue emission with CIEy coordinate of 0.064 which approaches EBU standard. The device gave 

maximum current efficiency of 2.30 cd/A, power efficiency of 1.52 lm/W which is the highest 

performance of the reported deep blue emitting materials meeting EBU standard color in non-

doped devices.  

Lu and coworkers demonstrated carbazole-phenanthroimidazole hybrids (C36 and C37; 

Chart 1.6) as bipolar emitters [37]. Bis-phenanthroimidazole derivative C37 exhibited high 

glass transition temperature of 207 °C and thermal decomposition temperature compared to 

mono- analog C36 which guarantees stable and smooth thin film for device applications. 

Further, the smoothness of the materials are examined by AFM studies and found to possess 

smooth surface. The charge carrier current density is more for two PI carbazole compound C37 

compared to one PI carbazole C36. This would facilitate high charge carrier mobility and thus 

high electroluminescence performance due to balanced injection and transportation of charge 

carriers in the devices. The non-doped devices fabricated with these dyes as emitters exhibited 

high EQE of 3.02%, current efficiency of 1.53 cd/A and power efficiency of 0.86 lm/W. 

Interestingly, the full width at half maximum of the EL spectrum of both the dyes (40 nm) 

ensures the saturated color purity with CIEy coordinate of 0.056. This highly efficient violet 

emitting material will open up a way to generate energy saving OLED. Since these materials 

possess high triplet energy, they are exploited as host material for green phosphorescent OLED 

[38].  

Jiang and coworkers reported diphenyl sulfone substituted at 3,6- and 2,7-positions of N-

phenyl carbazoles (C38 and C39; Chart 1.6) and studied their emitting nature in non-doped 

fluorescent devices [39]. The 2,7-substituted carbazole exhibited superior performance over 3,6- 
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analog. The absorption and emission wavelength of 2,7-substituted carbazole is higher than 3,6-

substituted carbazole that coincides with the extended conjugation of the former compound. 

Further, the higher band gap of 2,7-substituted carbazole attests effective π electronic 

conjugation over 3,6-substituted counterpart. Both the compounds displayed high thermal 

decomposition temperature of about 430 °C and glass transition temperature of about 95 °C 

which ensures uniform film forming ability and long durability of the OLED device. From DFT 

calculation, it is found that HOMO is dispersed over N-phenyl carbazole unit while LUMO is 

concentrated over diphenylsulfone unit which presumes the ICT character. The high value of 

ΔEST confirmed the absence of TADF character. Interestingly, 2,7-substituted carbazole 

exhibited higher fluorescence quantum yield in thin film as compared to 3,6-analog. The OLED 

device fabricated with 2,7-carbazole showed maximum luminance of 3703 cd/m2, current 

efficiency of 1.62 cd/A and EQE of 2.4%. The high performance of C39 over C38 might be due 

to suppression of aggregation and controlled π-π stacking in 2,7-functionalized carbazole which 

is also exemplified in high solid state fluorescence quantum yield. 

Lee and coworkers synthesized carbazole-sulfone hybrids containing phenyl spacer (C40 

and C41; Chart 1.6) and studied their electroluminescent properties by employing them as 

emitters [40]. Carbazole acts as electron donor and sulfone as acceptor and phenyl as linker. 

Here, sulfone moiety acts as conjugation breaker due to its tetrahedral conformation as attached 

to phenyl linker and thereby restrict the emission to blue region. The PLQY in toluene solution 

even with aerated condition exhibited almost unity which indicates the suppression of non-

radiative decay pathway significantly. The well separated HOMO and LUMO orbitals of the 

compounds indicate bipolar nature. The EL spectra of non-doped device resembled to thin film 

emission spectra which confirm the effective confinement of excitons in emissive layer and the 

origin of emission only from emitter. The dye C41 based device exhibited low turn on voltage 

of 2.6 V and high current density and luminance attributed to facile charge injection into the 

emissive layer. The non-doped device fabricated with C40 exhibited high EQE of 4.2% with 

blue-violet emission. The device exhibited relatively low efficiency roll-off with EQE of 3.2% 

at high luminance of 1000 cd/m2. The low performance of C41 based device can be explained 

by single carrier charge transport studies which showed unbalanced charge transport.  
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Chart 1.6 Carbazole-based materials as bipolar emitters. 

Thomas and coworkers reported carbazole-benzimidazole hybrids containing 

phenyl/thiophene linker (C42-C46; Chart 1.7) as bipolar emitters [41]. The 2,7-functionalized 

carbazole dyes (C44,C45) exhibited longer wavelength absorption and emission over 3,6- 

analogs (C42,C43) ascribing to linear conjugation of the former compounds. Similarly, 

thiophene bridged compounds showed bathochromic shift over phenyl bridged compounds due 

to the electron richness and lower resonance energy of the former. The high lying HOMO of 

thiophene bridged compounds resulted in low turn-on voltage compared to phenyl bridged 

compounds due to favorable hole injection from neighboring HTL layer to emissive layer. Also, 

the low current density and low luminance of 2,7-functionalized carbazole is attributed to 

relatively high energy barrier for charge injection in non-doped devices. The high 

electroluminescence performance observed for the device containing C46 doped in CBP with 

high EQE of 1.5%, power efficiency of 6.8 lm/W.  

Yu and coworkers reported carbazole-coumarin hybrids having phenyl/thiophene linker 

(C47-C50; Chart 1.7) as bipolar light emitting materials [42]. Thiophene containing compounds 



 

Carbazole-Based Materials for OLED Applications: A Review 

 

24 

 

Chapter 1 

exhibited red shift in absorption and emission spectra while phenyl compounds exhibited blue 

shift due to the tilting phenyl ring which restricts the electronic delocalization. The 

electroluminescence performance of the devices was optimized by varying the doping 

concentration of emitter. The best performance was observed at 10% doping concentration with 

high brightness of 12910 cd/m2, maximum current efficiency of 7.39 cd/A for mono- substituted 

phenyl bridged hybrid. Interestingly, all the di-substituted dyes exhibited inferior performance 

over mono- substituted dyes. It might be due to strong intermolecular interaction in thin films as 

the doping concentration is increased which resulted in self-quenching of fluorescence.   

 

Chart 1.7 Carbazole-based materials as bipolar emitters. 

Chang and coworkers reported triphenylethene substituted carbazole at C2 position (C51 

and C52; Chart 1.7) and studied the properties by varying alkyl chain [43]. For the first time, 

triphenylethene-based carbazole materials exhibiting bipolar character is reported. The high 

melting and glass transition temperature of oxetane based compound (C52) is attributed to its 

ability to form hydrogen bond in solid state and intermolecular interaction respectively. The 

presence of oxetanyl group was beneficial to improve glass transition temperature due to high 
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intermolecular interaction in solid state. But, it exhibited high charge drift mobility due to polar 

nature of oxetanyl group and thus lower carrier mobility. These compounds showed AIE 

property which was confirmed by conventional THF/water mixture emission spectra and 

observed enhanced emission as the water ratio is above 70%. The OLED device fabricated with 

these luminogen as emitters exhibited high EQE of 3.7% luminous efficiency of 8.8 cd/A, 

power efficiency of 7.0 lm/W at practical brightness of 100 cd/m2 for the compound C52.  

Table 1.5 Photophysical and thermal properties of carbazole-based bipolar emitters 

Dye λmax 

(nm)a 

λem (nm)a (ΦF)d HOMO 

(eV)e 

LUMO 

(eV) 

E0-0 

(eV)f 

Tg 

(°C)g 

Td 

(°C)h 

Ref 

C33 342 450 -5.86 -2.61 3.25 147 446 35 

C34 343 429 -5.72 -2.52 3.20 169 487 35 

C35 335b 409 -5.76 -2.45 3.31 134 413 36 

C36 339b 381, 399b (0.65)  -5.52 -2.33 3.19 132 405 37 

C37 346b 390, 407b (0.59)  -5.35 -2.22 3.13 207 515 37 

C38 343 395 (0.38) -5.62 -2.40 3.22 96 430 39 

C39 339 411 (0.59) -5.72 -2.58 3.14 95 427 39 

C40 341c 428c (0.98) -5.61 -2.45 3.16 157 498 40 

C41 332c 416c (0.79) -5.62 -2.46 3.16 143 486 40 

C42 341 415 (0.61) -5.53 -2.25 3.28 - 512 41 

C43 388 449, 461 (0.75) -5.36 -2.45 2.91 - 524 41 

C44 349 410, 426 (0.62) -5.83 -2.67 3.16 - 494 41 

C45 406 454, 481 (0.89) -5.44 -2.63 2.81 - 493 41 

C46 372 458 (0.84) -5.31 -2.36 2.95 - 438 41 

C47 406 490 (0.84) -5.63 -2.91 2.72 - 339 42 

C48 451 524 (0.74) -5.45 -3.04 2.41 - 311 42 

C49 405 490 (0.79) -5.60 -2.88 2.72 - 314 42 

C50 445 524 (0.50) -5.40 -3.02 2.38 - 276 42 

C51 -  - (0.26) -5.45 -3.57 1.88 49 302 43 

C52 - - (0.71) -5.49 -3.58 1.91 87 307 43 
a Measured in dichloromethane. b Measured in tetrahydrofuran. c Measured in toluene. d Absolute 

quantum yield. e Calculated from cyclic voltammetry. f Calculated from optical edge. g Glass transition 

temperature. h Thermal decomposition temperature at 5% weight loss.
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Table 1.6 Electroluminescence properties of carbazole-based bipolar emitters 

Dye Device structure Von 

(V)a 

Lmax 

(cd/m2)b 

ηc 

(cd/A)c 

ηp 

(lm/W)d 

EQE 

(%)e 

CIE(x,y) Ref 

C34 ITO/MoO3/TCTA:20%MoO3/TCTA/EML/TPBi/LiF/Al 3.8 9755 3.82 2.86 5.80 (0.15, 0.08) 35 

C35 ITO/NPB/TCTA/EML/TPBi/LiF/Al 4.75 - 2.30 1.52 - (0.17, 0.06) 36 

C36 ITO/NPB/EML/TPBi/LiF/Al - - 0.65 0.48 1.94 (0.17, 0.05) 37 

C37 ITO/NPB/EML/TPBi/LiF/Al - - 1.53 0.86 3.02 (0.17, 0.06) 37 

C38 ITO/NPB/mCP/EML/TPBi/Ca/Ag 5.6 2684 1.36 - 1.9 (0.18, 0.12) 39 

C39 ITO/NPB/mCP/EML/TPBi/Ca/Ag 6.3 3703 1.62 - 2.4 (0.16, 0.18) 39 

C40 ITO/NPB/mCP/EML/TPBi/LiF/Al 3.5 - 1.89 1.58 4.21 (0.16, 0.06) 40 

C41 ITO/NPB/mCP/EML/TPBi/LiF/Al 2.8 - 0.82 0.84 2.70 (0.16, 0.04) 40 

C42 ITO/PEDOT:PSS/EML(CBP:15%dopant)/TPBi/LiF/Al 6.3 522 0.3 0.1 0.4 (0.18, 0.11) 41 

C43 ITO/PEDOT:PSS/EML(CBP:15%dopant)/TPBi/LiF/Al 6.2 549 0.4 0.2 0.2 (0.17, 0.22) 41 

C44 ITO/PEDOT:PSS/EML(CBP:15%dopant)/TPBi/LiF/Al 6.0 734 0.6 0.3 0.6 (0.16, 0.12) 41 

C45 ITO/PEDOT:PSS/EML(CBP:15%dopant)/TPBi/LiF/Al 6.0 815 0.4 0.2 0.2 (0.20, 0.34) 41 

C46 ITO/PEDOT:PSS/EML(CBP:15%dopant)/TPBi/LiF/Al 5.8 944 0.7 6.8 1.5 (0.19, 0.31) 41 

C47 ITO/TAPC/EML(TBADN:10%dopant)/TPBi/LiF/Al - 12910 7.39 - 3.36 (0.29, 0.49) 42 

C48 ITO/TAPC/EML(TBADN:10%dopant)/TPBi/LiF/Al - 251 0.96 - 0.41 (0.40, 0.56) 42 

C49 ITO/TAPC/EML(TBADN:10%dopant)/TPBi/LiF/Al - 1641 1.86 - 0.84 (0.30, 0.46) 42 

C50 ITO/TAPC/EML(TBADN:10%dopant)/TPBi/LiF/Al - 95 0.29 - 0.33 (0.39, 0.50) 42 

C51 ITO/TAPC:20%MoO3/TAPC/EML/TmPyPB/LiF/Al 6125 2.9 8.8 8.5 3.5 (0.28, 0.42) 43 

C52 ITO/TAPC:20%MoO3/TAPC/EML/TmPyPB/LiF/Al 4311 2.9 9.0 8.4 3.8 (0.24, 0.37) 43 
aTurn-on voltage. bMaximum luminance. cMaximum current efficiency. dMaximum power efficiency. eMaximum external quantum efficiency.
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1.3 Carbazole functionalized materials in phosphorescence OLED 

1.3.1 Carbazole-based materials as hole transporting host in PhOLED 

Heavy metal-based phosphorescent emitters can harvest 100% of excitons through spin-

orbit coupling and thus expected to give superior electroluminescence performance. But, the 

triplet emitters must be doped into the host material which would otherwise quench the 

emission by concentration quenching and triplet-polaron quenching mechanism [44]. The host 

materials should invariably possess high triplet energy, suitable HOMO and LUMO energy 

level with neighboring layers for facile charge injection and high thermal stability. Since 

carbazole possess high triplet energy and sufficient hole transporting ability, carbazole based 

materials are exploited for host materials in PhOLED. Here, we describe carbazole-based hole 

transporting hosts for PhOLED. 

It is well known that the arylamines are good hole transporting moities. Owing to the twist 

structure, diphenylamine tethered carbazoles are beneficial for increasing the amorphous nature. 

Lee and coworkers reported carbazole functionalized at 1- and 8-position with diphenylamine 

and its TPD analog (C53-C55; Chart 1.8) and employed them as host material for PhOLED 

[45]. The triplet energy of these molecules are in the range of 2.45 – 2.68 eV which is higher 

than that of green emitter Ir(mppy)3. The presence of diphenylamine raised the HOMO energy 

level on moving from mono- to di-substitution whereas it did not alter the LUMO energy level. 

Due to complete conjugation over entire backbone, these molecules exhibited low ICT 

character. The high lying HOMO decreased the turn-on voltage by favoring easy hole injection 

into host molecules. Though the device based on C55 displayed low turn on voltage, it suffers 

poor performance due to low triplet energy of the host which allowed back energy transfer from 

dopant to host. The device fabricated with C54 exhibited maximum current efficiency, power 

efficiency and EQE of 25.0 cd/A, 17.9 lm/W and 8.2% respectively. The better performance of 

C54 is owing to its suitable energy level with neighboring layers and dopant.  

Generally, low band gap emitters suffer serious carrier trapping at higher operating 

voltages. So, the development of host materials which mitigate concentration quenching, charge 

trapping and reduced power consumption is necessary. Chang and coworkers reported star-

shaped carbazoles as hole transporting host materials (C56-C58; Chart 1.8) for red emitting 

PhOLED [46]. The hole drift mobility of the compound C58 was about 3 × 10-3 cm2 V-1 s-1. All 
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of the compounds (C56-C58) exhibited high decomposition temperature which is attributed to 

the rigid carbazole. The devices employing these materials as host exhibited red emission with 

the Ir(piq)3 dopant which is compared with the control device fabricated with TCTA host 

material in a similar device structure. The best device performance with the maximum EQE, 

current efficiency and power efficiency of 8.4%, 5.3 cd/A and 5.5 lm/W respectively was 

observed for the device fabricated with the host C58. The electroluminescence performance of 

the device was according to the high hole transporting ability of the host material. Low current 

density of the device containing the host C56 is attributed to poor hole mobility as compared to 

other hosts, C57 and C58. The high brightness of C58 based device indicates the superior 

electrical stability. Moreover, the electroluminescence performance of C58 based device was 

comparable to that of TCTA host owing to similar hole transporting ability and triplet energy 

level.  

 

Chart 1.8 Carbazole-based hole transporting host materials for PhOLED. 
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The insertion of electron donating group and non-planar moieties usually increases hole 

transporting nature as well as amorphous nature. Dong and coworkers designed carbazole 

tethered with indole and spirofluorene (C59-C61; Chart 1.8) to enhance triplet energy by 

controlling the connection between spirofluorene and indole to induce distorted structure [47]. 

Since indole possess hole transporting character, carbazole tethered indole based materials are 

expected to show high hole mobility. The high glass transition temperature of C61 (165 °C) is 

attributed to highly twisted structure. The triplet energies of the compounds C59, C60, C61 

determined from low temperature emission spectra are to be 3.20, 3.02, 3.20 respectively and 

high triplet energy is useful for fabricating green emitting devices. This would ensure 

exothermic energy transfer from host to dopant and restrict the back energy transfer from 

dopant to hosts. The OLED device fabricated with C61 exhibited the maximum current 

efficiency of 45.2 cd/A, power efficiency of 23.2 lm/W, luminance of 61780 cd/m2. The high 

performance of C61 is due to effective energy transfer from host to the dopant and high glass 

transition temperature which raised the thin film forming ability. 

Bagdziunas and coworkers reported phenothiazine decorated carbazole as host materials 

(C62, C63; Chart 1.9) for green and red emitting PhOLED [48]. The introduction of 

phenothiazine increased the HOMO energy level corresponding to the carbazole derivatives and 

thus facilitate easy injection of hole carriers. The green emitting devices employing these 

materials as host and Ir(ppy)3 as dopant exhibited low performance when there is no hole 

transporting layer is used in device architecture. When the hole transporting layer is employed, 

the performance of the devices increased dramatically. The high performance was observed for 

mono-phenothiazine based device with maximum current efficiency, power efficiency and EQE 

of 74.1 cd/A, 47.5 lm/W and 20.0% respectively. The red emitting devices are also fabricated 

by using the dopant Ir(piq)2(acac) and found high current efficiency of 37.4 cd/A and EQE of 

10.5% for mono-phenothiazine based device. The probability of formation of excitons 

formation is inversely proportional to the root mean square roughness which is determined from 

Atomic force microscopy method. The high performance of mono-phenothiazine (C62) based 

devices can be attributed to low root mean square roughness value when dispersed in Ir(ppy)3 

and Ir(piq)2(acac) which offers smooth surface and wider recombination zone.  

Sun and coworkers developed carbazole-fluorene and carbazole-spirofluorene hybrid (C64, 

C65; Chart 1.9) as for solution processable host in PhOLED [49]. The spirofluorene tethered 
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carbazole (C65) exhibited slightly higher triplet energy due to twisted structure. Further, the 

high glass transition temperature of about 230 °C is beneficial to form uniform high quality thin 

film. From the AFM studies, it was confirmed that these molecules are able to form pin-hole 

free thin film. It suggests the effective suppression of aggregation and the absence of phase 

separation in solid state which would play positive role in boosting the device performance. The 

compounds (C64, C65) are employed as host for blue emitting device made of the dopant 

FIrpic. The host material is mixed with 30% of OXD-7 to improve electron carrier mobility in 

the device structure. The devices fabricated with both the host materials exhibited sky blue 

emission without additional peak indicating the efficient energy transfer from the host to 

dopant. The performance of the devices containing these hosts is superior to mCP-based 

devices. The best device performance is observed for fluorene-based host (C65) with maximum 

current efficiency of 21.2 cd/A and EQE of 10.5%. It is attributed to high triplet energy level, 

well matched HOMO and LUMO with neighboring layers and excellent film forming ability of 

the host materials.  

CBP is a widely used host material in OLED device possessing host-guest system. The low 

glass transition temperature of CBP generally results in poor thin film. Jiang and coworkers 

designed carbazole dendronized CBP as a host material (C66; Chart 1.9) for blue PhOLED 

device [50]. The high triplet energy of the host is ascribed to twisted biphenyl core of the 

molecule. The HOMO of the host material is raised compared to CBP which approaches the 

work function of PEDOT and thus facilitate easy hole injection. The glass transition 

temperature of dendronized CBP is increased to 287 °C as compared to 62 °C of bare CBP host. 

The dihedral angle between biphenyl and carbazole is increased to 41 ° when compared to 37.7 

° of bare CBP which decrease the conjugation and thus raise the triplet energy. The twisted 

geometrical feature of host is beneficial to suppress intermolecular interaction and thereby 

prevent molecular recrystallization which improves the morphological stability of the thin film. 

The device fabricated with FIrpic doped in host exhibited the maximum luminance, current 

efficiency and EQE of 8600 cd/m2, 5.8 cd/A and 2.8% respectively. The device performance is 

almost three times higher than the CBP based device of similar architecture.  
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Chart 1.9 Carbazole-based hole transporting host materials for PhOLED. 
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Table 1.7 Photophysical and thermal properties of carbazole-based hole transporting host 

materials in PhOLED 

Dye λmax 

(nm)a 

λem (nm)a HOMO 

(eV)c 

LUMO 

(eV) 

ET 

(eV)d 

E0-0 

(eV)e 

Tg 

(°C)f 

Td 

(°C)g 

Ref 

C53 360 396 - - 2.68 3.25 65 - 45 

C54 360 386 - - 2.60 3.26 92 - 45 

C55 348 420 - - 2.45 3.14 165 - 45 

C56 352 375, 396 - - 2.97 3.43 73 417 46 

C57 353 375, 397 - - 2.97 3.35 54 413 46 

C58 353 377, 397 - - 2.97 3.42 93 411 46 

C59 290b 350b -5.42 -1.74 3.20 3.68 - 407 47 

C60 290b 364b -5.49 -1.86 3.02 3.64 - 405 47 

C61 290b 364b -5.43 -1.80 3.20 3.64 - 412 47 

C62 330b 448b -4.85 -1.45 2.60 3.40 - - 48 

C63 327b 483b -4.86 -1.55 2.61 3.31 - - 48 

C64 327 400 -5.36 -1.94 2.72 - 231 459 49 

C65 326 402 -5.32 -1.93 2.73 - 249 474 49 

C66 350 402 -5.30 -1.98 2.68 3.42 287 475 50 
a Measured in dichloromethane. b Meaured in tetrahydrofuran. c Calculated from cyclic voltammetry.             

d Triplet energy obtained from phosphorescence spectra. e Band gap obtained from optical edge. f Glass 

transition temperature. g Thermal decomposition temperature at 5% weight loss. 
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Table 1.8 Electroluminescence properties of carbazole-based hole transporting host materials in PhOLED 

Dye Dopant Device structure Von 

(V)a 

Lmax 
b 

(cd/m2) 

ηc c 

(cd/A) 

ηp d 

(lm/W) 

EQE 

(%)e 

CIE(x,y) Ref 

C53 Ir(mppy)3 ITO/PEDOT:PSS/Host:7% dopant/TPBi/CsF/Al 4.6 8050 24.5 14.1 8.0 (0.29, 0.60) 45 

C54 Ir(mppy)3 ITO/PEDOT:PSS/Host:7% dopant/TPBi/CsF/Al 3.7 6632 25.0 17.9 8.2 (0.29, 0.61) 45 

C55 Ir(mppy)3 ITO/PEDOT:PSS/Host:7% dopant/TPBi/CsF/Al 3.1 4936 11.2 10.1 3.6 (0.29, 0.61) 45 

C56 Ir(piq)3 ITO/NPB/Host:8%dopant/BP4mPy:8%dopant/ 

LiF/Al 

5.3 3898 3.2 4.5 6.9 (0.68, 0.32) 46 

C57 Ir(piq)3 ITO/NPB/Host:8%dopant/BP4mPy:8%dopant/ 

LiF/Al 

3.5 3610 4.2 4.9 7.1 (0.68, 0.32) 46 

C58 Ir(piq)3 ITO/NPB/Host:8%dopant/BP4mPy:8%dopant/ 

LiF/Al 

3.5 8843 5.3 5.5 8.4 (0.68, 0.32) 46 

C59 Ir(piq)3 ITO/MoO3/TCTA/Host:8%dopant/TPBi/LiF/Al 4.2 33250 29.6 13.5 - (0.31, 0.61) 47 

C60 Ir(piq)3 ITO/MoO3/TCTA/Host:8%dopant/TPBi/LiF/Al 4.7 42940 30.8 17.2 - (0.30, 0.62) 47 

C61 Ir(piq)3 ITO/MoO3/TCTA/Host:8%dopant/TPBi/LiF/Al 4.5 61780 45.2 23.2 - (0.30, 0.62) 47 

C62 Ir(piq)3 ITO/m-MTDATA/Host:7%dopant/Bphen/Ca:Al 2.5 58974 74.1 47.5 20.0 - 48 

C63 Ir(piq)3 ITO/m-MTDATA/Host:7%dopant/Bphen/Ca:Al 2.5 29913 49.4 34.1 12.9 - 48 

C62 Ir(piq)2 

(acac) 

ITO/m-MTDATA/Host:7%dopant/Bphen/Ca:Al 3.0 59110 37.4 29.6 10.5 - 48 

C63 Ir(piq)2 

(acac) 

ITO/m-MTDATA/Host:7%dopant/Bphen/Ca:Al 2.5 59558 28.2 40.6 7.2 - 48 

C64 FIrpic ITO/PEDOT:PSS/Host:30%OXD:7%dopant/     

TPBi/Cs2CO3/Al 

5.1 - 21.2 - 10.5 (0.17, 0.35) 49 

C65 FIrpic ITO/PEDOT:PSS/Host:30%OXD:7%dopant/     

TPBi/Cs2CO3/Al 

5.1 - 19.8 - 10.0 (0.16, 0.32) 49 

C66 FIrpic ITO/PEDOT:PSS/Host:30%OXD:10%dopant/ 

Cs2CO3/Al 

5.6 8600 5.8 - 2.8 (0.16, 0.36) 50 

a Turn-on voltage. b Maximum luminance. c Maximum current efficiency. d Maximum power efficiency. e Maximum external quantum efficiency. 
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1.3.2 Carbazole-based bipolar materials as host  

Since carbazole-based materials possess high triplet energy, they have been exploited as 

triplet host materials in phosphorescent OLED. It is well known that the hole mobility is far 

faster than that of electron mobility. Unipolar materials lead to poor performance in OLED as a 

result of imbalanced charge carrier mobility. Bipolar host materials exhibit balanced charge 

transport arising from electron donor and electron acceptor moiety present in a single molecule 

and thus the device performances would be improved. The motive behind the development of 

bipolar host is to provide effective hole and electron charge transport, broaden the 

recombination zone, simplifying device structure and improve the device performance. 

Lee and coworkers reported symmetrically substituted phosphine oxide on carbazole at C2- 

or C4-position (C67, C68; Chart 1.10) as bipolar hosts [15]. Here, electron donating carbazole 

act as hole transporter and electron withdrawing phosphine oxide as electron transporter to 

construct bipolar host materials. Carbazole connected via C4-position showed high glass 

transition temperature over C2-connected carbazole despite of the same molecular weight. The 

steric hindered position of C4-functionalized carbazole gave high glass transition temperature 

owing to more twisted structure while C2-connected compound results in less sterically 

hindered structure. The absorption maxima slightly increased for C4-functionalized carbazole, 

but it does not influence over triplet energy level. The substitution at C4-position of carbazole 

destabilized HOMO and LUMO while C2- position substitution brings HOMO and LUMO 

energy level stabilized. The blue emitting phosphorescent device fabricated with the host 

materials exhibited EQE of 15.0% and 9.5% for C4-substituted carbazole (C68) and C2-

substituted carbazole (C67) respectively. The high performance of C68 is evident from the 

similar current density observed for hole only and electron only device which ensures balanced 

charge transport. But, C67 gave high hole current density over electron current and results in 

imbalanced charge transport across the device.    

In another report, the same authors’ demonstrated carbazole possessing diphenylphosphine 

oxide (C69; Chart 1.10) at C2 and C5-position as bipolar host for blue emitting PhOLED [16]. 

The asymmetric substitution of carbazole is beneficial for the suppression of aggregation in 

solid state by close molecular packing and thus enhances morphological stability. The glass 

transition temperature of C69 is higher than symmetrically substituted carbazole at 2,7 and 3,6-
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position [51]. The presence of diphenylphosphine oxide at C5-position of carbazole results in 

high morphological stability. The C2-functionalization results in reduction of energy band by 

stabilization of LUMO energy levels and thus low driving voltage and high power efficiency. 

On the whole, this design strategy increased the device performance with long durability. The 

device exhibited high EQE of 31.4% with blue emission at 10% dopant concentration. The 

efficiency roll-off is considerably less and EQE of 28.6% is observed at the brightness of 1000 

cd/m2. The high EL attributes to the high PL intensity of host:FIrpic film and absolute quantum 

yield of above 95% which confirms the efficient energy transfer from host to FIrpic and 

balanced charge carrier transport. Interestingly, the high power efficiency of 46.9 and 33.5 

lm/W obtained at 100 cd/m2 and 1000 cd/m2 respectively without employing special electron or 

hole transporting layers in the device structure. It is ascribed to low driving voltage rendered by 

C2-substitution and high quantum efficiency by C5-substitution.   

Generally, donor-acceptor (D-A) configuration of compounds will provide bipolar nature at 

the cost of lowering of triplet energy gap. For efficient energy transfer, the triplet energy of the 

host materials must be higher than that of dopant. So, the materials exhibiting both high triplet 

energy and bipolar nature are in demand for realizing highly efficient OLED devices. Xu and 

coworkers demonstrated the modulation of electroluminescent properties by D-A configured 

host materials (C70, C71; Chart 1.10) using short axis linkage [52]. When electron withdrawing 

group is attached at 1,8- position of carbazole, it would provide bipolar nature without altering 

the triplet energy level. The similar emission spectrum of these compounds in different solvents 

indicates the suppression of intra-molecular charge transfer from carbazole to phosphine oxide. 

Generally, when constructing bipolar materials, the electron current is increased at the cost of 

hole current and thereby bipolar character is achieved. It is interesting to note that hole only 

current (single layer device) is much higher than that of electron only current. The incorporation 

of phosphine oxide at 1,8-position did not alter the hole mobility of carbazole whereas it 

provides decent bipolar character by augmenting  electron only current. Moreover, the electron 

mobility is drastically improved when compared to long-axis substituted analogs [53]. The 

modified D-A based host material for blue PhOLED exhibited low turn on voltage of 2.6 V with 

low efficiency roll-off performance at high brightness.   

The insertion of diphenylphospine oxide (DPPO) with hole transporting unit stabilizes the 

HOMO level. As already stated, the hole mobility is faster than electron mobility. The 
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magnitude of electron mobility can be increased by the incorporation of high ratio of electron 

withdrawing unit in the molecules. Li and coworkers reported dual n-type bipolar host materials 

(C72, C73; Chart 1.10) for improving the electron mobility [54]. Here, DPPO on direct 

attachment with pyridine did not influence HOMO. The DPPO is tethered as second electron 

withdrawing group in addition to pyridine. The DPPO unit is grafted for its ability to retain 

triplet energy level and has no role in extending conjugation so that DPPO tethered host could 

be exploited for blue emitting materials. The role of second n- type unit (DPPO) was 

established by comparing the molecule without DPPO. The DPPO unit stabilized the LUMO 

while keep the HOMO intact. The thermal decomposition temperature sharply increased when 

DPPO is inserted. Since the triplet energy of these materials are higher than triplet energy of 

blue and green emitter FIrpic and Ir(ppy)3 respectively, they were employed as host materials 

for blue and green emitting PhOLEDs. The DPPO did not participate in constructing HOMO 

and LUMO, so it does not have any role in conjugation whereas it pulls LUMO down due to 

strong electron withdrawing nature. From single carrier charge devices, the meta- and para- 

compounds (C72 and C73) exhibited bipolar nature whereas the reference compound showed 

less electron current density. This indicates the role of DPPO in realizing bipolar nature. The EL 

performance of DPPO based compounds exhibited superior performance over the reference 

compound which contains only one n- type acceptor. The meta-substitued compound C72 

exhibited high EL performance over para- compound in FIrpic based blue devices with 

maximum current efficiency, power efficiency and EQE of 55.6 cd/A, 43.6 lm/W and 25.3% 

respectively.  

Wang and coworkers reported carbazole substituted oxadiazole/benzimidazole at 1,8-

position (C74, C75; Chart 1.10) to realize bipolar hosts [55]. The glass transition temperature of 

138 and 154 °C respectively and decomposition temperature of these compounds are very high 

due to twisted configuration arises by steric hindered 1,8-substitution. Also, the electron 

deficient 1,8-position of carbazole leads to high triplet energy. From DFT calculation, it is 

found that oxadiazole/benzimidazole is perpendicular to carbazole core due to steric hindrance. 

The HOMO and LUMO orbitals are confined to carbazole and oxadiazole/benzimidazole 

respectively. The well separation of HOMO and LUMO guarantees the effective electronic 

charge transfer without back energy transfer. Benzimidazole-based host C75 is used for blue 

emitting devices. The performance of the device is comparable to that of mCP based device in a 
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similar device configuration. When both the compounds are employed as host in green emitting 

devices, the oxadiazole-based device C74 exhibited high current and power efficiency of 73.9 

cd/A and 89.7 lm/W respectively and maximum luminance of 37920 cd/m2 with low turn on 

voltage of 2.5 V. The high current and power efficiency of oxadiazole based device is attributed 

to balanced hole and electron transporting nature of the bipolar host material.  

 

Chart 1.10 Carbazole-based bipolar host materials for PhOLED. 

Lee and coworkers designed CN modified carbazole based bipolar host materials (C76, 

C77; Chart 1.11) by variation of ortho and meta-linkage with phenyl linker [56]. The observed 

EL and lifetime of the devices are superior to the devices employing universally known host 

mCBP. The blue shifted fluorescence and phosphorescence spectra of ortho-substituted 

compound compared to meta- compound is due to reduced degree of conjugation. Due to the 

distorted structure, ortho-substituted compound (C76) gave high triplet energy over meta-

substituted and mCBP. According to DFT calculation, the HOMO of both the compounds is 
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similar to mCBP i.e. localized on phenylcarbazole while LUMO is concentrated on CN 

modified carbazole which would predict better electron transporting character over mCBP. The 

blue PhOLED employed Ir(dbi)3 as dopant with 5 wt%. The meta-substituted host C77 

exhibited better efficiency over ortho- substituted analog C76. The good electron injection from 

lower LUMO level and the widening of recombination zone resulted in better performance and 

extended lifetime of the device.  

Mu and coworkers reported bipolar host materials containing carbazole as donor, phenyl as 

linker and quinoxaline as acceptor (C78-C80; Chart 1.11) for red emitting PhOLED [57]. They 

tuned the optoelectronic properties of the host materials by modulating the linking mode with 

phenyl linker. The ortho-substituted compound (C78) showed high triplet energy compared to 

meta- and para- analogs due to highly twisted structure. All the isomers showed small efficiency 

roll-off at high luminance which attests the superiority of the host materials for practical 

applications. The device employed para-substituted compound C80 exhibited the best EL 

performance with current efficiency, power efficiency and EQE of 21.9 cd/A, 15.4 lm/W and 

12.2% respectively. Similarly, ortho-substituted compound (C78) exhibited almost similar 

magnitude of EL performances. The low performance of meta- compound can be explained 

from unbalanced charge transport which is evaluated from single carrier device where the hole 

mobility is much higher than electron mobility.  

Li and coworkers designed carbazole tethered pyrazolyl pyridine as bipolar host materials 

(C81-C83; Chart 1.11) in which carbazole acts as hole transporter and pyrazolyl pyridine as 

electron transporter in the ratio of 1:2 to ensure effective balanced charge transport by 

increasing electron charge mobility [58]. The triplet energy of the materials was tuned by 

varying the linking position of phenyl linker. The ortho-functionalized compound (C81) 

exhibited high triplet energy of 2.95 eV compared to others due to its highly twisted structure. 

As the planarity of the compounds increases from orho- to para-, they are expected to give high 

current density owing to the raise of charge hopping and transporting character. The blue device 

employing FIrpic as dopant exhibited low performance for ortho-substituted compound owing 

to high energy barrier for charge injection. The small efficiency roll-off at practical luminance 

of 1000 cd/m2 for C82 is attributed to appropriate twisted conformation and triplet energy 

which forbids back energy transfer from dopant to host material. The para-substituted 

compound C83 showed superior performance over ortho- and meta-compounds in green 



 
Carbazole-Based Materials for OLED Applications: A Review 

39 
 

Chapter 1 

devices fabricated with the dopant Ir(ppy)3. It might be ascribed to proper energy level 

alignment for the transfer of charges from host to dopant and thus low driving voltage. 

However, meta-substituted compound (C82) exhibited low efficiency roll-off at high current 

density region which might be due to appropriate distortion and high film stability.  

Fan and coworkers reported carbazole-pyridine hybrids linked through phenyl linker as 

bipolar hosts (C84, C85; Chart 1.11) for blue emitting PhOLED [59]. As the carbazole is 

appended, the glass transition and thermal decomposition temperature increased dramatically 

for C85 when compared to C84. The device fabricated with C84 as host exhibited the highest 

EQE of 17.8% at 100 cd/m2. It also exhibited considerably low efficiency roll-off of 3.9% (EQE 

of 17.1%) even at high brightness of 1000 cd/m2. The high performance is attributed to 

balanced charge transport achieved by the host material which is confirmed by the single charge 

carrier devices. Though C85 exhibited high morphological properties, the efficiency is low due 

to unbalanced charge transport. The high hole only current density for C85 over electron only 

current density resulted in unbalanced charge transport and thus poor performance.  

Wang and coworkers reported carbazole tailored 1,2,4-thiadiazole through different linking 

position of phenylene linker (C86-C88; Chart 1.11) as bipolar host materials [60]. The triplet 

energy of the isomers followed the trend of ortho- > meta- > para-. The highly twisted and 

sterically hindered structure is responsible for high triplet energy level for ortho- substituted 

compound. The charge carrier mobility of the compounds was measured by time of flight 

technique. The ortho- and meta- substituted compounds exhibited almost similar hole and 

electron carrier mobility and acted as bipolar materials while para-substiuted compound 

exhibited high hole charge mobility. The high triplet energy and charge mobility of ortho-

substituted compound C86 was beneficial for suppressing back energy transfer and effective 

confinement of excitons and hence high device performance. The maximum EQE of 26.1% was 

observed and still it remained 20.3% at high brightness of 10,000 cd/m2. The high performance 

of C86 is attributed to high carrier mobility and balanced charge transport. 
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Chart 1.11 Carbazole-based bipolar host materials for PhOLED. 
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Table 1.9 Photophysical and thermal properties of carbazole-based bipolar host materials for 

PhOLED 

Dye λmax 

(nm)a 

λem (nm)a HOMO 

(eV)d 

LUMO 

(eV) 

ET 

(eV)e 

E0-0 

(eV)f 

Tg 

(°C)g 

Td 

(°C)h 

Ref 

C67 354b 368, 382b -5.97 -2.59 2.90 3.38 122 - 15 

C68 354b 375, 389b -5.90 -2.54 2.90 3.36 168 - 15 

C69 371b 385, 398b -6.17 -2.90 2.80 3.27 140 506 16 

C70 363 391 -5.99 -2.63 2.98 3.36 175 323 52 

C71 366 382, 390 -6.13 -2.87 2.98 3.26 - 394 52 

C72 338 419 -5.66 -2.57 2.86 3.09 123 461 54 

C73 339 455 -5.65 -2.79 2.78 2.86 130 442 54 

C74 362c 385c -5.58 -2.31 2.70 3.27 154 433 55 

C75 365c 394c -5.60 -2.34 2.60 3.26 138 416 55 

C76 - - -6.10 -2.57 2.80 3.53 - - 56 

C77 - - -6.07 -2.57 2.78 3.50 - - 56 

C78 363 499 -5.82 -2.65 2.46 3.17 104 357 57 

C79 363 516 -5.81 -2.65 2.40 3.16 107 390 57 

C80 373 498 -5.72 -2.67 2.37 3.05 112 403 57 

C81 339 397 -5.69 -2.26 2.95 3.43 58 301 58 

C82 340 403 -5.63 -2.34 2.71 3.29 60 328 58 

C83 340 396 -5.61 -2.35 2.67 3.26 - 336 58 

C84 - - -5.54 -1.98 2.77 3.56 108 347 59 

C85 - - -5.29 -1.88 2.72 3.41 192 571 59 

C86 330 421 -5.64 -2.64 2.62 3.00 167 370 60 

C87 338 428 -5.51 -2.50 2.58 3.01 170 394 60 

C88 342 413 -5.50 -2.55 2.48 2.95 168 420 60 
a Measured in dichloromethane. b Measured in tetrahydrofuran. c Measured in toluene. d Calculated from 

cyclic voltammetry. e Calculated from phosphorescence spectra. f Band gap obtained from optical edge.   

g Glass transition temperature. h Thermal decomposition temperature at 5% weight loss.  
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Table 1.10 Electroluminescent properties of carbazole-based bipolar host in PhOLED 

Dye Dopant Device structure Von 

(V)a 

Lmax 

(cd/m2)b 

ηc 

(cd/A)c 

ηp 

(lm/W)d 

EQE 

(%)e 

CIE(x,y) Ref 

C67 FIrpic ITO/PEDOT:PSS/TAPC/Host:10%dopant/ 

SPPO13/ LiF/Al 

3.5 - - - 9.5 - 15 

C68 FIrpic ITO/PEDOT:PSS/TAPC/Host:10%dopant/ 

SPPO13/ LiF/Al 

3.5 - - - 15.0 - 15 

C69 FIrpic ITO/PEDOT:PSS/TAPC/Host:10%dopant/ 

SPPO13/ LiF/Al 

3.0 - - 53.1 31.4 - 16 

C70 FIrpic ITO/MoOx/m-MTDATA:MoOx/m-MTDATA/    

Host:10%FIrpic/Bphen/Cs2CO3/Al 

2.6 - 16.0 16.8 8.7 - 52 

C71 FIrpic ITO/MoOx/m-MTDATA:MoOx/m-MTDATA/    

Host:10%FIrpic/Bphen/Cs2CO3/Al 

2.6 - 20.2 19.2 11.0 - 52 

C72 FIrpic ITO/PEDOT:PSS/TAPC/TCTA/Host:5%dopant/ 

TmPyPB/ LiF/Al 

3.5 13970 55.6 43.6 25.3 (0.15, 0.38) 54 

C73 FIrpic ITO/PEDOT:PSS/TAPC/TCTA/Host:5%dopant/ 

TmPyPB/ LiF/Al 

3.5 17230 47.4 37.2 19.1 (0.18, 0.42) 54 

C74 FIrpic ITO/MoO3/NPB/mCP/Host:6%dopant/TmPyPB/ 

LiF/Al 

3.0 9565 27.6 27.0 11.6 (0.15, 0.31) 55 

C74 Ir(ppy)3 ITO/MoO3/NPB/TCTA/Host:9%dopant/ 

TmPyPB/LiF/Al 

2.7 38440 64.0 70.0 17.5 (0.30, 0.63) 55 

C75 Ir(ppy)3 ITO/MoO3/NPB/TCTA/Host:9%dopant/ 

TmPyPB/LiF/Al 

2.5 37920 73.9 89.7 20.3 (0.30, 063) 55 

C76 Ir(dbi)3 ITO/PEDOT:PSS/DNTPD/BPBPA/PCZAc/Host:   

10% dopant/DBFTrz/ZADN/LiF/Al 

- - - - 17.1 - 56 

C77 Ir(dbi)3 ITO/PEDOT:PSS/DNTPD/BPBPA/PCZAc/Host:   

10% dopant/DBFTrz/ZADN/LiF/Al 

- - - - 16.0 - 56 

C78 Ir(pic)2 

(acac) 

ITO/PEDOT:PSS/NPB/TCTA/Host:10%dopant/   

TPBi/ LiF/Al 

3.5 18426 21.2 13.4 12.2 (0.62, 0.38) 57 

C79 Ir(pic)2 

(acac) 

ITO/PEDOT:PSS/NPB/TCTA/Host:10%dopant/   

TPBi/ LiF/Al 

3.1 27049 15.7 11.9 9.2 (0.62, 0.38) 57 
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Table 1.10 (cont.) 

Dye Dopant Device structure Von 

(V)a 

Lmax 

(cd/m2)b 

ηc 

(cd/A)c 

ηp 

(lm/W)d 

EQE 

(%)e 

CIE(x,y) Ref 

C80 Ir(pic)2 

(acac) 

ITO/PEDOT:PSS/NPB/TCTA/Host:10%dopant/   

TPBi/ LiF/Al 
3.2 19037 21.9 15.4 12.2 (0.61, 0.38) 57 

C81 FIrpic ITO/PEDOT:PSS/TAPC/TCTA/Host:5%dopant/ 

TmPyPB/LiF/Al 

4.1 9750 38.7 30.4 17.4 (0.14, 0.33) 58 

C82 FIrpic ITO/PEDOT:PSS/TAPC/TCTA/Host:5%dopant/ 

TmPyPB/LiF/Al 

3.9 14260 49.1 30.9 24.5 (0.15, 0.35) 58 

C83 FIrpic ITO/PEDOT:PSS/TAPC/TCTA/Host:5%dopant/ 

TmPyPB/LiF/Al 
3.1 9727 50.2 45.1 25.3 (0.14, 0.31) 58 

C81 Ir(ppy)3 ITO/PEDOT:PSS/TAPC/TCTA/Host:8%dopant/ 

TmPyPB/LiF/Al 

3.2 35360 71.3 56.5 20.9 (0.27, 0.63) 58 

C82 Ir(ppy)3 ITO/PEDOT:PSS/TAPC/TCTA/Host:8%dopant/ 

TmPyPB/LiF/Al 

3.0 53840 80.3 72.0 23.3 (0.27, 0.63) 58 

C83 Ir(ppy)3 ITO/PEDOT:PSS/TAPC/TCTA/Host:8%dopant/ 

TmPyPB/LiF/Al 

2.8 45010 91.8 96.1 27.3 (0.26, 0.63) 58 

C84 FIrpic ITO/HATCN/TAPC/TCTA/Host:15%dopant/ 

TmPyPB/Liq/Al 

3.8 - 40.9 34.0 17.8 (0.17, 0.38) 59 

C85 FIrpic ITO/HATCN/TAPC/TCTA/Host:15%dopant/ 

TmPyPB/Liq/Al 

3.4 - 34.5 33.2 14.4 (0.18, 0.41) 59 

C86 Ir(ppy)3 ITO/MoO3/TAPC/TCTA/Host:6%dopant/    

TmPyPB/ LiF/Al 

3.1 - 92.3 78.8 26.1 (0.30, 0.62) 60 

C87 Ir(ppy)3 ITO/MoO3/TAPC/TCTA/Host:6%dopant/    

TmPyPB/ LiF/Al 

3.4 - 86.4 61.8 24.0 (0.31, 0.62) 60 

C88 Ir(ppy)3 ITO/MoO3/TAPC/TCTA/Host:6%dopant/    

TmPyPB/ LiF/Al 

3.1 - 80.2 56.7 22.9 (0.30, 0.62) 60 

a Turn-on voltage. b Maximum luminance. c Maximum current efficiency. d Maximum power efficiency. e Maximum external quantum efficiency.
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1.4 Carbazole-based materials for TADF applications 

Recently, Adachi and coworkers reported third generation OLED employing pure organic 

molecules that harvest 100% of excitons utilizing reverse intersystem crossing (RISC) [61]. The 

TADF process is potentially superior to the PhOLED technology which employs costly heavy 

metals such as iridium and platinum. For a molecule to be TADF active, it should possess well 

separated HOMO and LUMO levels and low singlet-triplet energy gap (ΔEST) which facilitates 

the RISC by means of thermal activation. Since carbazole-based materials exhibit small singlet-

triplet energy gap for the rationally designed molecules, they are utilized in TADF as emitters 

as well as host materials.   

1.4.1 Carbazole as donor in TADF emitters 

Organic emitters exhibiting TADF character are generally constructed with D-A molecular 

structure. The well separated HOMO and LUMO is possible only when strong donor and 

acceptor moieties are tethered in the molecule in non-communicating positions to realize small 

energy difference between singlet and triplet energy for facile RISC. In this regard, carbazole is 

a good electron donor moiety which finds applications as they are tethered with electron 

withdrawing moieties to construct TADF emitters.  

Adachi and coworkers designed a series of carbazolyl cyanobenzenes as TADF emitters 

(C89,C90; Chart 1.12) in which carbazole act as donor and cyanobenzene as acceptor [61]. 

Since the carbazole is distorted from cyanobenzene plane due to steric hindrance, the HOMO 

and LUMO orbitals are well separated at carbazole and cyanobenzene respectively. Also they 

tuned the emission color from sky blue to green color by modulating the number of electron 

donating carbazole unit in cyanobenzene core. From DFT calculation, it was demonstrated that 

the high dihedral angle between carbazole donor and cyanobenzene acceptor results in small 

ΔEST value for facile RISC process. The green OLED employing C90 and and sky blue OLED 

of C89 exhibited high EQE of 19.3% and 11.2% respectively, which are higher than 

conventional fluorescent OLEDs. 

The introduction of strong electron withdrawing group would give well separated HOMO 

and LUMO energy level. Zhang and coworkers reported a TADF emitter (C91; Chart 1.12) 

containing carbazole-pyridine-carbonitrile with the distribution of carbazole and cyano group 

para- to each other at pyridine group [62]. The well separation of HOMO and LUMO generally 
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result in low ΔEST, but it would be detrimental for effective charge transfer. So, the TADF 

emitters possessing low ΔEST as well as high CT emission due to appropriate overlap of HOMO 

and LUMO orbitals are in high demand. By careful design of carbazole tethered pyridine-

dicarbonitrile, low ΔEST of 0.04 eV and suitable overlap of HOMO and LUMO is realized. The 

large steric hindrance from carbazole and electron withdrawing cyano group on pyridine moiety 

suppressed the non-radiative decay to greater extent. The OLED device fabricated with C91 as 

dopant (13 wt%) in mCP host exhibited high EQE of 21.2%, current efficiency and power 

efficiency of 47.7 cd/A and 42.8 lm/W respectively. 

Lee and coworkers demonstrated carbazole-based TADF emitters (C92-C94; Chart 1.12) 

to generate high efficiency OLED and tuned the color of emission by increasing the number of 

carbazole donor unit on dicyanobenzene acceptor [63]. As the number of appended carbazole is 

increased, the donor strength of the materials is also increased. The molecule C94 attained more 

twisted structure and low ΔEST among other compounds which is favorable for effective RISC. 

The OLED device fabricated with these compounds as emitters doped in PPT host exhibited 

blue and green emission for C92, C93 and C94 respectively. As the number of carbazole unit is 

appended, the emission color is bathochromically shifted from blue to green color for C94 

based devices. Also, the low ΔEST of C94 ensured the conversion of triplet excitons into singlet 

excitons by RISC process. Thus, the best efficiency is observed for C94 based device with high 

current efficiency, power efficiency, maximum brightness and EQE of 15.26 cd/A, 8.14 lm/W, 

1526 cd/m2 and 13.33% respectively.  

Huang and coworkers designed non-conjugated trifluoromethyl substituted benzene 

containing electron donating carbazole (C95, C96; Chart 1.12) as TADF emitters to tune the 

electroluminescent properties [64]. From tetra- to penta-carbazole, the compound C96 exhibited 

more desirable TADF characteristics such as low ΔEST for efficient RISC, high PLQY, and high 

lying HOMO for efficient charge injection. The devices fabricated with penta-carbazole C96 

showed high EL performances over tetra-carbazole C95 which is attributed to effective RISC 

due to low ΔEST. The high lying HOMO of C96 apparently reduces the energy barrier for hole 

injection and hence low turn-on voltage is observed. The best EL performance of C96 with 

current efficiency of 11.8 cd/A and EQE of 5.2% which are about 10 times higher than the EL 

performance of C95 in the same device architecture. The large difference in EL performance is 

attributed to ΔEST value of 0.24 and 0.02 eV for C95 and C96 respectively.  
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Chart 1.12 Carbazole as donors in TADF emitters. 

Lee and coworkers designed TADF emitter C97 (Chart 1.13) in which carbazole act as 

donor and diphenyl triazine as acceptor [65]. The device fabricated with the emitter displayed 

blue emission with high EL performances and long durability over PhOLED devices. The high 

stability of the device is attributed to molecular design containing stable carbazole donor and 

rigid triazine acceptor unit. The appropriate overlap of HOMO and LUMO orbitals at phenyl 

linker established the effective charge transfer excitons and thereby efficient light emission. The 

TADF based blue OLED fabricated with the emitter C97 exhibited high EQE of 17.8%, power 

efficiency of 22.4 lm/W and current efficiency of 26.8 cd/A. The device also showed low 

efficiency roll-off at high brightness.     

In another report, the same group reported two TADF emitters (C98, C99; Chart 1.13) 

containing three carbazoles as donor and diphenyl triazine as acceptor [66]. The phenyl linker is 

contributing to the construction of both HOMO and LUMO. The appropriate overlap of HOMO 

and LUMO levels enhance the radiative pathway and thus high PLQY observed. As the number 

of electron donating carbazole increases, the PLQY also doubly increased and approaches unity 
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in nitrogen purged solution. It is due to facile up-conversion of triplet excitons into singlet state. 

The EL performance of the device fabricated with three carbazole donor based dopant (C98 and 

C99) exhibited dramatically improved performances over two carbazole donor based emitter 

(C97). The best performance is achieved for C99 with power efficiency and EQE of 52.1 lm/W 

and 25.5% respectively. 

Generally, the low ΔEST is realized in TADF molecules by increasing the twist angle 

between donor and acceptor. But, large twist angle suppress the radiative decay which is 

detrimental to the device performance. Alternatively, small ΔEST can be achieved by 

intramolecular space interaction between donor and acceptor. The spatial separation between 

donor and acceptor results in small ΔEST which is a pre-requisite for the molecule to exhibit 

TADF character. Cheng and coworkers designed D-A-D configured molecules (C100, C101; 

Chart 1.13) containing carbazole/t-butyl carbazole as donor and phenyl(pyridine-4-yl) 

methanone as acceptor [67]. The materials showed small ΔEST value of 0.03-0.04 eV due to 

spatial separation between donor and acceptor. The meta- positioned carbazole was beneficial to 

enhance EQE by widely dispersing the HOMO and to realize sufficient overlap between 

HOMO and LUMO. The blue OLED device fabricated with C100 displayed sky blue emission 

with low turn on voltage of 2.8 V, high EQE of 24.0%, power efficiency of 57.2 lm/W and 

current efficiency of 54.7 cd/A. Likewise, green OLED using C101 as dopant exhibited high 

EQE, power efficiency and current efficiency of 27.2%, 84.7 lm/W and 94.6 cd/A respectively.  

In order to overcome the poor color purity of twisted TADF molecules, rigid and linear 

structured molecules are desirable for realizing high color purity especially deep blue emission. 

Cheng and coworkers designed a rigid and linear TADF emitters (C102, C103; Chart 1.13) 

containing t-butylcarbazole tethered di(pyridinyl) methanone [68]. They demonstrated that the 

structurally planar molecules are preferable for realizing pure blue emission unlike twisted 

structure which leads to red shifted emission. The HOMO and LUMO is concentrated over 

carbazole and di(pyridinyl)methanone respectively. Interestingly, for both the molecules 

pyridine constructs both HOMO and LUMO which is beneficial for enhancing radiative decay 

ascribed to substantial overlap of HOMO and LUMO. The planar and rigid structure is further 

confirmed by less Stokes shift of C103 over flexible C102. The device doped with C103 

exhibited high EQE of 31.9% with pure blue emission which is the best EQE reported so far for 
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pure blue emitting materials whereas C102 exhibited high EQE of 12.8% with green emission. 

The high EQE of the blue device is attributed to small ΔEST value which favors efficient RISC.  

 

Chart 1.13 Carbazole as donors in TADF emitters.
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Table 1.11 Photophysical and thermal properties of TADF emitters containing carbazole donors 

Dye λmax 

(nm)a 

λem (nm)a 

(ΦF)c 

HOMO/ 

LUMO 

(eV)d 

Life time, τ ES, eV 

(exp/calc) 

ET, eV 

(exp/calc) 

ΔEST, eV 

(exp/calc) 

Tg 

(°C)g 

Td 

(°C)h 

Ref 

τp 

(ns)e 

τd 

(s)f 

C89 - 473 (0.47) - 28.5 166 - - 0.08/- - - 61 

C90 - 507 (0.94) - 17.8 5.1 - -  - - 61 

C91 374b 474b - 9.7 46.6 2.77/- 2.73/- 0.04/- - 350 62 

C92 290b 437b -5.87/-2.28 27 - 3.59/3.31 -/2.76 -/0.55 - - 63 

C93 295b 460b -5.72/-2.22 45 - 3.50/3.22 -/2.61 -/0.61 86 - 63 

C94 327b 482b -5.57/-2.31 76 3.26 3.26/2.57 -/2.44 -/0.13 110 285 63 

C95 332 440 -5.60/-2.62 - 9.31 3.02/- 2.78/- 0.24/- - 417 64 

C96 330 481 -5.57/-2.75 - 15.33 2.82/- 2.80/- 0.02/- - 455 64 

C97 - - (0.66)b - - 3.1 2.89/- 2.64/- 0.25/- 160 397 65 

C98 - - (100)b - 16.4 13.5 2.96/2.73 2.80/2.56 0.16/0.17 - - 66 

C99 - - (0.99)b - 15.1 13.3 2.86/2.61 2.79/2.45 0.07/0.16 - - 66 

C100 400b 490 -5.75/-2.88 15.0 0.6 2.87/- 2.84/- 0.03/- 109 382 67 

C101 418b 508 -5.61/-2.87 18.0 1.0 2.74/- 2.70/- 0.04/- 140 412 67 

C102 373b 520(0.02) -5.63/-2.89 22.3 0.34 2.74/- 2.63/- 0.11/- - 420 68 

C103 384b 464(0.27) -5.76/-2.76 26.4 0.27 3.00/- 2.98/- 0.02/- - 484 68 
a Measured in dichloromethane. b Measured in toluene. c Absolute quantum yield. d Calculated from cyclic voltammetry or DFT. e Prompt lifte time. 

f Delayed life time. g Glass transition temperature. h Decomposition temperature at 5% weight loss.  
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Table 1.12 Electroluminescence properties of TADF emitters containing carbazole donors 

Dye Device structure Von 

(V)a 

Lmax 

(cd/m2)b 

ηc 

(cd/A)c 

ηp 

(lm/W)d 

EQE 

(%)e 

CIE(x,y) Ref 

C89 ITO/α-NPD/mCP/PPT:5% dye/PPT/LiF/Al - - - - 8.0 - 61 

C90 ITO/α-NPD/CBP:5% dye/TPBi/LiF/Al - - - - 19.3 - 61 

C91 ITO/TAPC/TCTA/mCP: 13% dye/TmPyPB/LiF/Al 3.2 - 47.7 42.8 21.2 (0.20, 0.35) 62 

C92 ITO/HATCN/NPB/TAPC/PPT:10% dye/PPT/TPBi /  

LiF/Al 

7.36 66.3 0.66 0.28 <1 (0.15, 0.12) 63 

C93 ITO/HATCN/NPB/TAPC/PPT:10% dye/PPT/TPBi /  

LiF/Al 

7.84 470.2 4.70 1.89 5.05 (0.16, 0.24) 63 

C94 ITO/HATCN/NPB/TAPC/PPT:10% dye/PPT/TPBi /  

LiF/Al 

5.89 1526 15.26 8.14 13.3 (0.20, 0.37) 63 

C95 ITO/PEDOT:PSS/mCP:10% dye/TmPyPB/LiF/Al 4.8 1032 1.03 - 0.67 (0.17, 0.18) 64 

C96 ITO/PEDOT:PSS/mCP:10% dye/TmPyPB/LiF/Al 3.9 2436 11.8 - 5.2 (0.21, 0.33) 64 

C97 ITO/NPB/mCP/DPEPO:25% dye/TSPO1/ LiF/Al 5.9 - 26.8 22.4 17.8 (0.15, 0.16) 65 

C98 ITO/NPB/mCP/DPEPO:40% dye/TSPO1/ LiF/Al - - - 42.7 25.0 (0.18, 0.32) 66 

C99 ITO/NPB/mCP/DPEPO:30% dye/TSPO1/ LiF/Al - - - 52.1 25.5 (0.25, 0.50) 66 

C100 ITO/NPB/mCP/CzPS:5%dye/DPEPO/TmPyPB/LiF/Al 2.8 10300 54.7 57.2 24.0 (0.17, 0.36) 67 

C101 ITO/NPB/mCP/CBP:5% dye/PPT/TmPyPB/LiF/Al 3.1 37700 94.6 84.5 27.2 (0.30, 0.64) 67 

C102 ITO/NPB/TAPC/mCBP:7% dye/TmPyPB/LiF/Al 3.5 3178 31.8 29.5 12.8 - 68 

C103 ITO/NPB/TAPC/mCBP/mCBP:7% dye/DPEPO/ 

TmPyPB/LiF/Al 

3.7 9670 37.6 37.3 31.9 - 68 

a Turn-on voltage. b Maximum luminance. c Maximum current efficiency. d Maximum power efficiency. e Maximum external quantum efficiency.
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1.4.2 Carbazole-based materials as TADF host  

In order to be used as host materials for TADF based OLED, the host material should have 

high singlet and triplet energy compared to the dopant emitters, low energy barrier for the 

injection of charge carriers from the neighboring charge transport layers for effective 

confinement. Carbazole-based materials possess high triplet energy level and good charge 

transporting ability and low energy difference between singlet and triplet energy level. So, they 

are exploited as TADF host material in OLED devices. 

Lee and coworkers reported carbazole functionalized with phosphine oxide at 2,7- position 

(C104; Chart 1.14) as host material for green emitting TADF devices [69]. Earlier, the same 

material was used as host bipolar material for phosphorescent OLED and found to exhibit high 

EL performances [51]. Since the molecule possessed low energy gap between singlet and triplet 

energy, it was exploited as host material for TADF emitter. The EL performance of the devices 

was tuned by varying the dopant concentration 4CzIPN. The best performance was observed for 

the device having 2% dopant with high EQE of 21.1%. The lower performance of the device 

containing 1% and 5% dopant concentration might be due to poor excitons harvesting and 

concentration quenching respectively. Also, at low doping concentration, due to poor energy 

transfer from host to dopant, additional EL peak at 390 nm was observed. However, the stability 

of device was short due to poor stability of host material.  

Adachi and coworkers designed N-phenyl carbazole appended on mCP as host material 

(C105; Chart 1.14) for TADF applications [70]. The optoelectronic properties were compared 

with the conventional CBP host material. The compound C105 exhibited high glass transition 

temperature of 165 °C which is much higher than that of CBP (62 °C). It would provide high 

morphological stability. Before fabricating device, they recorded PLQY for the 6 wt% 4CzIPN 

doped in C105 spin coated film and found it to be 86%. The PLQY of spin coated film was 

higher than that of similar composition of vacuum deposited film. The solution processed host 

material based device exhibited high life time of 200 h at the brightness of 1000 cd/m2. The 

observed device performance of 14.5% EQE at 100 cd/m2 is comparable to the performance of 

vacuum processed emissive layer. 

Lee and coworkers designed donor-acceptor configured host materials (C106-C108; Chart 

1.14) by varying the interconnecting positions to optimize the carrier transport and thereby 
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realize high device performances [71]. The utility of these host materials for TADF application 

was confirmed by measuring transient PL decay of 4CzIPN doped host materials. The delayed 

lifetime fell in microsecond range of 3.6, 3.5 and 3.8 for ortho-, meta- and para-substituted 

carbazole respectively. The thin film PLQY of 4CzIPN doped host materials is in the order of 

para- (0.86) > meta- (1.00) > ortho- (0.75). The low quantum yield of para- and ortho- 

substituted compound might be due to low triplet energy and poor energy transfer despite of 

high triplet energy respectively. The device fabricated with the host materials exhibited the 

current density and luminance in the order of para- > meta- > ortho- which is coincided with 

band gap of the material. The low current density of ortho-substituted compound C106 might 

arise from twist structure which disturbs the effective overlap of orbitals and thus less 

conjugation. The high EQE device performance was observed for meta-substituted compound 

C107 which agreed well with the PLQY recorded for doped thin film. The donor-acceptor 

structure of the host materials induced intermolecular interaction in the thin film and thus red 

shifted the emission maximum from 502, 508, 510 nm for ortho, meta, para-substituted 

compound respectively.  

 

Chart 1.14 Carbazole-based materials as TADF host. 

Choi and coworkers reported both symmetric and asymmetrically substituted 

dibenzothiophene (C109-C110; Chart 1.15) as host materials [72]. The materials showed high 

triplet energy (2.9 eV) which is higher than that of the emitter 2CzPN (2.5 eV). The transient 

PL decay of 2CzPN doped host materials exhibited larger rate constant for RISC process which 
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attributes to the superior performance of the devices at low current density. Remarkably, the 

maximum EQE of 25.7% was observed for asymmetric host C110 at very low current density 

of 0.08 mA/cm2. The observed high EQE is attributed to the balanced charge transport realized 

by the presence of electron withdrawing carboline unit. The maximum luminance is almost 

doubled from 3000 to 6000 cd/m2 when the host changed from C109 to C110. It is ascribed to 

characteristic electrical stability of the carboline unit which improved the luminance.  

The favorable π-π stacking of the molecules is beneficial for improving charge carrier 

mobility. Duan and coworkers reported carbazole-triphenylene dyads (C111-C113; Chart 1.15) 

as host material for TADF applications [73]. They tuned the charge carrier mobility of the hosts 

by employing π-π stacking as effective strategy through varying the linking position. The 

electronic properties are modulated by changing the linking position. The meta-substituted host 

gave high electron mobility among the hosts. Generally, para-substituted molecules give high 

carrier mobility but here high mobility is observed for meta-compound. Single crystal structural 

arrangement of meta- compound C112 showed favorable stacking for efficient carrier mobility. 

The lowest hole mobility of para-compound (C113) could be attributed to the dispersion of 

HOMO and its overlapping with LUMO. The devices fabricated with 4CzIPN doped ortho and 

meta- substituted hosts (C111 and C112) exhibited high electroluminescence performances as 

compared to that of CBP host. The low performance of para-substituted compound (C113) is 

attributed to the formation of exciplex which is confirmed by the broad and red shifted emission 

peak for the film emission of 4CzIPN doped host. The best device performance is observed for 

ortho-substituted compound with high EQE of 16.3% and the very small efficiency roll-off at 

high brightness of 1000 cd/m2. 

The high EQE can be realized by not only of low ΔEST but also of high charge carrier 

mobility. Duan and coworkers designed bipolar host materials (C114-C117; Chart 1.15) 

exhibiting high carrier mobility by varying the linking position of carbazole on benzonitrile 

[74]. The EQE of the device fabricated with these host materials showed better efficiency 

compared to their conventional unipolar hosts such as CBP, mCP, DPEPO. The bipolar nature 

of all hosts is confirmed by time of flight measurements indicating electron mobility is higher 

than that of hole mobility. The high EQE of 21.5% is observed for the device containing C114 

host with the low turn-on voltage of 2.8 V. The high performance is attributed to the high 

PLQY of the emissive layer of 4TCzBN doped host and high charge carrier mobility of the host 
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material. The low turn-on voltage is attributed to proper energy level of frontier orbital of host 

which favors facile charge injection from the neighboring charge transport layers. The superior 

performance of these compounds over mCP host is due to bipolar nature of host materials and 

its resultant balanced charge transport. By varying the linking type of carbazole, they tuned the 

electroluminescent properties, especially C116 based device exhibited low turn on voltage of 

4.9 V even at high brightness of 1000 cd/m2.  

 

Chart 1.15 Carbazole-based materials as TADF host. 
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Table 1.13 Photophysical and thermal properties of the carbazole-based TADF host materials 

Dye λmax (nm)a λem (nm) HOMO/ 

LUMO (eV)d 

ES (eV) ET (eV)e ΔEST (eV) Tg 

(°C)f 

Td 

(°C)g 

Ref 

C104 - 392c  3.86 2.81 - - - 69 

C105 - 390b -6.20/-2.70 3.50 2.79 0.09 165 394 70 

C106 - - -6.15/-3.13 3.02 2.99 0.03 - - 71 

C107 - - -6.07/-3.18 2.89 2.73 0.16 - - 71 

C108 - - -6.09/-3.21 2.88 2.58 0.30 - - 71 

C109 341 378 -5.71/-2.19 3.52 2.94 0.58 - - 72 

C110 341 378 -5.72/-2.27 3.45 2.92 0.53 - - 72 

C111 341b 367, 378b -5.67/-2.10 3.57 2.66 0.91 102 399 73 

C112 293b 371, 386b -5.63/-2.13 3.50 2.60 0.91 111 374 73 

C113 290b 376, 394b -5.54/-2.10 3.44 2.61 0.83 107 369 73 

C114 - 405b -5.74/-2.45 3.34 2.95 0.39 101 - 74 

C115 - 404 -5.73/-2.47 3.27 3.03 0.24 104 - 74 

C116 - 396 -5.78/-2.54 3.39 3.03 0.36 96 - 74 

C117 - 415 -5.75/-2.61 3.20 2.87 0.33 153 - 74 
a Measured in chloroform. b Measured in toluene. c Measured in dichloromethane. d Calculated from cyclic voltammetry. e Calculated from 

phosphorescence spectra. f Glass transition temperature. g Decomposition temperature at 5% weight loss.  
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Table 1.14 Electroluminescence properties of carbazole-based TADF host materials 

Dye Dopant Device structure Von 

(V)a 

Lmax 

(cd/m2)b 

ηc  

(cd/A)c 

ηp 

(lm/W)d 

EQE 

(%)e 

CIE(x,y) Re

f 

C104 4CzIPN ITO/PEDOT:PSS/TAPC/mCP/Host:  

2%dopant/ TSPO1/ LiF/Al 

- - - 42.1 21.1 (0.19, 0.46) 69 

C105 4CzIPN ITO/PEDOT:PSS/Host: 6% dopant/T2T/      

Bpy-TP2/LiF/Al 

6.0 - - - 14.5 - 70 

C106 4CzIPN ITO/PEDOT:PSS/TAPC/mCP/Host:  

5%dopant/ TSPO1/LiF/Al 

- - - 46.6 20.9 (0.24, 0.51) 71 

C107 4CzIPN ITO/PEDOT:PSS/TAPC/mCP/Host:  

5%dopant/ TSPO1/LiF/Al 

- - - 71.1 26.0 (0.24, 0.54) 71 

C108 4CzIPN ITO/PEDOT:PSS/TAPC/mCP/Host:  

5%dopant/ TSPO1/LiF/Al 

- - - 64.4 22.9 (0.26, 0.55) 71 

C109 2CzPN ITO/HATCN/TAPC/Host: 

6%dopant/TmPyPB/LiF/Al 

5.0 3231 31.8 - 18.5 (0.17, 0.34) 72 

C110 2CzPN ITO/HATCN/TAPC/Host: 

6%dopant/TmPyPB/LiF/Al 

4.7 6366 53.1 - 25.7 (0.19, 0.39) 72 

C111 4CzIPN ITO/HATCN/NPB/TCTA/Host:10%dopant/ 

Bphen/ LiF/Al 

3.5 - 51.8 36.4 16.3 - 73 

C112 4CzIPN ITO/HATCN/NPB/TCTA/Host:10%dopant/ 

Bphen/ LiF/Al 
3.1 - 50.7 41.4 15.9 - 73 

C113 4CzIPN ITO/HATCN/NPB/TCTA/Host:10%dopant/ 

Bphen/ LiF/Al 

2.9 - 15.4 13.3 5.5 - 73 

C114 4TCzBN ITO/HATCN/NPB/TCTA/mCP/Host:    

30%dopant/ DPEPO/Bphen/LiF/Al 

2.8  - 42.0 21.5 (0.16, 0.26) 74 

C115 4TCzBN ITO/HATCN/NPB/TCTA/mCP/Host:    

30%dopant/ DPEPO/Bphen/LiF/Al 
3.3 - - 23.3 13.0 (0.17, 0.29) 74 

C116 4TCzBN ITO/HATCN/NPB/TCTA/mCP/Host:    

30%dopant/ DPEPO/Bphen/LiF/Al 

2.8 - - 34.5 20.1 (0.16, 0.23) 74 

C117 4TCzBN ITO/HATCN/NPB/TCTA/mCP/Host:    

30%dopant/ DPEPO/Bphen/LiF/Al 

2.8 - - 29.5 14.8 (0.17, 0.28) 74 

a Turn-on voltage. b Maximum luminance. c Current efficiency. d Power efficiency. e External quantum efficiency. 
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1.5 Conclusions and Future Prospects 

The synthesis and functionalization of carbazole and the application of functional 

derivatives of carbazole in OLED as hole transporting material, fluorescent emitters, 

phosphorescent host and TADF emitter have been briefly reviewed. Generally, C3,C6- 

functionalized carbazoles showed good redox properties while induces donor-acceptor 

interaction. The C2,C7-functionalization of carbazole leads to the elongation of π conjugation. 

The insertion of chromophore at C1,C8 position of carbazole results in good amorphous nature 

and increases triplet energy. The functional modification at N-position did not alter the 

conjugation while improves solubility of the materials. Generally, the functionalization of 

carbazole at C3,C6 position have been reported. The functionalization at C2,C7-position of 

carbazole are exploited scarcely for the development of fluorescent emitters. However, the 

asymmetric functionalization of carbazole at C2 and C7 position has not been explored much 

owing to the involvement of tedious and difficult synthetic procedure and low yields. Similarly, 

multi-functionalized carbazole derivatives are seldom reported due to the lack of efficient 

synthetic protocol and purification methods. Also, multi-functionalization of carbazole with the 

same chromophore has been reported. But, the selective introduction of two different 

chromophores on multi-substituted carbazole is ill explored.     
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Organic π conjugate materials contributed significantly for the development of organic 

electronics. The structure-property relationships of organic molecules help to rationally develop 

organic materials for optoelectronic applications such as organic light emitting diodes (OLED), 

organic field effect transistors (OFET), organic photovoltaics (OPV) and chemical sensors [75-

80]. Among them, OLED received much attention because they are considered as a potential 

power saving technology to the existing incandescent and liquid crystal display light sources. 

The advantage of OLED includes the cheap production cost, light weight, flexibility and less 

power consumption [81]. For full color solid state displays, highly efficient primary color (Red, 

Green and Blue) emitters are necessary. To date, numerous green and red emitting materials 

exhibiting high efficiency are developed [82, 83]. But, the realization of highly efficient blue 

emitting materials exhibiting long durability with high color purity is difficult owing to 

associated wide band gap and the resultant poor charge injection/transportation into the 

emitters. For better device performance and long lifetime of the device, organic emitters should 

have balanced transportation of charge carriers and good thermal and morphological stability 

respectively [84-86].  

It is the need of the hour to develop highly efficient blue emitting materials for the 

realization of full color displays and to cut down power consumption. OLED can be defined as 

the thin film device which converts electricity into light. Ideally, OLED contains organic 

emitter sandwiched between anode and cathode [87]. In principle, when the external voltage is 

applied excitons are generated in the emitter as holes and electrons meet. The decay of excitons 

results in light emission. Fluorescent emitters can harvest only 25% of excitons and the 

remaining 75% triplet excitons go unused. But, the second generation phosphorescent OLED 

could harvest both singlet and triplet excitons through intersystem crossing by using heavy 

metal complexes [88]. However, they are inferior to fluorescent OLED due to high cost of 

heavy metals and its associated environmental unsustainability and poor color purity of blue 

emitters. Further, third generation thermally activated delayed fluorescence (TADF) OLED was 

developed. Though the organic materials harvest 100% excitons through reverse intersystem 

crossing by thermal activation, TADF emitters exhibiting high color purity for blue and deep 

blue color are yet to be developed [89]. So, it is necessary to develop deep blue emitting 

fluorescent emitters to fulfill the primary colors and to cut down the power consumption of light 

emitting sources.  
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In general, electroluminescence color and the performance of OLED devices are governed 

by the organic emitters employed in the device. So, the choice of suitable organic building 

block is necessary to construct efficient emitter. Carbazole is a promising organic building 

block for the construction of deep blue emitting fluorescent emitters because it possesses good 

charge transporting ability, and wide band gap [90-92]. Owing to high triplet energy and good 

charge transporting capability, carbazole-based materials are used as host material for 

phosphorescent OLED [93-94]. Further, small difference between singlet and triplet energy of 

suitably designed carbazole derivatives are beneficial to develop TADF and HLCT emitters 

[95-97]. Carbazole derivatives are extensively studied as fluorescent emitters. It is well known 

that hole mobility is faster than that of electron mobility. When carbazole is functionalized with 

electron donating chromophores, they show good hole transporting character but generally leads 

to inferior performance due to unbalanced charge transport. In order to improve electron 

mobility and to realize balanced charge transport, electron withdrawing groups can be inserted 

on carbazole. On the other hand, the incorporation of electron withdrawing moiety induces 

donor-acceptor interaction and thus red shift the emission by shrinking the band gap [98-100]. 

As a result, the color purity of electroluminescence would be compromised. Recently, donor-

acceptor configured molecules linked through meta- linker showed deep blue emission with 

better performance. It is reasoned that meta- linkage suppressed donor-acceptor interaction and 

thus retained wide band gap while accelerating electron mobility by the presence of electron 

withdrawing group [101-102]. From the literature reports, it is clear that the materials 

possessing bipolar nature with rational design would be beneficial to realize efficient deep blue 

emitters.  

In this thesis, we have chosen cyano group as electron withdrawing moiety to accelerate the 

electron mobility and thereby realize balanced charge transport. Since cyano group is rigid and 

small in size, it is beneficial to suppress the non-radiative decay arising from vibrational and 

structural relaxation. The bipolar nature of cyano decorated carbazole is reported in literature 

[103-105]. The insertion of electron withdrawing group at C3 and C6 position of carbazole 

induces donor-acceptor interaction arising from lone pair electron of nitrogen atom. As a result, 

the emission is bathochromically shifted and consequently dipolar quenching of fluorescence 

dramatically. On the other hand, 2,7- functionalization of carbazole with electron withdrawing 

group would not induce detrimental donor-acceptor interaction while boosting the electron 
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mobility. Keeping the above mentioned things in mind, we adopted the insertion of cyano group 

at meta- position of carbazole (C2 and C7) to alleviate donor-acceptor character and to boost 

electron transport for achieving balanced charge transport. In order to make the emitting 

molecules solution processable, we have incorporated alkyl group at N9- position of carbazole 

to enhance the solubility. We propose an efficient synthetic method for selective 

functionalization of carbazole particularly at C2/C7 position. The selective halogenation of 

carbazole at 1,3,6,8 and 2,3,6,7 position would open the door to new class of organic functional 

materials for optoelectronic applications by employing C-C coupling and C-N coupling reaction 

protocols.  

 

Chart 2.1 Outline of the compounds synthesized in the thesis. 

Prompted by the above discussions, we have chosen 2-cyanocarbazole functionalized 

derivatives as emitters for fluorescent OLED devices. They were employed as non-doped 

fluorescent emitters and emitting dopant in host-guest devices. The optical and 

electroluminescence properties of the emitters are tuned by appending wide range of 

chromophores such as phenyl, fluorene, carbazole, triphenylamine and pyrene. Further, the 
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effects of conjugate π spacer on photophysical, electrochemical, thermal and 

electroluminescence properties are discussed. Chart 2.1 displays the outline of the work 

discussed in the thesis. 

This thesis describes four different classes of compounds such as (a) asymmetrically 

functionalized carbazoles containing cyano group at one end and different chromophoric 

substituent at other end, (b) rigid and rod-like cyanocarbazole end capped trimers (c) 

cyanocarbazole appended pyrenes through acetylene spacer (d) carbazole containing donor and 

acceptor moieties. The structure-property relationships of the compounds are elucidated by 

studying optical, thermal, electrochemical and electroluminescence properties as the variation 

of spacer, linkage and cyano end capping.  

The objective of the thesis can be outlined as follows 

 To study the effect of cyano group on photophysical, electrochemical and 

electroluminescence properties 

 To explore the effect of π spacer such as acetylene and vinyl for tuning the 

functional properties of organic materials  

 To comprehend the effect of number of cyanocarbazole on photophysical and 

electroluminescence properties 

 To study the effect of cyano group on positional isomers of carbazole derivatives 

and utilize them in organic light emitting diodes 
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3.1 Introduction 

Recent advances in the development of organic semiconducting materials gave significant 

contribution to the modern organic electronics [106-110]. The development of new organic 

conjugate compounds became a booming field in the past decades since the organic materials 

found vast applications in optoelectronic devices. In addition, wide range of availability, facile 

synthesis and easy purification makes them more attractive for the real applications especially 

in lighting and display technologies. So, organic materials are considered to be a potential 

substitute for the existing lighting technology that employs inorganic semiconducting materials. 

Since organic materials are easy to synthesize, purification and are sustainable, they need 

special attention to fulfill the energy saving technology. Owing to their unique photophysical 

properties, thermal stability and charge transporting properties, organic conjugate materials 

found applications in optoelectronic devices such as organic photovoltaics, organic light 

emitting diodes, organic thin film transistors and chemical sensors. Among them, OLED 

technology got immense attention over existing liquid crystal display because OLED devices 

could provide energy saving technology. The OLED performance of the devices is 

predominantly dependent on the emitting materials used. So, the emitting materials possessing 

suitable material properties are highly desirable. Generally, polyaromatic hydrocarbons (PAH) 

are exploited for optoelectronic applications owing to their semi-conducting properties, wide 

variety of functionalization and excellent conjugation [111-114]. Among them, carbazole-based 

materials got immense attention for the OLED applications for their chemical and thermal 

stability, facile functionalization at various positions, excellent charge transporting capability 

and high fluorescence quantum yields [115-118]. Carbazole-based materials are exploited for 

OLED applications as hole transporters, fluorescent emitters, donors in TADF emitters. Since 

carbazole-based materials possess high triplet energy, they have been widely used as host 

materials for PhOLED and TADF too. Since carbazole possess multiple reactive sites for the 

functionalization, the functional tuning of carbazole by tethering various chromophores on it 

would be fruitful for the applications. Since the photophysical properties of the materials are 

dependent on the structure of the organic molecule, it is interesting to study the structure-

property relationship of the organic molecules.  

For the practical applications of OLED technology in light emitting sources such as 

displays and illuminating light sources, the OLED devices that emit primary colors with long 
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durability are necessary. So far, red and green emitting materials exhibiting superior 

performance and long lifetime have been established. But blue emitting materials possessing 

desirable device performances are yet to be developed. The bottleneck for realizing efficient 

blue emitting materials accompanies the inherent wide band gap and unfavorable energy level 

alignment with the neighboring molecular layers of OLED device. Alternatively, 

phosphorescent and TADF OLED devices exhibit high efficiency over fluorescent molecules 

but they suffer poor color purity and short lifetime which makes them potentially unrealistic for 

large applications. So the fluorescent materials exhibiting deep blue emission are highly in 

demand to fulfill the requirement of achieving primary colors. The mechanism involves in 

OLED device is the recombination of hole and electron charge carriers in emissive layer to form 

excitons which in turn produce light energy as it comes to the ground state. It is well known that 

the mobility of hole is faster than that of electron. Thus, recombination takes place at interface 

rather than in emissive layer and results in poor color purity. The prominent factor that controls 

the device performance is balanced charge transport. Bipolar materials that contain donor and 

acceptor moiety in a molecule are generally helpful to realize balanced charge transport. Since 

carbazole is electron donor, tethering electron deficient moieties would result in balanced 

charge transport. For example, Ma and coworkers reported carbazole/benzothiadiazole hybrid 

CB1 (Chart 3.1) as red emitting material [100]. Zhao and coworkers reported carbazole 

connected benzothiadiazole via different linking position CB2 and CB3 (Chart 3.1) [119]. 

Subsequently, carbazole connected to different acceptor group such as tricyanovinyl, 

quinoxaline and maleimide (CB4-CB7) have been reported (Chart 3.1) by different research 

groups [120, 121, 98]. The devices employing these materials as emitters exhibited better 

performance ascribed to balanced charge transport. However, the D-A configuration induced 

intramolecular charge transfer and red shift in emission. An alternative methodology that 

satisfies both balanced charge transport and blue emission has to be developed. So far, much 

efforts have been put forth to bring out highly efficient blue emitting fluorescent materials. 

Since carbazole possess high band gap and good charge transporting capability, carbazole based 

materials are useful in developing blue emitters.  
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Chart 3.1 Green and red emitting D-A molecules containing carbazole as donor. 

Since the strong electron withdrawing group induces ICT, the focus has been shifted to 

weaker donor and acceptor. Wei and coworkers reported carbazole functionalized 

triphenylamine [122]. They concluded that the hole transporting nature of CB8 (Chart 3.2) 

could be utilized for hole transporter. However they have not utilized it in OLED device 

architecture either as emitter or charge transporting layer. Kazlauskas and coworkers reported 

carbazole functionalized with pyrene CB9 and demonstrated as blue emitting material (Chapter 

3.2) [123]. Jeng and coworkers reported carbazole tethered dimesityl boron (CB10 and CB11) 

and utilized as a blue emitter [124]. When vinyl linker is inserted, the red-shifted absorption and 

emission spectra observed. This indicates the role of vinyl linker in raising the conjugation 

length. Bhalla and coworkers reported carbazole end capped biphenyl CB12 and CB13 (Chart 

3.2) as blue emitter [125]. They also studied the role of acetylene linker on photophysical and 

electroluminescence properties by inserting acetylene linker between phenyl groups. 
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Chart 3.2 Carbazole functionalized blue emitting materials. 

Nakamura and coworkers reported carbazole dimers CB14-C19 (Chart 3.3) connected with 

different linking topology such as direct, acetylene and vinyl [126]. They studied the effect of 

mode of linker and their linking position either by C3 or C6- position of carbazole on 

photophysical properties. The C2- connected carbazole showed red shifted absorption owing to 

linear conjugation over C3- connections. The vinyl linker increased the donor strength and 

raised the HOMO level over acetylene linker. The high lying HOMO is beneficial for facile 

hole injection from hole transporting layer of OLED device. Durocher and coworkers reported 

carbazole/fluorene hybrid connected at C2- position as blue emitting material CB20 (Chart 3.3). 

However, these materials are not used as emitter in OLED devices. 
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Chart 3.3 Carbazole-based materials as blue emitters. 

The development of blue emitters possessing donor-acceptor configuration is beneficial to 

rule out the imbalanced charge transport. However, the resulting emission compromised color 

purity with the red shifted emission due to ICT. Lin and coworkers reported carbazole 

derivatives possessing cyano group at C3-position of carbazole CB21-CB23 (Chart 3.4) as 

fluorescent emitters [103]. They concluded the presence of electron withdrawing cyano group 

was beneficial for realizing balanced charge transport by triggering electron transport. However, 

the electroluminescence spectra of the devices exhibited red shifted emission due to the donor-

acceptor interaction. Later, Grazulevicius and coworkers reported cyanocarbazole tethered to 

carbazole via N-position CB24-CB26 (Chart 3.4) and utilized them as blue emitting materials 

[127]. They found that the presence of cyano group in realizing balanced charge transport and 

thus better device performances. Similarly, cyanocarbazole based materials are utilized as 

bipolar host materials for PhOLED. Though the materials exhibit blue emission, their color 

purity is not up to the mark. It could be attributed to the presence of electron withdrawing cyano 

group at 3- position of carbazole which permits donor-acceptor interaction. 
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Chart 3.4 Carbazole-based materials possessing cyano group as emitting materials. 

Lin and coworkers reported amine functionalized carbazoles CB27-CB30 (Chart 3.5) as 

emitting materials [128]. They compared the photophysical and electroluminescence properties 

of 3,6-substituted carbazole with those of analogous 2,7-substituted one. They found that the 

latter compounds showed red shifted absorption and higher molar extinction coefficient owing 

to linear conjugation. Also, the device performances of 2,7-substituted carbazole are superior to 

that of 3,6-substituted analogs as a result of high charge carrier mobility. The different packing 

of 2,7-substituted carbazoles lead to different molecular packing density and thus high charge 

carrier hopping. So, tethering of donor and acceptor through meta- linkage would be an ideal 

methodology to have balanced charge transport and to retain the emission in blue region.  
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Chart 3.5 Comparison of 3,6 vs 2,7-functionalization of carbazole. 

Recently, Ge and coworkers reported carbazole based D-A configured deep blue emitters 

CB31 and CB32 (Chart 3.6) by inserting phenyl linker between carbazole donor and thiazole 

acceptor [129]. The tilting of phenyl ring suppressed the ICT and thus emission is confined to 

blue color. Xu and coworkers reported carbazole/triazole hybrids (CB33, CB34) containing 

biphenyl linker to achieve blue emission (Chart 3.6) [102]. Lee and coworkers designed 

carbazole/phenathroimidazole conjugates (CB35, CB36) containing anthracene linker (Chart 

3.6) [130]. The molecules exhibit deep blue emission with high EQE by exploiting the 

hybridized local and charge transfer excited state. Till date, many deep-blue emitting materials 

have been developed with D-A architecture. But carbazole-based deep blue emitters are 

scarcely known in the literature. It has been noticed that D-A designed molecules connected 

through meta-linkage would suppress the unwanted red shifted emission while retaining the 

emission to blue region.  
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Chart 3.6 Deep blue emitting D-π-A configured materials containing carbazole donor. 

Since the incorporation of electron withdrawing group on 2,7-position of carbazole does 

not participate in donor-acceptor interaction, however improve balance of charge transport 

without altering the emission towards red region. The functionalization of carbazole with cyano 

group at 2,7-position remains unexplored. In this chapter, we present the functionalization of 

carbazole at 2,7-position asymmetrically with electron donating group at one end and electron 

withdrawing cyano group at the other end (Chart 3.7). We envisioned that the functionalization 

at 2,7-position of carbazole would alleviate donor-acceptor interaction due to meta- linkage to 

electron donating nitrogen atom. Alternatively, 2,7-functionalization leads to effective π 

electronic conjugation across the molecular backbone [131]. We here present the synthesis of 

deep blue emitting materials possessing cyano at C2-position and different chromophore on C7-

position of carbazole to functionally fine tune the material properties (Chart 3.7).  

The linker part plays a vital role in deciding the photophysical properties. Acetylene linker 

provides planar conjugation between the donor and acceptor. The compounds possessing 

acetylene linker have been explored for OLED applications owing to their high quantum yields, 

rigid rod-like structure, and efficient π bridge between chromophores due to planarity [132-

134]. Carbazole derivatives containing acetylene linker are found to possess superior quantum 

yields over directly linked compounds. With the aim of increasing quantum yields and to raise 

the electroluminescence performances, we synthesized cyanocarbazole derivatives possessing 



 
Asymmetrically 2,7-Disubstituted Carbazoles     

70 
 

Chapter 3 

acetylene linker and compared their photophysical and electroluminescence properties with the 

directly connected congeners. The effect of acetylene linker on photophysical, electrochemical 

and electroluminescence properties is elaborated. Organic compounds containing vinyl linker 

generally exhibit effective π conjugation owing to coplanarity of vinyl linker. The 

chromophoric effect of vinyl linker on the photophysical and electroluminescent properties of 

cyanocarbazole derivatives is also described.  

 

Chart 3.7 Structure of asymmetrically 2,7-disubstituted carbazole derivatives containing cyano 

acceptor. 
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3.2 Results and Discussion 

3.2.1 Synthesis and Characterization 

The synthetic protocols of the target dyes (Chart 3.7) and the intermediates are illustrated in 

Scheme 3.1. The 2,7-dibromocarbazole, 1 was selectively cyanated in a stoichiometrically 

controlled reaction with CuCN in DMF to obtain 2. Then 2 was converted to the target dyes 

(4a-4e) by Suzuki coupling reaction with suitable boronic acid derivatives (3a-3e). Similarly the 

intermediate 2 was converted into target dyes (6a-6e) and (8a-8e) by Sonogashira and Heck 

coupling reaction using appropriate terminal acetylenes (5a-5e) and terminal alkenes (7a-7e) 

respectively. All the dyes were thoroughly characterized by 1H and 13C nuclear magnetic 

resonance (NMR) spectroscopy and high-resolution mass spectrometry (HRMS). The data is 

consistent with the proposed structures. All of the dyes are soluble in common organic solvents 

such as dichloromethane (DCM), toluene (TOL), tetrahydrofuran (THF), chloroform (CHCl3), 

N,N-dimethylformamide (DMF), acetonitrile (ACN), and methanol (MeOH). 
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Scheme 3.1 Synthetic route for the target dyes. 

3.2.2 Photophysical Properties 

The absorption spectra of the dyes recorded in dichloromethane solution are displayed in 

Figure 3.1. And the relevant data are summarized in the Table 3.1. Depending on the nature of 

linker, the compounds can be classified into three sets namely directly connected, acetylene 

linker and vinyl linker connected compounds. In the first set of compounds, cyanocarbazole is 

tethered with different chromophoric units such as phenyl, fluorene, carbazole, triphenylamine 
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and pyrene. The second and the third set contain acetylene and vinyl bridges between 

cyanocarbazole and other chromophoric units respectively. Here, the common features of all 

classes of compounds are described. The absorption maximum is progressively increased 

according to the electron richness of tethered chromophoric units to cyanocarbazole. The trend 

in absorption maxima is phenyl (4a) < fluorene (4b) < carbazole (4c) < pyrene (4e) < 

triphenylamine (4d). But the trend is slightly modified for acetylene and vinyl linker congeners 

in which pyrene-based compounds exhibited red shifted absorption maxima as compared to 

triphenylamine substituted counterparts. The blue shift observed for pyrene substituted 

compound 4e could be due to twisted conformation whereas conjugation is extended in 

acetylene and vinyl bridged counterparts ascribed to linearity of the spacers [126]. As a result, 

pyrene substituted compounds containing acetylene and vinyl linker showed the longest 

absorption maxima compared to their triphenylamine analogs. The absorption spectrum of all 

the compounds showed multiple absorption peaks. The absorption bands may be classified into 

two types. The band appearing below 300 nm corresponds to the π-π* transition of the 

chromophores such as carbazole, fluorene or triphenylamine present in the compounds while 

the lower energy band above 300 nm is attributed to delocalized π-π* transition of entire 

molecular segments [135]. The longer wavelength absorption observed for 4b-4e when 

compared to 4a is reflective of the extended conjugation in the former compounds owing to the 

presence of fused aromatics or amine units.  

The red shifted absorption of 4c when compared to the known compounds 9,9'-diethyl-

9H,9'H-2,2'-bicarbazole and  9,9'-diethyl-9H,9'H-3,3'-bicarbazole indicates the chromophoric 

role of cyano group on carbazole [126]. Similarly, the absorption maximum of 4d is red shifted 

when compared to the reported compound N,N-diphenyl-4-(9-phenyl-9H-carbazol-3-yl)aniline 

[122]. It could be due to the elongation of conjugation by functionalization at 2-position of 

carbazole and an additional cyano group which increases linear conjugation. However, the 

incorporation of cyano group on carbazole has insignificant change in absorption maxima of 4e 

recorded in THF as compared to the reported compound 9-(2-ethylhexyl)-2-(pyren-1-yl)-9H-

carbazole (Table 3.2) [123].   

When the acetylene spacer is introduced, the absorption maximum of the compounds (6a-

6e) is red shifted compared to their analogous directly linked compounds (4a-4e). The linear 

structure of acetylene linker offered effective conjugation and thus resulted in red shifted 
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absorption maximum. It is interesting to compare the absorption spectrum of 6b with the 

reported compound containing cyanofluorene instead of cyanocarbazole. The slight increment 

in absorption maximum of 6b is attributed to electron richness of carbazole over fluorene. The 

red shifted absorption of 6c compared to reported dyes 1,2-bis(9-ethyl-9H-carbazol-2-yl)ethyne 

and 1,2-bis(9-ethyl-9H-carbazol-3-yl)ethyne [126] which do not have cyano group indicates the 

chromophoric effect of cyano group.  

The compounds containing vinyl linker exhibited the largest bathochromic shifted 

absorption maxima compared to their direct and acetylene linked analogs. It is ascribed to sp2 

hybridization of carbon of both aromatic and aliphatic vinyl linker which results in effective 

overlap of π orbitals. Whereas the blue shifted absorption maximum is observed for acetylene 

counterparts. Different hybridization (sp2 and sp) between aromatic carbon and acetylene linker 

leads to mismatch in energies of π orbitals and poor overlap [187-190]. The trend of absorption 

maxima followed the order of acetylene linked compounds. The red shifted absorption of 8c 

when compared to reported compounds (E)-1,2-bis(9-ethyl-9H-carbazol-3-yl)ethene and (E)-

1,2-bis(9-ethyl-9H-carbazol-2-yl)ethene indicates the chromophoric role of cyano group on 

carbazole [126, 136]. The above comparison reveals the role of cyano group on carbazole and 

the linking mode in raising the conjugation length. On the whole, the absorption maxima 

followed trend for each compound as direct (4) < acetylene (6) < vinyl (8). 

Further, the nature of ground state of the molecules is evaluated by measuring absorption 

spectra in different solvents of varying polarity from non-polar toluene to polar methanol 

(Figure 3.3 to Figure 3.17). The negligible change in absorption maxima is observed for all the 

compounds irrespective of solvent polarity. It reveals that the ground state of the dyes is non-

polar in nature and their insensitivity towards solvent polarity.  
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Figure 3.1 Absorption spectra of (a) direct, (b) acetylene and (c) vinyl linked dyes recorded in 

dichloromethane. 

The emission spectra of the compounds recorded in dichloromethane are displayed in 

Figure 3.2, and the pertinent data compiled in Table 3.1. The emission spectra of 4a-4e 

followed the same trend of absorption spectra. Triphenylamine substituted compound 4e 

exhibited the largest bathochromic shift among the compounds. Phenyl and fluorene substituted 

compounds (4a and 4b) have displayed structured emission while carbazole, triphenylamine 

and pyrene substituted compounds (4c, 4d and 4e) exhibited featureless broad spectra. The 

vibrational fine structure of 4a and 4b is due to rigid nature of the molecular framework. These 

dyes showed solvent independent emission revealing absence of selective stabilization of dyes 

in solvents. In contrast, the dyes 4c and 4d gave broad and structureless emission spectra 

sensitive to solvent polarity. The pronounced positive solvatochromic behavior of 4d is ascribed 

to more structural reorganization and dipolar relaxation of the molecule in the excited state 

[137-139]. This result supports the polarized excited state of the molecules which is 
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preferentially stabilized by solvents of high polarity. It is interesting to note that the dye 4c gave 

structured emission in toluene, whereas it collapsed into a broad emission in polar solvents. 

This points the two aspects about the nature of the excited state. Firstly, the molecule is more 

rigid due to the presence of carbazole. Secondly, the dipolar relaxation is less pronounced as the 

donor strength of carbazole is small when compared to triphenylamine [140-141]. Though 4e 

exhibited structureless emission, it did not show preferential stabilization of excited state in 

selective solvents. The structureless emission is ascribed to large structural reorganization to 

attain planar structure at excited state compared to its twisted ground state.  
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Figure 3.2 Emission spectra of (a) direct, (b) acetylene and (c) vinyl linked dyes recorded in 

dichloromethane. 

The pattern and trend of emission maxima of acetylene and vinyl linker compounds is 

similar to the directly connected compounds. However, pyrene substituted compounds 6e and 

8e exhibited structured emission which indicates the absence of structural reorganization and 

the rigidity of the molecules. The involvement of large structural changes in the former (4e) 

resulted in structureless emission. The trend of emission maxima among each set follows as 
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direct (4) < acetylene (6) < vinyl (8). Despite of blue shift in absorption, the directly connected 

compounds exhibited almost similar emission maxima compared to their acetylene analogs. It 

might be due to pronounced structural changes associated with the former compounds which 

stabilize the excited state and thus red shifted emission maxima whose values are comparable to 

their acetylene analogs. This indicates the planar nature of these molecules at excited compared 

to twist ground state.  

Table 3.1 Optical properties of the dyes 

Dye λmax, nm (εmax, M
-1 cm-1 ×103)a λem, nm (ΦF)a,b Stokes shift, cm-1 λem,c nm 

4a 264 (68.6), 324 (41.5) 393, 414 (0.28) 5419 398, 418  

4b 259 (50.2), 288 (24.5), 340 (46.4) 397, 416 (0.42) 4223 452 

4c 257 (74.9), 306 (21.5), 346 (39.3) 426 (0.68) 5428 431 

4d 262 (69.3), 296 (28.2), 368 (35.7) 466 (0.80) 5715 452 

4e 243 (70.5), 279 (45.9), 310 (26.7), 

348 (40.7) 

428 (0.72) 5371 454 

6a 267 (46.4), 286 (31.9), 331 (52.0) 396, 417 (0.40) 4959 451  

6b 259 (38.3), 351 (54.2), 378 (48.2) 397, 417 (0.47) 1266 451  

6c 261 (58.8), 290 (35.2), 355 (45.4), 

379 (43.8) 

425 (0.55) 2856 469  

6d 264 (42.7), 306 (28.7), 385 (47.0) 471 (0.84) 4743 490  

6e 246 (66.1), 289 (33.0), 313 (19.3), 

325 (41.9), 386 (62.8), 410 (69.1) 

420, 443 (0.59) 581 494 

8a 254 (44.6), 348(47.2) 407, 427 (0.13) 4166 452 

8b 261 (47.9), 376(63.7), 396sh (49.5) 419, 439 (0.66) 2729 459 

8c 248 (55.4), 264 (60.1), 294sh 

(35.7), 383 (43.3) 

462 (0.55) 4465 469 

8d 252 (48.8), 266sh (47.1), 307 

(32.5), 395 (52.8) 

479 (0.83) 4991 470 

8e 248 (78.2), 291sh (34.7), 331 

(34.3), 399 (72.9) 

453, 472 (0.89) 2988 469 

aMeasured in dichloromethane solution. bAbsolute quantum yield measured using integrating sphere. 

cMeasured for drop cast film. 

The solvatochromic properties of the dyes are examined by recording the emission spectra 

in various solvents of different polarity (Figure 3.3 to Figure 3.17). Phenyl, fluorene and pyrene 

substituted compounds exhibited solvent independent emission maxima while pronounced red 

shift is observed for carbazole and triphenylamine substituted compounds as the polarity of the 

solvents increases for acetylene and vinyl linked compounds. The selective stabilization of 

excited state indicates the polar nature of excited state and results in the red shifted emission 

maximum as the polarity of solvents increases (Table 3.2). Pyrene functionalized compound 4e 
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exhibited moderate red shift as the solvent polarity is increased whereas its acetylene and vinyl 

linker based analogs (6e and 8e) showed solvent independent emission. The moderate shift of 

4e could be ascribed to structural changes in polar solvents.  

The emission spectrum of 4c exhibited red shifted emission when compared to known 

compounds 9,9'-diethyl-9H,9'H-2,2'-bicarbazole and 9,9'-diethyl-9H,9'H-3,3'-bicarbazole [126]. 

Similarly, the red shifted emission is observed for 6b compared to its cyanofluorene analog 

reported in literature attests the effective π conjugation rendered by carbazole scaffold over 

fluorene. In a similar way, the compound 6c also exhibited bathochromically shifted emission 

compared to 1,2-bis(9-ethyl-9H-carbazol-2-yl)ethyne and 1,2-bis(9-ethyl-9H-carbazol-3-

yl)ethyne which do not have cyano group confirms the additive chromophoric density of cyano 

group on carbazole [126]. The red shifted emission spectrum is observed for 8c when compared 

to reported compounds (E)-1,2-bis(9-ethyl-9H-carbazol-3-yl)ethene and (E)-1,2-bis(9-ethyl-9H-

carbazol-2-yl)ethane [126]. It indicates the stabilization of excited state by intramolecular 

charge transfer from carbazole donor to cyanocarbazole acceptor. This is further attested by the 

presence of well separated HOMO and LUMO in carbazole and cyanocarbazole respectively.  

The largest Stokes shift is observed for directly connected compounds (4a-4e) compared to 

their analogous compounds containing acetylene and vinyl linker (Table 3.3 and Table 3.4). 

This further confirms the large structural changes at excited state to attain planar structure 

compared to its twisted ground state. In each set of compounds, carbazole and triphenylamine 

substituted compounds (3 and 4) exhibited large Stokes shift compared to other compounds. It 

is attributed to the pronounced dipolar relaxation of excited state accompanying charge 

migration from carbazole/ triphenylamine donor to cyanocarbazole acceptor. The large Stokes 

shift is observed for triphenylamine derivatives in each set which supports the above argument. 

Further the solvent dependence of excited state of molecules is studied by plotting Stokes 

shift against solvent orientation polarizability (Figure 3.18). The linear correlation observed in 

Lippert-Mataga plot for carbazole substituted compounds (4c, 6c and 8c) and triphenylamine 

substituted compounds (4d, 6d and 8d) with large slope values indicates the presence of single 

excited state namely charge transfer excited state and the involvement of sizeable change in 

dipole moment from ground to excited state. The positive slope obtained for the compounds 

indicates the positive solvatochromism in the emission spectra [142-144]. Thin film emission 

spectrum recorded by drop cast method displayed broad and red shifted emission for all the 
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dyes as compared to emission spectrum recorded in toluene (Figure 3.19 and Table 3.1). It 

might be due to the intermolecular interaction and the formation of J- aggregation of the dyes in 

the solid state [145-147].  
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Figure 3.3 Absorption (a) and emission (b) spectra of 4a recorded in different solvents. 
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Figure 3.4 Absorption (a) and emission (b) spectra of 4b recorded in different solvents. 
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Figure 3.5 Absorption (a) and emission (b) spectra of 4c recorded in different solvents. 
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Figure 3.6 Absorption (a) and emission (b) spectra of 4d recorded in different solvents. 
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Figure 3.7 Absorption (a) and emission (b) spectra of 4e recorded in different solvents. 
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Figure 3.8 Absorption (a) and emission (b) spectra of 6a recorded in different solvents. 
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Figure 3.9 Absorption (a) and emission (b) spectra of 6b recorded in different solvents. 
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Figure 3.10 Absorption (a) and emission (b) spectra of 6c recorded in different solvents. 
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Figure 3.11 Absorption (a) and emission (b) spectra of 6d recorded in different solvents. 
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Figure 3.12 Absorption (a) and emission (b) spectra of 6e recorded in different solvents. 
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Figure 3.13 Absorption (a) and emission (b) spectra of 8a recorded in different solvents. 
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Figure 3.14 Absorption (a) and emission (b) spectra of 8b recorded in different solvents. 



 
Asymmetrically 2,7-Disubstituted Carbazoles                                                                

83 
 

Chapter 3 

285 320 355 390 425 460

0.00

0.25

0.50

0.75

1.00  TOL

 TEA

 DBE

 CHCl
3

 EA

 THF

 DCM

 DMF

 ACT

 ACN

 MeOH

N
o

rm
a

li
z
e
d

 a
b

s
o

rb
a

n
c

e

Wavelength (nm)

(a)

   
390 440 490 540 590 640

0.00

0.25

0.50

0.75

1.00  TOL

 TEA

 DBE

 CHCl
3

 EA

 THF

 DCM

 DMF

 ACT

 ACN

 MeOH

N
o

rm
a

li
z
e

d
 e

m
is

s
io

n
 i

n
te

n
s

it
y

Wavelength (nm)

(b)

 

Figure 3.15 Absorption (a) and emission (b) spectra of 8c recorded in different solvents. 
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Figure 3.16 Absorption (a) and emission (b) spectra of 8d recorded in different solvents. 
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Figure 3.17 Absorption (a) and emission (b) spectra of 8e recorded in different solvents. 
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Figure 3.18 Lippert-Mataga plot of (a) direct, (b) acetylene and (c) vinyl linked dyes. 
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Figure 3.19 Thin film emission spectra of (a) direct, (b) acetylene (b) and (c) vinyl linked dyes 

recorded by drop cast method. 
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Table 3.2 Solvatochromic data of the dyes 

Dye Absorption maxima, λmax (nm) Emission maxima, λem (nm) 

TOL CHCl3 THF DMF ACN MeOH TOL CHCl3 THF DMF ACN MeOH 

4a 323 266, 324 266, 323 324 262, 322 260, 321 392, 

412  

392, 

412 

390, 

412 

397, 

417 

396, 

414 

397, 

415 

4b 287, 338 288sh, 

339 

288sh, 338 290sh, 

342 

288sh, 

337 

287sh, 337 393, 

413  

396, 

416 

394, 

415 

402, 

420 

400, 

417 

401, 

418 

4c 306, 345 276, 

307sh,346 

306sh, 343 282,308sh 

347 

282,305sh 

342 

281,304sh, 

342 

393, 

412  

418 415 449 450 448 

4d 296, 368 301, 368 298, 368 298, 368 297, 365 296, 364 423  450 452 490 494 489 

4e 311, 348 279sh, 

310, 348 

277sh, 311, 

347 

278sh, 

310, 348 

277sh, 

309, 348 

277sh, 308, 

346 

417 421 422 436 436 434 

6a 330, 367 267, 286, 

332 

267, 285, 

329 

286, 330 266, 284, 

323 

265, 284, 

329 

392, 

413 

395, 

416 

394, 

414 

398, 

420 

397, 

417 

398, 

417 

6b 351, 378 261, 353, 

379 

260, 349, 

376 

300, 349, 

377 

298, 347, 

373 

299, 348, 

373 

394, 

414 

397, 

418 

394, 

416 

401, 

420 

399, 

419 

402, 

420 

6c 288, 355, 

380 

282, 356, 

380 

281, 352, 

377 

281, 353, 

378 

280, 349, 

375 

280, 353, 

374 

393, 

412 

416 418 449 454 442 

6d 306, 382 265, 309, 

384 

264, 302, 

385 

302, 385 263, 303, 

382 

262, 300, 

382 

420 452 457 503 505 498 

6e 313, 326, 

370, 386, 

411 

313, 326, 

369, 386, 

411 

312, 324, 

367, 384, 

408 

312, 325, 

386, 410 

323, 382, 

405 

323, 381, 

404 

419, 

444 

421, 

445 

417, 

441 

422, 

443 

419, 

439 

416, 

436 

8a 286, 343 262, 

269sh 347 

268, 316sh, 

342 

292sh, 

348 

251,291sh

, 347 

251, 291sh, 

346 

405, 

424 

406, 

426 

405, 

424 

412, 

427 

410, 

427 

410, 

427 

8b 376, 396s 262, 377, 

397sh 

267, 374, 

393sh 

306, 376, 

397sh 

259,371, 

390sh 

258, 371, 

390 

412, 

436 

419, 

440 

414, 

434 

439 436 437 

8c 294, 380 265,295sh

382 

267, 294s, 

378 

295sh, 

384 

262, 293, 

379 

261, 293, 

377 

446 455 454 480 479 478 

8d 310, 396 267sh, 

314, 397 

271, 309, 

391 

306, 393 266sh, 

300, 389 

265sh, 303, 

389 

453 479 480 511 511 504 

8e 291sh, 

331, 395 

291sh, 

331, 397 

290sh, 330, 

400 

292sh, 

331, 404 

289sh, 

328, 395 

289sh, 328, 

394 

448, 

475 

451, 

475 

447, 

470 

473 468 468 
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Table 3.3 Stokes shift value of the dyes 

Dye 4a 4b 4c 4d 4e 6a 6b 6c 6d 6e 8a 8b 8c 8d 8e 

S
to

k
es

 s
h
if

t 

(c
m

-1
) 

TOL 5450 4141 3456 3533 4755 4701 1074 2043 2368 465 4463 2324 3894 3177 2995 

CHCl3 5354 4246 4978 4952 4983 4931 1196 2277 3770 465 4188 2659 4200 4312 3016 

THF 5319 4205 5058 5050 5122 5014 1215 2601 4092 465 4548 2583 4429 4742 2629 

DMF 5675 4364 6547 6766 5800 5177 1587 4183 6093 465 4464 3817 5208 5876 3611 

ACN 5803 4674 7018 7154 5800 5392 1747 4640 6376 465 4428 4018 5508 6137 3949 

MeOH 5964 4736 6918 7023 5860 5269 1934 4113 6097 465 4511 4071 5605 5866 4013 

 

Table 3.4 Solvatochromic data of the dyes 

 

Dye 

Absorption maxima, λmax (nm) Emission maxima, λem (nm) Stokes shift (cm-1) 

TEA DBE EA ACT TEA DBE EA ACT TEA DBE EA ACT 

4c 305, 

340 

304, 

339 

304, 

340 

342 392, 

408 

390, 

406 

414 439 3902 3857 5257 6461 

4d 305, 

368 

305, 

368 

305, 

365 

368 418 421 450 478 3250 3421 5175 6253 

6c 347, 

375 

279, 

345, 

375 

279, 

348, 

375 

347, 

375 

392, 

412 

392, 

410 

418 448 1156 1156 2743 4345 

6d 304, 

378 

261, 

301, 

382 

300, 

382 

382 418 418 454 490 2532 2255 4152 5770 

8c 292, 

377 

293, 

375 

295, 

376 

378 437 435 450 468 3642 3678 4374 5088 

8d 307, 

392 

306, 

390 

307, 

389 

388 445 449 475 502 3038 3369 4654 5853 
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3.2.3 Electrochemical Properties 

The redox behavior of the dye molecules plays a vital role in the electroluminescent 

characteristics since it has a direct influence on the charge injection and transport in the 

molecular layers of OLED device. The electrochemical properties of the dyes are studied by 

cyclic voltammetry and differential pulse voltammetry methods. All the compounds exhibited 

irreversible oxidation peak while triphenylamine substituted compounds (4d, 6d and 8d) 

exhibited quasi-reversible oxidation peak (Figure 3.20 to Figure 3.22). The irreversible 

oxidation peak corresponds to the oxidation of carbazole unit [148-150]. The oxidation potential 

of the dyes is reflective of electron richness of the chromophores tethered to cyanocarbazole. 

Thus the dyes containing triphenylamine moiety exhibited very low oxidation potential in the 

series.  

Among the series, compounds containing vinyl linker exhibited low oxidation potential 

compared to their acetylene and directly linked counterparts (Table 3.5). It might be due to high 

oxidation propensity of vinyl linked compounds which arise from effective electronic coupling 

of orbitals between vinyl linker and aryl segments. The low oxidation potential of 4c is 

attributable to the electron richness of carbazole over fluorene. In contrast, the compound 4c 

gave high oxidation potential as compared to  reported compound 1,2-bis(9-ethyl-9H-carbazol-

3-yl)ethyne due to the electron withdrawing cyano group, while lower oxidation potential 

compared to 1,2-bis(9-ethyl-9H-carbazol-2-yl)ethyne due to the different position of linkage 

[126]. The relatively low oxidation potential of 6b compared to its cyanofluorene analog instead 

of cyanocarbazole indicates the electron richness of carbazole core [151].   

The HOMO energy level of the compounds is calculated by adding 4.8 eV with oxidation 

potential [152]. The LUMO energy level is obtained from the difference between HOMO and 

optical band gap. The optical band gap is estimated from the absorption edge of the compounds, 

which is taken from the intersection of absorption and emission spectra recorded in 

dichloromethane solution. The observed HOMO and LUMO energy values (Table 3.5) are well 

matching with the neighboring molecular layers of OLED device which would facilitate the 

facile injection and transport of charge carriers. The high lying HOMO is obtained for vinyl 

linked compounds while low-lying LUMO is obtained for acetylene linked compounds owing 

to electron withdrawing nature of acetylene linker [126]. Since the compounds containing vinyl 
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linker possessed relatively high lying HOMO and low lying LUMO, they exhibited low band 

gap compared to direct and acetylene linked congeners.   
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Figure 3.20 Cyclic voltammograms (a) and differential pulse voltammograms (b) of the directly 

connected compounds recorded in dichloromethane.  
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Figure 3.21 Cyclic voltammograms (a) and differential pulse voltammograms (b) of the 

acetylene linked compounds recorded in dichloromethane.  
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Figure 3.22 Cyclic voltammograms (a) and differential pulse voltammograms (b) of the vinyl 

linked compounds recorded in dichloromethane.  

3.2.4 Thermal Properties 

The thermal stability of the compounds was evaluated by thermo gravimetric analysis 

(TGA) recorded at the heating rate of 10 °C/min under nitrogen atmosphere. The thermogram is 

displayed in Figure 3.23. All the compounds exhibited high onset temperature (>330 °C) 

corresponding to 10% weight loss and high decomposition temperature in the range of           

406-710 °C (Table 3.5). The high thermal stability of the compounds is attributed to rigid nature 

of carbazole unit present in each molecule. It is well documented that carbazole based materials 

exhibit high thermal decomposition temperature ascribed to the rigidity and robust nature of 

carbazole unit [153, 16]. The fluorene acetylene compound 6b has shown appreciable increment 

in the decomposition temperature as compared to its cyanofluorene counterpart instead of 

cyanocarbazole reported in the literature. The high onset temperature of 411 °C is observed for 

triphenylamine derivative 8d which stems from the non-planar nature of triphenylamine moiety 

in raising thermal stability [154]. The high decomposition temperature of acetylene compounds 

over other analogous compounds might arise from the restriction intramolecular rotation of 

acetylene linker which leads to better π-π stacking and thus high thermal stability.  
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Figure 3.23 TGA plot of (a) direct, (b) acetylene and (c) vinyl linked compounds under 

nitrogen atmosphere. 
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Table 3.5 Thermal and electrochemical properties of the dyes 

Dye Tonset
a
, ° C Td, ° C Eox

b, V HOMOc,eV LUMOd, eV E0-0
e, eV 

4a 331 406 1.02 -5.82 -2.53 3.29 

4b 378 627 0.93 -5.73 -2.48 3.25 

4c 397 640 0.66 -5.46 -2.25 3.21 

4d 378 632 0.49 -5.37 -2.35 3.02 

4e 396 655 0.82 -5.62 -2.44 3.18 

6a 322 686 1.08 -5.88 -2.64 3.24 

6b 392 690 0.97 -5.77 -2.56 3.21 

6c 390 680 0.68 -5.48 -2.32 3.16 

6d 397 710 0.52 -5.32 -2.37 2.96 

6e 436 652 0.76 -5.56 -2.56 3.00 

8a 332 407 0.96 -5.76 -2.59 3.17 

8b 393 446 0.73 -5.53 -2.47 3.06 

8c 365 629 0.45 -5.25 -2.30 2.95 

8d 411 464 0.38 -5.18 -2.39 2.79 

8e 361 573 0.57 -5.37 -2.53 2.84 
a Temperature corresponding to 10% weight loss. b Oxidation potential quoted reference to ferrocene 

internal standard. c HOMO= -(4.8 + Eox).  
d LUMO = HOMO + E0-0. 

e Optical band gap obtained from the 

intersection of normalized absorption and emission spectra (optical edge). 

3.2.5 Theoretical Investigations 

To get insight into the electronic structure and photophysical properties of the compounds, 

we have performed density functional theoretical calculations. The geometry of the molecules 

were optimized using B3LYP functional and using 6-31G(d,p) basis set [155,156]. The alkyl 

chains were approximated to methyl to reduce the cost of computational time. The 

approximation of alkyl chains to methyl may not affect the electronic properties of modeled 

compounds significantly. The trend of most probable longer wavelength absorption maxima 

matches well with the experimental data (Table 3.6 to Table 3.8). Furthermore, the oscillator 

strength corresponding to the HOMO to LUMO excitation of the compounds followed the trend 

of experimental molar extinction coefficients. The HOMO of 4a is delocalized over carbazole 

unit and there is no contribution from phenyl unit because the phenyl ring is out of plane to 

cyanocarbazole unit. In contrast, the HOMO is concentrated over pyrene for 4e. The LUMO is 

diffused over the entire molecule. The HOMO energy level of fluorene substituted dye 4b is 

spread over the entire molecule which is the characteristics of π-π* transition. For 4c and 4d, 

HOMO is mainly concentrated over linker carbazole and triphenylamine moiety respectively 

and slightly extended up to cyanocarbazole moiety. The LUMO of these dyes is mainly 
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localized on cyanocarbazole unit (Figure 3.24). This indicates the charge transfer from 

carbazole/triphenylamine to cyanocarbazole moiety during electronic excitation [157-159]. It is 

evident that the LUMO of the phenyl substituted compounds (phenyl) is low lying because their 

LUMO orbitals are delocalized over more space compared to other compounds [160]. 

Likewise, the compounds containing acetylene and vinyl linker also exhibited characteristic 

π-π* transition for phenyl, fluorene and pyrene substituted compounds (Figure 3.25 and Figure 

3.26). Carbazole and triphenylamine substituted compounds displayed intramolecular charge 

transfer transition arising from HOMO to LUMO electronic excitation. Interestingly, the 

HOMO of 4a and 4e are constituted by carbazole alone while its acetylene and vinyl congeners 

displayed the HOMO spreading over entire molecule. It might be due to planar nature of 

acetylene and vinyl linkers. It is characteristic of π-π* transition. The absorption maxima of 

computed data of each set followed the trend of experimental results. Further, the compounds 

containing acetylene and vinyl linker exhibited red shifted absorption maximum compared to 

directly connected compounds in keeping with experimental results.  

 

Figure 3.24 Frontier molecular orbital diagrams of the directly connected compounds (4a-4e). 
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Figure 3.25 Frontier molecular orbital diagrams of the dyes containing acetylene spacer (6a-

6e). 

 

 

Figure 3.26 Frontier molecular orbital diagrams of the dyes containing vinyl spacer (8a-8e). 
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Table 3.6 Predicted vertical excitation obtained by B3LYP/6-31G (d,p) method for the directly 

connected dyes 4a-4e 

Dye λmax (nm) f Assignment 

4a 292 0.8711 HOMO→LUMO (84%) 

4b 312 1.4192 HOMO→LUMO (84%) 

4c 251 0.1600 HOMO-2→LUMO (48%), HOMO-2→LUMO+1 (27%) 

 266 0.1905 HOMO-2→LUMO+1 (41%), HOMO-2→LUMO (24%),              

HOMO-3→LUMO (14%) 

 304 0.1423 HOMO-1→LUMO (81%) 

 309 1.0209 HOMO→LUMO (75%) 

4d 261 0.2899 HOMO→LUMO+1 (56%), HOMO-2→LUMO (17%),  

HOMO→LUMO (16%) 

 271 0.2465 HOMO→LUMO+3 (92%) 

 331 1.1728 HOMO→LUMO (81%) 

4e 251 0.3162 HOMO→LUMO+2 (37%), HOMO-3→LUMO (32%) 

 273 0.2645 HOMO-2→LUMO (47%), HOMO-3→LUMO (14%), 

HOMO→LUMO+1 (14%) 

 290 0.1871 HOMO→LUMO+1 (70%), HOMO-2→LUMO (13%) 

 338 0.9456 HOMO→LUMO (90%) 

   

Table 3.7 Predicted vertical excitation obtained by B3LYP/6-31G (d,p) method for the 

acetylene linker dyes 6a-6e 

Dye λmax (nm) f Assignment 

6a 254 0.1418 HOMO→LUMO+1 (41%), HOMO-2→LUMO (31%) 

 322 1.5002 HOMO→LUMO (93%) 

6b 229 0.1116 HOMO→LUMO+3 (22%), HOMO-1→LUMO+1 (18%),            

HOMO-6→LUMO (14%) 

 345 2.0868 HOMO→LUMO (90%) 

6c 250 0.4807 HOMO→LUMO+2 (22%), HOMO-3→LUMO (14%),                 

HOMO-2→LUMO+1 (13%), HOMO-1→LUMO+1 (11%),         

HOMO-2→LUMO (10%), HOMO→LUMO+1 (10%) 

 257 0.1822 HOMO-3→LUMO (28%), HOMO→LUMO+2 (13%),                

HOMO-1→LUMO (12%), HOMO-2→LUMO (10%) 

 340 1.8056 HOMO→LUMO (88%) 

6d 271 0.2283 HOMO→LUMO+3 (87%) 

 273 0.2482 HOMO→LUMO+1 (58%), HOMO-1→LUMO (19%), 

HOMO→LUMO (14%) 

 360 1.8568 HOMO→LUMO (82%) 

6e 262 0.3640 HOMO→LUMO+2 (30%), HOMO-3→LUMO (22%),                 

HOMO-2→LUMO+1 (16%) 

 301 0.4208 HOMO→LUMO+1 (53%), HOMO-2→LUMO (32%) 

 381 1.9439 HOMO→LUMO (93%) 
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Table 3.8 Predicted vertical excitation obtained by B3LYP/6-31G (d,p) method for the vinyl 

linker dyes 8a-8e 

Dye λmax (nm) f Assignment 

8a 258 0.1506 HOMO→LUMO+1 (46%), HOMO-2→LUMO (29%) 

 334 1.4892 HOMO→LUMO (96%) 

8b 362 2.0171 HOMO→LUMO (94%) 

8c 254 0.7744 HOMO-2→LUMO+1 (38%), HOMO→LUMO+2 (25%) 

 354 1.7526 HOMO→LUMO (92%) 

8d 273 0.2306 HOMO→LUMO+3 (86%) 

 277 0.2090 HOMO→LUMO+1 (64%) 

 295 0.1144 HOMO-1→LUMO (76%), HOMO→LUMO+1 (12%) 

 378 1.8079 HOMO→LUMO (88%) 

8e 264 0.1142 HOMO→LUMO+2 (32%), HOMO-3→LUMO (19%), 

HOMO→LUMO+5 (11%), HOMO-2→LUMO+1 (10%) 

 293 0.1109 HOMO-2→LUMO (43%), HOMO-3→LUMO (17%), 

HOMO→LUMO+1 (16%) 

 306 0.3337 HOMO→LUMO+1 (61%), HOMO-2→LUMO (24%) 

 386 1.5666 HOMO→LUMO (94%) 

 

3.2.6 Electroluminescence Properties 

The electroluminescent properties of the dyes were examined by employing them as 

emitters in doped OLEDs having the configuration of  ITO/PEDOT:PSS/CBP:dye(4a-

4e)/TPBi/LiF/Al, in which ITO (Indium tin oxide) served as anode, PEDOT:PSS 

(Polyethylenedioxythiophene/ polystyrenesulfonate) as hole injecting layer, CBP (N,N’-

dicarbazolyl-4,4’-biphenyl) as host, TBPi (1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene) as 

electron transporting or hole blocking layer, LiF as an electron injecting layer and Al as 

cathode.  

Firstly, the representative non-doped device was fabricated with 4c which gave poor 

electroluminescence characteristics with broad and bathochromically shifted 

electroluminescence emission as compared to the photoluminescence spectrum recorded in 

toluene (Figure 3.32). The formation of aggregation of the dye in thin film could have resulted 

in poor thin film morphology and failure of the non-doped device [161-163]. Since the non-

doped device exhibited poor electroluminescence performance ascribed to aggregation caused 

emission quenching and improper charge carrier movement, we turned our focus on doped 

device to improve the device performance by doping the dyes into CBP host. In the doped 

device, the luminance is substantially increased and electroluminescence emission spectra 
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restored to the pattern of photoluminescence spectra recorded in toluene solution. This clearly 

points out that the aggregation of dyes in CBP host is drastically controlled by dilution effect 

[164-166]. Further the performance of doped devices is optimized by varying the dopant 

concentration. The best electroluminescence performance was obtained for the devices 

fabricated with 3 wt% of dopants. At 1 wt% concentration, the devices exhibited poor 

performance due to more dilution and less number of dopants harvesting excitons whereas high 

concentration leads to the beginning of aggregation of dyes and concentration quenching of 

emission which eventually reduce the performance.  

 

Figure 3.27 Energy level diagram of OLED device fabricated with the emitters (4a-4e). 

 



 
Asymmetrically 2,7-Disubstituted Carbazoles     

98 
 

Chapter 3 

 

Figure 3.28 Energy level diagram of OLED device fabricated with the acetylene linked dyes 

(6a-6d). 

 

Figure 3.29 Energy level diagram of OLED device fabricated with the vinyl linked dyes (8a-

8e). 
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Though the energy barrier for the injection of holes and electrons is little higher for these 

directly connected dyes compared to acetylene based dyes, these directly connected dyes 

exhibited superior performance. It could be due to the suppression of aggregation by twisted 

conformation of these dyes. The high color purity of the doped devices employing these 

emitters is attributed to narrow full width half maxima (FWHM) of the electroluminescence 

spectra (Table 3.9). It indicates that the proper dispersion of dopant into the host material and 

the suppression of aggregation in thin films. The resemblance of EL spectra of the doped 

devices with PL spectra indicates the origin of emission occurring completely from the dopant 

molecules and the control of aggregation drastically. The absence of emission from CBP even at 

low dopant concentrations suggests the effective energy transfer from host to the dopants [167].  

The high current efficiency of the doped device containing 4d is attributed to favorable 

energy level alignment of dye with hole and electron injection layers which facilitate better 

charge flow into emissive layers and effective confinement of excitons (Figure 3.27). The best 

electroluminescence performance is obtained for the device containing 4d (3 wt%) with power 

efficiency of 1.3 lm/W, current efficiency of 2.0 cd/A, luminance of 1758 cd/m2 and external 

quantum efficiency of 4.1% (Table 3.9). The high EQE of the dye 4d could be attributed to high 

photoluminescence quantum yield, suitable energy barrier for balanced transport of charges and 

effective suppression of aggregation by twist structure of triphenylamine unit. 

When we compare electroluminescence performance of directly connected dyes with the 

acetylene congeners, the former gave better performances. In acetylene based compounds, a 

non-doped device was fabricated with 6d which gave high current density but low luminance 

with broad and bathochromically shifted electroluminescence emission as compared to the 

photoluminescence spectrum recorded in toluene (Figure 3.37 and Table 3.10). The formation 

of aggregation of the dye in thin film could have induced crystalline nature in thin film and 

resulted in poor performance. The doped devices were employed to improve device 

performance. The relatively low turn on voltage for the doped devices fabricated with the 

dopant 6d is due to the high lying HOMO and low lying LUMO energy level which ensures the 

effective charge transport from the adjacent hole transporting and electron transporting layer, 

respectively (Figure 3.27). It is further attested by the high luminance, high current efficiency 

and power efficiency observed for the dye 6d which confirms the balanced charge transport and 

confinement of excitons within the emissive layer. The highest luminance is observed for the 
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device containing 6d. It is probably due to the high quantum yield and favorable alignment of 

HOMO and LUMO energy levels with the neighboring charge transporting layers. 

In the third set of compounds which contain vinyl linker, the compound 8d possessed high 

lying HOMO which is beneficial for facile transfer of hole carriers (Figure 3.28). The non-

doped device exhibited high current density but low luminance with broad and red shifted 

electroluminescence spectrum compared to photoluminescence recorded in toluene. The high 

current density might be due to the hole only charge carrier leakage at cathode. Though the 

device possessed almost similar energy barrier for both hole and electron injection, the injection 

of hole carrier was facile due to downhill process over electron injection into emitter. Therefore, 

the injected hole carriers might have reached cathode before recombination occurs in emissive 

layer. Thus, the low luminance is observed. In the doped devices, the electroluminescence 

spectrum is resumed to photoluminescence spectrum recorded in toluene. It indicates the 

alleviation of aggregation due to dilution effect of emitter in CBP host. The origin of 

electroluminescence is from the emitting dopant which is approved by the absence of CBP host 

characteristic emission at around 400 nm.  

The attractive electroluminescent properties of 8e among other vinyl linker compounds in 

the doped device is due to proper energy level of 8e with CBP host which ensures complete 

energy transfer from host to dopant (Table 3.11). The appropriate energy barrier prevents the 

back energy transfer from guest to host. The turn-on voltage of the non-doped device is very 

high whereas the doped device is drastically reduced. The low turn-on voltage and high power 

efficiency for the devices fabricated with 8e is ascribed to low energy barrier for the 

transportation of charge carriers and effective harvesting of excitons. The balanced charge 

transport in 8e is responsible for the high current efficiency observed among the series of dyes.  

The turn-on voltage of doped devices containing 8d is high compared to other compounds 

within the series (Table 3.11). It is ascribed to the high energy barrier for the transfer of holes 

from host to the dopant. Due to the non-planar structure of triphenylamine, molecular 

aggregation and the formation of aggregates are greatly reduced in thin film. As a result, 8d 

exhibited increased efficiency as compared to rigid and planar carbazole substituted dye 8c. The 

high performance can be attributed to high quantum yield, relatively low energy barrier for 

electron charge carrier transfer. The relatively poor performance of the devices containing 8b 

and 8c is due to the unfavorable alignment of HOMO and LUMO that hinders the balanced 
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charge transport. A shoulder peak in EL spectrum at 400 nm is observed for doped device 

fabricated with 8c which is due to the residual emission of CBP host. It indicates the incomplete 

energy transfer from CBP host to the dopant 8c and thus poor performance [168]. The best 

electroluminescence performance is observed for the dye 8e doped in 3 wt% with the power 

efficiency of 4.3 lm/W, current efficiency of 6.5 cd/A, EQE of 3.3% and maximum luminance 

of 5701 cd/m2 (Table 3.11). Also, the small efficiency roll-off is observed for 8e at high 

brightness of 1000 cd/m2. The high performance of 8e based devices could be attributed to high 

quantum yield, high coplanarity of emitter which results in effective conjugation to provide 

high current density and brightness in the device. Generally, coplanarity induces quenching of 

emission in EL device. But, when 8e is doped in CBP host aggregation is drastically reduced, so 

the high current density and brightness is observed. It is interesting to compare the performance 

of 8a with 8d which possess appended diphenylamine. The power and current efficiency of 8d 

is increased drastically. It is due to balanced transportation of charge carriers into emitters and 

their effective confinement.  

All the dyes except 4a in the doped devices exhibited deep blue emission with CIE 

coordinates of 0.15<x<0.17, 0.08<y<0.04 which are agreeing well with deep blue emission 

(0.14, 0.08) prescribed by National Television System Committee (NTSC 1987). The high color 

purity of the doped devices employing these emitters is attributed to narrow full width half 

maxima (FWHM) of the electroluminescence spectra which is almost similar to PL spectra 

recorded in toluene (Table 3.9 to Table 3.11). It indicates that the proper dispersion of dopant 

into the host material and the suppression of aggregation in thin films. The resemblance of EL 

spectra of the doped devices with PL spectra indicates the origin of emission occurring 

completely from the dopant molecules and the control of aggregation drastically. The absence 

of emission from CBP host even at low dopant concentrations suggests the effective energy 

transfer from host to the dopants except 8c. 
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Figure 3.30 J-V-L characteristics and EL spectra of the dye 4a. 
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Figure 3.31 J-V-L characteristics and EL spectra of the dye 4b. 
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Figure 3.32 J-V-L characteristics and EL spectra of the dye 4c. 
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Figure 3.33 J-V-L characteristics and EL spectra of the dye 4d. 
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Figure 3.34 J-V-L characteristics and EL spectra of the dye 4e. 
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Figure 3.35 J-V-L characteristics and EL spectra of the dye 6a. 
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Figure 3.36 J-V-L characteristics and EL spectra of the dye 6b. 
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Figure 3.37 J-V-L characteristics and EL spectra of the dye 6c. 
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Figure 3.38 J-V-L characteristics and EL spectra of the dye 6d. 
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Figure 3.39 J-V-L characteristics and EL spectra of the dye 8a. 
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Figure 3.40 J-V-L characteristics and EL spectra of the dye 8b. 
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Figure 3.41 J-V-L characteristics and EL spectra of the dye 8c. 
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Figure 3.42 J-V-L characteristics and EL spectra of the dye 8d. 
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Figure 3.43 J-V-L characteristics and EL spectra of the dye 8e. 
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Table 3.9 Electroluminescent properties of the dyes (4a-4e) a 

Dye wt % Turn-on 

voltage 

(V) 

Power 

efficiency 

(lm/w) 

Current 

efficiency 

(cd/A) 

EQE 

(%) 

CIE (x,y) Maximum 

luminance 

(cd/m2) 

λEL (nm) FWHM (nm) 

4a 1.0 5.5 0.3 0.4 2.6 (0.16, 0.05) 845 392 54 

3.0 5.7 0.3 0.5 2.8 (0.16, 0.05) 876 396 52 

5.0 5.8 0.2 0.4 2.1 (0.16, 0.04) 837 396 51 

4b 1.0 4.8  0.3  0.5 2.4 (0.16, 0.05)  979 392 58 

3.0 4.9 0.4  0.6 3.0 (0.16, 0.04) 963 400 54 

5.0 4.9  0.3  0.5 2.3 (0.16, 0.04) 819 400 55 

4c 1.0 6.0 0.3 0.6 2.0 (0.16, 0.06) 763 404 57 

3.0 5.9 0.4 0.8 2.6 (0.16, 0.05) 870 408 55 

5.0 5.8 0.4 0.7 2.2 (0.16, 0.05) 879 408 54 

4d 1.0 5.1 0.9 1.5 3.6 (0.15, 0.05) 1296 424 64 

3.0 5.0 1.3 2.0 4.1 (0.15, 0.06)  1758 428 58 

5.0 4.8 1.0 1.5 2.4 (0.15, 0.07)  1620 432 60 

4e 1.0 5.3 0.7 1.1 3.1 (0.16, 0.05) 1307 416 64 

3.0 5.6 0.6 1.1 2.7 (0.16, 0.05)  1765 420 59 

5.0 5.5 0.7 1.3 3.0 (0.16, 0.06) 1896 420 58 
a values at 100 cd/m2 
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Table 3.10 Electroluminescent properties of the dyes (6a-6d) a 

Dye wt % Turn-on 

voltage 

(V) 

Power 

efficiency 

(lm/w) 

Current 

efficiency 

(cd/A) 

EQE 

(%) 

CIE (x,y) Maximum 

luminance 

(cd/m2) 

λEL (nm) FWHM (nm) 

6a 0.5 4.9 0.4 0.6 0.8 (0.17, 0.14) 1065 400, 420 141 

1.0  5.3 0.5 0.9 1.5 (0.17, 0.11) 1006 400, 420 76 

3.0 5.3 0.5 0.9 1.7 (0.17, 0.09) 975 400, 420 60 

6b 0.5 5.2 0.4 0.7 2.0 (0.17,0.07) 883 400, 418 66 

1.0 5.5 0.4 0.7 2.1 (0.16,0.06) 1048 400, 420 58 

3.0 5.3 0.4 0.7 2.2 (0.16,0.05) 1096 404, 420 55 

6c 0.5 5.0 0.4 0.7 2.5 (0.16, 0.06) 818 400 64 

1.0 5.1 0.5 0.9 2.9 (0.16, 0.06) 889 404 60 

3.0 5.1 0.5 0.8 1.9 (0.16, 0.07)  935 404 61 

6d 0.5 5.1 0.8 1.3 2.1 (0.16, 0.08)  1411 428 73 

1.0 5.0 1.2 1.9 2.8 (0.15, 0.08) 1671 432 69 

3.0 5.0 1.2 1.9 2.2 (0.15, 0.10) 2487 436 68 
a values at 100 cd/m2 
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Table 3.11 Electroluminescent properties of the dyes (8a-8e) a 

a values at 100/1000 cd/m2. 

 

Dye wt% Turn-on 

voltage 

(V) 

Power 

Efficiency 

(lm/w) 

Current 

Efficiency 

(cd/A) 

EQE 

(%) 

CIE (x,y) Maximum 

Luminance 

(cd/m2) 

λEL (nm) FWHM 

(nm) 

8a 1.0 5.3/ 7.7 0.5/ 0.3 0.9/ 0.7 2.8/ -  (0.16, 0.05) / - 1203 408 57 

 3.0 5.3/ 7.6 0.5/ 0.3 0.8/ 0.7 2.2/ - (0.16, 0.05) / -  1294 412 56 

 5.0 5.3/ 7.5 0.5/ 0.3 0.8/ 0.7 1.9/ - (0.16, 0.06) / -  1391 416 58 

8b 1.0 5.1/ 6.9 0.3/ 0.2 0.5/ 0.5 0.8/ 0.9 (0.16, 0.08) / - 2606 424, 448 63 

 3.0 5.4/ 7.4 0.3/ 0.2 0.5/ 0.5 0.7/ 0.7 (0.16, 0.08) / - 2352 424, 448 60 

 5.0 5.1/ 7.2 0.6/ 0.4 1.0/ 1.0 1.4/ 1.3 (0.16, 0.09) / - 2142 428, 448 62 

8c 1.0 4.8/ 6.3 1.0/ 0.9 1.5/ 1.8 1.5/ 2.0 (0.16, 0.12)/ (0.16, 0.12) 2128 436 78 

 3.0 5.0/ 6.5 0.7/ 0.8 1.1/ 1.7 0.9/ 1.6 (0.16, 0.14)/ (0.16, 0.13)  2356 444 75 

 5.0 5.2/ 7.0 0.8/ 0.7 1.3/ 1.6 1.1/ 1.4 (0.16, 0.15)/ (0.16, 0.14)  2206 444 75 

8d 1.0 5.6/ 7.9 2.2/ 0.5 3.9/ 1.2 2.8/ - (0.16 ,0.20) / - 1047 456, 488 78 

 3.0 6.4/ 8.1 2.4/ 1.3 4.9/ 3.4 2.7/ 2.0 (0.17, 0.24) / - 2964 468 82 

 5.0 6.8/ 8.8 2.0/ 1.0 4.3/ 2.9 1.9/ 1.4 (0.18, 0.32) / - 3525 472 81 

8e 100 6.6/ - 0.4/ -  0.9/ -  0.3/ -  (0.30, 0.52) / - 654 520 105 

 1.0 5.0/ 6.0 3.7/ 2.7 5.8/ 5.1 3.2/ 3.0 (0.16, 0.26)/ (0.16, 0.25)  4594 460, 488 78 

 3.0 4.8/ 6.3 4.3/ 2.8 6.5/ 5.7 3.3/ 2.9 (0.17, 0.29)/ (0.16, 0.28)  5701 464, 492 77 

 5.0 4.8/ 6.3 2.8/ 2.9 4.4/ 5.7 2.0/ 2.7 (0.17, 0.33)/ (0.17, 0.32)  5940 468, 496 79 
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3.3 Conclusions 

A series of compounds containing cyanocarbazole tethered to various chromophores either 

directly or via acetylene or vinyl linker have been designed, synthesized and characterized. The 

effect of linker such as acetylene, vinyl on photophysical and electroluminescent properties is 

elaborated systematically.  Carbazole and triphenylamine substituted dyes of all types showed 

positive solvatochromism in emission spectra ascribed to intramolecular charge transfer from 

donor to acceptor. The highest Stokes shift is observed for directly connected derivatives when 

compared to acetylene and vinyl linker analogs. It could be ascribed to large structural 

perturbation at excited state as compared to the twisted ground state. The superior thermal 

stability of acetylene linked compounds is attributed to rigid and rod-like acetylene spacer. The 

vinyl linked compounds showed high oxidation propensity owing to better electronic 

conjugation over the entire molecule and hence lead to high-lying HOMO energy level. All the 

compounds showed deep blue emission in electroluminescent devices. The low-lying LUMO of 

acetylene derivatives is ascribed to the electron withdrawing nature of acetylene spacer. 

Triphenylamine tethered cyanocarbazoles showed high power efficiency and current efficiency 

when compared to other chromophore substituted derivatives in each class of compounds. 

Among the dyes, the best performance is obtained for 4d (3 wt%) which showed the power 

efficiency of 1.3 lm/W, current efficiency of 2.0 cd/A, 4.1% EQE and luminance of 1758 cd/m2. 

It might be due to favorable energy barrier for hole and electron injection into the emissive 

layer which balanced charge transport.   

3.4 Experimental Section 

3.4.1 General Methods and Characterization 

All the chemicals were purchased from commercial source and used without further 

purification.  All the solvents were dried by standard procedures prior to use. Column 

chromatography purifications were performed by silica gel (120-230 mesh) as stationary phase. 

1H NMR and 13C NMR were recorded on a JEOL RESONANCE instrument at 400 MHz and 

100.3 MHz respectively. Deuterated chloroform (CDCl3) was used as solvent to record 1H 

NMR and 13C NMR. The chemical shifts were calibrated using the residual peak of CDCl3 at δ 

7.26 for 1H and δ 77.0 for 13C. UV-Vis absorption spectra were recorded at room temperature in 

a quartz cuvette using Cary 100 spectrophotometer. The fluorescence spectra were recorded by 
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using Horiba scientific (Fluoromax-4) spectrofluorometer for air equilibrated solutions. The 

cyclic voltammetry (CV) and differential pulse voltammetry (DPV) measurements were 

recorded using BASi Epsilon electrochemical analyzer with conventional three electrode cells 

consisting of glassy carbon working electrode, Ag/AgNO3 reference electrode and platinum 

wire counter electrode. The electrochemical measurements were performed for dichloromethane 

solutions with 0.1 M tetrabutylammonium perchlorate as supporting electrolyte at room 

temperature. The redox potentials were calibrated using ferrocene as an internal standard. The 

mass spectra were recorded by using HRMS ESI spectrometer (BruckerDaltonics) operating at 

the positive ion mode. The TGA results were obtained from Perkin-Elmer Pyris Diamond 

Analyzer at the heat rate of 10 °C min-1 and nitrogen was used as carrier gas.  

3.4.2 Synthesis  

Synthesis of 7-bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile, 2 

A mixture of 2,7-dibromo-9-(2-ethylhexyl)-9H-carbazole (5.0 g, 11.4 mmol), cuprous 

cyanide (1.5 g, 17.1 mmol) and N,N-dimethylformamide (30 mL) was refluxed for 12 h. After 

completion of the reaction, the mixture was cooled to room temperature and poured into 

ammonia solution to get precipitate. The precipitate was washed with water and extracted with 

chloroform. The organic layer was washed with brine solution and dried over anhydrous sodium 

sulphate. Finally, the solvent was removed under vacuum to yield a residue which was purified 

by column chromatography using hexane/chloroform (3:1) as eluant. Yellow solid. Yield 1.6 g 

(36%). mp 96-98 °C;IR (KBr, cm-1) 2220 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.10 (d, J= 8.4 

Hz, 1 H), 7.96 (d, J = 8.0 Hz, 1 H), 7.67 (s, 1 H), 7.57 (d, J = 2.0 Hz, 1 H), 7.49 (dd, J = 8.0 Hz, 

1.6 Hz, 1 H), 7.40 (dd, J = 8.4 Hz, 1.6 Hz, 1 H), 4.18-4.08 (m, 2 H), 2.05-1.98 (m, 1 H), 1.44-

1.22(m, 8 H), 0.92 (t, J = 7.2 Hz, 3 H), 0.87 (t, J = 7.2 Hz, 3 H); 13C NMR (CDCl3, 100.3 

MHz)δ 142.53, 139.65, 125.48, 123.03, 122.36, 122.15, 121.39, 120.79, 120.45, 120.01, 

113.22, 112.49, 108.29, 47.61, 39.13, 30.66, 28.45, 24.21, 22.91, 13.91, 10.76; HRMS calcd for 

C21H23BrN2 (m/z + Na) 405.0942, found 405.0938. 

Synthesis of 9-(2-ethylhexyl)-7-phenyl-9H-carbazole-2-carbonitrile, 4a 

A mixture of 7-bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile (1.0 g, 2.6 mmol), 

phenylboronic acid (0.35 g, 2.9 mmol), Pd(PPh3)4 (90.1 mg, 0.08 mmol), potassium carbonate 

(1.1 g, 7.8 mmol) and 28 mL of THF: water (3:1) mixture was refluxed for 12 h under nitrogen 
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atmosphere. After completion of reaction, the mixture was poured into water and the organic 

compound was extracted by using chloroform. The organic layer was dried over sodium 

sulphate. Finally, the solvent was removed under vacuum to yield a residue which was then 

purified by column chromatography using hexane/chloroform (3:1) as eluent. White solid. Yield 

0.85 g (86%). mp 126-128 °C; IR (KBr, cm-1) 2226 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.18-

8.14 (m, 2 H), 7.72-7.68 (m, 3 H), 7.61 (s, 1 H), 7.55-7.48 (m, 4 H), 7.43-7.39 (m, 1 H), 4.27-

4.17 (m, 2 H), 2.11-2.05 (m, 1 H), 1.46-1.22 (m, 8 H), 0.94 (t, J = 7.2 Hz, 3 H), 0.87 (t, J = 7.2 

Hz, 3 H). 13C NMR (CDCl3, 100.3 MHz) δ 142.51, 141.54, 141.06, 140.13, 128.89, 128.64, 

127.52, 125.95, 122.07, 121.36, 120.81, 120.34, 119.77, 119.61, 113.05, 107.87, 107.78, 47.56, 

39.33, 30.84, 28.64, 24.35, 22.97, 13.95, 10.84. HRMS calcd for C27H28N2 m/z 380.2247, found 

380.2241. 

Synthesis of 7-(9,9-diethyl-9H-fluoren-2-yl)-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile, 

4b 

It was prepared from 7-bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile (0.65 g, 1.7 

mmol), (9,9-diethyl-9H-fluoren-2-yl)boronic acid (0.5g, 1.9 mmol), Pd(PPh3)4 (58.9 mg, 0.05 

mmol), potassium carbonate (0.7 g, 5.1 mmol) and 28 mL of THF: water (3:1) mixture by 

following the procedure described for 4a. Yellow solid. Yield 0.8 g (89%). mp 96-98 °C; IR 

(KBr, cm-1) 2222 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.20-8.16 (m, 2 H), 7.82 (d, J = 8.0 Hz, 

1 H), 7.77-7.75 (m, 1 H), 7.70-7.61 (m, 5 H), 7.50 (dd, J = 8.0 Hz, 1.2 Hz, 1 H), 7.39-7.33 (m, 3 

H), 4.31-4.21 (m, 2 H), 2.13-2.08 (m, 5 H), 1.47-1.26 (m, 8 H), 0.97 (t, J = 7.2 Hz, 3 H), 0.88 (t, 

J = 7.2 Hz, 3 H), 0.41 (t, J = 7.2 Hz, 6 H). 13C NMR (CDCl3, 100.3 MHz) δ 150.72, 150.17, 

142.63, 141.64, 141.13, 140.99, 140.41, 140.28, 127.19, 126.92, 126.46, 126.08, 122.95, 

122.14, 121.97, 121.39, 120.87, 120.44, 120.00, 119.78, 113.12, 107.87, 107.75, 56.19, 47.59, 

39.50, 32.77, 30.96, 28.76, 24.45, 23.02, 13.99, 10.91, 8.59. HRMS calcd for C38H40N2 m/z 

524.3186, found 524.3166. 

Synthesis of 9'-butyl-9-(2-ethylhexyl)-9H,9'H-[2,3'-bicarbazole]-7-carbonitrile, 4c 

It was prepared from 7-bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile (0.65 g, 1.7 

mmol), (9-butyl-9H-carbazol-3-yl)boronic acid (0.5 g, 1.9 mmol), Pd(PPh3)4 (58.9 mg, 0.051 

mmol), potassium carbonate (0.7 g, 5.1 mmol) and 28 mL of THF: water (3:1) mixture by 

following the procedure described for 4a. Pale orange solid. Yield 0.72 g (81%). mp 90-92 °C; 
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IR (KBr, cm-1) 2216 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.42 (d, J = 1.6 Hz, 1 H), 8.20-8.14 

(m, 3 H), 7.82 (dd, J = 8.4 Hz, 1.6 Hz, 1 H), 7.71-7.66 (m, 3 H), 7.54-7.44 (m, 4 H), 7.30-7.28 

(m, 1 H), 4.37 (t, J = 7.2 Hz, 2 H), 4.30-4.20 (m, 2 H), 2.15-2.09 (m, 1 H), 1.95-1.88 (m, 2 H), 

1.49-1.25 (m, 10 H), 1.00-0.94 (m, 6 H), 0.88 (t, J = 7.2 Hz, 3 H). 13C NMR (CDCl3, 100.3 

MHz) δ 142.79,142.22, 140.93, 140.12, 140.06, 132.54, 126.21, 125.91, 125.46, 123.41, 

122.85, 122.05, 121.32, 120.67, 120.51, 120.37, 120.21, 120.00, 119.24, 118.97, 112.99, 

109.02, 108.90, 107.84, 107.46, 47.61, 42.94, 39.37, 31.14, 30.91, 28.71, 24.40, 22.99, 20.56, 

13.99, 13.87, 10.88. HRMS calcd for C37H39N3 m/z 525.3139, found 525.3111. 

Synthesis of 7-(4-(diphenylamino)phenyl)-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile, 4d 

It was prepared from a mixture of 7-bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile 

(0.50 g, 1.3 mmol), (4-(diphenylamino)phenyl)boronic acid (0.41 g, 1.43 mmol), Pd(PPh3)4  (45 

mg, 0.08 mmol), potassium  carbonate (0.54 g, 3.9 mmol) and 28 mL of THF: water (3:1) by 

following the procedure described for 4a. Tan color solid. Yield 0.57 g (80%). mp 110-112 °C; 

IR (KBr, cm-1) 2222 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.15 (d, J = 3.6 Hz, 1 H), 8.12 (d, J 

= 3.2 Hz, 1 H), 7.67 (s, 1 H), 7.59-7.57 (m, 3 H), 7.53-7.47 (m, 2 H), 7.31-7.27 (m, 4 H), 7.20-

7.16 (m, 6 H), 7.08-7.04 (m, 2 H), 4.23-4.20 (m, 2 H), 2.11-2.05 (m, 1 H), 1.44-1.23 (m, 8 H), 

0.93 (t, J = 7.6 Hz, 3 H), 0.85 (t, J = 7.2 Hz, 3 H). 13C NMR (CDCl3, 100.3 MHz) δ 147.56, 

147.49, 142.70, 140.62, 140.19, 135.22, 129.32, 128.15, 126.13, 124.55, 123.72, 123.11, 

122.13, 121.38, 120.75, 120.54, 120.43, 119.29, 113.06, 107.64, 107.23, 47.65, 39.38, 30.91, 

28.68, 24.39, 22.99, 13.97, 10.89. HRMS calcd for C39H37N3 m/z 547.2982, found 547.2968. 

Synthesis of 9-(2-ethylhexyl)-7-(pyren-1-yl)-9H-carbazole-2-carbonitrile, 4e 

It was prepared from a mixture of 7-bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile 

(0.60 g, 1.6 mmol), pyren-1-ylboronic acid (0.65 g, 1.7 mmol), Pd(PPh3)4  (55.4 mg, 0.09 

mmol), potassium  carbonate (0.54 g, 4.7 mmol) and 28 mL of THF: water (3:1) by following 

the procedure described for 4a. Tan color solid. Yield 0.63 g (79%). mp 128-130 °C; IR (KBr, 

cm-1) 2221 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.29-8.27 (m, 2 H), 8.24-8.22 (m, 3 H), 8.20-

8.18 (m, 1 H), 8.14 (s, 2 H), 8.10-8.02 (m, 3 H), 7.74-7.68 (m, 2 H), 7.60-7.54 (m, 2 H), 4.25-

4.19 (m, 2 H), 2.14-2.08 (m, 1 H), 1.44-1.22 (m, 8 H), 0.92 (t, J = 7.2 Hz, 3 H), 0.82 (t, J = 7.2 

Hz, 3 H). 13C NMR (CDCl3, 100.3 MHz) δ 142.22, 140.92, 140.15, 137.89, 131.47, 130.89, 

130.71, 128.64, 127.78, 127.63, 127.60, 127.39, 126.11, 125.26, 125.16, 124.96, 124.91, 
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124.85, 124.62, 122.91, 122.22, 120.98, 120.79, 120.43, 113.25, 111.59, 107.93, 47.75, 39.41, 

30.90, 28.63, 24.30, 22.99, 13.96, 10.86. HRMS calcd for C37H32N2 m/z 504.2560, found 

504.2557. 

Synthesis of 9-(2-ethylhexyl)-7-(phenylethynyl)-9H-carbazole-2-carbonitrile, 6a 

A mixture of 7-bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile (0.8 g, 2.0 mmol), 

ethynylbenzene (0.23 g, 2.2 mmol), Pd(PPh3)2Cl2 (14 mg, 0.02 mmol), PPh3 (5.2 mg, 0.02 

mmol), CuI (11.4 mg, 0.06 mmol) and triethylamine (30 mL) was refluxed for 12 h under 

nitrogen atmosphere.  After completion of reaction, the reaction mixture was poured into water 

and extracted with chloroform. The organic layer was dried over anhydrous sodium sulphate. 

Finally, the solvent was removed under vacuum to yield a residue which was further purified by 

column chromatography using hexane/chloroform (3:2) as eluent. Off-white solid. Yield 0.4 g 

(50%); mp 118-120 °C; IR (KBr, cm-1) 2223 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.12 (d, J = 

7.6 Hz, 1 H), 8.08 (d, J = 8.4 Hz, 1 H), 7.68 (s, 1 H), 7.61-7.59 (m, 3 H), 7.50-7.45 (m, 2 H), 

7.42-7.36 (m, 3 H), 4.23-4.13 (m, 2 H), 2.11-2.02 (m, 1 H), 1.47-1.22 (m, 8 H), 0.93 (t, J = 7.2 

Hz, 3 H), 0.87 (t, J = 6.8 Hz, 3 H); 13C NMR (CDCl3, 100.3 MHz) δ 141.52, 140.19, 131.57, 

128.37, 125.68, 123.42, 123.00, 122.15, 122.06, 121.48, 120.99, 120.17, 113.17, 112.50, 

108.18, 90.16, 90.03, 47.63, 39.19, 30.72, 28.51, 24.26, 22.95, 13.96, 10.81; HRMS calcd for 

C29H28N2 (m/z + Na) 427.2150, found 427.2156.  

Synthesis of 7-((9,9-dibutyl-9H-fluoren-2-yl)ethynyl)-9-(2-ethylhexyl)-9H-carbazole-2-

carbonitrile, 6b 

It was prepared from 7-bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile (0.7 g, 1.8 

mmol), 9,9-dibutyl-2-ethynyl-9H-fluorene (0.7 g, 2.2 mmol), Pd(PPh3)2Cl2 (14 mg, 0.018 

mmol), PPh3 (5.2 mg, 0.018 mmol), CuI (3.8 mg, 0.054 mmol) and triethylamine (30 mL) by 

following the procedure described for 6a. Yellow solid. Yield 0.8 g (73%); mp 100-102 °C; IR 

(KBr, cm-1) 2219 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.13 (d, J = 8.4 Hz, 1 H), 8.10 (d, J = 

8.4 Hz, 1 H), 7.73-7.69 (m, 3 H), 7.64 (s, 1 H), 7.60-7.57 (m, 2 H), 7.52-7.49 (m, 2 H), 7.37-

7.34 (m, 3 H), 4.25-4.15 (m, 2 H), 2.12-1.98 (m, 5 H), 1.46-1.25 (m, 8 H), 1.14-1.05 (m, 4 H), 

0.94 (t, J= 7.2 Hz, 3 H), 0.88 (t, J = 7.2 Hz, 3 H), 0.70-0.54 (m, 10 H); 13C NMR (CDCl3, 100.3 

MHz) δ 150.93, 150.77, 141.60, 140.27, 140.22, 130.65, 127.54, 126.85, 125.91, 125.73, 

123.47, 122.82, 122.34, 122.15, 121.43, 121.16, 121.02, 120.94, 120.13, 119.95, 119.64, 
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113.14, 112.42, 108.21, 91.33, 90.22, 54.99, 47.69, 40.13, 39.19, 30.76, 28.54, 25.85, 24.33, 

22.99, 13.93, 13.74, 10.81; HRMS calcd for C44H48N2 (m/z + Na) 627.3715, found 627.3716. 

Synthesis of 7-((9-butyl-9H-carbazole-3-yl)ethynyl)-9-(2-ethylhexyl)-9H-carbazole-2-

carbonitrile, 6c 

It was prepared from 7-bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile (1.0 g, 2.8 

mmol), 9-butyl-3-ethynyl-9H-carbazole (0.7 g, 2.8 mmol), Pd(PPh3)2Cl2 (19.6 mg, 0.028 

mmol), PPh3 (7.3 mg, 0.028 mmol), CuI (16.0 mg, 0.084 mmol) and triethylamine (30 mL) by 

following the procedure described for 6a. Pale yellow solid. Yield 0.7 g (47%); mp 106-108 °C; 

IR (KBr, cm-1) 2218 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.36-8.29 (m, 1 H), 8.20 (d, J = 2.0 

Hz, 1 H), 8.13-8.08 (m, 1 H), 7.72-7.68 (m, 2 H), 7.63 (s, 1 H), 7.58-7.48 (m, 3 H), 7.44-7.39 

(m, 1 H), 7.31-7.27 (m, 1 H), 4.34-4.27 (m, 2 H), 4.24-4.14 (m, 2 H), 2.12-2.06 (m, 1 H), 1.90-

1.82 (m, 2 H), 1.46-1.25 (m, 2 H), 0.98-.93 (m, 6 H), 0.89 (t, J = 7.2 Hz, 3 H); 13C NMR 

(CDCl3, 100.3 MHz) δ 141.73, 140.25, 139.38, 129.85, 129.21, 128.76, 126.12, 124.22, 124.06, 

123.45, 123.19, 122.72, 122.18, 121.06, 120.96, 120.46, 120.30, 119.34, 113.19, 112.35, 

110.40, 109.04, 108.95, 108.77, 108.05, 91.28, 88.76, 47.75, 43.08, 39.27, 30.99, 30.81, 28.59, 

24.35, 23.02, 20.47, 14.02, 13.82, 10.89; HRMS calcd for C39H39N3m/z 549.3144, found 

549.3157.  

Synthesis of 7-((4-(diphenylamino)phenyl)ethynyl)-9-(2-ethylhexyl)-9H-carbazole-2-

carbonitrile, 6d 

It was prepared from 7-bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile (0.84 g, 2.2 

mmol), 4-ethynyl-N,N-diphenylaniline (0.6 g, 2.2 mmol), Pd(PPh3)2Cl2 (15.4 mg, 0.022 mmol), 

PPh3 (5.7 mg, 0.022 mmol), CuI (12.5 mg, 0.066 mmol) and triethylamine (30 mL) by 

following the procedure described for 6a. Yellow solid. Yield 0.6 g (50 %); mp 128-130 °C; IR 

(KBr, cm-1) 2216 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.11 (d, J = 7.6 Hz, 1 H), 8.06 (d, J = 

8.4 Hz, 1 H), 7.67 (s, 1 H), 7.57 (s, 1 H), 7.49-7.43 (m, 4 H), 7.31-7.27 (m, 4 H), 7.15-7.03 (m, 

8 H), 4.22-4.12 (m, 2 H), 2.09-2.01 (m, 1 H), 1.45-1.24 (m, 8 H), 0.93 (t, J = 7.2 Hz, 3 H), 0.87 

(t, J = 7.6 Hz, 3 H); 13C NMR (CDCl3, 100.3 MHz) δ 147.96, 146.98, 141.53, 140.11, 132.49, 

129.33, 125.68, 124.94, 123.56, 123.33, 122.49, 122.04, 121.16, 120.89, 120.84, 120.12, 

115.65, 113.05, 112.19, 108.03, 90.51, 89.47, 47.56, 39.14, 30.70, 28.47, 24.25, 22.90, 13.92, 

10.78; HRMS calcd for C41H37N3 m/z 571.2987, found 571.2994. 
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Synthesis of 9-(2-ethylhexyl)-7-(pyren-1-ylethynyl)-9H-carbazole-2-carbonitrile, 6e 

It was prepared from a mixture of 1-bromopyrene (0.5 g, 1.78 mmol),  9-(2-ethylhexyl)-7-

ethynyl-9H-carbazole-2-carbonitrile (0.59 g, 1.78 mmol), Pd(PPh3)2Cl2 (12.5 mg, 0.018 mmol), 

PPh3 (9.4 mg, 0.036 mmol), CuI (3.5 mg, 0.018 mmol), triethylamine (30 mL) by following the 

procedure described for 6a. Yield 0.47 g (50%). mp 146-148 °C; IR (KBr, cm-1) 2219 (νC≡N); 

1H NMR (CDCl3, 400 MHz) δ 8.72 (d, J = 9.2 Hz, 2 H), 8.27-8.20 (m, 4 H), 8.17-8.12 (m, 4 H), 

8.08-8.03 (m, 2 H), 7.75 (s, 1 H), 7.67-7.64 (m, 2 H), 7.49 (dd, J = 7.6 Hz, 1.2 Hz, 1 H), 4.22-

4.14 (m, 2 H), 2.13-2.06 (m, 1 H), 1.49-1.25 (m, 8 H), 0.96 (t, J = 7.2 Hz, 3 H), 0.90 (t, J = 7.6 

Hz, 3 H), 13C NMR (CDCl3, 100.3 MHz) δ 141.65, 140.23, 131.85, 131.27, 131.19, 130.97, 

129.56, 128.32, 128.21, 127.18, 126.26, 125.75, 125.64, 125.38, 124.51, 124.42, 124.22, 

123.59, 122.36, 122.18, 121.62, 121.15, 120.99, 120.24, 117.56, 113.18, 112.54, 108.22, 96.05, 

89.40, 47.62, 39.30, 30.82, 28.61, 24.39, 23.01, 14.02, 10.89; HRMS calcd for C39H32N2 m/z 

528.2565, found 528.2564. 

Synthesis of (E)-9-(2-ethylhexyl)-7-styryl-9H-carbazole-2-carbonitrile, 8a 

A mixture of 7-bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile (0.7 g, 1.83 mmol), 

styrene (0.23 g, 2.2 mmol), Pd(OAc)2 (8.3 mg, 0.037 mmol), sodium acetate (1.5 g, 18.3 mmol), 

tetrabutylammonium bromide (120 mg, 0.37 mmol) in 20 mL of DMF was heated to 100 C for 

24 h under nitrogen atmosphere in the pressure tube under sealed condition. After completion of 

the reaction, the reaction mixture was poured into water and extracted with chloroform. The 

organic layer was dried over sodium sulphate. Finally, the solvent was removed under vacuum 

to yield a residue which was then purified by column chromatography using hexane/chloroform 

(3:2) as eluent. Colorless solid. Yield 0.44 g (60%). mp 158-160 °C; IR (KBr, cm-1) 2226 

(νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.09 (dd, J = 9.6 Hz, J = 1.2 Hz, 2 H), 7.66 (s, 1 H), 7.58 

(d, J = 7.2 Hz, 2 H), 7.53-7.46 (m, 3 H), 7.42-7.38 (m, 2 H), 7.33-7.27 (m, 3 H), 4.25-4.15 (m, 2 

H), 2.11-2.05 (m, 1 H), 1.45-1.24 (m, 8 H), 0.95 (t, J = 7.6 Hz, 3 H), 0.88 (t, J = 7.2 Hz, 3 H). 

13C NMR (CDCl3, 100.3 MHz) δ 142.48, 140.21, 137.09, 129.32, 129.11, 128.71, 127.79, 

126.54, 126.06, 122.14, 122.07, 121.28, 121.24, 120.69, 120.36, 118.46, 113.05, 113.01, 

107.68, 107.57, 107.49, 47.56, 39.33, 30.84, 28.65, 24.38, 22.97, 13.99, 10.87; HRMS calcd for 

C29H30N2 m/z 406.2409, found 406.2401.  
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Synthesis of (E)-7-(2-(9,9-dibutyl-9H-fluoren-2-yl)vinyl)-9-(2-ethylhexyl)-9H-carbazole-2-

carbonitrile, 8b 

It was prepared from a mixture of 7-bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile 

(0.5 g, 1.3 mmol), 9,9-dibutyl-2-vinyl-9H-fluorene (0.44 g, 1.43 mmol), Pd(OAc)2 (5.8 mg, 

0.026 mmol), sodium acetate (1.07 g, 13.0 mmol), tetrabutylammonium bromide (84 mg, 0.26 

mmol) in 20 mL of DMF by following the procedure described for 8a. Pale yellow solid. Yield 

0.52 g (66%). mp 114-116 °C; IR (KBr, cm-1) 2220 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.11 

(dd, J = 8.0 Hz, J = 2.0 Hz, 2 H), 7.73-7.67 (m, 3 H), 7.58-7.54 (m, 4 H), 7.48 (d, J = 8.0 Hz, 1 

H), 7.36-7.29 (m, 5 H), 4.27-4.17 (m, 2 H), 2.11-2.00 (m, 5 H), 1.47-1.26 (m, 8 H), 1.15-1.06 

(m, 4 H), 0.96 (t, J = 8 Hz, 3 H), 0.90 (t, J = 7.2 Hz, 3 H), 0.71-0.58 (m, 10 H). 13C NMR 

(CDCl3, 100.3 MHz) δ 151.30, 150.95, 142.63, 141.23, 140.71, 140.28, 137.43, 136.04, 130.10, 

128.33, 127.14, 126.81, 126.18, 125.66, 122.86, 122.15, 121.35, 121.18, 120.79, 120.70, 

120.42, 119.93, 119.71, 118.57, 113.05, 107.67, 107.38, 54.95, 47.68, 40.30, 39.39, 30.90, 

28.74, 25.94, 24.48, 23.08, 23.03, 14.03, 13.81, 10.94; HRMS calcd for C44H50N2 m/z 606.3974, 

found 606.3971. 

Synthesis of (E)-7-(2-(9-butyl-9H-carbazol-3-yl)vinyl)-9-(2-ethylhexyl)-9H-carbazole-2-

carbonitrile, 8c 

It was prepared from a mixture of 7-bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile 

(0.5 g, 1.3 mmol), 9-butyl-3-vinyl-9H-carbazole (0.36 g, 1.43 mmol), Pd(OAc)2 (5.8 mg, 0.026 

mmol), sodium acetate (1.1 g, 13.0 mmol), tetrabutylammonium bromide (84 mg, 0.26 mmol) 

in 20 mL of DMF by following the procedure described for 8a. Yellow solid. Yield 0.43 g 

(60%). mp 130-132 °C; IR (KBr, cm-1) 2218 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.29 (s, 1 

H), 8.16-8.08 (m, 3 H), 7.73 (d, J = 8.0 Hz, 1 H), 7.66 (s, 1H), 7.58-7.41 (m, 7 H), 7.36-7.28 

(m, 2 H), 4.33 (t, J = 7.6 Hz, 2 H), 4.27-4.16 (m, 2 H), 2.12-2.07 (m, 1 H), 1.92-1.85 (m, 2 H), 

1.47-1.26 (m, 10 H), 0.97 (t, J = 7.6 Hz, 6 H), 0.90 (t, J = 7.2 Hz, 3 H). 13C NMR (CDCl3, 100.3 

MHz) δ 142.66, 140.82, 140.32, 140.17, 137.88, 130.38, 128.23, 126.36, 126.23, 125.85, 

124.44, 123.19, 122.77, 122.06, 121.26, 120.76, 120.56, 120.36, 119.03, 118.75, 118.37, 

112.96, 108.91, 107.38, 107.06, 47.58, 42.92, 39.35, 31.12, 30.88, 28.70, 24.41, 23.03, 20.54, 

14.05, 13.87, 10.92; HRMS calcd for C39H41N3 (m/z +1) 552.3373, found 552.3368. 
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Synthesis of (E)-7-(4-(diphenylamino)styryl)-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile, 

8d 

It was prepared from a mixture of 7-bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile 

(0.5 g, 1.3 mmol), N,N-diphenyl-4-vinylaniline (0.39 g, 1.43 mmol), Pd(OAc)2 (5.8 mg, 0.026 

mmol), sodium acetate (1.07 g, 13.0 mmol), tetrabutylammonium bromide (84 mg, 0.26 mmol) 

in 20 mL of DMF by following the procedure described for 8a. Greenish yellow solid. Yield 

0.52 g (69%). mp 132-134 °C; IR (KBr, cm-1) 2225 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.08 

(dd, J = 12.8 Hz, J = 4.4 Hz, 2 H), 7.66 (s, 1 H), 7.51-7.44 (m, 5 H), 7.30-7.28 (m, 4 H), 7.20 (s, 

2 H), 7.13 (d, J = 8.8 Hz, 4 H), 7.09-7.03 (m, 4 H), 4.25-4.14 (m, 2 H), 2.10-2.04 (m, 1 H), 

1.45-1.24 (m, 8 H), 0.94 (t, J = 8.0 Hz, 3 H), 0.88 (t, J = 7.2 Hz, 3 H). 13C NMR (CDCl3, 100.3 

MHz) δ 147.57, 147.44, 142.61, 140.23, 137.51, 131.18, 129.40, 129.23, 128.82, 127.53, 

127.37, 126.17, 124.69, 124.48, 124.42, 123.51, 123.27, 123.04, 122.18, 122.01, 121.34, 

121.21, 120.99, 120.71, 120.56, 120.43, 118.29, 113.08, 112.96, 107.58, 107.37, 107.13, 47.61, 

39.36, 30.88, 28.69, 24.41, 23.00, 14.02, 10.90; HRMS calcd for C41H39N3 (m/z +1) 574.3217, 

found 574.3199. 

Synthesis of (E)-9-(2-ethylhexyl)-7-(2-(pyren-1-yl)vinyl)-9H-carbazole-2-carbonitrile, 8e 

It was prepared from a mixture of 7-bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile 

(0.6 g, 1.6 mmol), 1-vinylpyrene (0.41 g, 1.8 mmol), Pd(OAc)2 (7.2 mg, 0.032 mmol), sodium 

acetate (1.31 g, 16.0 mmol), tetrabutylammonium bromide (103 mg, 0.32 mmol) in 20 mL of 

DMF by following the procedure described for 8a. Greenish yellow solid. Yield 0.55 g (65%). 

mp 148-150 °C; IR (KBr, cm-1) 2227 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.53 (d, J = 9.2 Hz, 

1 H), 8.40-8.31 (m, 2 H), 8.21-8.14 (m, 6 H), 8.12-8.00 (m, 3 H), 7.72-7.61 (m, 3 H), 7.57-7.48 

(m, 2 H), 4.25-4.15 (m, 2 H), 2.13-2.07 (m, 1 H), 1.48-1.26 (m, 8 H), 0.97 (t, J = 7.6 Hz, 3 H), 

0.90 (t, J = 7.6 Hz, 3 H). 13C NMR (CDCl3, 100.3 MHz) δ 142.45, 140.17, 137.39, 132.05, 

131.51, 131.45, 130.90, 130.82, 128.35, 127.57, 127.34, 126.01, 125.37, 125.05, 124.84, 

123.43, 122.72, 122.08, 121.33, 120.64, 120.40, 118.45, 112.99, 107.87, 107.65, 47.41, 39.36, 

30.88, 28.70, 24.41, 23.00, 14.02, 10.89; HRMS calcd for C39H34N2 m/z 530.2717, found 

530.2728. 
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3.4.3 Computational Methods 

All theoretical calculations were performed by using Gaussian 09 program package. The 

ground state geometries were fully optimized without any symmetry constraints at the DFT 

level with Becke’s three parameters hybrid functional and Lee, Yang and Parr’s correlational 

functional B3LYP and MPW1K using the 6-31G* basis set on all atoms. Vibrational analyses 

on the optimized structures were performed to confirm the structure. The excitation energies 

and oscillator strengths for the lowest singlet-singlet transitions at the optimized geometry in the 

ground state were obtained by TD-DFT calculations using the hybrid functional model namely 

B3LYP. 

3.4.4 OLED Fabrication and Characterization 

The device fabrication process initially involved spin coating of an aqueous solution of 

PEDOT: PSS at 4000 rpm for 20 s to form a 35 nm hole injection layer on pre-cleaned ITO 

anode. Before depositing the following emissive layer (EML), the solution was prepared by 

dissolving the host and guest molecules in tetrahydrofuran at 40 ºC for 0.5 h with stirring. The 

resulting EML solutions were deposited by spin-coating at 2500 rpm for 20 s under nitrogen. 

The electron-transporting layer of 1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene (TPBi) (32 

nm), electron injection layer of  LiF (1 nm), and 100 nm layer of Al as a cathode were deposited 

by using thermal deposition method in high vacuum chamber at respective rates of 0.3,  0.1 and 

10 Ås-1. The current density-voltage and luminance (J-V-L) characteristics of the resultant 

devices were measured through a Keithley 2400 electrometer by using Minolta CS-100A 

luminance-meter, while spectrum and CIE color chromatic coordinates were measured by using 

PR-655 spectroradiometer. The emission area of devices was 25 mm2, and only the luminance 

in forward direction was measured. 
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4.1 Introduction 

Organic materials exhibiting tunable optical properties, high thermal and morphological 

stability have received much attention for OLED applications. Generally, linear and rod-like 

conjugates display high stability owing to rigid structure which could be beneficial to realize 

long durable devices. Since carbazole is an electron rich building block, carbazole end capped 

chromophores have been utilized as hole transporting materials in OLED devices. Owing to the 

rigidity of backbone and amorphous nature, they serve as highly stable hole transporter. 

Carbazole end-capped electron-rich chromophores such as thiophene, fluorene and carbazole 

(CE1-CE5) through different linking topology and varying linker (Chart 4.1) have exhibited 

promising hole transporting characteristics [169-171].  

 

Chart 4.1 Carbazole end capped hole transporting materials. 

Fluorene is another fruitful chromophore extensively explored for optoelectronic 

applications. It is a fused aromatic hydrocarbon and prone to facile functionalization at C2, C7 

and C9 position (CE6-CE13; Chart 4.2). Owing to rigid chromophoric nature, high 

fluorescence good charge transporting ability and high chemical and thermal stability, fluorene 

based compounds are exploited in OLED applications. The tailoring of carbazole and fluorene 

would result in more desirable material characteristics [172-174, 148]. Over the past decades, 



 
Cyanocarbazole End Capped Rigid and Rod-Like Materials                                           

121 
 

Chapter 4 

various carbazole-fluorene trimers (Chart 4.2) having different linking topology and carbazole 

trimers with different end capping carbazole via C2, C3 and N-position were reported. These 

materials are demonstrated as hole transporting materials in OLED devices. 

 

Chart 4.2 Hole transporting carbazole/fluorene trimers containing different linking topology. 

Since carbazole possess high triplet energy and excellent hole transporting character, 

carbazole trimers can be utilized as a host material for PhOLED. For example, Chen and 

coworkers reported N-carbazole end capped fluorene via 2,7-position (CE14) and demonstrated 

as host material (Chart 4.3) [175]. Qiu and coworkers reported N-carbazole end capped 

carbazole at 2,7- and 3,6-positions (CE15,CE16; Chart 4.3) [176]. Owing to twisted structure, 

these materials exhibited high triplet energy of about 3.0 eV. In addition, the high lying HOMO 

of the compounds was beneficial for facile hole transportation. The high glass transition 

temperature leads to good morphological stability. Brunner and coworkers designed 

carbazole/fluorene end capped carbazole at different linking position (CE17-CE19; Chart 4.3) 

and employed them as host material for PhOLED [177].  
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Chart 4.3 Carbazole/fluorene and carbazole trimers as host materials. 

Further, carbazole end capped materials are utilized as emitting materials in OLED as they 

are found to exhibit intense emission in solution. Strohriegl and coworkers reported linear and 

angular carbazole trimers (CE20,CE21; Chart 4.4) connected at 2,7 and 3,6-positions 

respectively [178]. The linear carbazole trimer showed better conjugation over angularly 

substituted congener. Also, linear derivative exhibited intense blue emission while 3,6-

substituted trimer gave pale and weak emission. Dias and coworkers reported C2-carbazole end 

capped C3, C6-carbazole core (CE22; Chart 4.4) and demonstrated as blue emitter [179]. 

Shimasaki and coworkers reported carbazole trimers containing acetylene linker (CE23; Chart 

4.4) and presented as blue emitting material [180]. However, the above reported compounds 

have not been used as emitter in OLED device. Recently, Velasco and coworkers reported 

angularly 3,6-substituted carbazole connected to end capped carbazole acetylene (CE24; Chart 

4.4) and employed it as non-doped emitter in OLED device [30]. Owing to rigid acetylene 

linker, the compound showed better quantum yield in solution. However, the non-doped device 

fabricated with emitter exhibited poor performance owing to the formation of aggregates in thin 

film.  
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Chart 4.4 Carbazole end capped trimers as emitting materials. 

In addition, Kazlauskas and coworkers reported carbazole trimers (CE25-CE30) connected 

with different linking topology (Chart 4.5). They are demonstrated as hole transporting 

materials and displayed low threshold amplified spontaneous emission in electrically driven 

organic lasers [181]. Though central carbazole trimers and carbazole end capped fluorene 

trimers are reported, their use in device application is limited. Also, carbazole trimer possessing 

acetylene linker showed poor device performance owing to inappropriate charge carrier 

mobility across the device. 

 

Chart 4.5 Hole transporting carbazole/fluorene trimers with different linking topology. 
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Xue and coworkers studied the carbazole end capped anthracene connected through vinyl 

linker as aggregation induced luminogen (CE31; Chart 4.6) [182]. The compound was non-

emissive in solution while emissive in aggregate form. When the luminogen was employed as 

non-doped emitter in OLED device, it exhibited green emission. It was also employed as 

emitting dopant in host matrix, the efficiency of the device increased about eight fold owing to 

the suppression of aggregation. Matussek and coworkers synthesized carbazole end capped 

anthracene having acetylene linker (CE32; Chart 4.6) and demonstrated as red emitter in OLED 

device [134]. The presence of rigid acetylene linker was beneficial to raise the quantum yield 

and provide effective electronic conjugation. Oh and coworkers reported carbazole trimers 

having vinyl linker as emitters (CE33,CE34; Chart 4.6) [183]. Also the cyano end capping on 

peripheral carbazole leads to better performance due to the realization of balanced charge 

transport by accelerating the electron mobility.  

 

Chart 4.6 Carbazole and cyanocarbazole end capped materials as emitters. 
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From the above discussions, it is clear that carbazole end capped trimers are beneficial for 

good charge transport and to realize better thermal stability. Further, as discussed in previous 

chapter, cyano substitution on carbazole would have tremendous impact in realizing increased 

electron transport and thus achieve balanced charge transport. So, we intended to explore the 

effect of cyano group on peripheral carbazole of carbazole trimers to attain balanced charge 

transport. In this chapter, we describe synthesis and characterization of cyanocarbazole end 

capped carbazole or fluorene trimers and their photophysical and electroluminescence 

properties (Chart 4.7). Further, we studied the effect of conjugating spacer (acetylene and vinyl) 

on optical, electrochemical and electroluminescence properties.  

 

Chart 4.7 Structure of cyanocarbazole end capped rigid molecules. 

4.2 Results and Discussion 

4.2.1 Synthesis and Characterization 

The synthesis of an intermediate 2 is described in Chapter 3. The intermediate 2 was 

converted into desired final compounds (10a-10c) by adopting Suzuki coupling reaction 

protocol using appropriate diboronic acids (9a-9c). The target acetylene compounds (12a-12c) 

were obtained from the intermediate 2 by Sonogashira reaction with suitable terminal 

diacetylenes (11a-11c). The vinyl linked target compounds (14a-14c) were synthesized by 

employing Heck coupling reaction using appropriate terminal vinylene intermediates (13a-13c). 

All the new compounds were obtained in moderate to good yields. The newly prepared 
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compounds were thoroughly characterized by 1H NMR, 13C NMR, IR and HRMS techniques. 

The data is consistent with the proposed structures of the compounds. All the compounds are 

soluble in common organic solvents such as toluene (TOL), dichloromethane (DCM), 

chloroform (CHCl3), tetrahydrofuran (THF), N,N-Dimethylformamide (DMF) and sparingly 

soluble in acetonitrile (ACN) and methanol (MeOH).  

 

Scheme 4.1 Synthetic procedure for the target compounds (10a-10c, 12a-12c and 14a-14c). 

 

Scheme 4.2 Synthesis of the intermediate 13a. 
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4.2.2 Photophysical Properties 

The absorption spectra of the compounds recorded in dichloromethane are depicted in 

Figure 4.1. And the relevant data are compiled in Table 4.1. The absorption spectrum of each 

compound contains two distinct bands. The higher energy band, ca. below 300 nm, arises from 

π-π* transition of either carbazole or fluorene unit [184-186]. The lower energy band is 

assigned to the delocalized π-π* transition of entire molecular backbone. The absorption 

maxima of the dyes are dependent on the nature of the spacer and linkage mode. The absorption 

maxima of the compounds followed the order of vinyl > acetylene > direct for the same 

chromophore. Due to the sp2 hybridized carbon of vinyl linker and aromatic moieties, the 

overlapping of molecular orbital is effective in vinyl compounds. This provides efficient 

delocalization of π electron and thus red shifted absorption maximum. In contrast, mismatching 

of energy levels of sp hybridized acetylene and sp2 hybridized aromatic segments lead to poor 

overlapping. As a result, the electronic delocalization is relatively less for acetylene derivatives 

and thus blue shifted absorption maxima compared to analogous vinyl linker compounds [187-

190]. The blue shifted absorption maxima of directly linked compounds could be attributed to 

twisting of end capped cyanocarbazole from the core fluorene or carbazole moiety.  

Within a set of compounds, the absorption maxima progressively increased reflective of the 

nature of core which is connected to the peripheral cyanocarbazole such as 2,7-carbazole (b) > 

2,7-fluorene (a) > 3,6-carbazole (c). The linear 2,7-substituted carbazole derivatives show 

extended conjugation over V-shaped angularly substituted 3,6-carbazole analogs. The salient 

features of the absorption characteristics can be summarized as follows: (i) Generally, the vinyl 

linked compounds (14a-14c) showed longer wavelength absorption when compared to the 

acetylene linked compounds (12a-12c) which in turn longer than the directly tethered 

derivatives (10a-10c). (ii) Within a class, the absorption maxima progressively increased with 

the nature of the spacer as, 2,7-carbazole (b) > 2,7-fluorene (a) > 3,6-carbazole (c).  It is 

probable that in the directly linked derivatives the tilting between the core and the peripheries 

disrupt the electronic delocalization across the molecule. Among the spacers, vinyl linker and 

carbazole 2,7-linkage render extended conjugation [191-192].  
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Figure 4.1 Absorption spectra of the dyes recorded in dichloromethane. 

It is interesting to compare the absorption spectrum of 10a with that of the known 

compound 2,7-bis(9-ethylcarbazol-2-yl)-9,9-dihexylfluorene which lacks CN group on 

peripheral carbazole units [174]. The compound 10a exhibited bathochromically shifted 

absorption peak, which clearly attests the role of cyano substitution in extending the 

conjugation. In the same way, 10b also exhibited red shifted absorption maximum when 

compared to the trimeric carbazole, 9,9′,9′′-tri-sec-butyl[2,2′;7′,2′′]-tercarbazole known in the 

literature [178]. Similarly, compound 12c displayed red-shift over 3,6-bis[2-(9-(2-ethylhexyl)-

9H-carbazol-3-yl)-ethynyl]-9H-carbazole attributable to the linkage of terminal carbazoles via 

C3 and absence of cyano group on carbazole [30]. However, the chromophoric effect is less 

significant when 12a is compared to the reported dye, 7,7'-((9,9-dibutyl-9H-fluorene-2,7-

diyl)bis(ethyne-2,1-diyl))bis(9,9-dipropyl-9H-fluorene-2-carbonitrile) which features 

cyanofluorene at terminal ends instead of cyanocarbazole [151]. This indicates that cyano 

substitution on 2,7-carbazole and 2,7-fluorene makes the resultant chromophores similar in 

electronic characteristics.  

Further, the optical response of the dyes towards the polarity of the solvents was elucidated 

by studying the solvatochromism of the dyes (Figure 4.3 to Figure 4.11). The dyes showed less 

significant variations in the absorption properties on changing the solvent polarity indicative of 

nonpolar nature of the ground state in these molecules.  
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Table 4.1 Optical properties of the dyes 

Dye λmax, nm (εmax, M
-1 cm-1 ×103)a λem, nm (ΦF)a,b Stokes shift,a cm-1 λem,

c nm 

10a 257 (94.2), 368 (90.4) 410, 430 (0.70) 2784 445 

10b 270 (115.5), 374 (86.4) 415, 433 (0.61) 2642 456 

10c 260 (118.2), 362 (64.2) 431 (0.66) 4422 452 

12a 259(85.0), 371(102.9), 387(115.3) 411, 433 (0.63) 1509 446, 470 

12b 267(106.5), 372(98.7), 390(113.6) 414, 437 (0.82) 1486 459 

12c 262(111.3), 300(42.5), 360(80.3), 

384(90.3) 

422 (0.54) 2345 452 

14a 261(98.0), 406(130.2), 427sh(103.0) 448, 476 (0.92) 2309 484 

14b 269(93.9), 408(105.7), 429(88.3) 454, 479 (0.90) 2483 469 

14c 265(88.7), 383(65.1) 465 (0.73) 4604 470 
a Measured in dichloromethane solution. b Absolute quantum yield using integrating sphere. c Measured 

for drop cast film. 

The emission spectra of the compounds recorded in dichloromethane are displayed in 

Figure 4.2. And the corresponding data are registered in Table 4.1. The emission maxima of the 

compounds followed the similar trend as observed in absorption spectra among the series as 

direct < acetylene < vinyl. Despite of shorter wavelength absorption for the directly connected 

compounds 10a-10c, they showed almost similar emission maximum as that of acetylene 

congeners (12a-12c). Probably, it might be due to pronounced structural reorganization in the 

excited state which eventually resulted in larger Stokes shift for 10a-10c over their rigid 

acetylene counterparts [138]. Also, the vinyl linked compounds gave comparable Stokes shift to 

that of directly linked compounds. However, the Stokes shift is larger than that of acetylene 

analogs. It is attributed to flexibility of vinyl linker which undergoes structural reorganization. 

In each class of compounds, V-shaped carbazole derivatives showed the largest Stokes shift 

over their linear carbazole and fluorene counterparts. It is ascribed to significant structural 

reorganization in the excited state induced by intramolecular charge transfer from core 

carbazole to peripheral cyanocarbazole [193-195]. The emission spectral characteristic can be 

summarized as below. (i) The emission maxima of the compounds varied depending upon the 

nature of linker which is similar to absorption trend as well, vinyl (14) > acetylene (12) > direct 

(10). (ii) Within a set of compounds, the emission maxima followed the trend of 3,6-carbazole 

(c) > 2,7-carbazole (b) > 2,7-fluorene (a). V-shaped carbazole derivatives exhibited the largest 

red shift emission maxima unlike their shortest absorption maxima compared to their linear 

analogs. It is attributed to pronounced structural perturbation at excited state due to the 

development of intramolecular charge migration from carbazole donor to cyano acceptor. The 
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emission spectra of the compounds 10a, 10b and 12c showed red-shift as compared to their 

reported analogs which lack CN group on peripheral carbazole.  
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Figure 4.2 Emission spectra of the dyes recorded in dichloromethane. 

The nature of the excited state was probed by measuring emission spectra of the dyes in the 

solvents of different polarity (Figure 4.3 to Figure 4.11). The linear fluorene and carbazole core 

derivatives, 10a, 10b, 12a, 12b, 14a and 14b displayed insignificant changes in emission 

spectra with respect to the solvent polarity while the V-shaped dyes 10c, 12c and 14c exhibited 

positive solvatochromism (Table 4.2). It suggests the stabilization of V-shaped dyes in polar 

solvents at excited state, probably due to intramolecular charge transfer from carbazole donor to 

peripheral cyanocarbazole acceptor. Furthermore, the significant increase in FWHM for V-

shaped dyes in polar solvents attest the presence of structural reorganization and dipolar 

relaxation (Table 4.3). Whereas the linear compounds did not show appreciable change in 

FWHM of emission spectra as the polarity of solvent is increased.  
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Figure 4.3 Absorption (a) and emission (b) spectra of 10a recorded in different solvents. 
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Figure 4.4 Absorption (a) and emission (b) spectra of 10b recorded in different solvents. 
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Figure 4.5 Absorption (a) and emission (b) spectra of 10c recorded in different solvents. 
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Figure 4.6 Absorption (a) and emission (b) spectra of 12a recorded in different solvents. 
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Figure 4.7 Absorption (a) and emission (b) spectra of 12b recorded in different solvents. 
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Figure 4.8 Absorption (a) and emission (b) spectra of 12c recorded in different solvents. 
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Figure 4.9 Absorption (a) and emission (b) spectra of 14a recorded in different solvents. 
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Figure 4.10 Absorption (a) and emission (b) spectra of 14b recorded in different solvents. 
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Figure 4.11 Absorption (a) and emission (b) spectra of 14c recorded in different solvents. 
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Table 4.2 Solvatochromic data of the dyes 

Dye Absorption maxima,  λmax (nm) Emission maxima, λem (nm) 

TOL CHCl3 THF DMF TOL CHCl3 THF DMF 

10a 359 367 368 370 406, 

427 

409, 

431 

407, 

429 

413, 

431 

10b 372 374 373 376 411, 

429 

414, 

435 

412, 

433 

421, 

436 

10c 359 359 359 362 397, 

414 

414 422 453 

12a 369,387 371, 388 369, 385 371, 387 408, 

431 

410, 

434 

407, 

432 

409, 

432 

12b 371, 390 372, 390 371, 388 371, 389 412, 

435 

415, 

433 

411, 

431 

414 

12c 300,325, 

357,384 

301, 360, 

384 

300, 362, 

382 

300, 361, 

383 

400, 

418 

411 416 460 

14a 405, 427sh 407,  

429sh 

405,  

428sh 

407, 430sh 445, 

473 

449, 

475 

445, 

472 

451, 

475 

14b 408, 428sh 270, 409, 

429sh 

269, 407, 

427sh 

409, 431sh 449, 

476 

453, 

480 

450, 

474 

458, 

479 

14c 376 266, 383 267, 377 383 437, 

462 

451 457 485 

 

Table 4.3 Stokes shift and full width at half maxima values of the dyes 

Dye Stokes shift (cm-1) FWHM (nm) 

 TOL DCM CHCl3 THF DMF TOL DCM CHCl3 THF DMF 

10a 3225 2784 2798 2604 2814 44 45 44 45 48 

10b 2551 2642 2583 2538 2843 43 46 44 44 50 

10c 2666 4422 3701 4158 5549 40 54 47 50 63 

12a 1330 1509 1383 1404 1390 41 42 42 44 46 

12b 1369 1486 1544 1442 1552 40 41 41 41 44 

12c 1041 2345 1643 2139 4370 37 52 44 49 70 

14a 2219 2309 2298 2219 2397 61 60 59 60 65 

14b 2238 2483 2375 2348 2616 61 60 59 60 66 

14c 3712 4604 3937 4643 5491 57 67 62 64 80 
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Table 4.4 Solvatochromic data of the dyes 10c, 12c and 14c 

 

Dye 

Absorption maxima, λmax (nm) Emission maxima, λem 

(nm) 

Stokes shift (cm-1) 

TEA DBE EA ACT TEA DBE EA ACT TEA DBE EA ACT 

10c 359 357 357 360 397, 

412 

395, 

412 

416 442 2666 2695 3973 5153 

12c 298, 

347, 

380 

298, 

347, 

380 

298, 

348, 

380 

347, 

380 

397, 

415 

397, 

414 

412 442 1127 1127 2044 3691 

14c - - 377 380 - - 452 471 - - 4401 5084 
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Figure 4.12 Lippert-Mataga plot for the dyes 10c, 12c and 14c. 

The Lippert-Mataga plot of the V-shaped dyes 10c, 12c and 14c is displayed in Figure 4.12. 

The Stokes shift remains constant in the non-polar solvent region and increases rapidly as the 

polarity of the solvent increases for 10c and 12c. Such two linear correlations indicate the 

presence of two excited states namely local (LE) and charge transfer (CT) excited state and 

stabilization of CT state in polar solvents [196-197]. Moreover, this observation is consistent 

with the progression of LE state into CT state as the solvent polarity progresses. In contrast, 

linear progression of Stokes shift with respect to solvent polarity resulted in single linear 

correlation in Lippert-Mataga plot for 14c comprising polar and non-polar solvents which 

indicate the presence of single excited state namely charge transfer excited state. Drop cast thin 

films of the compounds displayed emission in the longer wavelength when compared to that of 
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solution (Figure 4.13). It is probably originating from the intermolecular association or J- 

aggregation of the dyes in the solid state [145-147]. 
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Figure 4.13 Thin film emission spectra of the dyes recorded for drop cast films. 

4.2.3 Electrochemical Properties  

The favorable HOMO and LUMO energy level alignment of the emitting materials with the 

neighboring charge injecting molecular layers of OLED devices determines the flow of charge 

carriers in the device. In order to estimate the HOMO and LUMO energy levels, the redox 

potentials of the dyes were measured by cyclic voltammetry studies. All the dyes exhibited an 

irreversible oxidation peak while 10c showed quasi-reversible oxidation couple (Figure 4.14). 

Generally, the carbazole derivatives display irreversible oxidation attributable to the large 

reorganization energy associated with the oxidation arising from the rigid structure of carbazole 

[148-150]. When we compare the oxidation propensity of the fluorene compounds 10a, 12a and 

14a with their carbazole analogs 10b, 12b and 14b, the latter compounds gave low oxidation 

potentials due to the electron richness of carbazole over fluorene moiety. The V-shaped dyes 

exhibited lowest oxidation potential compared to their linear carbazole analogs in each set of 

compounds and thus upwardly shifted the HOMO. This is due to the activation of 3,6-position 

of carbazole by nitrogen atom. Similar results are documented in the literature for 3,6-

functionalized carbazoles [198, 116, 126]. Among the series, vinyl compounds exhibited the 

lowest oxidation potential compared to their acetylene and directly linked counterparts. It 
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further attests the availability of electron through delocalization of π conjugation in vinyl 

derivatives.  

The HOMO energy level of the compounds is calculated by adding 4.8 eV with oxidation 

potential. The LUMO energy level is obtained from the difference between HOMO and optical 

band gap. The optical band gap is estimated from the absorption edge of the compounds, which 

is taken from the intersection of absorption and emission spectra recorded in dichloromethane. 

The directly linked and acetylene linked compounds gave similar HOMO values while vinyl 

linked compounds showed high-lying HOMO. Due to electron withdrawing nature of acetylene 

linker, the compounds (12a-12c) showed deeper LUMO levels than their direct and vinyl linked 

counterparts. The compounds possessing vinyl linker (14a-14c) constructed high-lying HOMO 

and the LUMO is similar to that of acetylene counterparts. Thus 14a-14c exhibited low band 

gap compared to their direct and acetylene analogs. The observed HOMO and LUMO energy 

values are well matching with the neighboring molecular layers of OLED device which would 

facilitate the facile injection of charge carriers.  
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Figure 4.14 Cyclic voltammograms of the dyes recorded in dichloromethane. 
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Figure 4.15 Differential pulse voltammograms of the dyes recorded in dichloromethane. 

4.2.4 Thermal Properties 

The thermal stability of the compounds was evaluated by thermogravimetric analysis 

(TGA) under nitrogen atmosphere at a heating rate of 10 °C/min. The TGA plot is depicted in 

Figure 4.16 and the relevant data summarized in Table 4.5. All the dyes exhibited high thermal 

stability with the onset temperature of 386-463 °C corresponding to 10% weight loss. Carbazole 

trimers exhibited superior thermal decomposition temperature over fluorene/carbazole hybrids. 

It is ascribed to the presence of three rigid carbazole units. The exceptional thermal stability of 

the carbazole-based materials is well documented in the literature [16, 153]. It is interesting to 

compare the thermal stability of compounds (12b, 12c) containing acetylene linker with those 

directly linked compounds (10b, 10c) and vinyl linked compounds (14b, 14c). Due to the rigid-

rod like acetylene linkage, the former compounds exhibited superior decomposition onset 

temperatures. Exceptionally, 12a exhibited poor thermal stability when compared to 10a and 

14a. It might arise from the decomposition of labile butyl chains present in 12a. Generally, 

vinyl linked compounds exhibited inferior thermal decomposition temperature over direct and 

acetylene linked compounds. It might be attributed to the flexibility of vinyl linker. 

Interestingly, 10b showed high decomposition temperature than the reported carbazole trimer 

9,9′,9′′-tri-sec-butyl[2,2′;7′,2′′]-tercarbazole [178]. This attests the beneficial role cyano group in 

improving the thermal robustness of carbazole. Similarly, thermal decomposition temperature 
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of 12a is higher when compared to the reported dye, 7,7'-((9,9-dibutyl-9H-fluorene-2,7-

diyl)bis(ethyne-2,1-diyl))bis(9,9-dipropyl-9H-fluorene-2-carbonitrile) which contains 

cyanofluorene instead of cyanocarbazole [151]. It suggests the role of rigid carbazole in 

improving thermal decomposition temperature in 12a. The remarkable thermal stability of these 

compounds is beneficial to increase the durability of the light-emitting devices.  
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Figure 4.16 TGA plot of the dyes. 

Table 4.5 Thermal and electrochemical properties of the dyes 

Dye Tonset, °Ca Td, °C Eox, V
b HOMO, eVc LUMO, eVd E0-0, eVe 

10a 445 639 0.87 -5.67 -2.52 3.15 

10b 463 688 0.76 -5.56 -2.43 3.13 

10c 429 667 0.61 -5.41 -2.24   3.17 

12a 434 467 0.92 -5.72 -2.65 3.07 

12b 457 742 0.79 -5.59 -2.55 3.04 

12c 440 768 0.65 -5.45 -2.33 3.12 

14a 386 604 0.65 -5.45 -2.62 2.83 

14b 400 647 0.48 -5.28 -2.47 2.81 

14c 394 634 0.39 -5.19 -2.31 2.88 
a Temperature corresponding to 10% weight loss. b Oxidation potential quoted reference to ferrocene 

internal standard. c HOMO = -(4.8 + Eox). 
d LUMO = HOMO + E0-0. 

e Optical band gap obtained from the 

intersection of normalized absorption and emission spectra (optical edge). 
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4.2.5 Theoretical Investigations 

To get insight into the electronic structure and photophysical properties of these materials, 

we have performed density functional theoretical calculations. The geometry of the molecules 

were optimized using B3LYP functional and 6-31G(d,p) basis set [155-156]. The alkyl chains 

were approximated to methyl to reduce the cost of computational time and it may not affect the 

point of discussion. The computed absorption maxima and oscillator strength of the most 

prominent electronic transitions of the compounds are listed in Table 4.6. The frontier 

molecular orbital diagrams of the dyes are represented in Figure 4.17 to Figure 4.19.  

 

Figure 4.17 Frontier molecular orbital diagrams of the dyes (10a-10c) and their contribution to 

prominent absorptions. 
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Figure 4.18 Frontier molecular orbital diagrams of the dyes (12a-12c) and their contribution to 

prominent absorptions. 

 

 

Figure 4.19 Frontier molecular orbital diagrams of the dyes (14a-14c) and their contribution to 

prominent absorptions. 
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Table 4.6 Predicted vertical excitation obtained by B3LYP/6-31G (d,p) method for the dyes 

Dye λmax (nm) f Assignment 

10a 332 2.8121 HOMO→LUMO (84%) 

10b 329 2.7813 HOMO→LUMO (83%) 

10c 274 0.3769 HOMO-1→LUMO+2 (32%), HOMO-1→LUMO+1 (29%),                

HOMO-5→LUMO (11%) 

 297 0.2529 HOMO→LUMO+2 (57%), HOMO→LUMO+1 (19%) 

 300 0.2288 HOMO→LUMO+1 (39%), HOMO-1→LUMO (24%), 

HOMO→LUMO+2 (23%) 

 305 0.1415 HOMO-3→LUMO (31%), HOMO-2→LUMO+1 (29%),             

HOMO-2→LUMO (14%), HOMO-3→LUMO+1 (11%) 

 316 1.6974 HOMO→LUMO (71%), HOMO-1→LUMO+1 (17%) 

12a 282 0.1057 HOMO→LUMO+2 (35%), HOMO-1→LUMO+1 (32%),            

HOMO-4→LUMO (15%) 

 379 3.8309 HOMO→LUMO (85%) 

12b 283 0.1533 HOMO→LUMO+2 (35%), HOMO-2→LUMO+1 (23%),             

HOMO-5→LUMO (13%), HOMO-1→LUMO+1 (11%) 

 376 3.8746 HOMO→LUMO (85%) 

12c 288 0.2601 HOMO-1→LUMO+1 (46%), HOMO-1→LUMO+2 (16%), 

HOMO→LUMO (10%) 

 325 0.9616 HOMO→LUMO+1 (56%), HOMO-1→LUMO (34%) 

 353 2.6004 HOMO→LUMO (71%), HOMO-1→LUMO+1 (18%) 

14a 288 0.1613 HOMO-1→LUMO+1 (38%), HOMO→LUMO+2 (30%),             

HOMO-4→LUMO (16%) 

 401 3.5255 HOMO→LUMO (87%) 

14b 271 0.1327 HOMO→LUMO+2 (55%), HOMO-5→LUMO (17%),                

HOMO-1→LUMO+1 (11%) 

 290 0.2054 HOMO-1→LUMO+1 (39%), HOMO→LUMO+2 (29%),            

HOMO-5→LUMO (14%) 

 334 0.1105 HOMO-2→LUMO (50%), HOMO→LUMO+1 (41%) 

 400 3.4885 HOMO→LUMO (87%) 

14c 295 0.3176 HOMO-1→LUMO+1 (53%), HOMO-1→LUMO+2 (11%), 

HOMO→LUMO (10%) 

 333 0.9315 HOMO→LUMO+1 (59%), HOMO-1→LUMO (33%) 

 368 3.0010 HOMO→LUMO (76%), HOMO-1→LUMO+1 (17%) 

 

The trend of absorption maxima of the compounds is similar to that of experimental results 

which depend on the nature of linker as direct (10) < acetylene (12) < vinyl (14). Similarly, 

within the series, absorption maxima followed the trend for central aromatic linkage as 3,6-

carbazole (c) < 2,7-fluorene (a) < 2,7-carbazole (b). The HOMO and LUMO of the linear 

compounds (10a, 10b, 12a, 12b and 14a, 14b) are dispersed over the entire molecule. 

Therefore, the HOMO to LUMO excitation in these linear compounds is assigned to typical π-
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π* absorption. In contrast, for V-shaped compounds (10c, 12c and 14c), HOMO is mainly 

localized on central carbazole and spread into end-capped cyanocarbazole units to some extent. 

However, the LUMO is concentrated mainly on peripheral cyanocarbazoles. This clearly 

indicates the drifting of electron density from central carbazole to terminal cyanocarbazoles 

during electronic excitation [157-159]. 

4.2.6 Electroluminescence Properties 

To evaluate the electroluminescence performance of the dyes, we fabricated the OLED 

devices with the configuration, ITO/PEDOT:PSS/CBP:dye/TPBi/LiF/Al. Here, indium doped 

tin oxide (ITO) serves as anode, polyethylenedioxythiophene/polystyrenesulfonate 

(PEDOT:PSS) as hole injecting layer, N,N’-dicarbazolyl-4,4’-biphenyl (CBP) as host material 

into which the dyes are doped, 1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene (TPBi) as 

electron transporting or hole blocking layer, LiF as electron injecting layer and aluminum as  

cathode.  

Initially, we fabricated a non-doped device with the dye 12c as emitting layer. We observed 

high current density and low luminance. In addition, we noted broad and red shifted 

electroluminescence spectra as compared to its photoluminescence recorded in toluene. It might 

be due to the formation of J- aggregates in solid state, which resulted in poor quality of thin film 

[145,163,199]. The observation of high current density probably arises from the hole only 

current. Due to the fast injection of hole carriers and imbalanced charge transport, the hole 

carriers could have reached cathode before the recombination takes place in emissive layer 

[199]. As a result, the recombination zone formed at the interface rather than at emissive layer 

leading to the quenching of excitons without electroluminescence. Thus, low luminance is 

observed. However, the observed electroluminescence performance is better than the reported 

device fabricated with 3,6-bis[2-(9-(2-ethylhexyl)-9H-carbazol-3-yl)-ethynyl]-9H-carbazole in 

a similar device configuration [30]. The improved luminance could be attributed to the electron 

withdrawing CN group which boosted the electron transport while retarding hole mobility. 

Since the non-doped device gave poor performance probably due to the aggregation of the dyes 

in solid state, we changed our focus for doped devices by using these emitters as dopants into 

CBP host to alleviate the intermolecular interactions. The energy level diagram of doped device 

configuration is represented in Figure 4.20. The current density-voltage-luminance (J-V-L) 

plots and the electroluminescence spectra of the devices are displayed in Figures 4.21 to 4.26. 
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The electroluminescent data is collected in Table 4.7. In the doped devices, the emission 

maximum of electroluminescence is blue shifted when compared to that of non-doped device 

and it closely resembles to emission maximum of photoluminescence spectrum recorded in 

toluene (Figure 4.26). It clearly indicates that the dispersion of dye molecules into CBP host 

suppressed the formation of aggregation by dilution effect and the emission originates from the 

dopants [164]. As the doping concentration is increased, electroluminescence emission 

maximum slightly shifts to the longer wavelength region because of aggregation.  

 

Figure 4.20 Energy level diagram of the materials used in OLED device (all values are in eV 

with reference to vacuum). 

The doped devices fabricated with the acetylene congeners (12a-12c) exhibited higher 

power and current efficiencies when compared to those of directly linked analogs (10a-10c). 

The energy barrier (Figure 4.20) for the injection of holes and electrons is relatively less for the 

acetylene dyes, which could facilitate balanced transport of charge carriers. Particularly, the 

low- lying LUMO of acetylene derivatives is beneficial for achieving balanced charge transport 

and thus maximum harvesting of excitons and better electroluminescence performance. The 

relatively high-energy barrier of 10c for the injection of holes and electrons restricted the 

performance of the corresponding device within the series. This may be due to the incomplete 

energy transfer from CBP host to the dopant [200]. Furthermore, high energy barrier for the 
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injection of charge carriers from host to dopant resulted in high turn-on voltage for 10c 

compared to other dyes. 3,6-carbazole substituted compounds showed high turn-on voltage in 

each set of derivatives owing to high energy barrier for charge injection. In contrast, 2,7-

fluorene and 2,7-carbazole derivatives gave similar turn-on voltage. 

The doped devices containing vinyl linked compounds showed high electroluminescence 

performances compared to both acetylene and directly linked counterparts. The superior current 

and power efficiency of 14a-14c might be due to low energy barrier for the transportation of 

charge carriers and effective harvesting and confinement of excitons in emissive layer. The low 

turn-on voltage of vinyl linked compounds is attributed to high-lying HOMO energy level 

which facilitates the easy injection of hole charge carriers from PEDOT into emissive layer. 

Also, linear carbazole compound 14b showed almost two-fold increase in power and current 

efficiency when compared to that of fluorene analog 14a. It is due to more favorable energy 

barrier for the transportation of charge carriers for linear carbazole compound than fluorene 

analog.  

All the direct and acetylene linked compounds (10a-10c and 12a-12c) exhibited deep blue 

emission with the CIE coordinate of x = 0.16, and y in the range of 0.04 to 0.07. These values 

match well with the standard deep blue emission (0.14, 0.08) prescribed by National Television 

System Committee (NTSC 1987). The narrow full width half maxima (FWHM) of the EL 

spectra are responsible for the high color purity of OLED light. This further confirms the 

suppression of detrimental aggregation of the dyes in the solid state. The best 

electroluminescence performance which meets the NTSC deep blue emission standard is 

obtained for the device fabricated with the dye, 12a (1 wt%). It showed the power efficiency of 

1.2 lm/W, current efficiency of 2.0 cd/A and EQE of 4.4%. It might be due to the lowest energy 

barrier of 12a with adjacent layers and host, which favors balanced charge transport, and 

effective transfer of energy from CBP host to the dopant.  

On the whole, the best electroluminescence efficiency is observed for the device fabricated 

with 14b (3 wt%) with power efficiency of 6.2 lm/W, current efficiency of 8.5 cd/A, EQE of 

4.6% and maximum luminance of 9314 cd/m2. The high performance is attributed to favorable 

energy barrier of the compound with neighboring charge transporting layers and host which 

results in balanced charge transport and effective energy transfer from CBP host to the dopant. 

However, the color purity of vinyl linked compounds is compromised to some extent due to 
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higher FWHM of electroluminescence spectra. The electroluminescence emission falls in bluish 

green color. Since the vinyl linker-based compounds possessed low band gap, the 

electroluminescence spectrum is red shifted compared to their direct and acetylene linked 

counterparts. As a result, they exhibited bluish green emission. Further, the relatively larger 

FWHM value attests the compromise of color purity to some extent. Interestingly, the 

cyanocarbazole end capped trimers exhibited superior performance over their corresponding 

mono- substituted cyanocarbazole (Chapter 3). It could be ascribed to the presence of two 

cyanocarbazole units which is beneficial to realize balanced charge transport and thus effective 

harvesting of excitons.  
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Figure 4.21 J-V-L characteristics and comparison of EL spectra and PL of the dye 10a.

0 64 128 192 256 320

0

360

720

1080

1440

1800

(b)

L
u

m
in

a
n

c
e

 (
c

d
/m

2
)

Current density (mA/cm
2
)

10b (a)

370 410 450 490 530 570

0.00

0.26

0.52

0.78

1.04

 1.0

 3.0

 5.0

 TOL

N
o

rm
a
li

z
e
d

 E
L

 i
n

te
n

s
it

y

Wavelength (nm)

0 2 4 6 8 10

0

84

168

252

336

420

 1.0

 3.0

 5.0

C
u

rr
e
n

t 
d

e
n

s
it

y
 (

m
A

/c
m

2
)

Voltage (V)

 

Figure 4.22 J-V-L characteristics and comparison of EL spectra and PL of the dye 10b. 
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Figure 4.23 J-V-L characteristics and comparison of EL spectra and PL of the dye 10c.
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Figure 4.24 J-V-L characteristics and comparison of EL spectra and PL of the dye 12a.
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Figure 4.25 J-V-L characteristics and comparison of EL spectra and PL of the dye 12b. 
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Figure 4.26 J-V-L characteristics and comparison of EL spectra and PL of the dye 12c. 

0 140 280 420 560 700

0

1800

3600

5400

7200

9000

 100

 1.0

 3.0

 5.0

(b)

L
u

m
in

a
n

c
e
 (

c
d

/m
2
)

Current density (mA/cm
2
)

14a (a)

400 460 520 580 640 700

0.00

0.25

0.50

0.75

1.00

 100

 1.0

 3.0

 5.0

 TOL

N
o

rm
a

li
z
e

d
 E

L
 i

n
te

n
s

it
y

Wavelength (nm)

0 2 4 6 8 10

0

100

200

300

400

500

C
u

rr
e

n
t 

d
e
n

s
it

y
 (

m
A

/c
m

2
)

Voltage (V)

 

Figure 4.27 J-V-L characteristics and comparison of EL spectra and PL of the dye 14a. 
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Figure 4.28 J-V-L characteristics and comparison of EL spectra and PL of the dye 14b. 
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Figure 4.29 J-V-L characteristics and comparison of EL spectra and PL of the dye 14c. 
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Table 4.7 Electroluminescent parameters of the dyes a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                           

avalues at 100 cd/m2 

Dye wt% Turn-on 

voltage 

(V) 

Power 

Efficiency 

(lm/w) 

Current 

Efficiency 

(cd/A) 

EQE 

(%) 

CIE (x,y) Maximum 

Luminance 

(cd/m2) 

λEL (nm) FWHM 

(nm) 

10a 1.0 5.2 0.6 1.0 3.7 (0.16, 0.05) 1191 408 55 

 3.0 5.0 0.9 1.4 4.2 (0.16, 0.05)  1490 412 53 

 5.0 5.7 0.7 1.2 3.6 (0.16, 0.05)  1388 416 51 

10b 1.0 4.5 0.8 1.2 3.7 (0.16, 0.04) 1305 416 54 

 3.0 4.6 0.9 1.3 3.9 (0.16, 0.05) 1568 418 50 

 5.0 4.8 1.0 1.5 4.0 (0.16, 0.05) 1648 420 51 

10c 1.0 6.5 0.3 0.6 2.0 (0.16, 0.05) 360 408 54 

 3.0 6.5 0.3 0.6 1.8 (0.16, 0.05) 420 412 52 

 5.0 6.4 0.3 0.6 1.7 (0.16, 0.05) 409 412 53 

12a 0.5 5.2 0.8 1.3 3.2 (0.16, 0.07) 1221 416 68 

 1.0 5.1 1.2 2.0 4.4 (0.16, 0.07) 1518 416 60 

 3.0 5.1 1.1 1.9 3.5 (0.16, 0.07) 2276 420 54 

12b 0.5 5.3 0.7 1.2 3.0 (0.16, 0.06) 1068 420 56 

 1.0 5.5 0.8 1.4 3.0 (0.16, 0.06) 1464 420 53 

 3.0 5.4 0.8 1.4 2.8 (0.16, 0.06) 1700 424 47 

12c 0.5 5.7 0.4 0.8 2.6 (0.16, 0.05) 864 408 55 

 1.0 5.6 0.6 1.1 3.4 (0.16, 0.05) 1085 408 52 

 3.0 5.5 0.8 1.4 3.6 (0.16, 0.06) 1706 412 49 

14a 1.0 4.5 3.2 4.6 3.0 (0.16, 0.21)  5834 456, 488 73 

 3.0 4.3 3.2 4.3 2.6 (0.16, 0.26)  8478 460, 488 73 

 5.0 4.1 2.6 3.4 1.8 (0.16, 0.28)  7810 460, 488 75 

14b 1.0 4.4 5.7 8.0 4.4 (0.16, 0.26)  6304 460, 492 75 

 3.0 4.3 6.2 8.5 4.6 (0.16, 0.30)  9314 464, 496 75 

 5.0 4.3 5.3 7.4 4.5 (0.16, 0.26)  8404 460, 488 73 

14c 1.0 5.5 2.4 4.2 3.5 (0.15, 0.14) 2286 448 70 

 3.0 5.6 2.7 4.8 3.4 (0.15, 0.18) 3107 452 70 

 5.0 5.7 2.6 4.6 3.1 (0.15, 0.18)  3163 456 67 
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4.3 Conclusions 

Cyanocarbazole end capped fluorene/carbazole trimers have been designed, synthesized 

and characterized by their photophysical and electroluminescent properties. The effect of core 

unit, spacer and linking topology on photophysical, electrochemical and electroluminescent 

properties is studied elaborately. The linear compounds showed solvent independent emission 

while V-shaped compounds displayed positive solvatochromism attributable to intramolecular 

charge transfer excited state. The linear carbazole derivatives showed high thermal 

decomposition temperature compared to their analogous fluorene compounds which attest the 

role of carbazole. Also, acetylene linked compounds show better thermal stability over directly 

connected and vinyl compounds owing to rigid and rod-like spacer. Despite of similar HOMO 

energy level for direct and acetylene derivatives, the LUMO of acetylene derivatives are 

stabilized due to the electron withdrawing nature of acetylene spacer. The vinyl derivatives 

gave high lying HOMO and low lying LUMO which was beneficial for facile transportation of 

charge carriers. As a result, vinyl linked compounds showed high power efficiency and current 

efficiency. The effect of cyano- group of peripheral carbazole on photophysical and 

electroluminescent properties is established by comparing the known compounds in the 

literature. The balanced charge transport of charge carriers was obtained by the presence of 

cyano- group without compromising color purity of electroluminescence and hence better 

OLED performance. 

4.4 Experimental Section 

4.4.1 General Materials and Methods 

Computational methods, OLED device fabrication and characterization methods are similar 

to that are in chapter 3. 

4.4.2 Synthesis 

Synthesis of 7,7'-(9,9-diethyl-9H-fluorene-2,7-diyl)bis(9-(2-ethylhexyl)-9H-carbazole-2-

carbonitrile), 10a 

A mixture of 7-bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile (0.74 g, 1.94 mmol), 

(9,9-diethyl-9H-fluorene-2,7-diyl)diboronic acid (0.3 g, 0.97 mmol), PdCl2(PPh3)2 (13.6 mg, 

0.019 mmol), PPh3 (10.2 mg, 0.038 mmol),  potassium  carbonate (0.8 g, 5.8 mmol) and DMF/ 
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water (21:7 mL) is heated to 80 °C for 12 h under nitrogen atmosphere. After completion of the 

reaction, the mixture is poured to water and extracted with chloroform. The organic layer was 

dried over anhydrous sodium sulphate. Finally, the solvent was removed under vacuum to yield 

a residue which was further purified by column chromatography using hexane/chloroform (2:3) 

as eluant. Tan color solid. Yield 0.58 g (73%). mp 146-148 °C; IR (KBr, cm-1) 2221 (νC≡N); 1H 

NMR (CDCl3, 400 MHz) δ 8.21-8.16 (m, 4 H), 7.88 (d, J = 7.6 Hz, 2 H), 7.74-7.63 (m, 10 H), 

7.51 (d, J = 8.4 Hz, 2 H), 4.32-4.21 (m, 4 H), 2.22-2.11 (m, 6 H), 1.48-1.25 (m, 16 H), 0.98 (t, J 

= 7.2 Hz, 6 H), 0.89 (t, J = 7.6 Hz, 6 H), 0.51 (t, J = 7.6 Hz, 6 H). 13C NMR (CDCl3, 100.3 

MHz) δ 151.08, 142.62, 141.49, 140.62, 140.28, 126.64, 126.05, 122.15, 122.03, 121.43, 

120.87, 120.40, 120.21, 119.75, 113.12, 107.86, 107.79, 56.36, 47.57, 39.50, 32.84, 30.97, 

28.76, 24.45, 23.01, 13.99, 10.91, 8.74. HRMS calcd for C59H62N4 m/z 826.4969, found 

826.4948. 

Synthesis of 9,9',9''-tris(2-ethylhexyl)-9H,9'H,9''H-[2,2':7',2''-tercarbazole]-7,7''-

dicarbonitrile, 10b 

It was prepared from a mixture of 7-bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile 

(0.73 g, 1.90 mmol), (9-(2-ethylhexyl)-9H-carbazole-2,7-diyl)diboronic acid (0.35 g, 0.95 

mmol), PdCl2(PPh3)2 (13.3 mg, 0.019 mmol), PPh3 (10.0 mg, 0.038 mmol),  potassium  

carbonate (0.8 g, 5.8 mmol) and DMF/water (21:7 mL) by following the procedure described 

for 10a. Greenish yellow solid. Yield 0.6 g (71%); mp 214-216 °C; IR (KBr, cm-1) 2222 (νC≡N); 

1H NMR (CDCl3, 400 MHz) δ 8.25-8.17 (m, 6 H), 7.75-7.68 (m, 8 H), 7.63-7.61 (m, 2 H), 7.53-

7.51 (m, 2 H), 4.35-4.27 (m, 6 H), 2.24-2.13 (m, 3 H), 1.51-1.27 (m, 24 H), 0.98 (t, J = 8.0 Hz, 

9 H), 0.88 (t, J = 6.8 Hz, 9 H). 13C NMR (CDCl3, 100.3 MHz) δ 142.65, 142.12, 142.06, 

140.24, 139.57, 126.07, 122.18, 122.02, 121.46, 120.87, 120.81, 120.75, 120.42, 120.11, 

119.16, 113.12, 108.30, 108.01, 107.78, 47.66, 47.39, 39.52, 39.44, 31.07, 30.96, 28.83, 28.73, 

24.38, 23.09, 23.03, 14.05, 14.01, 10.97, 10.91. HRMS calcd for C62H69N5 m/z 883.5547, found 

883.5531. 

Synthesis of 9'-butyl-9,9''-bis(2-ethylhexyl)-9H,9'H,9''H-[2,3':6',2''-tercarbazole]-7,7''-

dicarbonitrile, 10c 

It was prepared from a mixture of 7-bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile 

(0.74 g, 1.94 mmol), (9-butyl-9H-carbazole-3,6-diyl)diboronic acid (0.3 g, 0.97 mmol), 
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PdCl2(PPh3)2 (13.6 mg, 0.019 mmol), PPh3 (10.2 mg, 0.038 mmol),  potassium  carbonate (0.8 

g, 5.8 mmol) and DMF/water (21:7 mL) by following the procedure described for 10a. Yellow 

solid. Yield 0.53 g (66%); mp 172-174 °C; IR (KBr, cm-1) 2222 (νC≡N); 1H NMR (CDCl3, 400 

MHz) δ 8.49 (s, 2 H), 8.22-8.15 (m, 4 H), 7.87-7.85 (m, 2 H), 7.72-7.68 (m, 6 H), 7.59-7.49 (m, 

4 H), 4.42 (t, J = 6.8 Hz, 2 H), 4.31-4.21 (m, 4 H), 2.13 (t, J = 5.6 Hz, 2 H), 2.00-1.93 (m, 2 H), 

1.51-1.26 (m, 16 H), 1.04-0.85 (m, 17 H). 13C NMR (CDCl3, 100.3 MHz) δ 142.79, 142.10, 

140.58, 140.13, 132.92, 126.19, 125.89, 123.51, 122.13, 121.39, 120.73, 120.48, 120.32, 

120.02, 119.36, 113.05, 109.32, 107.88, 107.55, 47.63, 43.14, 39.38, 31.22, 30.90, 28.69, 24.39, 

23.01, 20.60, 14.02, 13.92, 10.91. HRMS calcd for C58H61N5 m/z 827.4921, found 827.4948. 

Synthesis of 7,7’-(9,9-dibutyl-9H-fluorene-2,7-diyl)bis(ethyne-2,1-diyl))bis(9-(2-

ethylhexyl)-9H-carbazole-2-carbonitrile), 12a 

A mixture of 9,9-dibutyl-2,7-diethynyl-9H-fluorene (0.5 g, 1.5 mmol), 7-bromo-9-(2-

ethylhexyl)-9H-carbazole-2-carbonitrile (1.1 g, 3.0 mmol), Pd(PPh3)2Cl2 (21.1 mg, 0.03 mmol), 

PPh3 (7.9 mg, 0.03 mmol), CuI (17.1 mg, 0.09 mmol) and triethylamine (30 mL) was refluxed 

for 12 h under nitrogen atmosphere. After completion of the reaction, the mixture was poured 

into water and extracted with chloroform. The organic layer was dried over anhydrous sodium 

sulphate. Finally, the solvent was removed under vacuum to yield a residue which was further 

purified by column chromatography using hexane/chloroform (1:4) as eluant. Brown solid. 

Yield 0.85 g (65%); mp 194-196 °C; IR (KBr, cm-1) 2221 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 

8.14 (d, J = 8.4 Hz, 1 H), 8.11 (d, J = 8.0 Hz, 1 H), 7.74-7.69 (m, 4 H), 7.65-7.59 (m, 6 H), 

7.53-7.49 (m, 4 H), 4.26-4.15 (m, 2 H), 2.12-2.02 (m, 6 H), 1.46-1.25 (m, 16 H), 1.17-1.08 (m, 

4 H), 0.94 (t, J = 7.2 Hz, 6 H), 0.89 (t, J = 7.2 Hz, 6 H), 0.70 (t, J = 7.6 Hz, 6 H), 0.65-0.62 (m, 

4 H); 13C NMR (CDCl3, 100.3 MHz) δ 151.14, 141.71, 140.82, 140.37, 130.88, 125.96, 125.84, 

123.55, 122.29, 122.20, 121.83, 121.62, 121.16, 121.10, 120.21, 120.09, 113.31, 112.55, 

108.32, 91.11, 90.69, 55.21, 47.84, 40.28, 39.31, 30.83, 28.62, 25.89, 24.40, 23.07, 23.03, 

14.02, 13.85, 10.91; HRMS calcd for C67H70N4 (m/z + 1) 931.5673, found 931.5694. 

Synthesis of 7,7’-((9-butyl-9H-carbazole-2,7-diyl)bis(ethyne-2,1-diyl))bis(9-(2-ethylhexyl)-

9H-carbazole-2-carbonitrile), 12b 

It was prepared from a mixture of 9-butyl-2,7-diethynyl-9H-carbazole (0.5 g, 1.8 mmol), 7-

bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile (1.4 g, 3.6 mmol), Pd(PPh3)2Cl2 (25.3 mg, 
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0.036 mmol), PPh3 (9.4 mg, 0.036 mmol), CuI (20.6 mg, 0.108 mmol) and triethylamine (30 

mL) by following the procedure described for 12a. Yellow solid. Yield 0.81 g (52%); mp 266-

268 °C; IR (KBr, cm-1) 2225 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.14-8.07 (m, 6 H), 7.68 (d, 

J = 11.2 Hz, 6 H), 7.55-7.49 (m, 6 H), 4.34 (t, J = 7.6 Hz, 2 H), 4.25-4.15 (m, 4 H), 2.12-2.06 

(m, 2 H), 1.96-1.89 (m, 2 H), 1.51-1.25 (m, 18 H), 1.03-0.87 (m, 15 H); 13C NMR (CDCl3, 

100.3 MHz) δ 141.71, 140.74, 140.35, 125.83, 123.57, 123.00, 122.64, 122.32, 122.27, 121.57, 

121.12, 121.06, 120.68, 120.54, 120.36, 120.21, 113.28, 112.56, 112.02, 108.30, 91.51, 90.28, 

47.81, 43.10, 39.30, 31.12, 30.84, 29.67, 28.62, 24.40, 23.02, 20.64, 14.01, 10.90; HRMS calcd 

for C62H61N5 m/z 875.4927, found 875.4914. 

Synthesis of 7,7’-((9-butyl-9H-carbazole-3,6-diyl)bis(ethyne-2,1-diyl))bis(9-(2-ethylhexyl)-

9H-carbazole-2-carbonitrile), 12c 

It was prepared from a mixture of 9-butyl-3,6-diethynyl-9H-carbazole (0.5 g, 1.8 mmol), 7-

bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile (1.4 g, 3.6 mmol), Pd(PPh3)2Cl2 (25.3 mg, 

0.036 mmol), PPh3 (9.4 mg, 0.036 mmol), CuI (20.6 mg, 0.108 mmol) and triethylamine (30 

mL) by following the procedure described for 12a. Yellow solid. Yield 0.75 g (48%); mp 184-

186 °C; IR (KBr, cm-1) 2221 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.34 (s, 2 H), 8.13-8.09 (m, 

4 H), 7.73 (d, J = 8.8 Hz, 2 H), 7.66 (d, J = 13.2 Hz, 4 H), 7.53-7.48 (m, 4 H), 7.42 (d, J = 8.4 

Hz, 2 H), 4.33 (t, J = 7.6 Hz, 2 H), 4.24-4.14 (m, 4 H), 2.09 (t, J = 6.4 Hz, 2 H), 1.93-1.86 (m, 2 

H), 1.46-1.26 (m, 18 H), 1.00-0.93 (m, 9 H), 0.89 (t, J = 6.8 Hz, 6 H); 13C NMR (CDCl3, 100.3 

MHz) δ 141.60, 140.30, 140.08, 129.63, 125.72, 124.01, 123.36, 122.67, 122.30, 122.03, 

121.13, 120.93, 120.79, 120.19, 113.65, 113.01, 112.22, 108.96, 107.94, 91.38, 88.83, 47.57, 

42.96, 39.18, 30.98, 30.75, 28.52, 24.29, 22.94, 20.41, 13.95, 13.76, 10.80; HRMS calcd for 

C62H61N5 m/z 875.4927, found 875.4926. 

Synthesis of 7,7'-((1E,1'E)-(9,9-diethyl-9H-fluorene-2,7-diyl)bis(ethene-2,1-diyl))bis(9-(2-

ethylhexyl)-9H-carbazole-2-carbonitrile), 14a 

A mixture of 9,9-diethyl-2,7-divinyl-9H-fluorene (0.25 g, 0.91 mmol), 7-bromo-9-(2-

ethylhexyl)-9H-carbazole-2-carbonitrile (0.74 g, 1.93 mmol), Pd(OAc)2 (8.2 mg, 0.036 mmol), 

sodium acetate (1.5 g, 18.2 mmol), tetrabutylammonium bromide (116 mg, 0.36 mmol) in 20 

mL of DMF was heated to 100 C for 24 h under nitrogen atmosphere in the pressure tube 

under sealed condition. After completion of the reaction, the reaction mixture was poured into 
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water and extracted with chloroform. The organic layer was dried over sodium sulphate. 

Finally, the solvent was removed under vacuum to yield a residue which was then purified by 

column chromatography. Yellow solid. Yield 0.44 g (55%). mp 202-204 °C; IR (KBr, cm-1) 

2218 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.10 (dd, J = 14 Hz, J = 2.8, 4 H), 7.73 (d, J = 8.0 

Hz, 2 H), 7.67 (s, 2 H), 7.59-7.54 (m, 8 H), 7.48 (d, J = 8.0 Hz, 2 H), 7.37 (s, 4 H), 4.27-4.17 

(m, 4 H), 2.18-2.08 (m, 6 H), 1.47-1.26 (m, 16 H), 0.96 (t, J = 7.6 Hz, 6 H), 0.90 (t, J = 7.2 Hz, 

6 H), 0.42 (t, J = 7.6 Hz, 6 H). 13C NMR (CDCl3, 100.3 MHz) δ 150.76, 142.52, 141.19, 

140.19, 137.29, 136.20, 129.89, 128.47, 126.07, 121.97, 121.35, 121.15, 120.66, 120.37, 

119.97, 118.55, 118.44, 113.03, 112.92, 107.62, 107.32, 56.07, 47.57, 39.31, 32.91, 30.85, 

28.67, 24.41, 22.99, 14.00, 10.89, 8.59; HRMS calcd for C63H66N4 (m/z +1) 879.5360, found 

879.5341. 

Synthesis of 7,7'-((1E,1'E)-(9-(2-ethylhexyl)-9H-carbazole-2,7-diyl)bis(ethene-2,1-

diyl))bis(9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile), 14b 

It was prepared from a mixture of 9-(2-ethylhexyl)-2,7-divinyl-9H-carbazole (0.3 g, 0.90 

mmol), 7-bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile (0.73 g, 1.90 mmol), Pd(OAc)2 

(8.2 mg, 0.036 mmol), sodium acetate (1.5 g, 18.0 mmol) and tetrabutylammonium bromide 

(116 mg, 0.36 mmol) in 20 mL of DMF by following the procedure described for 14a. Yellow 

solid. Yield 0.48 g (57%). mp 298-300 °C; IR (KBr, cm-1) 2222 (νC≡N); 1H NMR (CDCl3, 400 

MHz) δ 8.12-8.06 (m, 6 H), 7.66 (s, 2 H), 7.59-7.38 (m, 14 H), 4.25-4.15 (m, 6 H), 2.17-2.08 

(m, 3 H), 1.49-1.26 (m, 24 H), 1.00-0.86 (m, 18 H). 13C NMR (CDCl3, 100.3 MHz) δ 142.61, 

142.01, 140.27, 137.35, 134.98, 130.49, 128.60, 126.15, 122.60, 122.18, 121.37, 121.18, 

120.73, 120.49, 120.46, 118.50, 117.84, 113.09, 107.66, 107.50, 107.35, 47.64, 39.39, 30.88, 

28.72, 24.44, 23.04, 14.09, 10.94; HRMS calcd for C66H73N5 m/z 935.5860, found 935.5859. 

Synthesis of 7,7'-((1E,1'E)-(9-butyl-9H-carbazole-3,6-diyl)bis(ethene-2,1-diyl))bis(9-(2-

ethylhexyl)-9H-carbazole-2-carbonitrile), 14c 

It was prepared from a mixture of 9-butyl-3,6-divinyl-9H-carbazole (0.25 g, 0.91 mmol), 7-

bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile (0.74 g, 1.93 mmol), Pd(OAc)2 (8.2 mg, 

0.036 mmol), sodium acetate (1.5 g, 18.0 mmol) and tetrabutylammonium bromide (116 mg, 

0.36 mmol) in 20 mL of DMF by following the procedure described for 14a. Yellow solid. 

Yield 0.41 g (51%). mp 170-172 °C; IR (KBr, cm-1) 2216 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 
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8.33 (s, 1 H), 8.11 (d, J = 8.0 Hz, 4 H), 7.76-7.67 (m, 4 H), 7.59-7.55 (m, 4 H), 7.49-7.35 (m, 8 

H), 4.34 (t, J = 6.8 Hz, 2 H), 4.27-4.17 (m, 4 H), 2.12-2.10 (t, J = 5.6 Hz, 2 H), 1.94-1.87 (m, 2 

H), 1.45-1.27 (m, 18 H), 0.98 (t, J = 6.8 Hz, 9 H), 0.91 (t, J = 7.2 Hz, 6 H). 13C NMR (CDCl3, 

100.3 MHz) δ  HRMS calcd for C62H65N5 m/z 879.5234, found 879.5243. 

Synthesis of 9,9-diethyl-2,7-divinyl-9H-fluorene, 13a 

A mixture of methyltriphenylphosphonium bromide (1.9 g, 5.3 mmol), potassium tertiary 

butoxide (0.74 g, 6.6 mmol) and 40 mL of THF is purged under nitrogen atmosphere for 10 

minutes. 9,9-diethyl-9H-fluorene-2,7-dicarbaldehyde (0.6 g, 2.4 mmol) dissolved in 10 mL of 

THF was injected to the above mixture and heated to 60 °C for 24 h. After completion of 

reaction, the reaction mixture was filtered by Celite powder. The organic layer was collected, 

washed with water and extracted by chloroform. The organic layer was dried over sodium 

sulphate and purified by column chromatography. Colorless solid. Yield 0.4 g, (67%). mp 38-40 

°C. 1H NMR (CDCl3, 400 MHz) δ 7.63 (d, J = 8.0 Hz, 1 H), 7.39-7.36 (m, 4 H), 6.79 (dd, J = 

17.2 Hz, J = 6.4 Hz, 2 H), 5.80 (d, J = 17.6 Hz, 2 H), 5.25 (d, J = 10.8 Hz, 2 H), 2.04 (q, J = 7.6 

Hz, 2 H), 0.33 (t, J = 7.6 Hz, 2 H). 13C NMR (CDCl3, 100.3 MHz) δ 150.52, 141.14, 137.34, 

136.49, 125.41, 120.49, 119.66, 113.04, 55.96, 32.78, 8.51; HRMS calcd for C21H22 m/z 

274.1716, found 274.1716. 
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5.1 Introduction  

Pyrene is a polyaromatic fused hydrocarbon. Since pyrene offers good optical properties, 

high thermal stability and wide range of functional modification at various nuclear positions, 

pyrene-based materials are extensively exploited for optoelectronic applications especially in 

OLED. Pyrene itself is an emitter. But the emission falls on ultra-violet region. In addition, 

planar structure of pyrene is prone to detrimental intermolecular π-π stacking. Since the 

optoelectronic applications demand the organic materials to show the absorption and emission 

in visible region of electromagnetic spectrum, pyrene alone cannot be a good candidate for the 

applications. However, the tethering of conjugate chromophores on pyrene generally alleviates 

the above mentioned limitation. As a result, the emission falls on visible region and suppresses 

the aggregate formation by the peripheral bulky structures.  

As mentioned in the previous chapters, carbazole is a potential building block for the 

construction of efficient hole transporting and fluorescent molecules. Pyrene-carbazole 

conjugates exhibit good charge transporting property and excellent emissive nature. For 

example, Kazlauskas and coworkers reported pyrene-carbazole conjugates (PC1 and PC2) as 

hole transporting materials (Chart 5.1) [123]. Grazulevicius and coworkers reported tetra-

substituted pyrene with carbazole (PC3 and PC4) through C3 and C2-linking position (Chart 

5.1) [201]. These compounds showed high quantum yield in solution. Also they gave high 

thermal stability due to the presence of rigid pyrene and carbazole. Promarak and coworkers 

designed pyrene-carbazole conjugates (PC5-PC7; Chart 5.1) as hole transporting blue emitters 

[29]. As the number of pyrene unit increased, the molecule showed better thermal and 

morphological stability. Müllen and coworkers designed N-phenyl carbazole decorated over 

2,7-position of pyrene (PC8; Chart 5.1) and demonstrated as fluorescent emitter [202]. The 

material exhibited exceptional deep blue emission. The presence of two carbazole increased the 

hole transporting ability of pyrene and controlled the formation of excimers. Further, Ni and 

coworkers reported symmetrically substituted carbazole on pyrene (PC9) as fluorescent emitter 

(Chart 5.1) [203]. They found that the multi-substitution of pyrene suppressed the 

intermolecular interaction effectively and thereby increased the fluorescent quantum yields.  
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Chart 5.1 Pyrene-carbazole conjugates demonstrated in OLED applications. 

The suitable conjugate spacer is beneficial to increase the π conjugation length across the 

molecular backbone. Acetylene serves as a rigid and linear spacer often used in organic 

chromophores to raise the conjugation length. Pyrene-carbazole conjugates connected through 

acetylene spacer are used as fluorescent emitters and found that the presence of acetylene spacer 

resulted in increases thermal stability and red shifts the absorption and emission maxima. For 

example, Lu and coworkers reported carbazole end capped pyrenes (PC10-PC13) linked 

through acetylene spacer (Chart 5.2) as fluorescence emitters [204-205]. Owing to the rigid and 

planar acetylene spacer, the emitters showed good electronic conjugation, high quantum yield. 

The OLED device showed blue emission with reasonable electroluminescence performance. On 

the other hand, planar structure of acetylene spacer would lead to the formation of π aggregates 

and fluorescence quenching. However, the π-π stacking improves charge carrier mobility [199]. 

For example, Tao and coworkers reported carbazole appended pyrene connected through 
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acetylene linker (PC14; Chart 5.2) as fluorescent emitter [206]. They demonstrated the 

beneficial role of acetylene spacer to extend the intramolecular π electronic conjugation and 

better charge carrier mobility by proper intermolecular interaction. However, the 

electroluminescence performance of the devices is not up to the mark.  

 

Chart 5.2 Pyrene-carbazole conjugates containing acetylene linker for OLED applications. 

The poor OLED device performance is attributed to improper transport of charge carriers. 

The imbalanced transport of hole and electron charge carriers leads to less number of 

recombination sites in emissive layer. As a result, the luminance and current efficiency of the 

devices dropped. This limitation can be overcome by accelerating the electron mobility through 

insertion of electron withdrawing group. We used cyanocarbazole in previous chapters, to 

increase electron mobility and thereby realized balanced charge mobility and better device 

performance. We presume that the cyanocarbazole appended pyrene would give desirable 

material characteristics and better device performance owing to the realization of balanced 

charge transport. So far, the systematic study of pyrene-carbazole conjugates is not explored. 
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Thus, the study of structure-property relationships of the materials containing pyrene-carbazole 

conjugates connected through acetylene linker would shed a light on the molecular design for 

highly efficient emitters (Chart 5.3). Moreover, C2-functionalized carbazole decorated pyrenes 

are not known in the literature. We presume that rigid structures of pyrene, carbazole and 

acetylene would increase thermal robustness of the materials and the electron withdrawing 

cyano group would be beneficial to accelerate electron carrier mobility. The acetylene spacer 

would give better electronic conjugation due to planar arrangement and may help to increase the 

charge mobility through intermolecular interaction.   

 

Chart 5.3 Structure of the cyanocarbazole decorated pyrene derivatives 18a-18e. 
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5.2 Results and Discussion 

5.2.1 Synthesis and Characterization 

The synthetic route of the target dyes is illustrated in Scheme 5.1. The starting material 7-

bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile 2 was converted into 15 by following 

Sonogashira coupling reaction protocol using trimethylsilylacetylene as a coupling partner. 

Further, 15 was converted to 16 by desilylation reaction using Bu4NBr, KF in MeOH. The 

intermediate 16 was converted into target compounds 18a-18e by Sonogashira coupling 

reaction using appropriate bromo derivative of pyrene 17a-17e. All the dyes were thoroughly 

characterized by 1H and 13C nuclear magnetic resonance (NMR) spectroscopy and high 

resolution mass spectrometry (HRMS) analysis. The spectral data is consistent with the 

proposed structures. All of the dyes are soluble in common organic solvents such as 

dichloromethane (DCM), toluene (TOL), tetrahydrofuran (THF), chloroform (CHCl3), N,N-

dimethylformamide (DMF) but sparingly soluble in acetonitrile (ACN) and methanol (MeOH). 
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Scheme 5.1 Synthetic route of the target dyes 18a-18e. 

5.2.2 Photophysical Properties 

The absorption spectra of the compounds recorded in dichloromethane solution are 

displayed in Figure 5.1, and the relevant data collected in Table 5.1. Absorption spectra consist 

of two distinguishable bands with multiple shoulder peaks for all the dyes. The higher energy 

band ca. below 290 nm is dominated by π-π* transition of pyrene and/or of carbazole [207-

208]. The lower energy band can be assigned to the π-π* transition arising from delocalized 

structure. It is interesting to compare the absorption spectrum of 18a with that of the known 

compound 9-(2-ethylhexyl)-2-(pyren-1-yl)-9H-carbazole which does not have acetylene linker 

and CN group [123]. The compound 18a exhibited red shifted absorption maxima (61 nm) in 

THF solution (Table 5.2). The presence of linear conjugated acetylene linker relieves the 

molecule from twisting and thus it affords effective π electronic conjugation. Despite of 
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increase in chromophoric loading on pyrene core, the 1,6-disubstituted compound 18b exhibited 

blue shifted absorption maximum as compared to that of 18a. On the other hand, 1,8-

disubstituted compound 18c displayed red shifted absorption maximum compared to mono-

substituted compound 18a. This anomalous behavior can be understood in terms of excitonic 

coupling of transition dipoles. According to Kasha’s molecular excitons theory, the angle 

difference between transition dipoles and their interconnected axis (θ) determines the direction 

and magnitude of spectral shift [209-211]. The excitonic coupling of transition dipoles results in 

a pair of excitonic states in first excited state namely lower excitonic level and upper excitonic 

level. If the angle between transition dipoles and their interconnected axis is greater than 54.7°, 

the allowed electronic transition is from ground state to upper excitonic level of first excited 

state. The optical excitation of trans- isomer might be due to the electronic coupling of 

transition dipoles of this kind and the molecules are arranged in side-by-side stacking fashion 

which resulted in blue shift in absorption maximum. Alternatively, if θ is less than 54.7°, the 

electronic excitation populates the lower excitonic level of first excited state, thereby red shifted 

absorption is observed. The observed red shifted absorption maximum for 1,8-disubstituted 

compound 18c could be due to low θ value between the transition dipoles and interconnecting 

axis which leads to head-to-tail stacking arrangement. The parallel arrangement of 1,6-

disubstituted compound in solution may be responsible for blue shift in absorption whereas the 

head to tail arrangement of 1,8-disubstituted compound in solution leads to red shift in 

absorption spectra. Similar results are reported in the literature [210,211]. Further, the tri-

substituted compound 18d exhibited similar absorption profile and the same absorption maxima 

of 1,8-disubstituted compound 18c. It could be understood that the incorporation of additional 

ethynyl cyanocarbazole at trans- position of 18c offset the change in absorption profile.  

Tetra-substituted compound 18e gave the longest wavelength absorption among the 

compounds which is attributed to the high chromophoric loading. Interestingly, the compound 

18e exhibited large bathochromic shift in absorption maximum (64 nm) recorded in THF 

solution when compared to its analogous compound 1,3,6,8-tetra(9-ethyl-9H-carbazol-2-

yl)pyrene which does not have acetylene spacer and cyano group at periphery of carbazole 

(Table 5.2) [201]. It clearly demonstrates the auxochromic role of cyano group and linear 

acetylene linker in raising the conjugation length. Further, the nature of ground states of the 

compounds is evaluated by measuring absorption spectra in various solvents of different 
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polarity from non-polar toluene to polar DMF (Figure 5.3 to Figure 5.7). All the compounds 

exhibited similar absorption maxima for all solvents of different polarity. It indicates that the 

ground state of the molecules is non-polar in nature and the polarity of the solvents does not 

have any influence over the absorption profile. 
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Figure 5.1 Absorption spectra of the dyes (18a-18e) recorded in dichloromethane. 

The emission spectra of the compounds recorded in dichloromethane are displayed in 

Figure 5.2, and the pertinent data listed in Table 5.1. All the compounds exhibited structured 

emission with two distinct emission maxima. The emission profile of the compounds followed 

the trend of absorption spectrum. The structured emission indicates the rigid nature of 

molecules at excited state. Moreover, the observation of small Stokes shift value indicates rigid 

structure of compounds and its control over non-radiative excited state energy loss arising from 

structural relaxation. Tetra-substituted pyrene 18e exhibited the longest emission among the 

dyes which comes from the high chromophoric loading and extended conjugation. The 

compound 18a exhibited red shifted emission maxima (7 nm) when compared to that of known 

compound 9-(2-ethylhexyl)-2-(pyren-1-yl)-9H-carbazole which does not have acetylene linker 

and cyano group (Table 5.2) [123]. The well resolved vibronic peaks of 18a indicate the rigidity 

of the compound and the absence of structural reorganization in excited state. Similarly, the 

compound 18e exhibited large bathochromic shift (28 nm) when compared to its reported 

congener 1,3,6,8-tetra(9-ethyl-9H-carbazol-2-yl)pyrene which does not possess acetylene 
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spacer and cyano group (Table 5.2) [201]. It demonstrates the role of cyano group and acetylene 

linker in raising the conjugation of the molecules. All the compounds exhibit moderate Stokes 

shift in solution spectra. It is apparent that the remarkable Stokes shift observed for the 

compounds is useful for effective energy transfer and to suppress unwanted self-absorption 

process in OLED devices [212-213].  
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Figure 5.2 Emission spectra of the dyes (18a-18e) recorded in dichloromethane. 

Table 5.1 Optical properties of the dyes 

Dye λmax, nm (εmax, M
-1 cm-1 ×103)a λem, nm (ΦF)a,b Stokes shift, cm-1 λem,c nm 

18a 246 (66.1), 289 (33.0), 313 (19.3), 

325 (41.9), 386 (62.8), 410 (69.1) 

420, 443 (0.59) 581 494 

18b 266 (95.7), 356 (96.9), 385 (99.7) 400, 421 (0.38) 974 471, 501 

18c 258 (89.1), 298 (24.8), 324 (41.9), 

354 (44.8), 427 (55.7), 447 (43.3) 

458, 488 (0.51) 1585 470 

18d 259 (97.7), 299 (26.6), 324 (47.2), 

354 (47.9), 391 (46.9), 428 (59.8), 

447 (46.3) 

458, 488 (0.64) 1530 470 

18e 262 (182.0), 323 (75.2), 361 

(111.2), 445 (84.2), 467 (84.8) 

486, 517 (0.61) 837 569 

a Measured in dichloromethane solution. b Absolute quantum yield using integrating sphere. c Measured 

for drop cast film. 
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Figure 5.3 Absorption (a) and emission (b) spectra recorded in different solvents for 18a. 
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Figure 5.4 Absorption (a) and emission (b) spectra recorded in different solvents for 18b. 
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Figure 5.5 Absorption (a) and emission (b) spectra recorded in different solvents for 18c. 
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Figure 5.6 Absorption (a) and emission (b) spectra recorded in different solvents for 18d. 
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Figure 5.7 Absorption (a) and emission (b) spectra recorded in different solvents for 18e. 
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Table 5.2 Solvatochromic data of the dyes 

Dye Absorption maxima, λmax (nm) Emission maxima, λem (nm) 

TOL CHCl3 THF DMF ACN MeOH TOL CHCl3 THF DMF ACN MeOH 

18a 313, 326, 

370, 386, 

411 

313, 326, 

369, 386, 

411 

312, 324, 

367, 384, 

408 

312, 325, 

386, 410 

323, 382, 

405 

323, 381, 

404 

419, 

444 

421, 

445 

417, 

441 

422, 

443 

419, 

439 

416, 

436 

18b 356, 385 267, 357, 

386 

265, 354, 

383 

356, 385 - - 397, 

418 

400, 

421 

398, 

419 

406, 

425 

- - 

18c 299, 325, 

355, 386, 

408, 429 

299, 325, 

355, 387, 

408, 429, 

444s 

297, 323, 

353, 385, 

407, 426, 

443s 

298, 323, 

353, 428, 

446s 

- - 458, 

487 

458, 

487 

455, 

485 

458, 

489 

- - 

18d 299, 325, 

388, 409, 

429 

299, 325, 

391, 411, 

429, 443 

298, 322, 

389, 408, 

427, 441 

298, 324, 

393, 413, 

428, 444 

- - 458, 

486 

459, 

487 

455, 

484 

458, 

488 

- - 

18e 324, 361, 

445, 463 

324, 362, 

445, 465 

321, 359, 

443, 464 

323, 359, 

446, 468 

- - 485, 

517 

485, 

518 

483, 

514 

487, 

519 

- - 

 

   Table 5.3 Stokes shift value of the dyes 

Dye Stokes Shift (cm-1) 

TOL DCM CHCl3 THF DMF ACN  MeOH 

18a 465 581 578 529 694 825 714 

18b 785 974 907 984 1343 - - 

18c 1476 1585 1476 1496 1530 - - 

18d 1476 1530 1524 1441 1530 - - 

18e 980 837 887 848 834 - - 
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To ascertain the nature of excited state, solvatochromism studies have been carried out by 

measuring the emission spectra in different solvents from non-polar toluene to polar methanol 

(Figure 5.3 to 5.7). The insignificant change of emission maximum value (5 nm) is observed for 

the dyes as the solvent polarity increases. It suggests the non-polar excited state of these 

molecules and thus solvent independent fluorescence spectra. It indicates the absence of 

structural changes and dipolar relaxation in the excited state. Thin film emission spectrum 

recorded by drop cast method is shown in Figure 5.8. All the dyes displayed red shift in 

emission as compared to that of solution spectrum recorded in toluene solution. It might be 

attributed to intermolecular interaction and J- aggregation of the molecules in solid state [145-

147]. 
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Figure 5.8 Thin film emission spectra of the dyes (18a-18e) recorded for drop cast films. 

5.2.3 Electrochemical Properties 

For realizing high performance OLED, the favorable energy level arrangements of emitting 

molecules with the adjacent charge transporting molecular layers is a crucial parameter. The 

HOMO and LUMO energy levels of the compounds are estimated by carrying out cyclic 

voltammetry studies. All the compounds displayed irreversible oxidation peak except 18e which 

gave quasi-reversible oxidation peak (Figure 5.9). The irreversibility in oxidation peak stems 

from the oxidation of rigid carbazole moiety. It is evident that leaving 3,6-position of carbazole 

unprotected generally leads to irreversible oxidation [150]. The highest oxidation potential 

observed for 18b which coincided with blue shifted absorption maxima observed in solution 
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spectra among the compounds. Similarly, the 1,8-disubstituted compound 18c and tri-

substituted compound 18d showed similar oxidation potential. Due to the extended conjugation, 

18e gave lowest oxidation potential among the dyes. The superior π electronic conjugation in 

18e resulted in quasi-reversible oxidation peak [214]. The HOMO energy level of the 

compounds is calculated by adding 4.8 eV with oxidation potential. The LUMO energy level is 

obtained from the difference between HOMO and optical band gap. The optical band gap is 

estimated from the absorption edge of the compounds, which is taken from the intersection of 

absorption and emission spectra recorded in dichloromethane solution. The HOMO level is 

upwardly shifted as the number of substituent increases with an exception for 18b while LUMO 

is downwardly shifted. The high lying HOMO is attributed to the increasing conjugation length 

and the low lying LUMO is attributed to the increasing number of electron withdrawing 

acetylene spacer on moving from mono- to tetra-substitution. The observed HOMO and LUMO 

energy values are well matching with the neighboring molecular layers of OLED device which 

would be beneficial for facile injection and transportation of charge carriers.  
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Figure 5.9 Cyclic voltammograms of 18a-18d (a) and 18e (b) recorded in dichloromethane. 
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Figure 5.10 Differential pulse voltammograms of the dyes (18a-18e) recorded in 

dichloromethane. 

5.2.4 Thermal Properties 

The thermal stability of the compounds is evaluated by thermo gravimetric analysis (TGA) 

under nitrogen atmosphere with heating rate of 10 °C/min. The onset decomposition 

temperature corresponds to 10% weight loss fall in the range of 325-436 °C. The TGA plot of 

the dyes are displayed in Figure 5.11 and the relevant data summarized in Table 5.4. The high 

thermal decomposition temperature of these compounds could be attributed to the presence of 

both rigid carbazole and pyrene moiety. The high thermal decomposition temperature of pyrene 

functionalized carbazole compounds are well documented in the literature [201, 207]. The high 

thermal stability of carbazole tethered pyrene acetylene compounds can be exploited for the 

better performance of OLEDs. The rigidity of acetylene linker plays a vital role in raising 

thermal stability. The lowest onset temperature is observed for tetra-substituted compound 18e 

which might be due to thermal degradation of alkyl chains.  
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Figure 5.11 TGA curves of the compounds 18a-18e. 

Table 5.4 Thermal and electrochemical properties of the dyes 

Dye Tonset, °Ca Td, °C Eox, V
b HOMO, eVc LUMO, eVd E0-0, eVe 

18a 436 652 0.76 -5.56 -2.56 3.00 

18b 408 625 1.03 -5.83 -2.66 3.17 

18c 359 638 0.69 -5.49 -2.73 2.76 

18d 431 643 0.69 -5.49 -2.73 2.76 

18e 325 649 0.62 -5.42 -2.81 2.61 
a Temperature corresponding to 10% weight loss. b Oxidation potential quoted reference to ferrocene 

internal standard. c HOMO = -(4.8 + Eox). 
d LUMO = HOMO + E0-0. 

e Optical band gap obtained from the 

intersection of normalized absorption and emission spectra (optical edge). 

5.2.5 Theoretical Investigations 

To get deep insight into the electronic structure and photophysical properties of the 

compounds, we have performed density functional theoretical calculations. The geometry of the 

molecules was optimized using B3LYP functional and using 6-31G(d,p) basis set [155,156]. 

The alkyl chains were approximated to methyl to reduce the cost of computational time. The 

approximation of alkyl chains to methyl may not affect the electronic properties discussed here. 

The computed absorption maxima, oscillator strength and most prominent electronic transitions 

of the compounds are listed in Table 5.5. The electronic distribution in the frontier molecular 

orbitals is displayed in Figures 5.12 and 5.13. The trend of computed absorption maxima 
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follows the experimental results from mono- substitution to tri-substitution. Interestingly, di-

substituted compounds (both 1,6- and 1,8-isomers) exhibited the similar absorption maxima 

unlike the different absorption maxima of experimental results. The different absorption pattern 

in solution spectra might be due to the different conformational arrangement of the compounds 

adopted in solution state [215]. The oscillator strength of most probable longer wavelength 

absorption followed the same trend of experimental molar extinction coefficient observed for 

the compounds in solution spectra. Despite of similar wavelength, the 1,6-disubstituted 

compound 18b showed high oscillator strength compared to that of 1,8-disubstituted compound 

18c which is coincided the experimental results. The HOMO of the compounds is mainly 

concentrated on pyrene core and diffused to carbazole arm to some extent while the LUMO is 

localized on pyrene core for the compounds. This indicates a typical π-π* absorption during 

electronic excitation. 

 

Figure 5.12 Frontier molecular orbital diagrams of the dyes 18a-18c showing contribution to 

prominent absorption. 
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Figure 5.13 Frontier molecular orbital diagrams of the dyes 18d and 18e showing contribution 

to prominent absorption. 
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Table 5.5 Predicted vertical excitation obtained by B3LYP/6-31G (d,p) method for the dyes 

Dye λmax (nm) f Assignment 

18a 262 0.3640 HOMO→LUMO+2 (30%), HOMO-3→LUMO (22%),                 

HOMO-2→LUMO+1 (16%) 

 301 0.4208 HOMO→LUMO+1 (53%), HOMO-2→LUMO (32%) 

 381 1.9439 HOMO→LUMO (93%) 

18b 267 0.1524 HOMO-5→LUMO (27%), HOMO→LUMO+2 (17%),                    

HOMO-2→LUMO (16%) 

 270 0.2995 HOMO→LUMO+3 (36%), HOMO-4→LUMO (36%), 

HOMO→LUMO+2 (18%) 

 299 1.2544 HOMO→LUMO+2 (39%), HOMO-1→LUMO+1 (27%),            

HOMO-4→LUMO (18%) 

 327 0.1299 HOMO-2→LUMO (41%), HOMO-3→LUMO+1 (34%),                 

HOMO-2→LUMO+2 (15%) 

 426 3.0570 HOMO→LUMO (92%) 

18c 271 0.1007 HOMO-5→LUMO (25%), HOMO→LUMO+3 (21%),                  

HOMO-1→LUMO+2 (15%), HOMO-4→LUMO+1 (14%) 

 299 0.3911 HOMO→LUMO+2 (40%), HOMO-1→LUMO+1 (25%),             

HOMO-4→LUMO (20%) 

 337 0.8495 HOMO→LUMO+1 (54%), HOMO→LUMO+3 (22%),                   

HOMO-5→LUMO (11%) 

 339 1.2003 HOMO-1→LUMO (65%), HOMO-5→LUMO (10%)  

 426 1.9505 HOMO→LUMO (92%) 

18d 297 0.7724 HOMO→LUMO+3 (29%), HOMO-1→LUMO+1 (17%),                    

HOMO-6→LUMO (14%), HOMO-5→LUMO+2 (12%) 

 336 0.4495 HOMO→LUMO+2 (33%), HOMO-5→LUMO (30%) 

 352 0.3814 HOMO→LUMO+1 (41%), HOMO→LUMO+4 (23%),                       

HOMO-7→LUMO (13%) 

 355 2.3759 HOMO-1→LUMO (54%), HOMO→LUMO+1 (14%) 

 456 2.2869 HOMO→LUMO (93%) 

 

5.2.6 Electroluminescence Properties 

The electroluminescent characteristics of the compounds (18a-18e) were evaluated by 

utilizing them as emitter in the OLED device. The configuration of OLED device is 

ITO/PEDOT:PSS/mCBP:emitter(18a-18e)/TPBi/LiF/Al. Here, indium doped tin oxide (ITO) is 

served as anode, PEDOT:PSS (polyethylenedioxythiophene/polystyrenesulfonate) as hole 

injecting layer, mCBP 3,3-di(9H-carbazol-9-yl)biphenyl as the host material into which 

emitting materials are doped, TPBi (1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene) as electron 

transporting or hole blocking layer, LiF as electron injecting layer and aluminium as a cathode. 
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Figure 5.14 Current density-Voltage-Luminance (J-V-L) plots for the dyes 18a-18e. 

In order to evaluate the electroluminescence properties of these compounds, we fabricated 

a non-doped device with a representative compound 18a. We observed high current density but 

low luminance for the non-doped device (Figure 5.14). The high current density might be due to 
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electron charge carriers due to the low energy barrier for electron injection from TPBI to 

emissive layer (0.11 eV). In contrast, hole injection energy barrier between PEDOT:PSS and 

emissive layer is very high (0.66 eV) which could have restricted the injection of hole carriers 

into emissive layer (Figure 5.15). As a result, the electron charge carriers might reach anode 

without recombination. The high energy barrier for the injection of charge carriers into emissive 

layer restricted the recombination of holes and electrons, but it allowed the leakage of charge 

carriers at the interface. Thus, low luminance is observed with high current density. Further, the 

electroluminescence spectrum of non-doped device of 18a is broad and red shifted compared to 

the photoluminescence spectrum recorded in toluene (Figure 5.16). It might be due to the 

formation of aggregates in solid state [162]. The formation of aggregates induces the crystalline 

nature in thin film which eventually leads to the failure of the non-doped device.  

Since the non-doped device exhibited poor electroluminescence performance ascribed to 

aggregation of dye molecules, we employed them as emitting dopant in the doped devices to 

improve electroluminescence performances. When the emitter 18a is doped in to mCBP host, 

the electroluminescence spectrum restored in the blue region and it is comparable to 

photoluminescence spectrum recorded in toluene (Figure 5.16). It suggests the suppression of 

aggregation, when the emitter is doped into mCBP host. As the dopant concentration is 

increased to 3 wt%, the luminance is increased as a result of increased number of emitting 

molecules increased. But, at 5 wt% dopant concentration, the luminance began to decrease due 

to the formation of aggregation. The device performance is optimized at 1 wt% of dopant in 

mCBP host (Table 5.6). When we compare the power and current efficiency of 18a with 18b, 

18a exhibited superior performance. The high current density and low luminance observed for 

18b in doped device suggest imbalanced charge transport. Furthermore, the poor performance 

of 18b could be attributed to the non-confinement of excitons in dopant molecules and the 

probable back energy transfer from dopant to host due to less energy barrier (0.17 eV) for holes 

(Figure 5.15). But, for the rest of the compounds, the considerable high energy barrier for hole 

and electron injection would refrain back transfer of energy from dopant to host. The 

appropriate energy gap favors complete energy transfer from host to the dopant and forbids 

back energy transfer and thus effective capture of excitons.  

The power and current efficiency of the devices containing dye 18c is three times higher 

than that 18b. The energy barrier for hole injection from HTL to dopant is small as compared to 
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18b which facilitates efficient charge transport. Also, the back energy transfer would be 

completely controlled due to higher energy barrier between host and guest. The superior 

performance of 18c might be due to the proper energy transfer from the host to guest and the 

absence of back energy transfer. Similarly, power and current efficiency of 18d is superior to 

18c, despite of similar energy barriers for charge injection. Further, tetra-substituted compound 

18e exhibited almost two-fold increment in power and current efficiencies than that of 18d. 

From the above discussion, we could infer that the number of cyanocarbazole unit on pyrene 

regulates the charge transport and contributes to the hike in device efficiency. As the number of 

cyanocarbazole loaded over pyrene moiety increases, the current and power efficiency of the 

devices increased progressively except for 18b. It suggests the role of cyanocarbazole unit in 

achieving balanced charge transport and thus effective harvesting of excitons. The inferior and 

the odd performance of 18b from the trend might be due to unfavorable energy levels which 

restricted the effective harvesting of excitons.    

 

Figure 5.15 Energy level diagram for the OLED devices of the dyes (18a-18e) doped in mCBP 

host (values are in eV relative to vacuum level). 

The best performance is achieved for the device fabricated with the dye 18e (1 wt%) 

exhibiting power efficiency of 5.8 lm/w, current efficiency of 9.2 cd/A, maximum luminance of 

3788 cd/m2 and external quantum efficiency of 3.4%. The high performance of this device can 
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be attributed to four cyanocarbazole unit which ensures balanced charge transport and the 

favorable energy level alignment of 18e with host material for effective trapping of excitons. 
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Figure 5.16 Comparison of EL and PL spectra of the dyes (18a-18e). 
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Table 5.6 Electroluminescent parameters of the dyes a 

Dye wt% Turn on 

voltage   

(V) 

Power 

Efficiency 

(lm/W) 

Current 

Efficiency 

(cd/A) 

EQE 

(%) 

CIE (x,y) Maximum 

Luminance  

(cd/m2) 

λEL (nm) 

 

 

18a  100 8.2  0.2 0.5 0.2  (0.26, 0.40) 296 512 

0.5 6.3 0.8 1.7 2.7 (0.16, 0.08) 837 428 

1.0 6.3 1.0 1.9 2.9 (0.16, 0.08) 935 432 

3.0 6.5 1.0 2.0 2.6 (0.16, 0.09) 1113 432 

18b 0.5 5.5 0.4 0.7 2.4 (0.16, 0.06) 558 404 

1.0 5.6 0.5 0.9 2.9 (0.16, 0.06) 707 404 

3.0 5.6 0.6 1.1 2.3 (0.16, 0.17) 874 408 

18c 0.5 6.2 1.6 3.2 2.1 (0.16, 0.22) 1301 468, 500 

1.0 6.1 1.6 3.1 1.8 (0.16, 0.25) 1729 472, 504 

3.0 6.3 2.0 4.0 2.0 (0.18, 0.32) 1319 468, 500 

18d 0.5 5.0 2.1 3.4 2.5 (0.15, 0.22) 984 468, 500 

1.0 5.0 3.3 5.2 3.2 (0.15, 0.24) 1539 472, 500 

3.0 5.5 2.4 4.2 2.3 (0.16, 0.30) 1148 472, 500 

18e 0.5 4.9 4.4 7.0 2.7 (0.20, 0.47) 3362 496, 528 

1.0 5.0 5.8 9.2 3.4 (0.21, 0.51) 3788 496, 528 

3.0 5.2 3.8 6.3 2.0 (0.25, 0.58) 5264 500, 534 
a values at 100 cd/m2. 

5.3 Conclusions 

In summary, we have developed a series of pyrene-cyanocarbazole hybrids possessing 

acetylene linker by adopting Sonogashira coupling reaction. The structure-property relationship 

of the compounds is established by photophysical, electrochemical, thermal, theoretical and 

electroluminescence investigations. The solvent-independent absorption and emission spectra of 

the compounds indicate the absence of donor-acceptor interactions and structural perturbation in 

both ground and excited states. 1,8-disubstituted compound exhibited red shifted absorption and 

emission wavelength while 1,6-disubstituted compound exhibited blue shifted absorption and 

emission wavelength as compared to that mono-substituted compound. The high thermal 

stability of these dyes is attributed to rigid segments present in a molecule such as carbazole, 

pyrene, acetylene spacer and polar CN group. The electroluminescence properties of dyes are 

fine-tuned from deep blue to green emission by increasing the number of cyanocarbazole units 

on pyrene core. Except 1,6-disubstituted compound, the current and power efficiency of the 

compounds increased progressively as the number of cyanocarbazole increased on pyrene. This 

supports the positive role of cyanocarbazole in achieving balanced charge transport. The high 
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electroluminescence performance of 18e is attributed to balanced charge transport due to the 

presence of four cyanocarbazole units and effective harvesting of excitons from the host.  

5.4 Experimental Section 

5.4.1 General Methods and Characterizations 

Computational methods and other characterization methods are as described in chapter 3. 

OLED fabrication involves the similar fabrication method as described in chapter 3 with an 

exception of mCBP host instead of CBP host. 

5.4.2 Synthesis 

Synthesis of 9-(2-ethylhexyl)-7-((trimethylsilyl)ethynyl)-9H-carbazole-2-carbonitrile, 15 

A mixture of 7-bromo-9-(2-ethylhexyl)-9H-carbazole-2-carbonitrile (2.0 g, 5.2 mmol), 

Pd(PPh3)2Cl2 (36.5 mg, 0.052 mmol), PPh3 (27.3 mg, 0.104 mmol), CuI (9.9 mg, 0.052 mmol), 

triethylamine (40 mL) and ethynyltrimethylsilane (0.9 mL, 6.25 mmol) was stirred at room 

temperature for 24 h under nitrogen atmosphere. After completion of the reaction, the reaction 

mixture was poured into water and extracted with chloroform. The organic layer was dried over 

sodium sulphate. Finally, the solvent was removed under vacuum to yield a residue which was 

then purified by column chromatography. Pale yellow solid. Yield 1.85 g (88%). mp 102-104 

°C; IR (KBr, cm-1) 2331 (νC≡C); 1H NMR (CDCl3, 400 MHz) δ 8.11 (d, J = 7.6 Hz, 1 H), 8.03 

(d, J = 8.4 Hz, 1 H), 7.67 (s, 1 H), 7.53 (s, 1 H), 7.49-7.45 (m, 1 H), 7.40-7.38 (m, 1 H), 4.21-

4.11 (m, 2 H), 2.07-2.01 (m, 1 H), 1.42-1.23 (m, 8 H), 0.91 (t, J = 7.2 Hz, 3 H), 0.87 (t, J = 7.2 

Hz, 3 H), 0.29 (s, 9 H). 13C NMR (CDCl3, 100.3 MHz) δ 141.44, 140.29, 125.71, 123.83, 

122.18, 121.89, 121.12, 120.95, 120.19, 113.28, 112.99, 108.28, 105.71, 94.90, 47.70, 39.21, 

30.72, 29.67, 28.53, 24.32, 22.98, 13.99, 10.87; HRMS calcd for C25H33NSi (m/z +Na) 

423.2227, found 423.2211.  

Synthesis of 9-(2-ethylhexyl)-7-ethynyl-9H-carbazole-2-carbonitrile, 16 

A mixture of 9-(2-ethylhexyl)-7-((trimethylsilyl)ethynyl)-9H-carbazole-2-carbonitrile (1.85 

g, 4.6 mmol), potassium fluoride (0.27 g, 4.6mmol), tetrabutylammonium bromide (1.48 g, 4.6 

mmol), methanol (10 mL) and chloroform (5 mL) was stirred for 30 minutes at 60 °C. After 

completion of the reaction, the mixture was poured into water and extracted with chloroform. 

The organic layer was dried over sodium sulphate. Finally, the solvent was removed under 
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vacuum to yield a residue which was purified by column chromatography. Yellow solid. Yield 

1.25 g (83%). mp 90-92 °C; IR (KBr, cm-1) 2219 (νC≡C); 1H NMR (CDCl3, 400 MHz) δ 8.12 

(dd, J = 8.0 Hz, 1.2 Hz, 1 H), 8.07-8.04 (m, 1 H), 7.68 (s, 1 H), 7.57 (s, 1 H), 7.49 (d, J = 8.0 

Hz, 1 H), 7.42 (d, J = 8.0 Hz, 1 H), 4.21-4.10 (m, 2 H), 3.21 (s, 1 H), 2.06-1.99 (m, 1 H), 1.41-

1.25 (m, 8 H), 0.92 (t, J = 7.6 Hz, 3 H), 0.86 (t, J = 6.8 Hz, 3 H). 13C NMR (CDCl3, 100.3 

MHz) δ 141.25, 140.17, 125.50, 123.66, 122.15, 121.86, 121.07, 120.95, 120.75, 120.05, 

113.20, 108.39, 84.28, 77.73, 47.57, 39.18, 30.70, 29.62, 28.48, 24.22, 22.91, 13.91, 10.75; 

HRMS calcd for C22H25N (m/z +1) 329.2018, found 329.2022.  

Synthesis of 9-(2-ethylhexyl)-7-(pyren-1-ylethynyl)-9H-carbazole-2-carbonitrile, 18a 

A mixture of 1-bromopyrene (0.5 g, 1.78 mmol),  9-(2-ethylhexyl)-7-ethynyl-9H-

carbazole-2-carbonitrile (0.59 g, 1.78 mmol), Pd(PPh3)2Cl2 (12.5 mg, 0.018 mmol), PPh3 (9.4 

mg, 0.036 mmol), CuI (3.5 mg, 0.018 mmol), triethylamine (30 mL) was refluxed for 12 h 

under nitrogen atmosphere. After completion of the reaction, the reaction mixture was poured 

into water and extracted with chloroform. The organic layer was dried over sodium sulphate. 

Finally, the solvent was removed under vacuum to yield a residue which was then purified by 

column chromatography. Yield 0.47 g (50%). mp 146-148 °C; IR (KBr, cm-1) 2219 (νC≡N); 1H 

NMR (CDCl3, 400 MHz) δ 8.72 (d, J = 9.2 Hz, 2 H), 8.27-8.20 (m, 4 H), 8.17-8.12 (m, 4 H), 

8.08-8.03 (m, 2 H), 7.75 (s, 1 H), 7.67-7.64 (m, 2 H), 7.49 (dd, J = 7.6 Hz, 1.2 Hz, 1 H), 4.22-

4.14 (m, 2 H), 2.13-2.06 (m, 1 H), 1.49-1.25 (m, 8 H), 0.96 (t, J = 7.2 Hz, 3 H), 0.90 (t, J = 7.6 

Hz, 3 H), 13C NMR (CDCl3, 100.3 MHz) δ 141.65, 140.23, 131.85, 131.27, 131.19, 130.97, 

129.56, 128.32, 128.21, 127.18, 126.26, 125.75, 125.64, 125.38, 124.51, 124.42, 124.22, 

123.59, 122.36, 122.18, 121.62, 121.15, 120.99, 120.24, 117.56, 113.18, 112.54, 108.22, 96.05, 

89.40, 47.62, 39.30, 30.82, 28.61, 24.39, 23.01, 14.02, 10.89; HRMS calcd for C39H32N2 m/z 

528.2565, found 528.2564. 

Synthesis of 7,7'-(pyrene-1,6-diylbis(ethyne-2,1-diyl))bis(9-(2-ethylhexyl)-9H-carbazole-2-

carbonitrile), 18b and 7,7'-(pyrene-1,8-diylbis(ethyne-2,1-diyl))bis(9-(2-ethylhexyl)-9H-

carbazole-2-carbonitrile), 18c 

It was prepared from a mixture of dibromopyrene (mixture of isomers namely 1,6-

dibromopyrene and 1,8-dibromopyrene) (0.3 g, 0.83 mmol),  9-(2-ethylhexyl)-7-ethynyl-9H-

carbazole-2-carbonitrile (0.55 g, 1.66 mmol), Pd(PPh3)2Cl2 (11.7 mg, 0.017 mmol), PPh3 (8.7 
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mg, 0.033 mmol), CuI (3.2 mg, 0.017 mmol), triethylamine (30 mL) by following the procedure 

described for 18a. 

For 18b:  Yield 0.13 g (28%). mp 184-186 °C; IR (KBr, cm-1) 2219 (νC≡N);  1H NMR (CDCl3, 

400 MHz) δ 8.16-8.08 (m, 6 H), 7.70-7.64 (m, 7 H), 7.54-7.46 (m, 7 H), 4.24-4.18 (m, 4 H), 

2.10-2.07 (m, 2 H), 1.46-1.25 (m, 16 H), 0.95 (t, J = 7.2 Hz, 6 H), 0.88 (t, J = 7.2 Hz, 6 H). 13C 

NMR (CDCl3, 100.3 MHz) δ 141.71, 140.41, 125.82, 124.10, 123.59, 122.35, 122.01, 121.77, 

121.36, 121.21, 121.16, 120.19, 113.77, 113.45, 113.37, 112.67, 108.45, 90.96, 47.85, 39.34, 

30.85, 28.63, 24.40, 23.03, 14.02, 10.92; HRMS calcd for C62H54N4 m/z 854.4343, found 

854.4358.  

For 18c: Yield 0.11 g (16%). mp 146-148 °C; IR (KBr, cm-1) 2222 (νC≡N); 1H NMR (CDCl3, 

400 MHz) δ 8.80 (s, 1 H), 8.73 (d, J = 9.2 Hz, 1 H), 8.28 (d, J = 7.6 Hz, 2 H), 8.20-8.08 (m, 8 

H), 7.74 (d, J = 3.2 Hz, 2 H), 7.67-7.63 (m, 4 H), 7.51-7.47 (m, 2 H), 4.20-4.14 (m, 4 H), 2.10-

2.08 (m, 2 H), 1.47-1.25 (m, 16 H), 0.98-0.87 (m, 12 H), 13C NMR (CDCl3, 100.3 MHz) δ 

141.69, 140.34, 131.99, 131.75, 131.36, 131.15, 129.99, 128.12, 128.01, 126.31, 125.78, 

125.19, 124.14, 123.64, 122.29, 121.76, 121.21, 121.10, 120.21, 118.38, 113.29, 112.61, 

112.55, 108.36, 96.56, 89.26, 47.73, 39.35, 30.86, 28.65, 24.43, 23.03, 14.05, 10.94; HRMS 

calcd for C62H54N4 m/z 854.4343, found 854.4358. 

Synthesis of 7,7',7''-(pyrene-1,3,6-triyltris(ethyne-2,1-diyl))tris(9-(2-ethylhexyl)-9H-

carbazole-2-carbonitrile), 18d 

It was prepared from a mixture of 1,3,6-tribromopyrene (0.3 g, 0.68 mmol),  9-(2-

ethylhexyl)-7-ethynyl-9H-carbazole-2-carbonitrile (0.67 g, 2.04 mmol), Pd(PPh3)2Cl2 (14.4 mg, 

0.02 mmol), PPh3 (10.7 mg, 0.04 mmol), CuI (3.9 mg, 0.02 mmol), triethylamine (30 mL) by 

following the procedure described for 18a. Yield 0.60 g (75 %). mp 132-134 °C; IR (KBr, cm-1) 

2223 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.85 (s, 1 H), 8.75 (d, J = 9.2 Hz, 2 H), 8.29 (d, J = 

8.0 Hz, 2 H), 8.23-8.10 (m, 10 H), 7.76-7.73 (m, 2 H), 7.70-7.63 (m, 6 H), 7.54-7.48 (m, 3 H), 

4.81-4.70 (m, 2 H), 4.23-4.16 (m, 4 H), 2.11-2.03 (m, 3 H), 1.43-1.25 (m, 24 H), 0.99-0.87 (m, 

18 H), 13C NMR (CDCl3, 100.3 MHz) δ 141.66, 140.25, 131.96, 131.70, 131.33, 131.11, 

129.96, 128.08, 127.98, 126.26, 125.76, 125.16, 124.04, 123.62, 122.27, 121.73, 121.17, 

121.07, 121.02, 120.20, 118.33, 113.23, 112.59, 112.53, 108.33, 96.61, 89.23, 47.69, 39.33, 
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30.85, 28.64, 24.43, 23.03, 14.04, 10.93; HRMS calcd for C85H76N6 m/z 1180.6126, found 

1180.6119. 

Synthesis of 7,7',7'',7'''-(pyrene-1,3,6,8-tetrayltetrakis(ethyne-2,1-diyl))tetrakis(9-(2-

ethylhexyl)-9H-carbazole-2-carbonitrile), 18e 

It was prepared from a mixture of 1,3,6,8-tetrabromopyrene (0.3 g, 0.58 mmol),  9-(2-

ethylhexyl)-7-ethynyl-9H-carbazole-2-carbonitrile (0.76 g, 2.32 mmol), Pd(PPh3)2Cl2 (16.3 mg, 

0.023 mmol), PPh3 (12.2 mg, 0.046 mmol), CuI (4.4 mg, 0.023 mmol), triethylamine (30 mL) 

by following the procedure described for 18a. Yield 0.50 g (57 %). mp 174-176 °C; IR (KBr, 

cm-1) 2223 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.79-8.63 (m, 3 H), 8.49 (s, 1 H), 8.27 (d, J = 

7.6 Hz), 8.18-8.15 (m, 1 H), 8.13-8.07 (m, 8 H), 7.72-7.62 (m, 12 H), 7.50-7.46 (m, 4 H), 4.16-

4.09 (m, 8 H), 2.08-2.03 (m, 4 H), 1.46-1.25 (m, 32 H), 0.99-0.86 (m, 24 H), 13C NMR (CDCl3, 

100.3 MHz) δ 141.51, 140.17, 140.11, 133.22, 131.61, 1331.54, 131.26, 131.00, 130.19, 

128.53, 126.69, 125.83, 125.60, 123.78, 123.55, 122.25, 122.03, 121.94, 121.75, 121.09, 

120.97, 120.15, 118.98, 118.17, 118.10, 113.19, 112.50, 108.39, 97.19, 96.87, 89.13, 88.48, 

88.39, 47.59, 39.30, 30.85, 28.63, 24.43, 23.03, 14.06, 10.93; HRMS calcd for C108H98N8 m/z 

1506.7909, found 1506.7937. 
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6.1 Introduction 

Emitting molecules play a significant role in organic light emitting diodes since the 

electroluminescence performance of the OLED device is dependent on the functional properties 

of emitters. After the evolution of new concepts of hybridized local and charge transfer (HLCT) 

and thermally activated delayed fluorescence (TADF), the development of donor-acceptor (D-

A) configured materials became a hot topic in the field of OLED. The systematic study of 

structure-property relationship of the organic materials contributed to the development of 

exciting OLED performances. The D-A materials behave as bipolar materials and thus exhibit 

better device performance. Therefore, the development of suitable materials possessing D-A 

moieties with desirable photophysical and electroluminescence properties is crucial. Generally, 

mismatched tailoring of donor and acceptor moieties lead to bathochromically shifted emission 

and fluorescence quenching. It is imperative that D-A molecules with rational design exhibit the 

emission confined to blue region with high performance owing to bipolar nature.  

Arylamines (carbazole and triphenylamine) are considered as potential building blocks for 

the construction of organic emitter. When the suitable acceptor moieties are tethered on 

arylamines, their thermal stability is increased. Cyano group is one of the strong electron 

withdrawing groups. Since the size of cyano group is small, the non-radiative decay owing to 

vibrational and structural relaxation at excited state is greatly suppressed [216,217]. It is easy to 

introduce cyano group at different nuclear positions of carbazole. In order to exploit the 

advantages of above mentioned functional properties, many attempts have been reported where 

carbazole/triphenylamine donor integrated with cyano acceptor through phenyl spacer. For 

example, Adachi and coworkers reported carbazole substituted cyanobenzene (DA1-DA6) as 

highly efficient TADF emitters [61]. They tuned the color from sky blue to green and orange by 

appending carbazole moieties on cyanobenzene. The sky blue (DA2), green (DA3) and orange 

(DA5) emitters exhibited the external quantum efficiency of 8.0%, 19.3% and 11.2% 

respectively which are quite superior to the performance of conventional fluorescent devices. 

Zhang and coworkers designed carbazole substituted cyanopyridine (DA7) as blue TADF 

emitter [62]. Owing to large steric hindrance, well separated HOMO and LUMO energy level is 

realized with low ΔEST of 0.04 eV. The steric crowding and electron withdrawing cyano group 

suppressed non-radiative decay to greater extent. The device fabricated with DA7 showed high 

EQE of 21.2% in mCP host system at 13 wt% concentration. Lee and coworkers developed 
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carbazole substituted dicyanobenzenes (DA8-D10) to tune the color and device performance 

[63]. As the number of carbazole increased, the donor strength of the molecule increased and 

thus emission color got tuned from sky blue to green.  

 

Chart 6.1 Carbazole-based compounds as TADF emitters. 

Since the carbazole compounds containing cyano substituent exhibit high triplet energy and 

bipolar characteristics, they are utilized as host material for phosphorescence and TADF 

devices. Lee and coworkers demonstrated the utility of carbazole tethered cyanobenzene linked 

through phenyl spacer (DA11-DA13) as host materials [72]. The best device performance of 

26.0% EQE with green emission was obtained for the device fabricated with meta-phenyl 

linked compound (DA12) as host. The high EQE is ascribed to high PLQY of the emitter doped 

thin film. Mostly, high performance OLED devices suffer due to short lifetime. To overcome 

this limitation, Lee and coworkers reported cyanocarbazole tailored carbazole through phenyl 

spacer with different linking topology (DA14-D15) [56]. Due to electron withdrawing nature 



 
 Arylamine Substituted Isomeric Cyanocarbazoles                                                          

187 

 

Chapter 6 

and stable molecular structure, the meta- linked compound (DA15) showed high EQE of 15.0% 

and almost double the life time of device based on ortho- phenyl substituted compound (DA14). 

Lin and coworkers reported arylamine decorated cyanocarbazole (DA16-DA20) as bipolar 

emitting materials [103]. They concluded that the bulkier arylamines are helpful to increase 

thermal and morphological stability. The cyano- substituted compounds showed superior 

performance which is due to the boosting of electron transport. Recently, Thomas and 

coworkers reported dicyanocarbazole possessing triphenylamine donor (DA22) as HLCT 

emitter [97]. They compared the parent compound which does not have cyano group (DA21). 

They found that the insertion of cyano group induced HLCT in DA22. As a result, the 

compound showed high EQE of 6.5% which is higher than that of parent compound. 

 

Chart 6.2 Arylamine functionalized cyanocarbazoles for electroluminescence applications. 

Tailoring aromatic groups together through a choice of spacer would be a good method to 

elongate the conjugation of the molecule. Acetylene spacer is rigid and its rod-like shape 

facilitates the electronic delocalization through coplanarity and provides high quantum yield 

[180]. The tailoring of carbazole with other arylamines such as carbazole or triphenylamine 
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would be interesting to increase conjugation length and functionally tune the material 

properties. However, the combination of arylamine-cyanocarbazole conjugates containing 

acetylene spacer is not explored in the literature. As the continuous endeavor for the study of 

structure-property relationship in organic materials, we studied the effect of positional isomers 

on photophysical, electrochemical and electroluminescent properties of arylamine 

functionalized cyanocarbazole (Chart 6.3). In this chapter, we have studied the photophysical, 

electrochemical and electroluminescent properties of arylamine functionalized isomeric 

cyanocarbazoles. The structure-property relationship among the positional isomers is 

established. All the materials exhibited blue emission. 

 

Chart 6.3 Structure of the isomeric cyanocarbazole dyes. 
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6.2 Results and Discussion 

6.2.1 Synthesis and Characterization 

The synthesis of target molecules is described in Scheme 6.1. 3,6-Dibromo-9-butyl-9H-

carbazole (19a) and 2,7-dibromo-9-butyl-9H-carbazole (19b) were converted to corresponding 

cyanocarbazoles (20a and 20c) by von-brown reaction. The cyano carbazoles obtained were 

iodinated to get 21a and 21c. In another synthetic route, 19b was iodinated to get 20b which 

then further selectively cyanated by using CuCN in DMF under reflux condition to yield 21b. 

Finally, the intermediates 21a-21c were converted to target dyes (22a-22c and 23a-23c) by 

Sonogashira coupling reaction protocol using suitable terminal carbazole/triphenylamine 

acetylenes (22 and 23). All the dyes were obtained in moderate to good yields. All the 

compounds were thoroughly characterized by 1H NMR, 13C NMR and high resolution mass 

spectrometry measurements. The data are consistent with the proposed structures of the 

compounds. All the dyes are soluble in common organic solvents such as toluene (TOL), 

dichloromethane (DCM), chloroform (CHCl3), tetrahydrofuran (THF), N,N-dimethylformamide 

(DMF) and sparingly soluble in acetonitrile (ACN) and methanol (MeOH). 
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Scheme 6.1 Synthetic procedure for the target compounds 22a-22c and 23a-23c. 

6.2.2 Photophysical Properties 

The absorption spectra of the compounds recorded in dichloromethane solution are 

presented in Figure 6.1, and the relevant data summarized in Table 6.1. There are two or three 

distinct absorption bands with multiple shoulder peaks observed for each of the compounds. 

The higher energy absorption band ca. below 330 nm is ascribed to π-π* transition of carbazole 

and/ or triphenylamine while the lower energy absorption band arises from π-π* transition of 

entire molecular structure [218,219]. The substitution at 1,8-positions of carbazole generally 

does not influence the conjugation length. Accordingly, the introduction of acetylene at 1,8-

position of carbazole (22a and 23a) exhibited blue shifted absorption when compared to other 

positional isomers. When the acetylene is inserted at 2,7-position, the compounds 22b and 23b 

displayed bathochromic shift as compared to the corresponding 1,8-substituted isomers (22a 
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and 23a). It could be attributed to the elongation of conjugation along the linear axis of 

carbazole [220]. Interestingly, when acetylene is tailored at 3,6-position of central carbazole, 

the compounds 22c and 23c exhibited weak charge transfer band at about 430 nm. It might arise 

from the intra-molecular charge migration from peripheral carbazole/triphenylamine to 

cyanocarbazole core [221]. Since the acceptor strength of carbazole is moderate, the intensity of 

observed charge transfer peak is low. Generally, triphenylamine substituted compounds (23a-

23c) exhibited red shifted absorption maximum when compared to their corresponding 

carbazole analogs (22a-22c) which could be attributed the electron richness of triphenylamine 

over carbazole. It is interesting to compare the absorption maximum of 22b with the known 

compound 3,3’-((9-hexyl-9H-carbazole-2,7-diyl)bis(ethyne-2,1-diyl))bis(9-hexyl-9H-carbazole) 

which does not have cyano group at 3,6-position of carbazole core [180]. The compound 22b 

exhibited red shifted absorption maximum (12 nm). Similarly, when we compare 22c with the 

known compound 3,3’-((9-hexyl-9H-carbazole-3,6-diyl)bis(ethyne-2,1-diyl))bis(9-hexyl-9H-

carbazole) which lacks cyano group at 2,7-position of core carbazole, 22c showed slight red 

shift of about 2 nm and an additional weak intra-molecular charge transfer band [180]. It is 

reasoned that the presence of cyano group in 22c might induce the electron deficient nature of 

carbazole core and thereby induces weak intramolecular charge transfer. The above results 

indicate the auxochromic role of cyano group in extending the π conjugation. In order to study 

the nature of ground state of the molecules, we recorded absorption spectrum of the compounds 

in different polarity of various solvents from non-polar toluene to polar methanol (Figure 6.3 to 

Figure 6.8). All the dyes exhibited solvent independent absorption maximum while 22b and 23b 

showed blue shift in absorption spectra as the polarity of the solvent increases. The negative 

solvatochromism of the compounds containing carbazole/triphenylamine along the linear axis 

of carbazole core (22b and 23b) might be due to high dipole moment at ground state [222-225]. 

 

 

 



 
Arylamine Substituted Isomeric Cyanocarbazoles    

192 

 

Chapter 6 

250 300 350 400 450 500

0

22000

44000

66000

88000

110000

 22a

 22b

 22c

 23a

 23b

 23c

M
o

la
r 

e
x
ti

n
c
ti

o
n

 c
o

e
ff

ic
ie

n
t 

(M
-1
 c

m
-1
)

Wavelength (nm)  

Figure 6.1 Absorption spectra of the dyes (22a-22c and 23a-23c) recorded in dichloromethane.  

Table 6.1 Optical properties of the dyes 

Dye λmax, nm (εmax, M
-1 cm-1 ×103)a λem, nm (ΦF)a,b Stokes shift, cm-1 λem,c nm 

22a 282(87.8), 304(67.7), 340(45.6), 

380s(31.8), 395sh (26.3) 

418 (0.37) 1393 484 

22b 299(78.0), 329s(44.3), 359sh 

(45.4), 383sh (67.5), 402(72.8) 

442 (0.71) 2251 494 

22c 275sh (68.0), 304(100.7), 

339(81.7), 433sh (6.8) 

471 (0.73) 1863 500 

23a 272sh (38.3), 303(45.9), 353(39.4), 

390(37.4) 

475 (0.41) 4588 501 

23b 297(102.2), 337sh (34.0), 

417(84.7) 

492 (0.42) 3656 493 

23c 290(81.2), 325sh (50.5), 364(75.7), 

439sh (7.4) 

510 (0.56) 3171 517 

a Measured in dichloromethane solution. b Absolute quantum yield using integrating sphere. c Measured 

for drop cast film. 

Figure 6.2 displays the emission spectra of the compounds recorded in dichloromethane 

and the pertinent data registered in Table 6.1. The emission maxima of the compounds followed 

the trend of absorption profile. All the compounds displayed structureless emission spectra with 

single emission maximum. Triphenylamine substituted dyes (23a-23c) showed broad and red 

shifted emission maximum when compared to their carbazole analogs (22a-22c). It might be 

due to structural reorganization associated with flexible triphenylamine units over rigid 
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carbazole at excited state [226]. Further, the above assumption is confirmed by increase of full 

width half maximum (FWHM) values for triphenylamine substituted compounds. When we 

compare the emission maximum of 22b with the known compound 3,3’-((9-hexyl-9H-

carbazole-2,7-diyl)bis(ethyne-2,1-diyl))bis(9-hexyl-9H-carbazole) which does not have cyano 

group at 3,6-position of carbazole core, the compound 22b exhibited bathochromically shifted 

emission maximum [180]. Likewise, 22c exhibited red shifted emission compared to its 

analogous compound 3,3’-((9-hexyl-9H-carbazole-3,6-diyl)bis(ethyne-2,1-diyl))bis(9-hexyl-

9H-carbazole) which lacks cyano group at 2,7-position of carbazole core [180]. The nature of 

excited state of the dyes was studied by recording emission spectra in the solvents of different 

polarity (Figures 6.3-6.8). All the dyes exhibited positive solvatochromic character except 22a 

which showed similar emission in all solvents, but 22a also exhibited red shift in DMF. 

Triphenylamine substituted compounds (23a-23c) displayed high magnitude of spectral shift in 

emission solvatochromism as compared to their carbazole analogs (22a-22c). It might be due to 

the pronounced dipolar relaxation of triphenylamine substituted compounds at excited state over 

carbazole congeners [227]. The highest spectral shift of 80 nm is observed for 23c in emission 

solvatochromism which is ascribed to the stabilization of charge transfer excited state. 

However, carbazole counterpart 22c showed small solvatochromic spectral shift as a result of 

weak electron donating ability of carbazole and thus less dipolar stabilization of excited state. 

The nature of excited state species is studied by Lippert-Mataga plot (Figure 6.9). All the 

carbazole- based dyes (22a and 22c) exhibited linear relationship which implies the presence of 

single excited state. In contrast, triphenylamine-based dyes 23a-23c and 22b exhibited two 

linear relationships attributable to local (LE) and charge transfer (CT) excited species [142-

144]. Thin film emission spectra displayed red shifted emission maximum when compared to 

solution spectra recorded in toluene (Figure 6.10). It could be due to the intermolecular 

interaction or the formation of J- aggregates in solid state [228,229].   
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Figure 6.2 Emission spectra of the dyes (22a-22c) and (23a-23c) recorded in dichloromethane.  
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Figure 6.3 Absorption (a) and emission (b) spectra of 22a recorded in different solvents. 
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Figure 6.4 Absorption (a) and emission (b) spectra of 22b recorded in different solvents. 
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Figure 6.5 Absorption (a) and emission (b) spectra of 22c recorded in different solvents. 
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Figure 6.6 Absorption (a) and emission (b) spectra of 23a recorded in different solvents. 

 
 

270 316 362 408 454 500

0.00

0.25

0.50

0.75

1.00  TOL

 TEA

 DBE

 CHCl
3

 EA

 THF

 DCM

 DMF

 ACT

 ACN

 MeOH

N
o

rm
a
li

z
e
d

 a
b

s
o

rb
a
n

c
e

Wavelength (nm)

(a)

   

400 458 516 574 632 690

0.00

0.25

0.50

0.75

1.00
 TOL

 TEA

 DBE

 CHCl
3

 EA

 THF

 DCM

 DMF

 ACT

 ACN

 MeOH

N
o

rm
a
li

z
e
d

 e
m

is
s
io

n
 i

n
te

n
s
it

y

Wavelength (nm)

(b)

 
Figure 6.7 Absorption (a) and emission (b) spectra of 23b recorded in different solvents. 
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Figure 6.8 Absorption (a) and emission (b) spectra of 23c recorded in different solvents. 
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Figure 6.9 Lippert-Mataga plot of the dyes (22a-22c and 23a-23c). 
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Figure 6.10 Thin film emission spectra of the dyes (22a-22c and 23a-23c) recorded for drop 

cast films. 
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Table 6.2 Solvatochromic absorption data of the dyes 

Dye Absorption maxima, λmax (nm) 

TOL TEA DBE CHCl3 EA THF DMF ACT ACN MeOH 

22a 304, 

339, 

379, 

395 

- - 289, 

306sh, 

339, 

378, 

395sh 

280, 

303, 

336, 

376sh, 

394sh 

283, 

339, 

390sh 

281, 

304, 

339, 

378sh, 

394sh 

- - - 

22b 294, 

327sh, 

359sh, 

387 

295, 

354sh, 

378, 

403sh 

379, 

401 

296, 

330sh, 

361sh, 

388 

298, 

325sh, 

357sh, 

379sh 

296, 

327sh, 

358sh, 

381sh 

300, 

329sh, 

358sh, 

381sh, 

399 

358sh, 

379sh, 

396 

299, 

326sh, 

356sh, 

377, 

395 

287, 

354, 

376, 

395sh 

22c 305, 

340, 

440sh 

306, 

336, 

433sh 

- 271sh, 

305, 

341, 

437sh 

271sh, 

303, 

336, 

434 

303, 

336, 

434sh 

304, 

337, 

433sh 

- 302, 

332, 

433sh 

- 

23a 305, 

354, 

389, 

402 

307, 

350, 

385, 

399 

303, 

352, 

386, 

400 

304, 

355, 

401 

301, 

350, 

395 

303, 

346, 

391sh 

304, 

352, 

395 

350, 

394 

301, 

348, 

393 

301, 

348, 

392 

23b 298, 

425 

289, 

402 

291, 

403 

297, 

423 

294, 

335sh, 

411 

295, 

337sh, 

414 

298, 

336sh, 

410 

334sh, 

408 

292, 

395 

289, 

390 

23c 292, 

370, 

439sh 

287, 

364, 

436sh 

288, 

321sh, 

363, 

434sh 

292, 

326sh, 

369, 

445sh 

288, 

360, 

435sh 

289, 

360, 

437sh 

291, 

358, 

441sh 

358, 

436sh 

288, 

356, 

439sh 

288, 

358, 

440 

 

Table 6.3 Solvatochromic emission data of the dyes 

Dye Emission maxima, λem (nm) 

 TOL TEA DBE CHCl3 EA THF DMF ACT ACN MeOH 

22a 410, 

431 

- - 414, 

434 

414, 

431 

417 456 - - - 

22b 422, 

445 

419, 

445 

419 430 433 439 467 459 467 451 

22c 459, 

484s 

455, 

497 

- 471 459 464 472 - 474 - 

23a 427 426 427 455 464 444 512 501 514 497 

23b 451 444 447 473 481 486 531 513 521 511 

23c 467 460 462 498 488 492 541 533 542 547 
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Table 6.4 Stokes shift value of the dyes 

Dye Stokes shift (cm-1) 

TOL TEA DBE CHCl3 EA THF DMF ACT ACN MeOH 

22a 926 - - 1162 1226 1660 3451 - - - 

22b 813 948 1071 1375 2031 2221 3649 3466 3903 3144 

22c 941 1117 - 1652 1255 1490 1908 - 1998 - 

23a 1456 1588 1581 2960 3765 3053 5785 5421 5990 5389 

23b 1356 2353 2443 2499 3541 3578 5558 5017 6123 6072 

23c 1366 1197 1396 2392 2497 2558 4191 4174 4329 4446 

 

6.2.3 Electrochemical Properties 

The suitable HOMO and LUMO energy level of the compound facilitates the effective 

charge carrier mobility in the OLED device. In order to estimate the energy levels of HOMO 

and LUMO levels and to investigate the redox properties of the dyes, we carried out 

electrochemical experiment by cyclic voltammetry measurements. All the carbazole substituted 

compounds (22a-22c) exhibited irreversible oxidation while triphenylamine substituted 

compounds (23a-23c) gave quasi-reversible oxidation (Figure 6.11). The oxidation originates 

from carbazole and triphenylamine segments. The irreversible oxidation peak of carbazole 

substituted compounds is ascribed to large reorganization energy associated with stabilization of 

carbazole radical cation during the oxidation process [148,149]. The high oxidation propensity 

of triphenylamine-based compounds arises from electron richness of triphenylamine when 

compared to carbazole. The similar oxidation potential of 1,8-substituted compounds (22a and 

23a) with 2,7-substituted analogous compounds (22b and 23b) indicates the similar electronic 

influence. But, the oxidation potential is slightly dropped for 3,6-substituted analogs 22c and 

23c. The lower oxidation potential of 3,6-substituted analogs might be due to elongation of 

conjugation and strengthening of electron richness. The HOMO energy values are calculated by 

comparing the oxidation potential of ferrocene (-4.8 eV). The LUMO energy values are 

deduced by subtracting band gap value from HOMO energy values. The band gap values are 

estimated from the absorption edge which is the intersection of absorption and emission spectra 

of the dyes recorded in dichloromethane. The observed energy levels are well matching with the 

neighboring molecular layers of device which would be beneficial for facile charge transport. 
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Figure 6.11 Cyclic voltammograms (a) and differential pulse voltammograms (b) of the dyes 

recorded in dichloromethane. 

6.2.4 Thermal Properties 

The thermal stability of the compounds was studied by thermo gravimetric analysis (TGA) 

under nitrogen atmosphere at the heating rate of 10 °C/min. The thermogram is displayed in 

Figure 6.12 and the relevant data summarized in Table 6.5. All the compounds exhibited high 

onset temperature of 375-504 °C corresponding to 10% weight loss. The high thermal stability 

of the compounds is ascribed to rigid nature of carbazole moiety. The high onset temperature of 

triphenylamine-based dyes arises from non-planar nature of triphenylamine [230]. The high 

thermal stability of molecules possessing rigid carbazole, polar cyano group and rod-like 

acetylene spacer is well documented in the literature [16, 153]. The 2,7-substituted compounds 

(22b and 23b) showed high onset decomposition temperature when compared to analogous 

isomers.  
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Figure 6.12 TGA plot of the dyes (22a-22c and 23a-23c). 

Table 6.5 Thermal and electrochemical properties of the dyes 

Dye Tonset, °Ca Td, °C Eox, V
b HOMO, eVc LUMO, eVd E0-0, eVe 

22a 444 628 0.72 -5.52 -2.43 3.09 

22b 456 682 0.72 -5.52 -2.55 2.97 

22c 375 646 0.65 -5.45 -2.63 2.82 

23a 447 638 0.58 -5.38 -2.48 2.90 

23b 522 680 0.58 -5.38 -2.60 2.78 

23c 501 689 0.54 -5.34 -2.57 2.77 
a Temperature corresponding to 10% weight loss. b Oxidation potential quoted reference to ferrocene 

internal standard. c HOMO = -(4.8 + Eox). 
d LUMO = HOMO + E0-0. 

e Optical band gap obtained from the 

intersection of normalized absorption and emission spectra (optical edge). 

6.2.5 Theoretical Investigations 

In order to have deep insight on the electronic structures and photophysical properties of 

the compounds, we have performed density functional theory calculation at B3LYP/6-31G(d,p) 

level [155,156]. The alkyl chains are shortened to methyl chain for reducing the cost of 

computational time. The computed absorption maxima, oscillator strength and most prominent 

electronic transitions of the compounds are listed in Table 6.6. The electronic distribution in the 

frontier molecular orbitals is displayed in Figure 6.13 and Figure 6.14. The trend of computed 

absorption maxima matched with the trend of experimental results. The HOMO is concentrated 

on peripheral donor and extended to central carbazole for 22a/22b and 23a/23b while the 
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LUMO is spread over cyano substituted carbazole core and slightly diffused to phenyl ring of 

peripheral carbazole/triphenylamine but not on cyano group. It indicates the involvement of π-

π* transition during electronic excitation of these molecules. On the other hand, for 22c and 

23c, the HOMO is dispersed over peripheral carbazole/triphenylamine and extends to carbazole 

core while the LUMO is completely concentrated on carbazole core and cyano group. It 

indicates the migration of charge from peripheral carbazole/triphenylamine to core carbazole 

containing cyano group which is due to characteristic ICT transition [157-159]. Since the 

overlap between HOMO and LUMO is observed for 22c and 23c, the intensity of ICT is weak. 

The similar results are obtained in experimental absorption spectroscopy where 22a, 22b, 23a 

and 23b exhibited π-π* transition while 22c and 23c displayed weak intramolecular charge 

transfer band.  

 

Figure 6.13 Frontier molecular orbitals of the dyes 22a-22c. 



 
 Arylamine Substituted Isomeric Cyanocarbazoles                                                          

203 

 

Chapter 6 

 

Figure 6.14 Frontier molecular orbitals of the dyes 23a-23c. 

 

Table 6.6 Predicted vertical excitation obtained by B3LYP/6-31G (d,p) method for the dyes 

Dye λmax (nm) f Assignment 

22a 266 0.3161 HOMO-2→LUMO (28%), HOMO-3→LUMO+1 (11%),               

HOMO-2→LUMO+3 (10%), HOMO-3→LUMO+2 (10%) 

 268 0.1715 HOMO-2→LUMO+1 (18%), HOMO-3→LUMO (15%),              

HOMO-3→LUMO+2 (12%), HOMO-2→LUMO+3 (11%) 

 274 0.2390 HOMO-5→LUMO (33%), HOMO→LUMO+4 (24%),                  

HOMO-1→LUMO (16%), HOMO-6→LUMO (10%) 

 293 0.2950 HOMO-1→LUMO+2 (15%), HOMO→LUMO+2 (15%),             

HOMO-1→LUMO+1 (14%), HOMO→LUMO+3 (13%),            

HOMO-1→LUMO+3 (11%) 

 297 0.3503 HOMO-1→LUMO+1 (44%), HOMO-4→LUMO (10%) 

 335 1.1000 HOMO→LUMO+1 (63%), HOMO-1→LUMO (23%) 

 337 0.5988 HOMO→LUMO (80%) 
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Table 6.6 (cont.) 

Dye λmax (nm) f Assignment 

22b 265 0.4533 HOMO-4→LUMO+1 (36%), HOMO-5→LUMO (25%) 

 275 0.2813 HOMO-2→LUMO (45%) 

 286 0.1189 HOMO→LUMO+1 (44%), HOMO-4→LUMO (33%),                

HOMO-1→LUMO (15%) 

 291 0.2566 HOMO-1→LUMO+1 (40%), HOMO→LUMO+4 (21%),                     

HOMO-4→LUMO+1 (14%)  

 371 2.9444 HOMO→LUMO (86%) 

22c 272 0.2287 HOMO-3→LUMO (71%), HOMO-5→LUMO (10%) 

 281 0.1108 HOMO-2→LUMO (40%), HOMO-4→LUMO (33%),              

HOMO→LUMO (10%) 

 282 0.7387 HOMO-5→LUMO (40%), HOMO-6→LUMO (15%),                   

HOMO-3→LUMO (10%), HOMO-1→LUMO+2 (10%) 

 309 0.6219 HOMO-1→LUMO+1 (57%), HOMO→LUMO+2 (29%) 

 326 1.3885 HOMO-1→LUMO (48%), HOMO→LUMO+1 (34%),                

HOMO-1→LUMO+2 (10%) 

 349 0.8304 HOMO→LUMO+1 (46%), HOMO-1→LUMO (41%) 

 380 0.1362 HOMO→LUMO (86%) 

23a 268 0.2903 HOMO→LUMO+8 (47%), HOMO-1→LUMO+8 (38%)  

 273 0.1068 HOMO-2→LUMO+1 (40%), HOMO-4→LUMO (23%) 

 317 0.4871 HOMO-1→LUMO+1 (57%), HOMO-2→LUMO (20%) 

 352 1.2440 HOMO→LUMO (75%) 

 360 0.8664 HOMO→LUMO+1 (53%), HOMO-1→LUMO (31%) 

23b 269 0.1066 HOMO→LUMO+6 (33%), HOMO-1→LUMO+7 (29%),             

HOMO-1→LUMO+6 (13%), HOMO→LUMO+7 (11%) 

 270 0.1202 HOMO→LUMO+7 (25%), HOMO-1→LUMO+6 (20%), 

HOMO→LUMO+3 (17%), HOMO-1→LUMO+7 (11%) 

 287 0.1606 HOMO-2→LUMO (59%), HOMO-1→LUMO+1 (15%), 

HOMO→LUMO (13%) 

 298 0.1025 HOMO-3→LUMO (38%), HOMO→LUMO+1 (37%),                 

HOMO-1→LUMO (14%) 

 303 0.1441 HOMO-1→LUMO+1 (48%), HOMO-2→LUMO (18%), 

HOMO→LUMO+2 (12%), HOMO-3→LUMO+1 (10%) 

 394 3.1392 HOMO→LUMO (80%) 

23c 295 0.2984 HOMO-3→LUMO (35%), HOMO-2→LUMO+1 (21%),                      

HOMO-1→LUMO+2 (18%), HOMO-4→LUMO (10%) 

 335 0.9628 HOMO-1→LUMO+1 (58%), HOMO→LUMO+2 (31%) 

 343 0.6902 HOMO-1→LUMO (66%), HOMO→LUMO+1 (17%) 

 368 1.3018 HOMO→LUMO+1 (55%), HOMO-1→LUMO (24%),                

HOMO-1→LUMO+2 (11%) 

 385 0.2148 HOMO→LUMO (79%), HOMO-2→LUMO (15%) 
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6.2.6 Electroluminescence Properties 

To evaluate the electroluminescence performance of the dyes, the multilayered OLED 

devices were fabricated with the configuration of ITO/PEDOT:PSS/CBP:emitter (22a-22c and 

23a-23c)/TBPi/LiF/Al, where ITO (indium doped tin oxide) served as anode, PEDOT:PSS 

(polyethylenedioxythiophene/polystyrenesulfonate) as hole injecting layer, N,N’-dicarbazolyl-

4,4’-biphenyl (CBP) as host material into which the dyes were doped, TBPi (1,3,5-tris(N-

phenylbenzimidazol-2-yl)benzene) and LiF as electron transporting and electron injecting layer 

respectively, and Al as cathode. Initially, non-doped devices were fabricated by employing the 

dyes as emitting layer. All the non-doped devices displayed high current density but low 

luminance. It might be due to imbalanced charge transport and migration of charge carriers 

towards electrode interface before recombination takes place. Due to this charge leakage at 

interface/electrode, we observed high current density and low luminance value. Furthermore, 

the non-doped devices showed broad and red shifted electroluminescence spectrum as 

compared to their corresponding solution photoluminescence spectrum. It could be attributed to 

the formation of aggregates in solid state. The poor thin film stability of the emitter could have 

induced crystalline nature of the dyes and ends up with the failure of device [231,232]. 

However, the performance of non-doped device comprising 22c is superior to the reported 

carbazole acetylene which does not have cyano group, in similar device architecture. It indicates 

the role of cyano group in improving the balanced transport of charge carriers [103]. 

Since the non-doped devices showed unsatisfactory electroluminescence performances due 

to the formation of aggregates in solid state and poor thin film quality, we fabricated doped 

devices to mitigate aggregation caused emission quenching and to improve the 

electroluminescence performances. The current density-voltage-luminance plots of the devices 

are presented in Figure 6.15. The electroluminescence spectra of the devices are shown in 

Figure 6.16 and the electroluminescence data compiled in Table 6.7. For the doped devices, we 

doped the emitters on CBP host at different concentrations. In the doped devices, the 

electroluminescence spectrum is narrow and blue shifted similar to the photoluminescence 

spectra recorded in toluene. It clearly indicates the suppression of aggregation of dye molecules 

in solid state due to dilution effect of fluorophores [164]. The absence of CBP emission at ca. 

400 nm in electroluminescence spectrum suggests the origin of emission is solely from the 

emitters. However, the dye 22c exhibited small hump around 400 nm. It might be due to the 
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CBP host emission which indicates the incomplete energy transfer from CBP host to the dopant. 

This is evident from the decreasing intensity of hump at higher concentration of dopant as the 

number of emitting molecules to capture excitons from CBP host increased. The doped devices 

exhibited high luminance compared to their analogous non-doped devices. It might be due to 

the effective capture of excitons formed in CBP host by dopants through favorable energy 

barrier. The power efficiency and current efficiency of the devices are progressively increased 

from 22a to 22c. It could be attributed to the decreasing energy barrier for electron injection 

owing to low-lying LUMO while HOMO is almost similar for all the dyes. The power and 

current efficiency of 22b is about 2-3 fold increased as compared to its isomer 22a. Despite of 

similar HOMO energy level, 22b possessed low lying LUMO which facilitated easy injection of 

electrons into the emissive layer and thus balanced charge transport and effective capture of 

excitons realized. As a result, high luminance is observed. When the concentration of the 

dopants is increased, the electroluminescence performance is increased as a result of increasing 

number of emitting species. However, the electroluminescence performance dropped to some 

extent at higher concentration which could be due to the formation of aggregates. The best 

device performance is observed for the doped devices fabricated with 3 wt% of dopants. In non-

doped devices, triphenylamine substituted dyes showed relatively low turn-on voltage when 

compared to their analogous carbazole dyes. It might be due to high lying HOMO of 

triphenylamine substituted dyes which facilitates the easy injection of hole charge carriers 

(Figure 6.17) [233,234]. As a result, triphenylamine substituted dyes showed better power 

efficiency, current efficiency and luminance over carbazole analogs. Similar results are 

observed for other doped devices also.  

The color purity of the electroluminescence devices is attributed to small full width at half 

maxima values of the electroluminescence spectrum. The 2,7-substituted compounds (22b and 

23b) showed better electroluminescence performance when compared to their analogous 

isomers. It is ascribed to the favorable energy level alignment of dopant with host and 

neighboring charge transporting layers which ensure balanced charge transport and effective 

harvesting of excitons. The highest power and current efficiency and luminance are observed 

for 23c. It is ascribed to low energy barrier for the injection of charge carriers and effective 

excitons harvesting from the host. The best electroluminescence performance is observed for 

the device fabricated with 23b (3 wt%) with power efficiency of 5.3 lm/W, current efficiency of 
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6.7 cd/A, EQE of 4.0% and luminance of 4642 cd/m2. The device containing 23b gave the 

lowest turn-on voltage of 3.9 V which can be attributed to low energy barrier for charge 

injection. 
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Figure 6.15 J-V-L characteristics of the electroluminescent devices fabricated with the dyes (22a-22c 

and 23a-23c). 
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Figure 6.16 Electroluminescence spectra of the devices fabricated with the dyes (22a-22c and 23a-23c). 
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Figure 6.17 Energy level diagrams of the dyes (22a-22c and 23a-23c) in OLED device (all values are in 

eV with reference to vacuum). 
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Table 6.7 Electroluminescent parameters of the dyes a 

a values at 100/1000 cd/m2. 

Dye wt% Turn-on 

voltage 

(V) 

Power 

Efficiency 

(lm/w) 

Current 

Efficiency 

(cd/A) 

EQE 

(%) 

CIE (x,y) Maximum 

Luminance 

(cd/m2) 

λEL (nm) FWHM 

(nm) 

22a 100 4.9/  - 0.1/  - 0.2/  - 0.1/  - (0.23, 0.33)/  - 156 476 111 

 1 5.2/ 7.3 0.9/ 0.2 1.4/ 0.6 2.9/ 1.0 (0.16, 0.07)/ (0.17, 0.09) 1081 420 51 

 3 4.9/ 6.3 0.9/ 0.5 1.4/ 1.0 2.4/ 1.6 (0.16, 0.07)/ (0.17, 0.09) 1756 420 67 

 5 5.0/ 6.6 0.9/ 0.5 1.4/ 1.0 2.0/ 1.3 (0.16, 0.09)/ (0.17, 0.1) 1906 420 60 

22b 100 4.8/  - 0.2/  - 0.4/  - 0.1/  - (0.24, 0.41)/  - 256 500 104 

 1 5.0/ 6.5 1.4/ 0.5 2.2/ 1.1 3.2/ 1.6 (0.16, 0.08)/ (0.17, 0.1) 1403 428 61 

 3 4.5/ 5.6 3.0/ 1.7 4.3/ 3.0 4.1/ 3.1 (0.16, 0.12)/ (0.16, 0.12) 2351 432 70 

 5 4.6/ 5.9 2.9/ 1.5 4.1/ 2.8 3.2/ 2.3 (0.16, 0.16)/ (0.16, 0.15) 2546 436 78 

22c 100 4.8/  - 0.1/  - 0.2/  - 0.1/  - (0.26, 0.49)/  - 207 500 85 

 1 4.7/ 5.8 2.1/ 1.0 3.2/ 1.9  2.7/ 1.6 (0.15, 0.16)/ (0.16, 0.16) 1760 460 90 

 3 4.9/ 6.1  2.9/ 1.6 4.6/ 3.0 2.8/ 2.0 (0.15, 0.23)/ (0.16, 0.21) 2498 468 68 

 5 4.8/ 6.3 3.1/ 1.3 4.7/ 2.6 2.6/ 1.5 (0.16, 0.27)/ (0.16, 0.25) 2443 468 68 

23a 100 4.5/  - 0.1/  - 0.1/  - 0.1/  - (0.24, 0.45)/  - 277 500 96 

 1 4.6/ 5.6 1.2/ 0.8 1.8/ 1.4 2.7/ 2.0 (0.16, 0.08)/ (0.16, 0.09) 2162 432 63 

 3 4.7/ 5.8  2.0/ 1.4 3.0/ 2.5 3.2/ 2.8  (0.16, 0.10)/ (0.16, 0.11) 4065 436 60 

 5 4.6/ 5.7 2.4/ 1.5 3.5/ 2.8 3.2/ 2.6 (0.16, 0.12)/ (0.16, 0.13) 4318 440 65 

23b 100 3.8/  - 0.3/  - 0.3/  - 0.1/  - (0.30, 0.55)/  - 509 520 93 

 1 3.7/ 4.9 4.5/ 3.0 5.4/ 4.6 3.9/ 3.6 (0.15, 0.17)/ (0.15, 0.16) 4303 460 60 

 3 3.9/ 5.4 5.3/ 2.9 6.7/ 4.9 4.0/ 3.2 (0.16, 0.22)/ (0.16, 0.21) 4642 464 62 

 5 3.9/ 5.2 5.2/ 2.8 6.5/ 4.6 3.5/ 2.6 (0.16, 0.26)/ (0.16, 0.24) 5109 468 66 

23c 100 3.8/ 5.7 0.3/ 0.2 0.4/ 0.3 0.1/ 0.1 (0.33, 0.58)/ (0.31, 0.57) 1092 524 88 

 1 4.3/ 5.4  3.7/ 2.3 5.1/ 3.9 2.8/ 2.3 (0.17, 0.28)/ (0.16, 0.26) 3675 472 72 

 3 4.5/ 5.7 4.6/ 2.6 6.6/ 4.8 2.9/ 2.3 (0.18, 0.35)/ (0.17, 0.32) 5702 476 73 

 5 4.3/ 5.7 5.4/ 2.6 7.3/ 4.7 3.0/ 2.0 (0.19, 0.40)/ (0.18, 0.37) 6104 480 77 
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6.3 Conclusions 

In summary, we have designed and synthesized isomeric tetra-substituted carbazoles 

containing arylamine donors and cyano acceptors. The variations of optical, electrochemical 

and electroluminescence properties among the positional isomers are elaborated. 

Triphenylamine substituted compounds showed bathochromically shifted absorption and 

emission maxima as compared to their analogous carbazole congeners. The positive emission 

solvatochromism of the compounds is evaluated by Lippert-Mataga plots and DFT correlations. 

The superior thermal stability of triphenylamine substituted compounds (23a-23c) is ascribed to 

non-planar nature of triphenylamine moieties. The 1,8-arylamine substituted compounds 

showed wide band gap compared to other isomers which could be due to the steric congestion. 

The best electroluminescence device performance is observed for the device fabricated with the 

dyes 22b which could be due to the favorable energy level alignment for effective harvesting of 

excitons In brief we have shown a method to modulate the functional properties of carbazole 

derivative by cyano substitution at different nuclear positions. 

6.4 Experimental Section 

6.4.1 General Methods and Characterization 

Computational methods, OLED device fabrication and characterization are similar to the 

procedure described in chapter 3. 

6.4.2 Synthesis  

Synthesis of 9-butyl-1,8-bis((9-butyl-9H-carbazol-3-yl)ethynyl)-9H-carbazole-3,6-

dicarbonitrile, 22a 

A mixture of 9-butyl-1,8-diiodo-9H-carbazole-3,6-dicarbonitrile (0.55 g, 1.0 mmol), 9-

butyl-3-ethynyl-9H-carbazole (0.52 g, 2.1 mmol), Pd(PPh3)2Cl2  (14 mg, 0.02 mmol), PPh3 (5.2 

mg, 0.02 mmol), CuI (11.4 mg, 0.06 mmol) and triethylamine (30 mL) was refluxed for 12 h 

under nitrogen atmosphere. After completion of reaction, the reaction mixture was poured into 

water and extracted with chloroform. The organic layer was dried over anhydrous sodium 

sulphate. Finally, the solvent was removed under vacuum to yield a residue which was further 

purified by column chromatography using hexanes/chloroform (3:2) as eluant. Yellow solid. 

Yield 0.36 g (47%); mp 270-272 °C; IR (KBr, cm-1) 2219 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 
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8.32 (d, J = 1.6 Hz, 4 H), 8.09 (d, J = 7.6 Hz, 2 H), 8.01 (d, J = 1.6 Hz, 2 H), 7.67 (dd, J = 8.8 

Hz, 1.2 Hz, 2 H), 7.53-7.49 (m, 2 H), 7.45-7.41 (m, 4 H), 7.28-7.24 (m, 2 H), 5.67 (t, J = 8.0 

Hz, 2 H), 4.32 (t, J = 7.6 Hz, 4 H), 2.14-2.10 (m, 2 H), 1.91-1.85 (m, 4 H), 1.48-1.37 (m, 6 H), 

0.96 (t, J = 7.6 Hz, 6 H), 0.90 (t, J = 7.6 Hz, 3 H); 13C NMR (CDCl3, 100.3 MHz) δ 140.79, 

140.43, 135.78, 128.80, 126.40, 123.96, 123.83, 123.06, 122.93, 122.17, 120.43, 119.58, 

118.93, 111.94, 109.03, 108.61, 103.82, 97.29, 82.99, 45.31, 42.98, 34.38, 31.05, 20.51, 19.91, 

14.19, 13.83; HRMS calcd for C54H45N5 (m/z+1) 764.3748, found 764.3774.  

Synthesis of 9-butyl-2,7-bis((9-butyl-9H-carbazol-3-yl)ethynyl)-9H-carbazole-3,6-

dicarbonitrile, 22b 

It was prepared from a mixture of 2,7-dibromo-9-butyl-9H-carbazole-3,6-dicarbonitrile 

(0.37 g, 0.7 mmol), 9-butyl-3-ethynyl-9H-carbazole (0.38 g, 1.5 mmol), Pd(PPh3)2Cl2  (10 mg, 

0.01 mmol), PPh3 (3.7 mg, 0.01 mmol), CuI (8.2 mg, 0.04 mmol) and triethylamine (30 mL) by 

following the procedure described for 22a. Yellow solid. Yield 0.27 g (51%); mp 292-294 °C; 

IR (KBr, cm-1) 2223 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.33 (s, 2 H), 8.27 (s, 2 H), 8.12 (d, 

J = 7.6 Hz, 2 H), 7.72 (d, J = 8.0 Hz, 2 H), 7.58 (s, 2 H), 7.54-7.50 (m, 2 H), 7.44-7-7.36 (m, 4 

H), 7.31-7.28 (m, 2 H), 4.31 (t, J = 7.6 Hz, 6 H), 1.94-1.83 (m, 6 H), 1.50-1.39 (m, 6 H), 1.03 (t, 

J = 7.6 Hz, 3 H), 0.96 (t, J = 7.6 Hz, 6 H); 13C NMR (CDCl3, 100.3 MHz) δ 142.51, 140.67, 

140.24, 129.25, 126.28, 125.26, 125.07, 124.08, 122.59, 122.11, 120.53, 120.30, 119.52, 

118.85, 111.94, 111.71, 109.16, 108.52, 106.10, 97.48, 85.31, 42.88, 30.99, 20.46, 13.79; 

HRMS calcd for C54H45N5 (m/z+1) 764.3748, found 764.3733.     

Synthesis of 9-butyl-3,6-bis((9-butyl-9H-carbazol-3-yl)ethynyl)-9H-carbazole-2,7-

dicarbonitrile, 22c 

It was prepared from a mixture of 9-butyl-3,6-diiodo-9H-carbazole-2,7-dicarbonitrile (0.37 

g, 0.7 mmol), 9-butyl-3-ethynyl-9H-carbazole (0.38 g, 1.5 mmol), Pd(PPh3)2Cl2  (10 mg, 0.01 

mmol), PPh3 (3.7 mg, 0.01 mmol), CuI (8.2 mg, 0.04 mmol) and triethylamine (30 mL) by 

following the procedure described for 22a. Yellow solid. Yield 0.28 g (53%); mp 280-282 °C; 

IR (KBr, cm-1) 2223 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.36-8.34 (m, 4 H), 8.12 (d, J = 8.0 

Hz, 2 H), 7.76-7.72 (m, 4 H), 7.52-7.48 (m, 2 H), 7.44-7.39 (m, 4 H), 7.29 (d, J = 8.0 Hz, 2 H), 

4.34-4.28 (m, 6 H), 1.91-1.84 (m, 6 H), 1.45-1.39 (m, 6 H), 1.02-0.95 (m, 9 H); 13C NMR 

(CDCl3, 100.3 MHz) δ 140.80, 140.39, 139.50, 129.45, 126.18, 124.72, 124.20, 112.84, 122.39, 
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120.60, 119.44, 118.70, 118.48, 114.08, 113.28, 112.28, 108.98, 108.83, 95.87, 84.55, 43.71, 

42.99, 31.08, 29.68, 22.68, 20.54, 13.85, 13.75; HRMS calcd for C54H45N5 (m/z+1) 764.3748, 

found 764.3715. 

Synthesis of 9-butyl-1,8-bis((4-(diphenylamino)phenyl)ethynyl)-9H-carbazole-3,6-

dicarbonitrile, 23a 

It was prepared from a mixture of 9-butyl-1,8-diiodo-9H-carbazole-3,6-dicarbonitrile (0.37 

g, 0.7 mmol), 4-ethynyl-N,N-diphenylaniline (0.41 g, 1.5 mmol), Pd(PPh3)2Cl2  (10 mg, 0.014 

mmol), PPh3 (3.7 mg, 0.014 mmol), CuI (8.2 mg, 0.04 mmol) and triethylamine (30 mL) by 

following the procedure described for 22a. Yellow solid. Yield 0.29 g (51%); mp 138-140 °C; 

IR (KBr, cm-1) 2219 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.31 (d, J = 2.0 Hz, 2 H), 7.93 (d, J 

= 1.2 Hz, 2 H), 7.39 (d, J = 8.4 Hz, 4 H), 7.32-7.29 (m, 6 H), 7.15-7.08 (m, 14 H), 7.03 (d, J = 

9.2 Hz, 4 H), 5.54 (t, J = 8.0 Hz, 2 H), 1.99-1.96 (m, 2 H), 1.43-1.34 (m, 2 H), 0.85 (t, J = 7.6 

Hz, 3 H); 13C NMR (CDCl3, 100.3 MHz) δ 148.81, 146.83, 140.87, 135.89, 132.32, 129.51, 

125.36, 124.20, 124.03, 123.16, 121.59, 118.78, 114.21, 108.44, 104.01, 96.23, 83.82, 45.16, 

34.15, 19.76, 14.10; HRMS calcd for C58H41N5 (m/z+Na) 830.3254, found 830.3252. 

Synthesis of 9-butyl-2,7-bis((4-(diphenylamino)phenyl)ethynyl)-9H-carbazole-3,6-

dicarbonitrile, 23b 

It was prepared from a mixture of 2,7-dibromo-9-butyl-9H-carbazole-3,6-dicarbonitrile 

(0.37 g, 0.7 mmol), 4-ethynyl-N,N-diphenylaniline (0.41 g, 1.5 mmol), Pd(PPh3)2Cl2  (10 mg, 

0.014 mmol), PPh3 (3.7 mg, 0.014 mmol), CuI (8.2 mg, 0.04 mmol) and triethylamine (30 mL) 

by following the procedure described for 22a. Yellow solid. Yield 0.32 g (56%); mp 318-320 

°C; IR (KBr, cm-1) 2222 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.34 (s, 2 H), 7.60 (s, 2 H), 7.49 

(d, J = 8.4 Hz, 4 H), 7.32-7.28 (m, 8 H), 7.15-7.07 (m, 12 H), 7.02 (d, J = 9.2 Hz, 4 H), 4.32 (t, 

J = 7.6 Hz, 2 H), 1.93-1.85 (m, 2 H), 1.48-1.39 (m, 2 H), 0.99 (t, J = 7.6 Hz, 3 H); 13C NMR 

(CDCl3, 100.3 MHz) δ 148.83, 146.91, 142.87, 133.02, 129.46, 125.92, 125.32, 123.92, 121.68, 

121.05, 118.44, 114.25, 112.42, 112.37, 106.92, 96.87, 86.01, 43.65, 30.91, 20.51, 13.79; 

HRMS calcd for C58H41N5 (m/z+Na) 830.3254, found 830.3260.  
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Synthesis of 9-butyl-3,6-bis((4-(diphenylamino)phenyl)ethynyl)-9H-carbazole-2,7-

dicarbonitrile, 23c 

It was prepared from a mixture of 9-butyl-3,6-diiodo-9H-carbazole-2,7-dicarbonitrile (0.37 

g, 0.7 mmol), 4-ethynyl-N,N-diphenylaniline (0.41 g, 1.5 mmol), Pd(PPh3)2Cl2  (10 mg, 0.014 

mmol), PPh3 (3.7 mg, 0.014 mmol), CuI (8.2 mg, 0.04 mmol) and triethylamine (30 mL) by 

following the procedure described for 22a. Yellow solid. Yield 0.30 g (53%); mp 228-230 °C; 

IR (KBr, cm-1) 2223 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.31 (s, 2 H), 7.75 (s, 2 H), 7.48 (d, 

J = 9.2 Hz, 4 H), 7.31-7.27 (m, 8 H), 7.14-7.12 (m, 8 H), 7.10-7.02 (m, 8 H), 4.33 (t, J = 7.6 Hz, 

2 H), 1.91-1.84 (m, 2 H), 1.46-1.37 (m, 2 H), 0.99 (t, J = 7.2 Hz, 3 H); 13C NMR (CDCl3, 100.3 

MHz) δ 148.47, 147.00, 139.59, 132.78, 129.43, 125.18, 125.09, 124.83, 124.61, 123.76, 

121.97, 121.89, 118.45, 118.20, 114.83, 114.19, 113.46, 94.71, 85.33, 43.80, 31.01, 20.52, 

13.73; HRMS calcd for C58H41N5 (m/z+Na) 830.3254, found 830.3258.  

Synthesis of 9-butyl-9H-carbazole-3,6-dicarbonitrile, 20a 

A mixture of 3,6-dibromo-9-butyl-9H-carbazole (4.0 g, 10.5 mmol), copper cyanide (4.7 g, 

52.5 mmol) and DMF (30 mL) was refluxed under nitrogen atmosphere. After 24 h, the reaction 

mixture was poured into water and extracted with chloroform. The organic layer was dried over 

anhydrous sodium sulphate. Finally, the solvent was removed under vacuum to yield a residue 

which was further purified by column chromatography using hexane/chloroform (3:2) as eluant. 

Colorless solid. Yield 2.1 g (72%); mp 220-222 °C; IR (KBr, cm-1) 2223 (νC≡N); 1H NMR 

(CDCl3, 400 MHz) δ 8.41 (d, J = 1.2 Hz, 2 H), 7.79 (dd, J = 8.4 Hz, 1.6 Hz, 2 H), 7.52 (d, J = 

8.4 Hz, 2 H), 4.37 (t, J = 7.6 Hz, 2 H), 1.91-1.83 (m, 2 H), 1.45-1.35 (m, 2 H), 0.97 (t, J = 7.6 

Hz, 3 H); 13C NMR (CDCl3, 100.3 MHz) δ 142.63, 130.17, 125.59, 122.00, 119.72, 110.16, 

103.29, 43.46, 30.85, 20.37, 13.69; HRMS calcd for C18H15N3 (m/z+Na) 296.1158, found 

296.1162. 

Synthesis of 2,7-dibromo-9-butyl-3,6-diiodo-9H-carbazole, 20b 

A mixture of 2,7-dibromo-9-butyl-9H-carbazole (2.0 g, 5.2 mmol), potassium iodide (2.4 g, 

14.6 mmol), potassium iodate (1.6 g, 6.4 mmol) and 50 mL of acetic acid was heated at 80 °C. 

After 8 h, the reaction mixture was cooled room temperature and quenched by addition of 

water. The obtained solid is filtered and dried. Off-white powder. Yield 3.0 g (91%); mp 190-

192 °C; IR (KBr, cm-1) 2223 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.45 (s, 2 H), 7.68 (s, 2 H), 
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4.15 (t, J = 7.6 Hz, 2 H), 1.83-1.76 (m, 2 H), 1.41-1.31 (m, 2 H), 0.95 (t, J = 7.6 Hz, 3 H); 13C 

NMR (CDCl3, 100.3 MHz) δ 141.10, 131.46, 126.74, 122.30, 113.04, 88.86, 43.32, 30.76, 

20.44, 13.78; HRMS calcd for C16H13Br2I2N m/z 630.7499, found 630.7493. 

Synthesis of 9-butyl-9H-carbazole-2,7-dicarbonitrile, 20c 

It was prepared from a mixture of 2,7-dibromo-9-butyl-9H-carbazole (4.0 g, 10.5 mmol), 

copper cyanide (4.7 g, 52.5 mmol) and DMF (30 mL) by following the procedure described for 

20a. Colorless solid. Yield 2.0 g (69%); mp 216-218 °C; IR (KBr, cm-1) 2222 (νC≡N); 1H NMR 

(CDCl3, 400 MHz) δ 8.20 (d, J = 8.8 Hz, 2 H), 7.78 (s, 2 H), 7.54 (d, J = 8.0 Hz, 2 H), 4.35 (t, J 

= 7.6 Hz, 2 H), 1.91-1.83 (m, 2 H), 1.46-1.36 (m, 2H), 0.98 (t, J = 8.0 Hz, 3 H); 13C NMR 

(CDCl3, 100.3 MHz) δ 140.39, 124.99, 122.80, 121.99, 119.55, 113.61, 110.15, 43.52, 30.97, 

20.51, 13.74; HRMS calcd for C18H15N3 (m/z+1) 274.1339, found 274.1351. 

Synthesis of 2,7-dibromo-9-butyl-9H-carbazole-3,6-dicarbonitrile, 21b 

It was prepared from a mixture of 2,7-dibromo-9-butyl-3,6-diiodo-9H-carbazole (2.0 g, 3.2 

mmol), copper cyanide (0.57 g, 6.4 mmol) and DMF (30 mL) by following the procedure 

described for 2a. Colorless powder. Yield 0.6 g (43%). mp 216-218 °C; IR (KBr, cm-1) 2222 

(νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.36 (s, 2 H), 7.73 (s, 2 H), 4.28 (t, J = 7.6 Hz, 2 H), 

1.90-1.82 (m, 2 H), 1.44-1.38 (m, 2 H), 0.99 (t, J = 7.6 Hz, 3 H); 13C NMR (CDCl3, 100.3 

MHz) δ 127.06, 125.75, 123.14, 120.78, 117.82, 114.22, 113.94, 43.90, 30.78, 20.44, 13.71; 

HRMS calcd for C18H13Br2N3 (m/z+1) 429.9549, found 429.9560. 

Synthesis of 9-butyl-3,6-diiodo-9H-carbazole-2,7-dicarbonitrile, 21c 

A mixture of 9-butyl-9H-carbazole-2,7-dicarbonitrile (0.5 g, 1.8 mmol), iodine (1.0 g, 4.0 

mmol), potassium iodate (0.39 g, 1.8 mmol) and 20% sulfuric acid/acetic acid (3:30 mL) was 

heated to 110 °C. After 24 h, the reaction mixture was cooled to room temperature and the 

obtained solid was filtered and dried. Pale green powder. Yield 0.85 g (89%); mp 180-182 °C; 

IR (KBr, cm-1) 2223 (νC≡N); 1H NMR (CDCl3, 400 MHz) δ 8.58 (s, 2 H), 7.77 (s, 2 H), 4.30 (t, J 

= 7.2 Hz, 2 H), 1.88-1.80 (m, 2 H), 1.42-1.33 (m, 2 H), 0.97 (t, J = 7.6 Hz, 3 H); 13C NMR 

(CDCl3, 100.3 MHz) δ 139.84, 132.19, 125.45, 119.79, 117.78, 115.89, 85.21, 43.83, 30.93, 

20.51, 13.71; HRMS calcd for C18H13I2N3 (m/z+Na) 547.9091, found 547.9096.
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In summary, we have designed and developed a new class of carbazole-based organic 

materials containing electron withdrawing cyano group and different electron rich 

chromophores such as phenyl, fluorene, carbazole, triphenylamine and pyrene. The material 

properties of the dyes are optimized by inserting spacer units such as acetylene and vinyl. The 

absorption and emission maxima of the compounds are highly dependent on the nature of 

chromophoric substituent and the spacer units. The optical properties of the dyes are correlated 

by performing density functional theory calculations. The HOMO and LUMO energy level of 

the dyes are fine-tuned by the introduction of spacer units between cyanocarbazole and other 

chromophores. Both asymmetric and symmetrically functionalized carbazole-based materials 

are developed. All the dyes are used as fluorescent emitting dopant in OLED devices. We 

observed that 2,7-functionalization of carbazole mitigate the donor-acceptor interaction and 

enhanced the electroluminescence performances substantially when compared to their 

analogous known compounds which do not have cyano end capping. The electroluminescence 

performances of the dyes are influenced by the number of cyanocarbazole present on the 

molecules. The structure-property relationships of the compounds are established by correlating 

their optical, electrochemical, thermal and electroluminescence characteristics. 

Chapter 3 

 Asymmetrically 2,7-disubstiuted carbazoles containing cyano group at one end and 

different chromophores at another side either directly or via acetylene or vinyl linker 

have been synthesized.  

 The absorption spectra of the dyes are highly dependent on the electron donating nature 

of substituent and the π linker. 

 Triphenylamine substituted dyes gave red shifted absorption and emission maxima in 

each set of compounds. The insertion of vinyl linker lead to red shifted absorption and 

emission maxima when compared to their analogous acetylene and directly connected 

dyes.  

 Carbazole and triphenylamine substituted dyes showed positive emission 

solvatochromism attributed to charge migration from donor (carbazole/triphenylamine) 

to cyanocarbazole acceptor. 

 The highest structural reorganization of directly connected compounds at excited state 

resulted in large Stokes shifts. 
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 Low lying LUMO of acetylene derivatives is attributed to electron withdrawing nature 

of acetylene linker. 

 Carbazole and triphenylamine substituted dyes showed high thermal decomposition 

temperatures. Acetylene derivatives gave superior thermal stability due to its rigid 

linkage mode.  

 The best electroluminescence performance is observed for the device fabricated with 4d 

(3 wt%) exhibiting the power efficiency 1.3 lm/w, current efficiency 2.0 cd/A, EQE of 

4.1% and luminance of 1758 cd/m2. 

Chapter 4 

 Cyanocarbazole end capped fluorene/carbazole trimers either directly or via acetylene or 

vinyl linker have been synthesized. 

 2,7-carbazole substituted dyes showed drastic change in photophysical and 

electroluminescence properties when compared to their 3,6-substituted analogs. 

 Linearly substituted compounds (2,7-fluorene and 2,7-carbazole) exhibited red shifted 

absorption maxima and high molar extinction coefficient attributed to the elongation of 

conjugation along the linear axis. 

 Despite of blue shifted absorption maxima, directly connected derivatives gave large 

Stokes shift which is attributed to the involvement of large structural reorganization at 

excited state. 

 Intramolecular charge transfer from carbazole donor to cyanocarbazole acceptor induced 

positive solvatochromism in emission spectra for 3,6-substituted carbazoles. 

 The Lippert-Mataga plot for 3,6-carbazole derivatives indicates the presence of two 

excited state (local and charge transfer) for 10b and 12b (direct and acetylene 

derivatives) while for 14c (vinyl derivative) single (charge transfer) excited state. 

 The rigid and rod-like structure of linear compounds containing acetylene linker gave 

high thermal stability over rest of the dyes. 

 The dyes (2,7-fluorene and 3,6-carbazole) showed superior electroluminescence 

performance compared to their analogous asymmetrically substituted dyes containing 

only one cyanocarbazole unit (Chapter 3). 
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 The best device performance is realized for the device containing the emitter 14b (3 

wt%) with power efficiency 6.2 lm/W, current efficiency 8.5 cd/A, EQE of 4.6% and 

maximum luminance of 9314 cd/m2. 

Chapter 5 

 Cyanocarbazole decorated pyrenes with different cyanocarbazole density have been 

designed and synthesized. 

 1,6-isomer showed blue shifted absorption maxima while 1,8-isomer gave red shifted 

absorption maxima when compared to mono-substituted dye. It is ascribed to different 

stacking interaction of molecules arising from two different electronic coupling of 

transition dipoles.  

 The rigid nature of the molecular frame suppressed the structural perturbation at excited 

state and thus solvent independent emission is observed for all the dyes.  

 The color of the electroluminescence emission is tuned from deep blue to green. 

 The power efficiency and current efficiency of the emitters increased linearly as the 

number of cyanocarbazole units increased on pyrene core. It clearly demonstrates the 

role of cyanocarbazole for realizing balanced charge transport and effective harvesting 

of excitons. 

 Tetra-substituted pyrene containing four cyanocarbazole 18e (1 wt%) exhibited green 

emission with better electroluminescence performance with current efficiency of 9.2 

cd/A, power efficiency of 5.8 lm/W, EQE of 3.4% and maximum luminance of 3788 

cd/m2 

Chapter 6 

 Arylamine substituted isomeric cyanocarbazoles have been designed, synthesized and 

characterized. 

 Triphenylamine substituted compounds exhibited red shifted absorption and emission 

maxima when compared to their analogous carbazole derivatives. 

 The negative absorption solvatochromism of 2,7-arylamine substituted dyes is attributed 

to large dipole moment of the dyes at ground state. 

 Non-planar nature of triphenylamine dyes led to high thermal decomposition 

temperature as compared to rigid and planar carbazole. 
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 Despite of similar HOMO energy level of 1,8 and 2,7-arylamine substituted dyes, the 

former dyes showed wide band gap owing to steric hindrance induced inhibition of 

conjugation extention into 1,8-substituents. 

 The high lying HOMO energy level of triphenylamine dyes facilitated facile charge 

injection due to the favorable alignment with neighboring charge transporting layers and 

eventually gave low turn-on voltage in non-doped devices. 

 The best device performance is observed for the OLED device fabricated with 23b (3 

wt%) exhibiting power efficiency of 5.3 lm/W, current efficiency of 6.7 cd/A, EQE of 

4.0% and maximum luminance of 4642 cd/m2. 

Future Prospects 

From our reports, it is clear that cyanocarbazole moiety exhibit electron deficient nature. 

The tethering of donor-acceptor chromophores having high degree of dihedral angle would lead 

to low ΔEST and thus the molecules may exhibit TADF or HLCT characteristics. Also, 

carbazole-based HLCT emitters are ill reported in the literature. We propoe the isomeric 

cyanocarbazoles connected to phenanthroimidazole through phenyl linker (Chart 7.1). The 

structure-property relationships of the materials can be modulated by varying the position of 

linker. 

 

 

Chart 7.1 Isomeric cyanocarbazoles as TADF/HLCT emitters.
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Figure S1 1H NMR spectrum for 4a recorded in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2 13C NMR spectrum for 4a recorded in CDCl3. 
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Figure S3 1H NMR spectrum for 4b recorded in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4 13C NMR spectrum for 4b recorded in CDCl3. 
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Figure S5 1H NMR spectrum for 4c recorded in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6 13C NMR spectrum for 4c recorded in CDCl3. 
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Figure S7 1H NMR spectrum for 4d recorded in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S8 13C NMR spectrum for 4d recorded in CDCl3. 
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Figure S9 1H NMR spectrum for 4e recorded in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S10 13C NMR spectrum for 4e recorded in CDCl3. 
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Figure S11 1H NMR spectrum of 8a recorded in CDCl3. 

 

 

Figure S12 13C NMR spectrum of 8a recorded in CDCl3.
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Figure S13 1H NMR spectrum of 8b recorded in CDCl3. 

 

 

Figure S14 13C NMR spectrum of 8b recorded in CDCl3. 
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Figure S15 1H NMR spectrum of 8c recorded in CDCl3. 

 

 

 

Figure S16 13C NMR spectrum of 8c recorded in CDCl3. 
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Figure S17 1H NMR spectrum of 8d recorded in CDCl3. 

 

 

 

Figure S18 13C NMR spectrum of 8d recorded in CDCl3. 
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Figure S19 1H NMR spectrum of 8e recorded in CDCl3. 

 

 

 

Figure S20 13C NMR spectrum of 8e recorded in CDCl3. 
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Figure S21 1H NMR spectrum of 13a recorded in CDCl3. 

 

 

 

 

Figure S22 13C NMR spectrum of 13a recorded in CDCl3. 
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Figure S23 1H NMR spectrum of 14a recorded in CDCl3. 

 

 

 

 

Figure S24 13C NMR spectrum of 14a recorded in CDCl3. 
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Figure S25 1H NMR spectrum of 14b recorded in CDCl3. 

 

 

 

Figure S26 13C NMR spectrum of 14b recorded in CDCl3. 
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Figure S27 1H NMR spectrum of 14c recorded in CDCl3. 

 

 

Figure S28 13C NMR spectrum of 14c recorded in CDCl3. 
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Figure S29 1H NMR spectrum of 15 recorded in CDCl3. 

 

 

 

 

 

 

 

 

 

 

Figure S30 13C NMR spectrum of 15 recorded in CDCl3. 
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Figure S31 1H NMR spectrum of 16 recorded in CDCl3. 

 

 

Figure S32 13C NMR spectrum of 16 recorded in CDCl3. 
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Figure S33 1H NMR spectrum of 18a recorded in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

Figure S34 13C NMR spectrum of 18a recorded in CDCl3. 
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       Figure S35 1H NMR spectrum of 18b recorded in CDCl3. 

                                                                                                                                                                                                      

  

 

 

 

 

 

 

 

 

 

 

Figure S36 13C NMR spectrum of 18b recorded in CDCl3. 
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Figure S37 1H NMR spectrum of 18c recorded in CDCl3. 

 

 

 

Figure S38 13C NMR spectrum of 18c recorded in CDCl3. 
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Figure S39 1H NMR spectrum of 18d recorded in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S40 13C NMR spectrum of 18d recorded in CDCl3. 
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Figure S41 1H NMR spectrum of 18e recorded in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

Figure S42 13C NMR spectrum of 18e recorded in CDCl3. 
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Figure S43 1H NMR spectrum of 20a recorded in CDCl3. 

 

 

 

Figure S44 13C NMR spectrum of 20a recorded in CDCl3. 
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Figure S45 1H NMR spectrum of 20b recorded in CDCl3. 

 

 

Figure S46 13C NMR spectrum of 20b recorded in CDCl3. 
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Figure S47 1H NMR spectrum of 20c recorded in CDCl3. 

 

 

Figure S48 13C NMR spectrum of 20c recorded in CDCl3. 

 

ab
u

n
d

an
ce

0
1

.0
2

.0
3

.0
4

.0
5

.0
6

.0
7

.0

X : parts per Million : Proton

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0

  
 8

.2
1

0

  
 8

.1
8

8

  
 7

.7
7

8

  
 7

.5
5

6

  
 7

.5
3

6

  
 7

.2
6

0

  
 4

.3
6

8

  
 4

.3
5

2

  
 4

.3
3

3

  
 1

.9
0

7

  
 1

.8
8

9

  
 1

.8
7

1

  
 1

.8
5

1

  
 1

.8
3

3

  
 1

.6
1

3

  
 1

.4
5

5

  
 1

.4
3

7

  
 1

.4
1

9

  
 1

.3
9

9

  
 1

.3
8

1

  
 1

.3
6

2

  
 1

.0
0

0

  
 0

.9
8

2

  
 0

.9
6

2

  
-0

.0
0

6

3
.0

9

2
.0

8

2
.0

7

2
.0

0

1
.9

8

1
.9

6

1
.9

4

 (
th

o
u

sa
n

d
th

s)

0
1

0
.0

2
0

.0
3

0
.0

4
0

.0
5

0
.0

6
0

.0
7

0
.0

X : parts per Million : Carbon13

200.0 190.0 180.0 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0

 1
4

0
.3

8
6

 1
2

4
.9

8
8

 1
2

2
.8

0
4

 1
2

1
.9

9
4

 1
1

9
.5

5
3

 1
1

3
.6

1
3

 1
1

0
.1

5
2

  
7

7
.3

1
5

  
7

7
.0

0
0

  
7

6
.6

8
5

  
4

3
.5

1
5

  
3

0
.9

6
7

  
2

0
.5

0
8

  
1

3
.7

3
8



  

                                                                                             

269 
 

Supporting Information 

 

Figure S49 1H NMR spectrum of 21b recorded in CDCl3. 

 

 

Figure S50 13C NMR spectrum of 21b recorded in CDCl3. 
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Figure S51 1H NMR spectrum of 21c recorded in CDCl3. 

 

 

Figure S52 13C NMR spectrum of 21c recorded in CDCl3. 
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Figure S53 1H NMR spectrum of 22a recorded in CDCl3. 

 

 

Figure S54 13C NMR spectrum of 22a recorded in CDCl3. 
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Figure S55 1H NMR spectrum of 22b recorded in CDCl3. 

 

 

Figure S56 13C NMR spectrum of 22b recorded in CDCl3.  
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Figure S57 1H NMR spectrum of 22c recorded in CDCl3. 

 

 

Figure S58 13C NMR spectrum of 22c recorded in CDCl3. 
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Figure S59 1H NMR spectrum of 23a recorded in CDCl3. 

 

 

Figure S60 13C NMR spectrum of 23a recorded in CDCl3. 
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Figure S61 1H NMR spectrum of 23b recorded in CDCl3. 

 

Figure S62 13C NMR spectrum of 23b recorded in CDCl3. 
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Figure S63 1H NMR spectrum of 23c recorded in CDCl3. 

 

 

Figure S64 13C NMR spectrum of 23c recorded in CDCl3. 
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