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LIST OF ABBREVIATIONS 

(piq)2Ir(acac) – bis(1-phenylisoquinolinato)(acetylacetonate)iridium 

(ppy)2Ir(acac) – bis(2-phenylpyridinato-N,C2′)iridium(III)acetylacetonate 

1DPAFO – 2-(4-(diphenylamino)phenyl)-9H-fluoren-9-one 

2,3,4,6-CzPy – 9,9',9'',9'''-(pyridine-2,3,4,6-tetrayl)tetrakis(9H-carbazole)  

2,3,5,6-CzPy – 9,9',9'',9'''-(pyridine-2,3,5,6-tetrayl)tetrakis(9H-carbazole) 

2,3-CzPy – 2,3-di(9H-carbazol-9-yl)pyridine 

2,4,6-CzPy – 9,9',9''-(pyridine-2,4,6-triyl)tris(9H-carbazole)  

2,4-CzPy – 2,4-di(9H-carbazol-9-yl)pyridine 

2,6-CzPy – 2,6-di(9H-carbazol-9-yl)pyridine 

2,6-DCzPPy – 2,6-bis(3-(carbazol-9-yl)phenyl)pyridine 

2BTSi-T – 7,7'-(1,1-dimethyl-3,4-diphenyl-1H-silole-2,5-diyl)bis(4-(thiophen-2-

yl)benzo[c][1,2,5]thiadiazole) 

2BTSi-TPA – 4,4'-((1,1-dimethyl-3,4-diphenyl-1H-silole-2,5-diyl)bis(benzo[c] 

[1,2,5]thiadiazole-7,4-diyl))bis(N,N-bis(4-(octyloxy)phenyl)aniline) 

2Cz-PN – 4,5-di(9H-carbazol-9-yl)phthalonitrile 

2DPAFO – 2,7-bis(4-(diphenylamino)phenyl)-9H-fluoren-9-one 

3,5-CzPy – 3,5-di(9H-carbazol-9-yl)pyridine 

3,5-DCzPPy – 3,5-bis(3-(carbazol-9-yl)phenyl)pyridine 

3Cz-TRZ – 9'-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-3,3'',6,6''-tetraphenyl-9'H-

9,3':6',9''-tercarbazole 

4Cz-IPN – 2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile 

ACQ – aggregation caused quenching 

ACRFLCN – 10-phenyl-10H-spiro[acridine-9,9’-fluorene]-2’,7’-dicarbonitrile 

AIE – aggregation induced emission 

BCP – 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline 

Bis-HFl-NTCDI – N,N-bis(fluoren-2-yl)-naphthalenetetracarboxylic diimide 

BP4mPy – 3,3',5,5'-tetra[(m-pyridyl)-phen-3-yl]biphenyl 

BPAPF – 9,9-bis[4-(N,N-bis-biphenyl-4-yl-amino)phenyl]-9H-fluorene 

Bphen – 4,7-diphenyl-1,10-phenanthroline 

BPTRZ – 3-(carbazol-9-yl)-3′-(4,6-(dicarbazol-9-yl)-1,3,5-triazin-2-yl)-1,1′-

biphenyl 

CBP – 4,4′-bis(N-carbazolyl)-1,1′-biphenyl 

CELIV – charge extraction in a linearly increasing voltage 

CIE – International Commission on Illumination 

CPC – 2,6-di(9H-carbazol-9-yl)-4-phenylpyridine-3,5-dicarbonitrile 

CT – charge transfer 

CV – cyclic voltammetry 

CzPP-BT – 4,7-bis(4'-(9-hexyl-9H-carbazol-3-yl)-5',6'-diphenyl-[1,1':2',1''-

terphenyl]-3'-yl)benzo[c][1,2,5]thiadiazole 

CzPP-SD – 3,7-bis(4'-(9-hexyl-9H-carbazol-3-yl)-5',6'-diphenyl-[1,1':2',1''-

terphenyl]-3'-yl)dibenzo[b,d]thiophene-5,5-dioxide  

CzT – 9-(4,6-diphenyl-1,3,5-triazin-2-yl)-9′-phenyl-3,3′-bicarbazole 

D–A – donor-acceptor 
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DBTD-Cz – 2,8-bis(3,6-di-tert-butyl-9H-carbazol-9-yl)dibenzo[b,d]thiophene-5,5-

dioxide 

DBTD-DA – 2,8-bis(bis(4-butylphenyl)amino)dibenzo[b,d]thiophene-5,5-dioxide 

DBTO-PTZ – 2,8-di(10H-phenthiazin-10-yl)dibenzo[b,d]thiophene-5,5-dioxide  

DBTO-PXZ – 2,8-di(10H-phenoxazin-10-yl)dibenzo[b,d]thiophene-5,5-dioxide  

DCV5T-Me – 2,2'-((3'',4''-dimethyl-[2,2':5',2'':5'',2''':5''',2''''-quinquethiophene]-

5,5''''-diyl)bis(methanylylidene))dimalononitrile 

DCzIPN – 4,6-di(9H-carbazol-9-yl)isophthalonitrile 

DCzTrz – 9,9′-(5-(4,6-diphenyl-1,3,5-triazin-2-yl)-1,3-phenylene)bis(9H-carbazole) 

DDCzIPN – 3,3’,5,5’-tetra(carbazol-9-yl)-[1,1’-biphenyl]-2,2’,6,6’-tetracarbonitrile 

DDCzTrz – 9,9′,9″,9′′′-((6-phenyl-1,3,5-triazine-2,4-diyl)bis(benzene-5,3,1-triyl)) 

tetrakis(9H-carbazole)  

DF – delayed fluorescence 

DFT – density functional theory 

DMAC-DPS – 10,10'-(sulfonylbis(4,1-phenylene))bis(9,9-dimethyl-9,10-

dihydroacridine) 

DMAC-TRZ – 10-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-9,9-dimethyl-9,10-

dihydroacridine 

DMF – dimethylformamide 

DMOC-DPS – 9,9'-(sulfonylbis(4,1-phenylene))bis(3,6-dimethoxy-9H-carbazole) 

DPEPO – bis[2-(diphenylphosphino)phenyl]ether oxide 

DPOTPCz – 3-(4,6-diphenoxy-1,3,5-triazin-2-yl)-9-phenyl-9H-carbazole 

DPO-TXO2 – 9,9-dimethyl-2,7-di(10H-phenoxazin-10-yl)-9H-thioxanthene-10,10-

dioxide 

DPS-CzPTZ – 10-(4-((4-(9H-carbazol-9-yl)phenyl)sulfonyl)phenyl)-10H-

phenothiazine 

DPS-PTZ – 10,10'-(sulfonylbis(4,1-phenylene))bis(10H-phenothiazine)  

DPS-PXZ – 10,10'-(sulfonylbis(4,1-phenylene))bis(10H-phenoxazine)  

DPTPCz – 3-(4,6-diphenyl-1,3,5-triazin-2-yl)-9-phenyl-9H-carbazole 

DSC – differential scanning calorimetry 

DSFO – 2,7-bis(4-(tert-butylthio)phenyl)-fluorenone 

DTC-DPS – 9,9'-(sulfonylbis(4,1-phenylene))bis(3,6-di-tert-butyl-9H-carbazole) 

DTPDDA – 5-(4-(4,6-diphenyl-1,3,5- triazin-2-yl)phenyl)-10,10 diphenyl-5,10-

dihydrodibenzo[b,e]-[1,4]azasiline 

DTPEPO – phenylbis(4-(1,2,2-triphenylvinyl)phenyl)phosphine oxide  

EA – electron affinity 

EL – electroluminescent 

EML – emissive layer 

EP – electron photoemission  

EQE – external quantum efficiency  

ESIPT – excited state intramolecular proton transfer 

ET – triplet energy 

ETL – electron transport layer  

ETM – electron transporting materials 

FF – 9',9'-dihexyl-9H,9'H,9''H-[2,2':7',2''-terfluorene]-9,9''-dione 



 

7 

 

 

FIrpic – bis[(4′,6′-difluorophenyl)-pyridinato-N,C2′]iridium(III)picolinate 

HOMO – highest occupied molecular orbital 

HTL – hole transport layer 

ICT – intramolecular charge transfer 

IP – ionization potential 

IQE – internal quantum efficiency 

IR – infrared 

Ir(ppy)3 – fac-tri-(2-phenylpyridinato-N,C2′)iridium(III) 

ISC – intersystem crossing 

ITO – indium tin oxide 

JAF – J-aggregate formation 

LE – locally excited state 

LUMO – lowest unoccupied molecular orbital 

MBPTRZ – 3-(carbazol-9-yl)-6,6′-dimethyl-3′-(4,6-(dicarbazol-9-yl)-1,3,5-triazin-2-

yl)-1,1′-biphenyl 

mCBP-2CN – 9-(3'-(carbazol-9-yl)-(1,10-biphenyl)-3-yl)-carbazole-3,6-

dicarbonitrile 

mCBP-CN – 9-(3'-(carbazol-9-yl)-(1,10-biphenyl)-3-yl)-carbazole-3-carbonitrile 

MCH – methylcyclohexane 

mCP – 1,3-bis(N-carbazolyl)benzene 

mCPCN – 9-(3-(9H-carbazol-9-yl)phenyl)-9H-carbazole-3-carbonitrile 

mCPCzCN – 6-(3,5-di(9H-carbazol-9-yl)phenyl)-9-ethyl-9H-carbazole-3-

carbonitrile 

m-CzCN – 3,5-bis(3-(9H-carbazol-9-yl)phenyl)-1-benzonitrile 

m-CzCzCN – 6-(3-(9H-carbazol-9-yl)phenyl)-9-ethyl-9H-carbazole-3-carbonitrile 

m-CzOCN – 8-(3-(9H-carbazol-9-yl) phenyl)dibenzo[b,d]furan-2-carbonitrile 

m-CzSCN – 8-(3-(9H-carbazol-9-yl)phenyl)dibenzo[b,d]thiophene-2-carbonitrile 

m-DBPDECZ – 3-(1-(4'-(dimesitylboranyl)-[1,1'-biphenyl]-3-yl)-2,2-diphenylvinyl) 

-9-ethyl-9H-carbazole  

m-DPDECZ – 3-(1-(3-(dimesitylboranyl)phenyl)-2,2-diphenylvinyl)-9-ethyl-9H-

carbazole 

Me-THF – 2-methyl-tetrahydrofuran 

mPCB2Cz – 9-(6-(9H-carbazol-9-yl)pyridin-2-yl)-6-(9H-carbazol-9-yl)-9H-pyrido 

[2,3-b]indole 

NMR – nuclear magnetic resonance 

NPD – N,N′-di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine 

o-CzCN – 3,5-bis(2-(9H-carbazol-9-yl)phenyl-1-benzonitrile 

o-CzCzCN – 6-(2-(9H-carbazol-9-yl)phenyl)-9-ethyl-9H-carbazole-3-carbonitrile 

o-DCB – o-dichlorobenzene 

OFET – organic field-effect transistor 

OLED – organic light-emitting diode 

OPC – (4-(10H-phenothiazin-10-yl)phenyl)(4-(9H-carbazol-9-yl)phenyl)methanone  

OPV – organic photovoltaics 

pBCb2Cz – 9-(4-(9H-pyrido[2,3-b]indol-9-yl)phenyl)-9H-3,9’-bicarbazole 

PBD – 2-([1,1'-biphenyl]-4-yl)-5-(4-(tert-butyl)phenyl)-1,3,4-oxadiazole 
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PCF – 2,7-bis(diphenylphosphine oxide)-9-(9-phenylcarbazol-3-yl)-9-

phenylfluorene 

PCz – 9-phenylcarbazole  

p-CzCN – 3,5-bis(4-(9H-carbazol-9-yl)phenyl)-1-benzonitrile 

p-DBPDECZ – 3-(1-(4'-(dimesitylboranyl)-[1,1'-biphenyl]-4-yl)-2,2-diphenylvinyl)-

9-ethyl-9H-carbazole 

p-DPDECZ – (E)-4-(2-(4-(dimesitylboranyl)phenyl)-1,2-diphenylvinyl)-N,N-

diphenylaniline 

PF – prompt fluorescence 

PhOLED – phosphorescent organic light-emitting diode 

PIC-TRZ – 2-biphenyl-4,6-bis(12-phenylindolo[2,3-a]carbazole-11-yl)-1,3,5-

triazine 

PL – photoluminescence 

PLQY – photoluminescence quantum efficiency 

POCz3 – 3,3′,3′′-phosphoryltris(9-phenyl-9H-carbazole) 

pPCB2Cz – 9-(6-(9H-carbazol-9-yl)pyridin-3-yl)-6-(9H-carbazol-9-yl)-9H-pyrido 

[2,3-b]-indole 

ppm – part per million 

PPT – 2,8-bis(diphenylphosphoryl)dibenzo[b,d]thiophene 

PS – polystyrene 

PTZ-TRZ – 10-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-10H-phenothiazine 

PXZ-DPS – 10,10'-(sulfonylbis(4,1-phenylene))bis(10H-phenoxazine) 

PXZ-TRZ – 10-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-10H-phenoxazine 

RIR – restriction of intramolecular rotations  

RISC – reversible intersystem crossing 

Sn – singlet state 

TADF – thermally activated delayed fluorescence 

Tg – glass transition temperature 

TGA – thermal gravimetric analysis 

TICT – twisted intramolecular charge transfer  

TID – initial decomposition temperature 

TmPyPB – 1,3,5-tri(m-pyrid-3-ylphenyl)benzene 

Tn – triplet state 

TOF – time-of-flight  

TPA – triphenylamine 

TPA3TPAN – 2,2',2''-(nitrilotris([1,1'-biphenyl]-4',4-diyl))tris(3,3-

diphenylacrylonitrile) 

TPA-PRZ(CN)2 – 2,6-bis(diphenylamino)-9,10-dihydro-9,10-[2,3] 

epipyrazinoanthracene-13,14-dicarbonitrile 

TPA-QNX(CN)2 – 8,16-bis(diphenylamino)-6,11-dihydro-6,11-[1,2]benzenobenzo 

[b]phenazine-2,3-dicarbonitrile 

TPB – 1,3,5-triphenylbenzene 

TPBi – 1,3,5-tris(phenyl-2-benzimidazolyl)-benzene 

TPD – N4,N4'-diphenyl-N4,N4'-di-m-tolyl-[1,1'-biphenyl]-4,4'-diamine 

TPE – 1,1,2,2-tetraphenylethene 
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TPEDPO – (E,Z)-((1,2-diphenylethene-1,2-diyl)bis(4,1-phenylene))bis 

(diphenylphosphine oxide)  

TPE-NB – (E)-4-(2-(4-(dimesitylboranyl)phenyl)-1,2-diphenylvinyl)-N,N-

diphenylaniline 

TPE-PNPB – (E)-4'-(2-(4'-(dimesitylboranyl)-[1,1'-biphenyl]-4-yl)-1,2-

diphenylvinyl)-N,N-diphenyl-[1,1'-biphenyl]-4-amine 

TPEPO – diphenyl(4-(1,2,2-triphenylvinyl)phenyl)phosphine oxide  

TPSi-F – triphenyl-[4-(9-phenyl-9H-fluoren-9-yl)phenyl]silane 

TRZ – 2,4,6-triphenyl-1,3,5-triazine 

TrzmPCz – 3-(3-(4,6-diphenyl-1,3,5-triazin-2-yl)-2-methylphenyl)-9-phenyl-9H-

carbazole 

TSPO1 – diphenyl-4-triphenylsilylphenyl-phosphine oxide 

TTA – triplet-triplet annihilation 

TTET – triplet-triplet energy transfer 

TTPEPO – tris(4-(1,2,2-triphenylvinyl)phenyl)phosphine oxide 

TXO-PCz – 2-(9-phenyl-9H-carbazol-3-yl)-9H-thioxanthen-9-one-10,10-dioxide 

TXO-TPA – 2-(4-(diphenylamino)phenyl)-9H-thioxanthen-9-one-10,10-dioxide 

WOLED – white organic light emitting device 

ΔEST – singlet-triplet energy gap 

τ – fluorescence lifetime
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1. INTRODUCTION 

Since the discovery of the first organic semiconducting compound, 

polyaniline, by Henry Letheby in 1862, enormous research has been conducted in 

the field of materials science, resulting in the development of organic electronics and 

in the industrial production of the first organic diode device several decades ago. 

Being on par and even outperforming their inorganic analogues, organic 

semiconductors found wide application in the preparation of such devices as OFETs, 

OLEDs, and OPVs [1]. Aiming at the fabrication of the ultra-thin, large-area, and 

flexible devices, researchers are in constant search for low-cost and low-energy 

consumption procedures. For the sake of achievement of high device performance, 

many factors should be considered in the development of organic semiconductors. 

Chemical and thermal stability and durability, charge transport, light absorption, 

high photoluminescence quantum efficiency, appropriate energy levels and suitable 

morphological properties can be named as the most important characteristics. 

Moreover, as the layer of organic semiconductor plays the crucial role in the device, 

the quality of the thin film should be taken into consideration as well, depending on 

the type of the target device: while for high performance OLEDs amorphous thin 

films are preferable, highly ordered crystalline thin films perform better in the OPVs 

[2]. Consequently, profound understanding of the electronic structure along with the 

resulting properties of the materials is necessary for the manufacturing of efficient 

devices and for the design of new compounds.  

Most modern devices employ complex multilayer architecture, thus boosting 

their production cost. Therefore, the design of multifunctional materials proves to be 

a successful approach for the simplification of fabrication. Bipolar molecular 

architecture, i.e. combination of electron donating and accepting units, along with 

the multichromophore feature, leads to a wide range of desirable properties within 

one molecule, which, in turn, results in the development of a rationalized device. 

Furthermore, by the variation of the donor and acceptor fluorophores along with the 

linking pattern significant variation of characteristics can be expected as well.  

Bipolar compounds employing fluorene, carbazole and triphenylamine donors 

and triazine, triphenylbenzene, fluorenone, benzonitrile and 

naphthalenetetracarboxilic acid dianhydride derivatives as acceptors, have been 

thoroughly investigated in recent years. Easy functionalization and variation of 

conjugation strength thus leads to the great diversity of structures, bearing the 

above-mentioned fragments. Thus, fluorene adducts are well-known deep blue 

emitters with high photoluminescence efficiency both in solution and solid state 

[3,4]. In turn, the carbazole unit provides high thermal stability, remarkable hole 

mobility and considerably high triplet level [5]. The involvement of triphenylamine 

moiety gives rise not only to excellent charge-transporting materials [6], but also to 

the AIE active luminogenes due to its propeller shape [7,8]. In recent years, 

considerable interest in academic research has been devoted to 1,3,5-triazine 

derivatives due to their strong electronegative nature, high electron mobility, 

superior thermal stability and interesting photophysical properties [9,10]. Owing to 

its twisted skeleton and C3 symmetry, 1,3,5-triphenylbenzene finds application in the 

preparation of dendritic wide energy gap materials [11]. Incorporation of the 
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fluorenone acceptor can lead not only to ambipolar charge transport, but also to the 

emission enhancement, promoted by intermolecular hydrogen bonding [12]. Nitrile-

decorated bipolar compounds have gained significant attention as host materials for 

PhOLEDs and promising emitters for thermally activated delayed fluorescence 

OLEDs [13,14]. After all, the 1,4,5,8-naphthalenetetracarboxilic dianhydride 

derivatives are good candidates for the electron transporting layer both in OLEDs 

and OPVs due to their high electron affinity, planar configuration, excellent electron 

transport and tunable optical and electrochemical properties [15].  

Miscellaneous conjunctions of the above mentioned fragments give rise to 

bipolar molecules with a wide range of necessary characteristics. In turn, systematic 

investigation of structure-property relationships aids to predict the performance of 

the materials in target devices. 

The aim of this work is the design, synthesis and investigation of properties of 

the new bipolar compounds for the application in optoelectronics. Comparison of 

practically obtained characteristics with the theoretically predicted values is the 

other goal of the study. Estimation of the applicability of new compounds in 

optoelectronic devices will be discussed as well.  

The following objectives were raised for the achievement of the aim of the 

thesis: 

 Synthesis and investigation of the impact of linking topology on the 

properties of bipolar star-shaped derivatives of 2,4,6-triphenyl-1,3,5-triazine 

and 1,3,5-triphenylbenzene. 

 Design, synthesis and investigation of optical, photophysical, photoelectrical 

and thermal characteristics of the boomerang-shaped compounds containing 

bicarbazolyl moieties. 

 Design and synthesis of the multichromophore fluorenone-based 

compounds, investigation of their optical, photophysical, photoelectrical, 

thermal, charge transporting characteristics; estimation of the emission 

behaviour peculiarities of the synthesized materials. 

 Design, synthesis and comparison of theoretically simulated and practically 

determined characteristics of the differently carbazolyl and cyano-

substituted 1,3,5-triphenylbenzene derivatives; estimation of the 

performance in organic light emitting diodes. 

 Synthesis and characterization of electron-transporting 1,4,5,8-

naphthalenetetracarboxilic dianhydride derivatives; estimation of the 

performance in bulk-heterojunction solar cells. 

The main statements of the doctoral thesis: 

 Star-shaped derivatives of 2,4,6-triphenyl-1,3,5-triazine and 1,3,5-

triphenylbenzene may be applied to the solution-processable blue and white 

fluorescent OLEDs as emitting materials owing to good photoluminescent 

characteristics, appropriate energy levels, superior thermal behaviour and 

high charge mobility. 
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 Bicarbazolyl-substituted boomerang-shaped compounds are relevant for the 

application as the emitting layer in doped blue OLEDs and phosphorescent 

host matrix in green PhOLEDs, depending on the utilized core fragment. 

 Multichromophore fluorenone-based compounds exhibit balanced ambipolar 

charge transport, superior thermal and electrochemical stability and 

aggregation induced emission enhancement phenomenon. 

 Depending on the substitution pattern, bipolar carbazolyl and cyano-

substituted 1,3,5-triphenylbenzene derivatives can be suggested as 

promising emitters for blue fluorescent and DF OLEDs and phosphorescent 

ambipolar hosts for blue TADF OLEDs and PhOLEDs. 

 Owing to the remarkable electron mobility and conductivity 1,4,5,8-

naphthalenetetracarboxilic dianhydride derivatives may be applied as 

electron transporting layer in bulk-heterojunction solar cells. 

The scientific novelty of the work: 

 Investigation of the influence of the linking topology on the characteristics 

of new star-shaped derivatives of 2,4,6-triphenyl-1,3,5-triazine and 1,3,5-

triphenylbenzene was found to suggest the guidelines for the design of 

organic semiconductors with various target characteristics. 

 New bicarbazolyl-substituted boomerang-shaped compounds were prepared 

and their properties were investigated. It was established, that the 

bicarbazolyl group is a stronger donor than a single carbazole fragment, 

providing lower ionization potential, superior thermal and electrochemical 

stability and strong phosphorescence. 

 New multichromophore fluorenone-based compounds, displaying balanced 

ambipolar charge transport, superior thermal and electrochemical stability 

and aggregation induced emission enhancement phenomenon, were 

synthesized and characterized. A mechanism of emission in the investigated 

materials was suggested. 

 New carbazolyl and cyano-substituted 1,3,5-triphenylbenzene derivatives 

were synthesized. The variation of the substitution manner was 

demonstrated to affect the characteristics of compounds, resulting in the 

delayed fluorescence phenomenon and ambipolar charge transport. High 

performance organic light emitting diodes were fabricated. 

 New electron-transporting 1,4,5,8-naphthalenetetracarboxilic dianhydride 

derivatives were prepared and characterized. The influence of symmetrical 

and asymmetrical molecular structure on the properties was studied. High 

performance bulk heterojunction solar cells were fabricated. 
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2. LITERATURE REVIEW 

2.1. Introduction for the literature review 

Nowadays, consumers are using a wide variety of organic electronic devices, 

such as smart phones, coloured light sources, portable solar cells and curved 

television screens, often without even being aware of the organic nature of the 

electronic technology on hand [16,17]. Due to the lower cost and higher throughput 

manufacture of organic-based electronic devices, compared to silicon-based devices, 

organic electronics also promises to expand the use of electronic technology in 

resource-limited areas of the world where supplies are limited or the necessary 

infrastructure is lacking [18]. Since the first demonstration of a low voltage and 

efficient thin film OLED by Tang and van Slyke almost thirty years ago [19], the 

research field of organic electronics has expanded enormously. Currently, a growing 

body of investigation in the fields of physics and chemistry focuses on three main 

types of existing applications: displays and lighting, transistors, and solar cells. 

Thus, OPVs offer the exciting prospect of large-area solar cells; organic lasers are 

potential compact sources of tunable, coherent light; plastic OFETs are being 

studied for low-cost, flexible electronic applications, such as radiofrequency 

identification (RFID) tags [20]. In turn, OLEDs hold great promise for energy-

efficient light sources with unique properties, and, unlike the inorganic LEDs, have a 

large light-emitting area and can be produced by using flexible substrates [21]. To 

be able to address the market, organic electronic solutions must provide unique 

advantages such as cost, flexibility, functionality and appearance [22]. 

As the key to the design of high performance electronic organic devices 

implies the development of new materials, interdisciplinary scientists target 

understanding of the electronic structure, as well as optimization and simplification 

of the device architecture. To predict outstanding performance of a device, materials 

chemists should project semiconducting compounds having an appropriate trade-off 

between the charge transport and luminescence/absorption properties and the 

preservation of these characteristics in the bulk. Therefore, molecular control over 

the morphology of organic films in devices should be a priority, as well [23,24].  

In general, organic materials used in electronic and optoelectronic devices can 

be classified into two groups: small molecules and polymers. Small molecular 

compounds possess a well-defined molecular weight and are typically deposited by 

vapour methods in low or high vacuum environments. On the contrary, high 

molecular weight polymers with non-unit molecular weight distribution must be 

processed from solution. In turn, dendrimers are a class of materials that in some 

ways fall between molecular and polymeric materials [23]. Dendrimers are highly 

branched molecules with moderately high and preserved well-defined molecular 

weight. Thus, the construction of dendrimers helps to control the properties of 

materials on the nanometre scale by combining the advantages of small molecules 

and polymers in organic electronics application.  

Depending on the objective role in the electronic device, electron donating and 

accepting fragments can be employed for the construction of organic 

semiconductors. Combination of donor and acceptor units [1], i.e. the bipolar motif, 

is the state-of-the-art methodology to tune the energetic levels, overall stability, 
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optical, photophysical and photoelectrical characteristics. Design and synthesis of π-

conjugated compounds with efficient photoinduced charge transfer and separation, 

as well as ambipolar charge transport with high mobility, are crucial for device 

production. These properties result from the ICT interaction within D-A molecules 

and depend on the efficiency of the π-electron delocalization along the conjugated 

systems and the electron donating/accepting capability of the involved 

chromophores [25,26,27]. 

Generally, such features, as excellent optical and photophysical properties, 

superior thermal and morphological stability, appropriate energy levels and balanced 

charge transport are required from the organic semiconductors to be used in highly 

efficient devices. By the combination of multichromophore molecular architecture 

with the donor-acceptor structure it is possible to achieve a wide range of desirable 

properties, which may lead to multifunctionality and a variety of applications.  

In this review, recent advances in the design, synthesis and properties 

investigation of the organic compounds featuring bipolar molecular architecture for 

the optoelectronic applications will be discussed. 

2.2 Methods of OLED efficiency enhancement 

OLED has inspired the research of many scientists all over the world and has 

thus become an important component for the display and lighting technologies since 

its first commercialization in 1997 [28]. Generally, OLEDs are double charge 

injection devices, requiring simultaneous injection of both electrons and holes into 

the adjacent organic layers, which is followed by the emission of the EL material, 

sandwiched between two electrodes [29,30]. The basic structure of the device 

consists of three layers: the anode, the cathode and the thin layer of organic emissive 

semiconducting compound, placed between them [31]. However, for a successful 

OLED facile and steady charge transport as well as high conversion efficiency of 

excitons to light is necessary. Therefore, poor efficiency stemming from the 

unbalanced charge recombination of the OLED with a monolayer structure induced 

the development of the multilayer device configurations (Fig. 2.1). Such layers, as 

HTL, ETL and EML, and sometimes hole injection and electron injection layers, 

were introduced in order to improve the device efficiency [32,33]. 

 
Fig. 2.1. Schematic representation of the multilayer OLED structure 

The principal ways for the fabrication of OLED devices involve thermal 

evaporation and solution-process deposition of organic materials. Apparently, both 

approaches have advantages and disadvantages. Thus, thermal evaporation appears 

to be a successful way to achieve high efficiency with such advantages as the 
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immaculate deposition and precise layer thickness control, however, huge wastage 

of compounds in the chamber makes it extremely expensive. In comparison, solution 

processing with such methods like coating or printing, which are highly cost-

effective and feasible for mass manufacturing, provides a promising alternative to 

vacuum deposition. Nevertheless, such problems as the solubility of some organic 

materials in various organic solvents and the undesired blending of two organic 

layers during subsequent coatings still remain the major challenges for the 

commercial application of solution-process deposition [28,34,35]. As a result, in 

order to be practically applicable in industry, it is desirable to simplify the OLED 

architecture and fabrication processes, at the same time maintaining or even 

upgrading the performance efficiency. 

Efficiency plays a crucial role for the durability and the long life time of blue, 

green, red, and white OLEDs for displays and lighting. Numerous approaches 

towards the OLED efficiency improvement, involving the design of efficiency-

effective device architectures and synthesis of new materials, have been proposed 

and elaborated upon [28]. The contribution of a materials scientist, in collaboration 

with physicists and engineers, can be defined as the careful design and synthesis of 

readily processable and thermally robust emissive and charge transporting materials 

with the improved multifunctional properties. 

Currently, the most promising approaches towards the OLED efficiency 

enhancement include the development of multifunctional compounds exhibiting 

phosphorescence, delayed fluorescence, aggregation induced emission and 

mechanoluminescence phenomena. 

2.2.1. Employment of multifunctional phosphorescent compounds 

It is common knowledge, that, due to spin statistics, 25% of singlet and 75% of 

triplet excitons are formed in the OLED upon charge carrier recombination [36,37]. 

Therefore, only 25% IQE can be achieved by the conventional fluorescent emitters, 

whe 75% of the injected charge carriers are lost. Consequently, significant research 

efforts were dedicated to evolve phosphorescent emitters, which can emit efficiently 

from the triplet state and realize the maximum theoretical IQE of 100% [38]. The 

utilization of rare metal based phosphorescent emitters aided to improve the device 

efficiency and brightness greatly, owing to the effective conversion of both singlet 

and triplet excitons into light. Particular attention was paid to iridium (III) 

complexes,  among which, the most well-known and widely investigated triplet 

emitters are blue FIrpic [39], green Ir(ppy)3 [40] and [(ppy)2Ir(acac)] [41], and red 

(piq)2Ir(acac) [42] (Fig. 2.2). The usage of an iridium complex as an emitter for 

PhOLED led to the maximum EQE of nearly 20% [38].  

 

Fig. 2.2. Molecular structures of widely investigated triplet emitters 
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However, PhOLEDs with iridium emitters suffer from a serious efficiency 

roll-off at a high current density and the high application cost due to the scarcity of 

rare metals. Hence, the development of new phosphorescent materials remains a 

challenge for the scientists.  

In order to attain high efficiency PhOLEDs, the advancement of suitable host 

materials is of equal importance to phosphorescent emitters. An appropriate host 

material should possess higher triplet energy level, than the guest emitter; balanced 

charge carrier mobility for the hole-electron recombination process and confinement 

of the exciton formation zone in the emissive layer; decent thermal, electrochemical 

and morphological characteristics; and matching with the adjacent layers 

HOMO/LUMO energy levels to reduce the hole and electron injection barrier 

[33,43]. The suppression of dopant aggregation should be achieved as well. 

According to the charge-transporting properties, host materials can be divided into 

hole, electron and ambipolar transport. The concept of bipolar (D–A) 

phosphorescent host opens up the opportunities to provide more balance in electron 

and hole fluxes thus simplifying the device structure [33]. Consequently, during the 

recent years much attention has been addressed towards the design and creation of 

multifunctional host materials.  

2.2.2. Utilization of materials exhibiting delayed fluorescence 

One of the recent ways to improve OLED efficiency and brightness, whilst 

avoiding the usage of expensive and scarce rare metals, is the employment of 

compounds exhibiting DF. The concept of DF is based on the achievement of total 

exciton utilization through efficient upconversion of nonradiative triplet states to 

radiative singlets by the usage of conventional organic emitters [44,45]. Generally, 

DF can be classified into two types: P-type, occurring by triplet fusion through the 

TTA mechanism; and E-type –TADF (Fig. 2.3). In the case of TTA, each S1 excited 

state can be generated from the fusion of two T1 states during the upconversion 

process. The production of this additional singlet exciton can significantly increase 

the efficiency up to 37.5%. By adding the prompt fluorescence emission, the total 

maximum IQE can reach 62.5%, depending on the upconversion ratio of the triplet 

excitons [28]. The main advantages of the TTA triplet upconversion technique for 

commercial applications include low excitation power, long lifetime and possibility 

of fabrication deep-blue OLEDs. TTA mechanism can take place both inter- and 

intramolecularly (in case of bipolar molecules) through Dexter energy transfer [33]. 

In turn, by utilizing TADF, it is possible to reach 100% IQE due to the total 

triplet harvesting, thus enormously raising the external device efficiency. Therefore, 

noble-metal-free TADF compounds have attracted great attention during the recent 

years. The E-type fluorescence mechanism takes place in several steps. Since the D-

A molecular architecture is the key feature of TADF molecules, firstly the 

stabilization of singlet CT excited state S1(CT) should take place (after the electron 

transfer from the readily formed upon excitation singlet locally excited state S1(LE)). 

If S1(CT) is energetically close to the locally excited triplet state T1(LE), reversible 

intersystem crossing occurs upon thermal activation, thus harvesting triplets to the 

isoenergetic singlet. The RISC process is followed by delayed emission from S1(CT) 
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at the same location, as PF [44,46,47]. For the efficient triplet exciton upconversion 

by the TADF technique, a small difference between the singlet and triplet CT states 

energy ΔEST is required. This parameter can be tailored by the careful design of rigid 

angle-controlled donor-acceptor molecules with the well-pronounced ICT feature. 

The usage of building blocks with the balanced electron donating and accepting 

strength leads to the precise separation of HOMO/LUMO orbitals, which results in a 

small ΔEST and efficient CT emission simultaneously. However, a small overlap 

between HOMO and LUMO is of great importance as well, since it ensures good 

optical characteristics [48]. Nevertheless, due to the strong ICT requirement the 

development of deep blue TADF emitters still remains a challenge. 

 

Fig. 2.3. Schematic representation of a) P-type DF; b) E-type DF mechanisms 

The delayed fluorescence concept is currently the leading approach to the 

improvement of the efficiency in the case of fluorescent OLEDs due to the reduced 

cost of the materials along with much enhanced efficiency through triplet exciton 

harvesting. Therefore, materials scientists continue searching for new structures and 

cheaper synthesis of multifunctional TADF compounds. 

2.2.3. Involvement of compounds possessing aggregation induced emission 

phenomenon 

PLQY (external and internal) is a very important characteristic of an OLED. It 

mainly depends on the luminescent properties of the emitting material. However, 

most of the compounds employed for this role in the devices, suffer from severe 

weakening of fluorescence in the thin layers, despite showing high efficiency in 

dilute solutions. Since the main reason of emission quenching is associated with the 

formation of aggregates, which leads to π-π stacking and non-luminescent excimers, 

the concentration quenching is usually referred to as ACQ. Therefore, the ACQ 

effect is considered detrimental for many practical applications, including OLEDs 

[49,50,51]. The overall occurrence of the ACQ is induced by the usage of multiple 

planar benzene rings in conventional luminophores (e.g. perylene tetracarboxylic 

acid dianhydride, Fig. 2.4). Since the ACQ effect is an obstacle for the fabrication of 

an efficient device, numerous approaches, including chemical reactions, physical 

and engineering methods, have been developed by scientists in order to tackle the 

emission weakening problem. Thus, the attempts to introduce bulky substituents, 

longer alkyl chains and to break the conjugation between the chromophores have 
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been made; however, the problem of ACQ has been only partly solved and, 

meanwhile, new drawbacks, such as diminished charge transport, have appeared, 

still causing a drop in the OLED efficiency [52,53]. 

 

Fig. 2.4. Schematic representation of the AIE mechanism 

In order to solve the aggregation quenching problem, it was suggested by Tang 

and co-workers in 2001 to make use of the aggregation effect. Thus, an uncommon 

luminogen system, in which aggregation worked constructively, was discovered. 

Though the dilute solutions of new luminogens were weakly fluorescent, upon the 

aggregation in solid state the emission was found to increase significantly. 

Consequently, the novel phenomenon was termed AIE [54,55]. It was discovered, 

that the AIE-activity of the compound strongly depends on its conformational 

flexibility and vibrational amplitude. In the solutions, the intramolecular rotations 

and vibrations of the rotor-carrying luminogens are active, accounting for the very 

fast radiationless decay of singlet excited states. To the contrary, in the aggregates 

the rotation is restricted due to the physical constraint, blocking the non-radiative 

and activating the radiative path. Hence, RIR and intramolecular motion in general 

was found to be the major mechanism in AIE-active systems (Fig. 2.4) [56,57]. The 

AIE phenomenon can partly overlap with other mechanisms, such as TICT, JAF, 

ESIPT, depending on the structural peculiarities of the molecules. However, in all 

the luminescence enhancement systems the RIR process is competing with other 

mechanisms, and, if it prevails, the system exhibits AIE activity [50]. The nature of 

the RIR process originates from the structural rigidification or conformational 

stiffening. Noteworthy, other variations of the AIE process, such as aggregation 

induced emission enhancement (AIEE), crystallization induced emission (CIE), 

crystallization induced phosphorescence (CIP) and aggregation induced 

phosphorescent emission (AIPE) have been discovered and found their applications 

as well [50,57,58].   

As the development of highly emissive materials is of great interest nowadays, 

numerous AIE systems have already been designed and synthesized [57]. Plenty of 

structures, comprising purely hydrocarbon, heteroatom-containing, organometallic 

and macromolecular architecture, are known. The key issue for the construction of 

an AIE-gen is controlling non-planar twisted molecular skeleton upon aggregation. 

This can be achieved by employing sterically bulky substituents, ensuring propeller 
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conformation of the resulting molecule, or by attaching AIE-active groups to the 

conventional luminogens. 

It is evident, that through the application of the RIR principle, many AIE 

active systems of various colours can be designed and constructed [59,60]. 

Apparently, due to the enhanced emission in the solid state, the AIE-gens are 

promising candidates materials for full-colour optical display applications.  

2.2.4. Usage of the compounds with ambipolar charge transport behaviour 

In recent years, tremendous efforts have been dedicated not only to the 

enhancement of the OLED brightness, but also to the reduction of the turn-on 

voltage and the increase of the lifetime of the device. As in most OLED structures 

HTL and ETL were employed, the stability and turn-on voltage suffered 

significantly from the unbalanced charge transport [61]. Consequently, the 

compounds, capable of balanced hole and electron charge transport simultaneously, 

i.e. ambipolar, have recently attracted much attention [62,63]. Nowadays, there are 

two major directions for the utilization of ambipolar materials: multifunctional 

emitters for OLEDs and multifunctional host compounds for PhOLEDs. The 

development of blue-emitting molecules combining high triplet level and fair 

balanced ambipolar charge transport still remains a challenge [64,65]. However, the 

elaboration of the smart ambipolar compounds may lead to the construction of cost-

efficient single-layer devices [65].  

The direct approach to achieve ambipolar charge transport in an organic 

molecule is to combine both electron-donating and electron-accepting fragments 

within the same molecule. Such synthetic strategies, as the interruption of π-

conjugation by means of coupling in meta- and ortho-positions, incorporating bulky 

groups and/or changing the linkage between the two moieties can be employed for 

the construction of ambipolar compounds. Interestingly, some materials without the 

donor-acceptor conjunction, exhibit excellent non-dispersive ambipolar charge 

transport properties, thus suggesting an alternative way to achieve balanced hole and 

electron mobility [64,66].  

Recently, the increased research concern is dedicated to the investigation and 

analysis of the relationship between charge transporting characteristics, luminescent 

properties of the compounds and the molecular structure. Theoretical calculations 

are a powerful tool to predict and understand structure-property correlations. Thus, 

simulation of electron-density distribution of HOMO/LUMO orbitals, ionization 

potentials and electron affinities, reorganization energy, dipole moments in ground 

and excited states can give an insight on the possible ambipolar behaviour of the 

material [67].  

Hence, since a condition for high-performance OLEDs is the utilization of 

compounds with high photoluminescence quantum yield and fair balanced electron 

and hole mobility, the employment of ambipolar materials can offer a possibility to 

achieve efficient and stable single-layer OLEDs, which is highly desirable for 

simplifying the manufacturing process and reducing the production cost [66]. 
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2.3. Bipolar compounds for OLED efficiency enhancement 

The utilization of bipolar molecular architecture is a state-of-the-art approach 

towards the construction of multifunctional well-defined π-conjugated systems [27]. 

The bipolar structure implies the incorporation of both electron-rich and electron-

deficient subunits at the molecular level by means of chemical reactions. The 

involvement of donating and accepting moieties results in a combination of 

properties of the building fragments, on the one hand, and a wide range of tunable 

characteristics originating from ICT, on the other hand. Thus, ICT is responsible for 

the regulation of the HOMO/LUMO energies, ionization potential, electron affinity, 

enhancement of PLQY, affecting the band gap and causing efficient photoinduced 

charge transfer and separation, resulting in ambipolar charge transport. All these 

features are essential for the fabrication of efficient devices. Moreover, 

multifunctionality of bipolar compounds leads to the desirable simplification of 

device architecture. 

There are two major approaches to the design of bipolar molecules. According 

to one of them electron-rich and electron-deficient fragments are connected directly 

(Fig. 2.5 (a)). By the control of the angle between the chromophores, as well as 

varying the donating and accepting ability of the fragments, it is possible to alter the 

characteristics. The other strategy implies the incorporation of the spacer, either 

prolonging or breaking conjugation, between the donor and acceptor, depending on 

the expected performance (Fig. 2.5 (b)). Since nowadays the search for efficient 

blue-emitting compounds is on the wave, the consideration of retaining blue 

photoluminescence in the bulk implies the preservation of one type of conformation 

in the solid layers. This can be achieved by the usage of rigid building blocks with 

bulky substituents, preventing π-π stacking.  

 

Fig. 2.5. Strategies of the molecular design of bipolar molecules 

For the construction of D-A molecules, the formation of covalent C–C and N–

C is necessary. The chemical methods for the preparation of bipolar compounds 

include mainly nucleophilic substitution and rare metal catalyzed cross-coupling 

reactions, such as Suzuki-Miyaura [68], Hagihara-Sonogashira [69], Stille [70], 

Heck [71], Ullmann [72], Buchwald-Hartwig [73] and other.  

Bipolar compounds find a wide range of applications across various fields of 

organic electronics. Currently, there are two major research directions in OLED 

evolution: the development of multifunctional emitting materials for OLEDs and the 

design of multifunctional host compounds for PhOLEDs. The mployment of D-A 

materials provides opportunities to simplify the device structure, enhance the 

efficiency and greatly reduce cost of OLED production. 
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2.3.1. Bipolar compounds possessing phosphorescence 

Evidently, the development of high performance host compounds for 

phosphorescent OLEDs is of great importance. In recent years, numerous hosts for 

red and green PhOLEDs were realized [74,75]. However, the elaboration of suitable 

high ET hosts for blue devices still remains a challenge for scientists. Therefore, this 

review will focus on the recent advances in the development of host materials for 

blue PhOLEDs. 

 

Fig. 2.6. Commonly used building blocks for the construction of bipolar host compounds for 

blue PhOLEDs 

There are two most efficient approaches to design a bipolar material with high 

ET: a careful combination of donor and acceptor moieties with the intrinsically high 

triplet level and control of the -conjugation length either by shortening the linkage 

or by creating large hindrance between the adjacent groups. From materials 

chemist’s point of view, the most commonly used donating fragments include 

carbazole, indole and acridane, while the variety of accepting units is more diverse: 

triazine, pyridine, imidazole, phosphine oxide, carbonline and arylnitriles (Fig. 2.6). 

Obviously, the choice of electron-donors with high ET is very limited. The carbazole 

unit proved to be one of the most popular donors due to its structural rigidity, 

thermal stability, sufficiently high triplet level, good hole transporting ability and a 

variety of functionalization positions [76]. Hence, most of the efficient host 

materials include the carbazole backbone. Consequently, bipolar hosts can be 

classified by the acceptor unit involved.  

1,3,5-Triazine derivatives have gathered considerable interest in recent years 

due to their strong electronegative nature, high electron mobility, superior thermal 

stability, high triplet energy and interesting photophysical properties [9,10]. Hence, 

a combination of TRZ and carbazole units in one molecule can prove to be an 

effective strategy for the design of host compounds. However, direct conjugation of 

the above mentioned moieties leads to lower ET, suitable for green PhOLEDs, due to 

the ICT [77]. Obviously, the interruption of conjugation is required for the increase 

of the triplet energy value. Thus, Strohriegl and coworkers applied the strategy of 

conjugation interruption by synthesizing two bipolar host materials BPTRZ and 

MBPTRZ (Fig. 2.7), exploiting biphenyl and 2,2′-dimethylbiphenyl linkages, 

respectively, between the donor and acceptor [78], and comparing their properties. 

IP and EA values, deduced from CV measurements, were found to be similar for 

both molecules and appropriate for the efficient electron and hole injection (Table 
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2.1). In turn, geometry optimization shows, that the usage of different spacers 

greatly influences the torsion angle between donor and acceptor. Thus, the value of 

dihedral angle between PCz and the adjacent phenyl ring, attached to TRZ moiety, 

was found to be 35o for BPTRZ, while introduction of methyl-containing linkage in 

MBPTRZ enhances the twist up to 90o, what results in the conjugation interruption 

between the chromophores. Despite basic optical characteristics, such as absorption 

and fluorescence, are nearly identical for both derivatives, larger twist in molecular 

architecture of MBPTRZ is responsible for the restriction of intramolecular 

rotations and, hence, more blue-shifted phosphorescence, leading to higher ET of 

2.81 eV compared to 2.70 eV for BPTRZ. Moreover, due to the introduction of 

methyl substituents, higher thermal characteristics were detected for MBPTRZ 

(Table 2.1). Both triazine derivatives were tested as bipolar hosts in blue PhOLEDs 

using FIrpic as the emitter. While usage of BPTRZ as host material resulted in a 

maximum EQE of 6.2%, power efficiency of 4.6 lm/W and maximum brightness of 

24400 cd/m2 (at 15.7 V), the exploitation of its methylated analogue MBPTRZ 

increased these characteristics up to 7.0%, 6.3 lm/W and 30600 cd/m2 (at 15.0 V), 

respectively, demonstrating the efficiency of the involved synthetic strategy.  

A similar approach was attampted by Lee’s group in the preparation of bipolar 

host TrzmPCz [79] (Fig. 2.7). The methyl substituent distorted the backbone 

structure of TrzmPCz and led to the increase of the torsion angle between PCz and 

TRZ fragments up to 55o, while the dihedral angle of the non-methylated analogue 

was found to be just 38o. The conjugation break resulted in the higher ET of 2.79 eV, 

which is suitable for the application in blue PhOLEDs. The incorporation of robust 

carbazole and triazine units resulted in high Tg and TID of 109 and 376 oC, 

respectively, and appropriate IP and EA (Table 2.1). The blue PhOLED, using 

TrzmPCz host, achieved the EQE of 16.4%, current efficiency of 32 cd/A and a 

power efficiency of 21.5 lm/W upon the optimization of the device structure. 

Another strategy to increase the triplet level was demonstrated by Zhang et al. 

The triazine skeleton was decorated by phenyl and phenoxy-substituents to give rise 

to the host compounds DPTPCz and DPOTPCz [80]. π-Conjugation between the 

phenyl ring and TRZ core is broken by the introduction of an oxygen atom, thus 

narrowing the π-electron delocalization zone of compound DPOTPCz. The 

utilization of the phenoxy group was proved to be responsible for the enhancement 

of ET (2.78 and 2.86 eV for DPTPCz and DPOTPCz, respectively). However, the 

usage of oxygen linkage leads to the reduction of high Tg and TID due to the 

occurrence of more flexible molecular architecture (Table 2.1). While IP values of 

TRZ derivatives are quite similar (5.69 and 5.70 eV for DPTPCz and DPOTPCz, 

respectively), the EA of DPTPCz is slightly higher (2.74 eV) than that of 

DPOTPCz (2.64 eV), due to the more efficient electron delocalization through the 

phenyl-substituted triazine unit. Blue PhOLEDs, constructed to evaluate the 

performance of triazine hybrids DPTPCz and DPOTPCz as bipolar hosts, exhibit 

remarkably low turn-on voltages of 3.4 and 3.2 V, respectively, which can be 

attributed to the ambipolar charge carrier transport. However, irrespectively of the 

higher ET and lower turn-on voltage, the device based on DPTPCz showed better 
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performance (EQE 14.4%), comparing to that based on DPOTPCz (EQE 11.2%). 

This result can be explained by the more balanced carrier mobility in DPTPCz. 

On the whole, bipolar hosts comprising a triazine unit can be characterized by 

superior thermal characteristics, good hole/electron charge transport, and appropriate 

IP/EA values. However, the triplet energy and EQE values are moderate. 

 

Fig. 2.7. Triazine-based bipolar host compounds for blue PhOLEDs 

Compounds, bearing a phosphine oxide fragment, open another class of 

bipolar host materials. In recent times, aryl-substituted phosphine oxides have been 

found to perform the facile electron injection and transport properties [81,82]. While 

offering good electron transport behaviour, a phosphine oxide unit is interrupting 

conjugation as well, retaining the high triplet energy. By combining the structural 

features of carbazole and phosphine oxide promising host materials for blue 

PhOLEDs can be prepared. Thus, by the one-step reaction a novel tricarbazolyl-

substituted phosphine oxide POCz3 (Fig. 2.8) with high triplet energy was obtained 

and characterized by two research groups, those of Chang and Wong [83]. Since 

phosphine oxide is responsible for breaking the conjugation between the 

chromophores, the optical characteristics of POCz3 remind of those of the parent 

PCz unit. Due to this fact, the triplet energy of POCz3 reaches the remarkably high 

value of 3.03 eV. The utilization of three bulky and rigid PCz fragments ensures 

high thermal tolerance: Tg and TID of 163 and 395 oC, respectively. A shallow IP 

suitable for the injecting holes from the anode and appropriate EA (Table 2.1) are 

the result of careful combination of electron donating and accepting fragments. 

Balanced ambipolar charge transport was exhibited by POCz3 as well. An efficient 

blue PhOLED with 14.5% EQE (at 31.3 lm/W) and maximum luminance reaching 

60098 cd/m2 was constructed utilizing POCz3 as bipolar host material for FIrpic. 

Noteworthy, a single-layer PhOLED with EQE 9% and low efficiency roll-off was 

fabricated as well, indicating that POCz3 is a promising bipolar host material.  

The possibility of functionalization of phosphine oxide with bulky substituents 

unfurls the opportunities for the preparation of sterically hindered molecular 

structures, which may alleviate concentration quenching of the dopant and possess 

excellent morphological stability. Thus, a bipolar bulky host compound PCF (Fig. 

2.8) was synthesized by Shu and coworkers [84]. The incorporation of the electron 

donating carbazole and accepting diphenylphosphine oxide moieties to the fluorene 

core provides to PCF such important characteristics as ambipolar charge transport 

behaviour and enhanced amorphous stability aas well as superior thermal properties 

(Tg and TID of 147 and 440 oC, respectively). Importantly, the triplet energy value 

remains as high as 2.75 eV, due to the connection of individual building blocks 

through a non-conjugated linkage – the sp3-hybridized C-9 atom of fluorene. As it is 
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known, the device efficiency is often strongly dependent on the concentration of the 

triplet dopant [85]. Therefore, to examine the performance of amorphous host PCF 

in PhOLEDs, the devices with the concentration of FIrpic varying from 7 to 28 wt 

%, were constructed. Surprisingly, at the highest dopant concentration, 28 wt %, the 

device exhibited maximum EQE of 14.8% (30.8 cd/A and 26.2 lm/W), thus proving 

that PCF, owing to its hindered molecular structure, successfully suppresses the 

self-quenching of the Iridium complex at high doping levels. 

In general, the main advantages of utilizing the phosphine oxide based bipolar 

materials is the sufficiently high triplet level, excellent thermal and morphological 

stability, alleviation of the emitter self-quenching and suitable IP/EA values. The 

external quantum efficiency remains only considerably high. 

 

Fig. 2.8. Phosphine oxide based bipolar host compounds for blue PhOLEDs 

The conjunction of pyridine and carbazole units provides an attractive 

approach for the cost-effective production, due to the commercial availability and 

inexpensiveness of the starting materials and simplicity of synthetic pathways. The 

weak accepting ability of pyridine leads to the reduction of ICT, accompanied by the 

sufficiently high ET and retaining the ambipolar mobility behaviour [86]. Thus, a 

series of seven bipolar host compounds was prepared by the efficient high-yielding 

one-step catalyst free C–N coupling of di-, tri-, tetra-fluorosubstituted pyridines and 

the carbazole donor (Fig. 2.9) [87]. All the prepared pyridine derivatives exhibited 

excellent thermal characteristics with TID reaching 434 oC and Tg in the range of 70 

to 150 oC (Table 2.1). Evidently, by increasing the number of carbazole units the 

thermal properties can be greatly improved. However, the increment of carbazolyl 

fragments leads to the bathochromic shifts in absorption and emission, as well as 

lowering the triplet energy. Although the T1 states of the pyridine-carbazole hybrids 

are located only at the carbazole unit [88], the linking position of donor and acceptor 

controls the location of ET peak. Thus, the triplet levels of 2,6-CzPy, 3,5-CzPy, 

2,4,6-CzPy and 2,3,4,6-CzPy remain as high as 2.99-3.00 eV, while those of 2,4-

CzPy and 2,3-CzPy are reduced to 2.95 eV. Noteworthy, the ET of the tetra-

substituted derivative 2,3,5,6-CzPy was lowered to 2.81 eV. This may be attributed 

to the relatively strong D– A interactions between carbazole and pyridine in this 

molecule. All the multi-carbazole pyridine hybrids were tested as bipolar host 

matrixes for FIrpic in blue PhOLEDs. All the prepared devices can be characterized 

by remarkably low turn-on voltages reaching 3.4 eV, maximum current and external 

quantum efficiency in the range of 32.5–42.1 cd/A and 15.4–18.0%, respectively. 

Noteworthy, the compounds employing the 2,6-linking pattern, i.e. 2,6-CzPy and 

2,4,6-CzPy, demonstrated the highest EQE of 18%, giving a hint for the further 

design optimization of efficient bipolar pyridine-based hosts. 
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Junji Kido and coworkers developed another approach for the design of 

bipolar pyridine hybrids (Fig. 2.9) by introducing a phenyl spacer between the 

donating and accepting fragments. Two compounds, 2,6-DCzPPy and 3,5-DCzPPy, 

were synthesized by substituting various positions of pyridine by PCz moiety [89]. 

Both synthesized compounds possess similar ET of 2.71 eV, which is appropriate for 

the usage as the host matrix for FIrpic emitter. Since efficient exothermic energy 

transfer from the host triplets to those of guest, as well as excellent triplet energy 

confinement are necessary for the high efficiency of the device, the transient 

photoluminescence decay and PLQY of 3 wt % FIrpic doped into 2,6-DCzPPy and 

3,5-DCzPPy were measured. The observation of the clear monoexponential decay 

curves with a relatively long lifetime of 1.59 and 1.73 µs for 3,5-DCzPPy:FIrpic and 

2,6-DCzPPy:FIrpic films, respectively, in addition to the PLQY of ca. 0.88 proves 

excellent confinement of the triplet energy on the FIrpic molecules when doped into 

bipolar pyridine-based hosts. The constructed blue PhOLEDs exhibited outstanding 

efficiency of 19.1% (34.6 lm/W) and 24.3% (46.1 lm/W) for 3,5-DCzPPy- and 2,6-

DCzPPy-based devices, respectively. Importantly, the significantly higher EQE of 

2,6-substituted pyridine-based host is in agreement with the previously described 

results [87]. 

 

Fig. 2.9. Pyridine-based bipolar host compounds for blue PhOLEDs 

To conclude, the involvement of pyridine moiety opens opportunities for the 

preparation of inexpensive bipolar hosts with high ET, adequate IP/EA values and 

excellent performance in PhOLEDs.  

Recently, compounds bearing α-carboline moiety have attracted great 

attention. α-Carboline, combining the features of carbazole and pyridine, possesses a 

rigid molecular skeleton and is known for the excellent electron transport properties 

in conjunction with high triplet level [90]. Promising structures, exploiting carbazole 

as donor and α-carboline as acceptor, were prepared by the group of Choi (Fig. 2.10) 

[91,92]. The researchers investigated the influence of the chromophore position on 

the device performance, aiming to preserve such important physical parametres as 

Tg, TID and ET. All the prepared carboline derivatives can be characterized by 

superior thermal stability: Tg and TID reaching 146 and 491 oC, recpectively. 

Interestingly, para-substituted compounds, pPCB2Cz and pBCb2Cz, demonstrate 

better thermal behaviour, than meta-analogue mPCB2Cz. This may be explained by 

the reduced steric hindrance of more linear molecules with para-linkage in the solid 

state. DFT calculations reveal HOMO and LUMO located on carbazole and 

carboline units, respectively. However, in the case of pPCB2Cz and mPCB2Cz a 

slight overlap of the orbitals can be observed. This feature leads to the more 

facilitated ICT and, consequently, more pronounced low-energy absorption bands 
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and more red-shifted emission, in comparison to those of pBCb2Cz. Nevertheless, 

the triplet energy of the compounds remains significantly high and similar: ca. 2.92 

eV. The investigated carboline hybrids displayed fair and balanced ambipolar charge 

transport behaviour. IP and EA values were found to be appropriate for hole and 

electron injection (Table 2.1). Noteworthy, compound exploiting para-linkage 

pPCB2Cz revealed the lowest IP of 5.60 eV. Estimation of the blue FIrpic-based 

PhOLEDs performance, using pBCb2Cz, mPCB2Cz and pPCB2Cz as bipolar host 

matrixes, resulted in extraordinary high EQE values of 22.6, 23.7, 23.0 %, 

respectively, and low efficiency roll-off. Importantly, the investigated hosts were 

tested in efficient (EQE up to 16.2 %) deep-blue PhOLEDs with FCNIrpic emitter as 

well. 

Evidently, the bipolar hosts based on α-carboline unit, take the advantages of 

the high triplet level, excellent thermal characteristics, balanced charge transport, 

suitable IP and EA values, what makes them attractive candidates for the utilization 

in blue and deep-blue PhOLEDs. 

 

Fig. 2.10. α-Carboline-based bipolar host compounds for blue PhOLEDs 

An attempt to enhance the triplet energy and the morphological stability may 

result in the deterioration of other important parameters, such as IP and EA, as well 

as charge transport. Therefore, engineering the appropriate host, balancing all the 

requirements, remains a challenging task. However, the utilization of various 

aromatic derivatives, substituted by the strongly electron-accepting nitrile (CN) 

group, provides opportunities for tuning thermal and charge transport characteristics 

to a large extent, while preserving the photophysical and photoelectrical properties. 

Thus, a group of bipolar host compounds, exploiting carbazole donor and cyano-

decorated carbazole, dibenzofuran or dibenzothiophene as acceptors, linked through 

meta- or ortho-positions of the phenylene bridge, were designed and prepared in the 

laboratories of Li (Fig. 2.11) [93]. Single carrier devices confirmed balanced 

ambipolar charge transport behaviour of the hybrids. All the five compounds of the 

series demonstrate high decomposition temperatures in the range of 320-437 oC, 

except m-CzCzCN (TID = 186 oC), and Tg reaching 167 oC, thus implying good 

thermal stability (Table 2.1). High ET values (2.78-2.89 eV) were observed for the 

CN-substituted compounds under consideration. Interestingly, the highest ET of 2.89 

eV was found for the m-CzOCN, while dibenzothiophene-based m-CzSCN 

displayed a significantly higher phosphorescence intensity relative to fluorescence, 

comparing to other studied molecules. Noteworthy, all the prepared compounds can 

be characterized by the adequate for high performance devices values of IP (5.62-

5.66 eV) and EA (2.19-2.37 eV). High efficiency and  slow efficiency roll-off were 

revealed by the blue PhOLEDs, utilizing these bipolar hosts, even with a simple 
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device architecture. The devices exploiting o-CzCzCN and m-CzSCN, exhibited 

remarkably high efficiency of 21.0% (43.9 cd/A) and 23.3% (46.1 cd/A), 

respectively. Even at high brightness of 10 000 cd/m2, the o-CzCzCN hosted device 

preserved high efficiency of 28.5 cd/A. 

 

Fig. 2.11. Nitrile-based bipolar host compounds for blue PhOLEDs 

In their further work, Li and coworkers applied the strategy of extending 

conjugation, by introducing a spacer between the carbazole donor and benzonitrile 

acceptor [13]. Thus, a series of three isomers, o-CzCN, m-CzCN and p-CzCN, was 

obtained by adjusting the ortho-, meta-, or para-linking pattern of the functional 

units (Fig. 2.11). Though the compounds exhibited analogous behaviour in 

absorption and emission spectra, the linking position was found to affect greatly the 

position of the triplet level. Thus, the ET values were found to increase in the range 

of p-CzCN<m-CzCN<o-CzCN reaching a maximum of 3.01 eV. The same trend 

was observed for the IP values. Moreover, though all the three materials displayed 

satisfactory thermal stability with Td well exceeding 350 oC, the values of glass 

transition temperature are evidently influenced by the linking topology (Table 2.1). 

Evidently, this variety in physical properties results from great difference in 

molecular geometries of ortho-, meta- and para-substituted compounds. Thus, 

owing to sterically hindered ortho-linkage in o-CzCN, a large torsional angle of 

70.98 is formed between the carbazole and the adjacent phenylene bridge, as well 

as 77.14 between the two contiguous benzene rings, giving a hint about the 

interrupted conjugation between the chromophores. On the contrary, the dihedral 

angles in m-CzCN (54.31 and 38.34) and p-CzCN (53.13 and 35.65) are greatly 

reduced due to the weaker steric hindrance, indicating similar conjugation state in 

para- and meta-linked molecules. Consequently, the interrupted conjugation in o-

CzCN results in higher ET and IP. On the other hand, ortho- and meta-linkages are 

responsible for highly twisted molecular skeletons of the compounds, which led to 

lower Tg. Noteworthy, only o-CzCN and m-CzCN revealed good charge balance of 

holes and electrons, while p-CzCN was found to be capable only of hole transport. 

For the evaluation of the compounds under consideration as potential host matrices, 

blue PhOLEDs with FIrpic emitter were constructed. The m-CzCN based device 

exhibited the best performance, with a maximum luminance of 18340 cd/m2, the 

peak current efficiency of 46.81cd/A, a peak power efficiency of 24.50 lm/W and 

EQE of 23.14%, along with a slow efficiency roll-off. Noteworthy, o-CzCN was 

utilized as bipolar host in the blue TADF device with prominently high EQE of 

14.98%.  
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Another way to project efficient host compounds implies modification of 

already known molecules. Lee et al. developed the molecular design of host 

materials by upgrading the widely used mCBP [94]. By the incorporation of single 

or double cyano-moieties into the mCBP backbone the researchers gave rise to new 

hosts mCBP-CN and mCBP-2CN, aiming to facilitate electron injection and to 

reduce driving voltage, while retaining high triplet level. Indeed, the ET values of 

new compounds were found to be 2.79 and 2.77 eV for mCBP-CN and mCBP-

2CN, respectively, which is comparable with the triplet energy of parent mCBP 

(2.80 eV). Moreover, modification of carbazole with nitrile moieties resulted in 

improved electron accepting character and, hence, balanced ambipolar charge 

transport behaviour. The realization of mCBP-CN and mCBP-2CN as bipolar host 

matrices for Ir(dbi)3 based PhOLED resulted in uncommonly high efficiencies of 

24.2 and 21.3 %, respectively, along with the low driving voltage. 

Table 2.1. Comparison of host characteristics in blue PhOLEDs with FIrpic emitter 

Moiety Name ET a[eV] Tg/TID b[oC] IP/EA c[eV] EQEmax [%] 

Triazine BPTRZ [78] 2.70 134/445 5.60/2.36 6.2 

Triazine MBPTRZ [78] 2.81 154/475 5.58/2.28 7.0 

Triazine TrzmPCz [79] 2.79 109/376 6.04/2.70 16.4 

Triazine DPTPCz [80] 2.78 86/373 5.69/2.76 14.4 

Triazine DPOTPCz [80] 2.86 79/357 5.70/2.64 11.2 

Phosphine oxide POCz3 [83] 3.03 163/395 5.5/1.8 14.5 

Phosphine oxide PCF [84] 2.75 147/440 5.86/2.76 14.8 

Pyridine 2,6-CzPy [88] 3.00 75/329 5.63/2.08 18.0 

Pyridine 3,5-CzPy [88] 3.00 74/310 5.72/2.16 16.7 

Pyridine 2,4-CzPy [88] 2.95 70/337 5.69/2.08 15.4 

Pyridine 2,3-CzPy [88] 2.95 78/286 5.66/2.07 15.5 

Pyridine 2,4,6-CzPy [88] 2.99 124/412 5.67/2.21 18.0 

Pyridine 2,3,5,6-CzPy [88] 2.81 150/434 5.67/2.48 15.8 

Pyridine 2,3,4,6-CzPy [88] 2.99 -/419 5.67/2.43 15.8 

Pyridine 2,6-DCzPPy [89] 2.71 n.p. n.p. 24.3 

Pyridine 3,5-DCzPPy [89] 2.71 n.p. n.p. 19.1 

Carboline pPCB2Cz [92] 2.92 144/451 5.60/2.11 22.6 

Carboline mPCB2Cz [92] 2.92 128/418 5.73/2.21 23.7 

Carboline pBCb2Cz [91] 2.93 146/491 5.69/2.26 23.0 

Nitrile m-CzCzCN [93] 2.82 -/186 5.62/2.20 16.4 

Nitrile o-CzCzCN [93] 2.82 104/320 5.62/2.37 21.0 

Nitrile mCPCzCN [93] 2.78 167/437 5.66/2.23 9.2 

Nitrile m-CzOCN [93] 2.89 98/334 5.63/2.19 15.3 

Nitrile m-CzSCN [93] 2.78 111/330 5.63/2.20 23.3 

Nitrile o-CzCN [13] 3.01 94/426 5.74/2.16 19.1 

Nitrile m-CzCN [13] 2.81 121/440 5.62/2.14 23.1 

Nitrile p-CzCN [13] 2.77 140/350 5.59/2.16 7.03 

Nitrile mCBP-CN [94] 2.79 n.p. 6.06/2.95 24.2  

(for Ir(dbi)3) 

Nitrile mCBP-2CN [94] 2.77 n.p. 6.09/3.14 21.3 

(for Ir(dbi)3) 
a Determined from phosphorescence spectra, recorded at 77K. b Measured by DSC/TGA. c Estimated 

from CV measurements. N. p. stands for “not presented”.  

These results suggest, that CN-substituted compounds can act as excellent 

hosts for triplet emitters owing to high triplet energy, balanced electron/hole 
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mobility, excellent thermal and morphological characteristics and appropriate IP/EA 

values. 

To conclude, several classes of host materials for blue PhOLEDs, comprising 

various acceptor fragments, were analysed. Although each class is denoted by 

certain advantages and disadvantages, the best performance in devices was exhibited 

by pyridine-, carboline- and cyano-containing compounds, what gives a hint 

concerning the further design of efficient host materials. As a final benchmark, the 

simplicity of the synthetic pathway plays a great role in the commercialization of the 

materials. At this point, molecules containing pyridine and nitrile moieties, prove to 

be the promising candidates for the commercially applicable bipolar hosts. 

2.3.2. Bipolar compounds exhibiting delayed fluorescence 

For the sake of avoiding utilization of expensive noble metals in industrial 

applications, several approaches, including TTA [95], tuning spin–orbit coupling by 

side-stepping Kasha’s rule [96], hybridized local and charge transfer [97] and TADF 

[14,44] were proposed for the device efficiency enhancement. Among these 

strategies, TADF proved to be the leading concept in the latest investigations. In 

recent years, red, green and blue TADF emitters have been developed. Nevertheless, 

elaboration of TADF deep-blue compounds still remains challenging; yet, efficiency 

increase by utilization of the TTA mechanism was reported [98]. However, since the 

utilization of TADF emitters made a breakthrough in OLED evolution during recent 

years, the current review is devoted to the advances of TADF-based devices. 

For the realization of the TADF mechanism some important requirements 

should be considered: 1) small ΔEST; 2) stable T1(LE) state; 3) efficient RISC process; 

4) spatially separated HOMO/LUMO with a slight overlap. For the design of 

efficient TADF emitters nitrogen-containing electron donors, such as carbazole, 

phenothiazine, phenoxazine, acridane and their derivatives found the widest 

application, due to strong electron donating ability and stable and high triplet states. 

In turn, various acceptor units, including triazine, nitrile, oxadiazole, sulfone adducts 

may be employed in bipolar molecules to tune the TADF emission strength, colour, 

and device performance (Fig. 2.12). As for the linking bridge, largely sterically 

hindered structures, such as spirojunction, bulky substituents, twisted patterns, 

should be utilized in order to ensure fair orbital separation with only slight overlap 
[99]. Since the selection of the accepting moieties is much more diverse than that of 

the donating units, the classification of TADF compounds will be carried out 

accorting to the electron deficient fragment involved.  

Being efficiently used as the host materials in PhOLEDs, triazine derivatives 

have found wide application in the design of TADF emitters as well. Coupling with 

various donating substituents allows to tune the ICT character and emission 

properties of the bipolar compounds, promoting effective HOMO/LUMO separation 

and facilitating singlet-triplet up conversion and high PLQY. Thus, Kim and 

coworkers developed an efficient triazine-based TADF compound DTPDDA (Fig. 

2.13), employing a novel azasiline donating fragment [100]. Azasiline, containing a 

six-membered ring with an introduced tetravalent silicon atom, offers good thermal 

and morphological stability, reduced conformation disorder and enlarged energy gap 
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between the HOMO and LUMO states for blue emission [101]. Indeed, DTPDDA 

exhibits high thermal stability (Tg and TID 325 and 404 oC, recpectively) and good 

bipolar behaviour with estimated IP and EA values of 5.57 and 2.80 eV (Table 2.2). 

Taking into account, that DFT calculations predicted a small ΔEST value of 0.01 eV 

and well-separated HOMO/LUMO orbitals with a weak overlap, the authors decided 

to check TADF behaviour of new compound by examining the properties of 

DTPDDA film doped into mCP and TSPO1 cohost. Thus, slightly larger than 

theoretically calculated ΔEST of 0.14 eV, as well as PLQY of 0.74 were 

experimentally estimated for the film. The transient PL decay curves of the film 

showed larger delayed emission and faster decay rate at room temperature than at 35 

K, giving a hint on the thermally activated nature of DF. In order to test the new 

compound as a TADF emitter, an OLED with mCP/TSPO1/16 wt % DPTDDA as 

the emitting layer was fabricated. The blue OLED exhibited a remarkably high EQE 

of 22.3 % (with the maximum power efficiency of 30.4 lm/W and turn-on voltage of 

3 eV) (Table 2.2), proving the DTPDDA may be a promising candidate for TADF 

devices.  

 

Fig. 2.12. Commonly used building blocks for the construction of TADF compounds 

The compounds, preserving prominent TADF behaviour and high PLQY not 

only in solutions and doped films, but also in the neat layers, are particularly 

desirable for the achievement of high efficiency, device fabrication simplification 

and cost reduction. DMAC-TRZ (Fig. 2.13), achieving these goals, was designed 

and prepared by the groups of Wong and Wu [102]. Twisted configuration with the 

large dihedral angle of 88o between donating acridane and accepting triazine 

fragments proved to be beneficial for the conjugation diminution, HOMO/LUMO 

separation and reduction of ΔEST for the efficient RISC. Apparently, the 

experimentally estimated for the doped into mCPCN DMAC-TRZ ΔEST was found 

to be just 0.046 eV. Noteworthy, while the PL efficiency of the doped film reached 

0.90, the PLQY of the neat layer remained as high as 0.83, revealing significantly 

suppressed concentration quenching due to the steric hindrance caused by methyl 

groups. TADF behaviour of doped and non-doped DMAC-TRZ films was proved 

by the temperature-dependent time-resolved measurements, revealing significant 

drop of delayed component with temperature reduction. Since efficient TADF was 
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observed for new materials both in the doped and neat films, DMAC-TRZ was 

tested as a TADF emitter in doped and non-doped OLEDs. While doped device 

exhibited outstanding EQE, current efficiency and power efficiency of 26.5%, 66.8 

cd/A and 65.6 lm/W, respectively, the non-doped OLED demonstrated an 

astonishing EQE of 20%, being on par with the most efficient doped devices. 

An interesting case of dual fluorescence caused by the presence of two stable 

conformers was reported for the phenothiazine-substituted triazine PTZ-TRZ (Fig. 

2.13) by Adachi [103]. As PTZ-TRZ possesses the rotational dynamics of the 

phenothiazine unit through the N–C bond, the occurrence of two energetically 

profitable conformers, quasi-axial and quasi-equatorial, in the ground and excited 

states, becomes possible. Interestingly, both conformers were shown to emit from 

CT states, which is an unusual case for dual photoluminescence. Moreover, while 

ΔEST of quasi-axial conformer was found to be 1.14 eV, the energy difference for 

the quasi-equatorial was discovered to be only 0.18 eV, enabling triplet 

upconversion mechanism. The clear oxygen and temperature dependence of PL 

intensity of the quasi-equatorial PTZ-TRZ conformer proved the TADF nature of 

the long-lived PL component. An OLED exploiting PTZ-TRZ as a dual ICT 

fluorescent emitter, demonstrated the maximum EQE of 10.8%. Promising device 

characteristics suggest, that combination of the TADF properties with ΔEST control 

and conformational heterogeneity, stemming from the introduction of the 

phenothiazine unit, opens a new class of perspective TADF materials.  

The efficient TADF phenomenon was observed in a derivative of triazine and 

phenoxazine, PXZ-TRZ [104], as well (Fig. 2.13). Inspired by the results of 

theoretical calculations, the authors achieved good HOMO/LUMO separation and 

small ΔEST (0.07 eV) by designing a molecule with a twisted D–A system and 

interfered π-conjugation. Indeed, exploitation of the phenoxazine moiety allowed a 

large dihedral angle between the chromophores (74.9o), thus enabling effective 

orbital separation and facilitated CT transition. The TADF behaviour of PXZ-TRZ 

was confirmed by the deoxygenation test (PLQY increased from 0.14 to 0.29 and 

the delayed component appeared in the decay transient upon deoxygenation) and PL 

temperature dependence. A green TADF OLED, fabricated by using PXZ-TRZ 

doped in CBP as the emitting layer, demonstrated a considerably high EQE of 

12.5% with the maximum luminance reaching 10000 cd/m2.  

As organic compounds exhibiting highly efficient stable blue emission are 

desirable for the realization of the low-cost OLEDs, Adachi et al. conducted a 

systematic study in order to define the design rules for the enhancement of the 

electroluminescence efficiency of blue TADF emitters [105]. Thus, Adachi found 

out, that the utilization of spacious and bulky chromophores in a CT compound 

leads to good delocalization through HOMO and LUMO orbitals, while preserving 

the necessary charge separation. As a result, a large transition dipole moment, small 

ΔEST and high internal PLQY can be achieved. Several triazine derivatives were 

investigated with various sizes of donating and accepting fragments. Interestingly, 

the efficient delocalization through HOMO of the bulky tricarbazolyl donor of 3Cz-

TRZ compound resulted in the remarkably high PLQY of ca. 1 and negligible ΔEST 

of 0.09 eV. The blue OLED, utilizing 3Cz-TRZ as TADF emitter, reached the 
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internal quantum efficiency of nearly 1, and EQE of 20.6% (Fig. 2.13, Table 2.2), 

which is comparable with the characteristics of blue Ir-based PhOLEDs. The PL on 

temperature dependence provides a proof, that blue electroluminescence with the 

high PLQY is a consequence of the efficient thermally activated RISC process. 

The material design employing the distortion of conjugation was successfully 

realized by coupling substituted indolocarbazole with biphenyltriazine fragment 

yielding PIC-TRZ [106] (Fig. 2.13). Thus, considerable steric hindrance around the 

biphenyl triazine unit, induced by the bulky indolocarbazole unit, resulted in 

exclusive localization of HOMO and LUMO on D and A moieties. Broad, non-

resolved emission of PIC-TRZ, molecularly dispersed in toluene and mCP host, 

gave a hint on the CT character of PL, critical for TADF. Strong oxygen sensitivity, 

expressed in drastic reduction of PLQY from 0.35 to 0.10 and disappearance of the 

delayed component in the transient curve in toluene solution upon oxygen 

saturation, provides evidence of the triplet excitons contribution. The produced 

green TADF OLED with the structure ITO/ NPD/ mCP/6 wt %-PIC-TRZ: 

mCP/BP4mPy/LiF/Al demonstrated the EQE of 5.3 % and the maximum luminance 

10000 cd/m2, well exceeding the theoretical limits. Moreover, the authors are 

confident, that the optimization of device parameters could increase the efficiency. 

Being smartly designed, carbazole/triazine derivatives possess such essential 

for TADF features, as good orbital separation and reduced ΔEST. Thus, CzT (Fig. 

2.13), firstly reported as a host material for PhOLEDs [107], was found to be an 

efficient TADF emitter as well [108], due to the suitable design. Noteworthy, CzT 

displayed TADF behaviour not only in a solution (hexane, toluene), but also in the 

solid state (dispersed in DPEPO host). In all the investigated media strong oxygen-

sensitive behaviour of PL intensity and PLQY was observed. In turn, temperature 

dependent time-resolved measurements, conducted for the 3 wt% CzT:DPEPO film, 

demonstrated evident increase of the DF intensity and contribution to the PL 

transient at the temperatures ≥150K, being responsible for the overall PL 

enhancement. Such behaviour is a key feature of TADF as triplet excitons do not 

have sufficient energy for up-conversion at low temperatures, enabling RISC only 

with temperature increase. CzT was tested as a TADF emitter in an OLED. The 

green device demonstrated the EQE of 6 % at low current densities (>10-1 mA/cm2). 

Most of the reported blue TADF OLEDs suffer from the instability and short 

lifetime comparing to the Ir-based PhOLEDs. Therefore, the search for the stable 

and efficient blue and deep-blue TADF emitters remains a challenge for researchers. 

In order to obtain deep blue emitters of pure colour, a weaker donating component is 

desirable for the singlet energy stabilization. Therefore, Lee and coworkers [109] 

introduced a dicarbazolylphenyl unit in order to weaken the carbazole donating 

strength and tune the emission colour by preparing two mono- and disubstituted 

triazines DCzTrz and DDCzTrz (Fig. 2.13). Due to the strengthened donor 

character DDCzTrz displayed slightly red-shifted PL and phosphorescence (2.80 

and 2.53 eV) in THF when compared to DCzTrz (2.89 and 2.64 eV). Nevertheless, 

both compounds can be characterized by similar and sufficiently small ΔEST of ca. 

0.27 eV (Table 2.2). However, the enlarged chromophore system of DDCzTrz is 

responsible for its higher PLQY (0.43 and 0.66 for DCzTrz and DDCzTrz, 
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respectively). For the identification of DF behaviour, transient and time-resolved PL 

measurements were conducted. Thus, the delayed emission with the decay times of 

3.1 and 2.8 µs was observed for DCzTrz and DDCzTrz, respectively, in addition to 

PF. Two blue efficient OLEDs were prepared by using DCzTrz and DDCzTrz as 

TADF emitters at 25% doping concentration. Interestingly, the disubstituted 

compound displayed a higher EQE value (18.9%) than its monosubstituted analogue 

(17.8%). It can be attributed to the higher PLQY of DDCzTrz achieved due to the 

larger chromophore system. The investigated lifetime of the DDCzTrz device was 

found to be three times as long as that of the Ir(dbi)3 PhOLED, indicating the 

success of the employed molecular design. 

 
Fig. 2.13. Triazine-based TADF compounds  

To conclude, the usage of the triazine unit gives an opportunity to obtain stable 

TADF emitters with small ΔEST, appropriate IP/EA values, sufficient PLQY and 

tunable from yellow to deep-blue emission. The EQE values of TADF devices vary 

from moderate (5.3 %) to remarkably high (26.5 %), giving a hint that by careful 

design rules and device structure optimization outstanding results can be achieved.  

Lately, sulfone-containing compounds have been attracting increasing interest 

due to high electron-accepting ability of sulfone moiety and the possibility of 

realization of the high efficiency blue and deep blue TADF OLEDs [110]. Firstly, a 

3,6-di-tert-butylcarbazolyl derivative DTC-DPS was prepared by Adachi and 

coworkers [48] (Fig. 2.14). Detailed photophysical investigation revealed a well-

pronounced CT character of DTC-DPS emission in polar solvents due to the 

stabilization of the dipole moment, and the moderately small singlet-triplet energy 

splitting of 0.32 eV, which is in agreement with the theoretically calculated 0.34 eV. 

Moreover, the high PLQY value of 0.69 and a 270 µs delayed component in the PL 

transient (prompt 5.3 ns) weas observed upon the deoxygenation of the toluene 

solution, indicating a successful RISC process. As expected, slow decay component 

disappears in non-polar hexane solution, characterized by well-resolved PL, pointing 

out the key role of the CT state in the TADF phenomenon. The incorporation of 

DTC-DPS in the high triplet level DPEPO matrix resulted in a high PL quantum 
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efficiency of 0.80, which encouraged the authors to test a doped material in a 

multilayer TADF OLED. Consequently, an efficient pure blue device with the EQE 

of 10% was realized (Table 2.2). 

However, a blue TADF OLED, employing DTC-DPS, suffered from 

remarkable efficiency roll-off under high current density due to the long DF lifetime. 

Therefore, an improved analogue of DTC-DPS, DMOC-DPS, was prepared by the 

group of Adachi [111]. The utilization of metoxy- substituents of the carbazole 

moiety resulted in stronger donating ability of 3,6-dimetoxycarbazole fragment, 

leading to the more pronounced CT character of DMOC-DPS, and, hence, a smaller 

ΔEST of 0.24 eV, although slightly red-shifted singlet emission was also observed. 

The better expressed CT feature of DMOC-DPS is responsible for the slightly 

smaller PLQY of 0.56 in oxygen-free toluene and significantly reduced DF decay 

lifetime of 93 µs. However, doping of the novel compound into DPEPO host 

resulted in the PLQY of 0.80, on par with DTC-DPS. The manufactured blue 

multilayer OLED, using DPEPO: 10 wt % DMOC-DPS exhibited the EQE of 14.5 

%, turn on voltage of 4.0 V and maximum brightness of 2544 cd/m2 at 12.5 V, 

confirming the role of substituents on the control of CT states, ΔEST, TADF 

component lifetime, and, consequently, the OLED performance. 

The facilitated triplet exciton confinement and the negligible singlet-triplet 

energy gap can be achieved by the utilization of compounds with pretwisted 

conformation owing to the steric hindrance between D and A fragments [111,112]. 

This approach was successfully realized in the design of blue-emitting DMAC-DPS 

and green-emitting PXZ-DPS compounds [113] (Fig. 2.14). As it was mentioned in 

the discussion of triazine-based TADF materials, the employment of aromatic 

donors bearing a six-membered ring (acridane, phenoxazine, phenothiazine) is 

responsible for the twisted molecular structures with dihedral angles of 70-90o. As 

expected, the donor strength is responsible for the emission colour control. Thus, the 

oxygen-free dilute toluene solutions of the studied compounds can be characterized 

by the maximum PL peak of 460 nm (DMAC-DPS) and 507 nm (PXZ-DPS), the 

PLQYs of around 0.80 and the negligible ΔEST of ca. 0.08 eV. Moreover, the 

delayed components of 0.9 and 2.5 µs for DMAC-DPS and PXZ-DPS in decay 

transients can be detected as well. The OLEDs, utilizing novel TADF emitters 

DMAC-DPS (doped in DPEPO) and PXZ-DPS (doped in CBP) demonstrated the 

outstanding device performance with EQE of 19.5 and 17.5%, respectively. 

Noteworthy, due to the bulky methyl substituents on the acridane units, DMAC-

DPS was found to exhibit a remarkably high PLQY of 0.80 in the neat film, 

evidently avoiding the concentration quenching. Therefore, the material was tested 

in an undoped device, thus improving the charge transporting characteristics as well. 

The EQE of 14.4%, and, surprisingly, higher stability comparing to the doped 

device, were observed [114].  

While most researchers are in search of materials with a small ΔEST, the work 

of Dias and Monkman shows that even compounds with relatively large ΔEST≥0.3 

eV are capable of exhibiting the TADF phenomenon [44]. Thus, detailed 

spectroscopic investigation of linearly and angularly substituted dibenzothiophene-

S,S-dioxide derivatives was carried out. It was revealed that angularly substituted 
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compounds with the N–C bond between the donor and acceptor, exhibit a better 

pronounced ICT and strong phosphorescence. Moreover, angular disubstitution was 

found to shift the triplet states to higher energies, aiding consequently to the 

reduction of the ΔEST gap. All the compounds reported by Dias et al. displayed 

strong DF; still, the best results were obtained for carbazole and diphenylamine 

derivatives DBTD-Cz and DBTD-DA (ΔEST 0.35 and 0.48 eV, respectively) (Fig. 

2.14). The evident proof of the TADF mechanism was produced by the linear 

dependence of the log-log plot of DF intensity with excitation dose. Complete DF 

quenching was observed under oxygen-saturated conditions as well. The intensity of 

delayed emission was found to increase with temperature for both materials, thus 

confirming a thermally activated step in RISC irrespectively of the ΔEST value. The 

authors concluded, that for the realization of pure TADF mechanism with 100% 

triplet harvesting the control of conjugation and CT states, as well as the presence of 
3nπ∗ triplet state, play the crucial role in spite of relatively high ΔEST. As the  final 

benchmark, highly efficient green TADF OLEDs with various dopant 

concentrations, using DBTD-Cz as the emitter, were fabricated, with the maximum 

EQE reaching 14.3 % [115]. 

Thioxanthone and its adducts are known to possess a high rate of intersystem 

crossing, high triplet yield and narrow ΔEST [116]. In turn, the oxidation of the sulfur 

atom of thioxanthone gives rise to a promising accepting unit for the design of new 

TADF emitters – thioxanthone-S,S-dioxide. Thus, Wang et al. developed two new 

TADF emitters, TXO-TPA and TXO-PhCz, by utilizing the thioxanthone-S,S-

dioxide and TPA and PCz donors [117] (Fig. 2.14). The angular substitution of the 

acceptor ensured well-separated HOMO/LUMO orbitals with a slight overlap and 

well-expressed CT character. The strong CT feature results in green (TXO-PhCz) 

and yellow (TXO-TPA) PL in Me-THF, significant solvatochromism, unstructured 

phosphorescence and remarkably narrow singlet-triplet energy splitting (Table 2.2). 

Noteworthy, the neat films of new compounds demonstrated outstandingly high 

PLQYs of 0.93 (TXO-PhCz) and 0.36 (TXO-TPA) indicating the AIE feature. In 

order to confirm the TADF mechanism, solid films of new compounds, doped into 

the mCP host, were prepared. The delayed component decaying within 78 µs, was 

observed in the PL transients of both compounds. Sensitivity to oxygen, expressed 

in the disappearance of the long decay component and drastic reduction of PLQY, 

revealed for the TXO-TPA and TXO-PhCz doped films, is a clear sign of triplet 

states involvement. Consequently, the increasing trends of PLQY and DF efficiency 

of the films with temperature point out the thermally activated pathway. Promising 

characteristics of TXO-TPA and TXO-PhCz inspired the authors to test new 

compounds as emitters in TADF OLEDs. Thus, a multilayer device with 5 wt % of 

TXO-TPA in mCP exhibited intense yellow electroluminescence, the turn on 

voltage of 5.3 V, a power efficiency of 47.4 lm/W and a high EQE of 18.5% with a 

maximum luminance up to 16300 cd/cm2. TXO-PhCz-based green OLED with 

similar architecture performed even better: turn on voltage of 4.7 V, maximum 

brightness of 21000 cd/cm2 at 18.3 V, and the current efficiency and power 

efficiency up to 76.0 cd/A and 70.0 lm/W, and remarkably high EQE of 21.5%. 

Superior performance of the TXO-PhCz-based device can probably be attributed to 
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the higher PLQY of this material and better electronic levels confinement with the 

host. These results indicate, that bipolar compounds utilizing thioxanthone-S,S-

dioxide moiety are promising candidates for the TADF emitter production. 

  

Fig. 2.14. Sulfone-based TADF compounds 

It is common knowledge, that a narrow singlet-triplet gap plays an important 

role in the engineering of successful TADF emitters. By detailed photophysical 

investigation of a new compound DPO-TXO2 (Fig. 2.14), bearing phenoxazine 

donor and 9,9-dimethylthioxanthene-S,S-dioxide acceptor, Santos and Monkman 

revealed strong dependence of ΔEST on the environment, thus making important 

contribution towards the understanding of the principles of the underlying 

mechanism of TADF emitters [46]. The usage of strong and rigid donating and 

accepting fragments resulted in a nearly orthogonal molecular architecture of DPO-

TXO2 (torsion angles of 89.9 and 73.2o were revealed by X-ray analysis), 

facilitating the CT. Investigation of photophysical characteristics in solvents of 

different polarity (MCH, toluene, o-DCB), as well as solid solutions in zeonex and 

CBP matrices, revealed strong solvatochromism with CT-originated PL even in non-

polar media, small ΔEST (0.01–0.16 eV), as well as oxygen- and temperature 

sensitive PL intensity, lifetime and DF, thus confirming the TADF mechanism. The 

linear dependence of PL intensity on the laser excitation dose fully proves the 

thermally activated intramolecular process. The authors showed, that the 1CT 

emission is better stabilized in the polar media, thus reducing ΔEST and leading to a 

more efficient DF. However, the realization of TADF is possible in non-polar 

media, close to the nature of host materials used in OLEDs, as well. Since a 

quenching of the donor 3LE excitons by the CBP host was identified, the co-

deposited film of DPO-TXO2 and DPEPO was utilized for the fabrication of an 

efficient green TADF OLED with the EQE of 13.5%, high brightness of >10,000 

cd/m2 and excellent resistance to roll-off up to 11 mA/cm2. 

In general, the usage of sulfone-based TADF compounds opens the 

opportunities to develop highly efficient (EQE up to 21.5%) blue and deep blue 

OLEDs, while preserving the possibility of evolving green, yellow and red devices 
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as well, owing to the careful design of stable bipolar molecules with the narrow 

singlet-triplet splitting.  

The employment of a stable electron-accepting nitrile group in the projection 

of the TADF emitters unfurls the amazing diversity of functionalization, leading to 

the variety of structures and properties. While providing sufficient CT character, 

good PLQY and electron mobility, a nitrile moiety barely affects the triplet level, 

which is especially attractive for the design of blue TADF emitters. Inspired by the 

versatility of properties, offered by the nitrile unit, Adachi et al. designed and 

prepared a series of multicarbazolyl-substituted dicyanobenzene derivatives [45]. By 

varying the amount of carbazolyl sunstituents and position of nitrile groups 

photophysical properties were tuned. The most efficient materials 2CzPN and 

4CzIPN are presented in Fig. 2.15. Steric hindrance between the chromophores 

resulted in good HOMO/LUMO orbitals separation (confirmed by DFT 

calculations), suggesting narrow singlet-triplet energy splitting. Indeed, the small 

ΔEST of ca. 0.08 eV (Table 2.2) encouraged the authors to check for the TADF 

phenomenon in the newly obtained compounds. Under nitrogen-rich conditions the 

toluene solution of 2CzPN demonstrated sky-blue emission with a PLQY of 0.47, 

while the solution of green-emitting 4CzIPN exhibited impressive PL efficiency of 

0.94. Bathochromic shift in PL, as well as the much higher PLQY of 4CzIPN can be 

solely explained by the increased number of donating carbazole fragments. Both 

compounds displayed a delayed component (166 and 5.1 µs for 2CzPN and 

4CzIPN, respectively) in the decay transients, disappearing upon oxygen saturation. 

The presence of a well-expressed long transient component and good overlap of PF 

and DF the authors attributed to TADF. In order to evaluate the performance of new 

compounds as TADF emitters, multilayer OLEDs were prepared, by using CBP as a 

host for 4CzIPN and PPT as matrix in the sky-blue OLED with 2CzPN, for better 

triplet levels confinement. While sky-blue OLED demonstrated the EQE of 8%, the 

remarkably high PLQY of 4CzIPN is responsible for the outstanding performance 

of the green device (EQE 19.3 %).  

Efficient minimization of the HOMO/LUMO wave functions overlap, leading 

to a narrow ΔEST, can be achieved by steric separation of the donor and acceptor 

through the spiro-junction [106]. Following these considerations, a bipolar 

compound ACRFLCN (Fig. 2.15), bearing the spiro-conjugated acridane donor and 

2,7-dicyanofluorene acceptor, was projected and synthesized [118]. The DFT 

approach confirmed fairly separated HOMO/LUMO orbitals and a negligible ΔEST 

of 0.0083 eV. Even though yellow-emitting ACRFLCN showed a tendency for self-

quenching in the neat film, upon doping (6 wt %) into the TPSi-F [119] host the 

intense green emission with 0.67 PLQY was observed in nitrogen-rich conditions. 

The delayed component in the decay transient (3.9 µs), vanishing after oxygen 

saturation, was revealed for the doped film as well. Complete overlap of prompt and 

delayed emissions, as well as the thermally activated enhancement of the delayed 

component, are clear signs of the triplet upconversion by the TADF mechanism. The 

experimental ΔEST of 0.1 eV, sufficiently high PLQY and discovered TADF 

properties were inspiring to test ACRFLCN as an emitting layer in OLED. The 

TADF device with the ITO (110 nm)/ TAPC (40 nm)/mCP (5 nm)/6 wt% 
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ACRFLCN:TPSi-F (20 nm)/ TmPyPB (35 nm)/LiF (1 nm)/Al (62 nm) stack 

demonstrated high performance (EQE 10.1 % at a low current density of 3.3·10-4 

mA/cm2). However, the authors are confident that further optimization of the device 

may result in better performance. 

 

Fig. 2.15. Nitrile-based TADF compounds  

Incorporation of nitrile moieties into the actual electron-deficient molecule 

results in the enhancement of electron-accepting abilities of the latter. Thus, the 

introduction of cyano- and carbazolyl- fragments to the 4-phenylpyridine core gave 

rise to the novel TADF emitter CPC [37] (Fig. 2.15). The enhanced electron-

withdrawing ability of pyridine-3,5-dicarbonitrile core and prominent electron-

donating strength of the carbazole groups resulted in pronounced CT band in 

absorption and well-expressed solvatochromism in the emission of CPC. Upon the 

incorporation into mCP host, CPC revealed intense blue photoluminescence with 

the PLQY of 0.50, a narrow ΔEST of 0.04 eV and a strong delayed component (46.6 

µs) in the decay transient in oxygen-free conditions. Noteworthy, the delayed 

component became more significant with the temperature enhancement, which is 

typical for TADF emitters. Based on the attractive characteristics of the new 

compound, several TADF OLEDs with various doping CPC concentrations and 

device architecture of ITO/TAPC (40 nm)/TCTA (5 nm)/CPC: mCP (20 

nm)/TmPyPB (40 nm)/LiF (0.8 nm)/Al were fabricated. As expected, at the highest 

concentration (13 wt %) the blue-emitting devices demonstrated the best 

performance (EQE 21.2%), probably, owing to the more efficient exciton utilization 

with higher emitter component.  

Recently Cho et al. have shown, that a smartly designed single TADF 

molecule can be successfully used for various applications [120]. Thus, since a blue 

TADF emitter has a high triplet level, it can serve as an efficient host material in a 

yellow PhOLED as well; in turn, the combination of the blue TADF device and the 

yellow PhOLED gives rise to the high efficiency hybrid WOLED without any 

interlayer between the blue and yellow emitting layer. In order to fulfill the 

requirements for these multiple applications, a bipolar carbazolyl-substituted 1,3-

dicyanobenzene derivative DCzIPN was prepared (Fig. 2.15). 
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Table 2.2. Comparison of the TADF emitters characteristics in OLEDs of various 

emission colour 

Moiety Compound ΔEst
a, 

eV 

QYb CIEc  

(x, y) 

Emission 

colourc 

IP/EAd EQEmax c, 

% 

Triazine DTPDDA [100] 0.14 n.p. 0.15, 0.19 Deep blue 5.57/2.80 22.3 

Triazine DMAC-TRZ [102] 0.048 0.90 n.p. Green 5.30/2.78 26.5  

Triazine PIC-TRZ [106] 0.11 0.35 n.p. Green n.p. 5.3 

Triazine CzT [108] 0.008 0.45 0.23, 0.4 Green 5.49/2.77 6.0 

Triazine 3Cz-TRZ [105] 0.09 1.00 n.p. Blue n.p. 20.6 

Triazine PTZ-TRZ [103] 0.18 n.p. n.p. Green 5.50/3.00 10.8 

Triazine PXZ-TRZ [104] 0.07 0.29 n.p. Green 5.50/3.10 12.5 

Triazine DCz-Trz [109] 0.25 0.43 0.15, 0.14 Blue 5.88/2.86 17.8 

Triazine DDCz-Trz [109] 0.27 0.66 0.16, 0.22 Blue 6.01/2.90 18.9 

Sulfone DTC-DPS [48] 0.32 0.69 0.15, 0.07 Blue 5.81/2.52 10.0 

Sulfone DMOC-DPS [111] 0.21 0.56 0.16, 0.16 Blue n.p. 14.5 

Sulfone PXZ-DPS [113] 0.08 0.80 n.p. Green 5.59/2.79 17.5 

Sulfone DMAC-DPS [113] 0.09 0.80 0.16, 0.20 Deep blue 5.92/2.92 19.5 

Sulfone DBTD-Cz [44] 0.35 0.26 n.p. Green n.p. 14.3 

Sulfone DBTD-DA [44] 0.48 0.30 n.p. Green n.p. n.p. 

Sulfone TXO-TPA [117] 0.04 0.36 0.45, 0.53 Yellow 5.37/3.49 18.5 

Sulfone TXO-PhCz [117] 0.09 0.93 0.31, 0.56 Green 5.78/3.48 21.5 

Sulfone DPO-TXO2 [46] ≤0.16

* 

n.p. n.p. Green 5.37/2.61 13.5 

Nitrile TPA-QNX(CN)2 

[123] 

0.11 0.44 0.45, 0.54 Green 5.22/2.57 9.4 

Nitrile TPA-PRZ(CN)2 

[123] 

0.075 0.52 0.43, 0.55 Green 5.23/2.48 4.0 

Nitrile 2CzPN [45] n.p. 0.47 n.p. Blue n.p. 8.0 

Nitrile 4CzIPN [45] 0.08 0.94 n.p. Green n.p. 19.3 

Nitrile DCzIPN [120] 0.05 0.67 0.17, 0.19 Blue 6.26/3.56 16.4 

Nitrile DDCzIPN [121] 0.13 0.91 0.22, 0.46 Green 6.40/3.88 18.9 

Nitrile CPC [37] 0.04 0.50 0.18, 0.26 Blue 6.25/3.47 21.2 

Nitrile ACRFLCN [118] 0.10 0.67 n.p. Blue-

green 

6.07/2.53 10.1 

aDeduced from the measurements in the medium, where TADF was observed; b Estimated from the 

measurements in oxygen-free conditions, where TADF was observed; cDevice characteristics; d 

Determined by CV measurements; *investigated in various media. N. p. stands for “not presented”.  

Doped into mCP host DCzIPN, exhibiting a strong CT character in both 

absorption and emission, displayed the singlet emission at 2.77 eV, high PL 

quantum efficiency of 0.67 and small ΔEST (0.05 eV). The TADF emission pathway 

of DCzIPN was proved by transient and time resolved PL measurements, which 

revealed a long-living component (1.2 µs) in nitrogen-rich conditions and good 

overlap of PF and DF. These characteristics enabled Cho and coworkers to test 

DCzIPN as the blue TADF emitter. Thus, with the optimum doping concentration 

(15 wt % of DCzIPN in mCP) an efficient TADF OLED with the EQE of 16.4 % 

was obtained. In turn, the utilization of DCzIPN as the host material in the yellow-

emitting PhOLED resulted in the remarkable EQE of 24.9 %. Furthermore, the high 

efficiency white-emitting hybrid OLEDs were prepared by stacking the blue TADF 

device and the yellow PhOLED without any interlayer. Consequently, the WOLEDs 
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of cool white colour (CIE 0.31, 0.33) and warm white colour (CIE 0.39, 0.43) were 

obtained with the eminent external efficiency values (21 and 22.9 %, respectively). 

To conclude, the usage of a single material as a blue TADF emitter and a 

phosphorescent host greatly simplifies the structure and cost of the device 

preparation and leads to the significant efficiency enhancement. 

It is common knowledge, that the extended conjugation system leads to the 

enhancement of PLQY and improvement of thermal characteristics. Therefore, in 

order to increase the efficiency of already known TADF emitters, the concept of the 

dual core, based on the prolonged conjugation, can be adopted [121]. Thus, for the 

sake of upgrading the described previously blue TADF emitter DCzIPN [120], a 

novel compound DDCzIPN [121] with a dual emitting core was synthesized by the 

simple coupling of two TADF DCzIPN units (Fig. 2.15). Comparing to its smaller 

analogue DCzIPN, the newly synthesized DDCzIPN demonstrated a significant 

enhancement of the absorption intensity and PLQY (from 0.67 to 0.91) (data for 

films in PS matrix). However, the extended conjugation system of DDCzIPN 

resulted in the bathochromically shifted PL and phosphorescence as well, leading to 

green emission. Time-resolved measurements revealed the delayed emission (2.8 

µs), well matching the prompt PL. The TADF OLED, employing DDCzIPN doped 

in the mixed host of mCP and BmPyPb as the emitting layer, was prepared. As 

expected, exhibiting green electroluminescence device demonstrated improved 

efficiency (18.9 %) due to the higher PLQY of DDCzIPN, thus revealing the 

success of the dual core strategy. 

It has been emphasized many times, that fair HOMO/LUMO separation plays 

a crucial role in the minimization of ΔEST and observation of TADF. The 

conventional strategies of TADF compounds design involve twisted geometry, 

obtained through the usage of bulky D and A units or the spirojunction [99]. An 

alternative approach, by employing the through-space interaction of donating and 

accepting systems by homoconjugation [122] was successfully realized by Baldo, 

Swager and coworkers [123]. Thus, two novel bipolar triptycene-based compounds 

TPA-QNX(CN)2 and TPA-PRZ(CN)2, bearing the diphenylamine donating unit 

and dicyanoquinoxaline or dicyanopyrazine, respectively, as the acceptor, were 

prepared (Fig. 2.15). As expected, DFT calculations revealed perfect wave function 

separation with a slight overlap and a negligible ΔEST (0.075–0.111 eV), thus 

encouraging the authors to check for the TADF phenomenon. Impressive PLQY 

enhancement was observed in the oxygen-free cyclohexane solutions of new 

compounds: from 0.22 to 0.44 for TPA-QNX(CN)2 and from 0.28 to 0.52 for TPA-

PRZ(CN)2, suggesting the involvement of the triplet states. The long-lived 

components of 2.4 and 6.5 µs for TPA-QNX(CN)2 and TPA-PRZ(CN)2, 

respectively, were observed in the decay transients of the degassed solutions. The 

major proof of the TADF mechanism was provided by the linear dependence of the 

PL intensity on the excitation dose. Finally, new compounds were tested as TADF 

emitters in the green OLEDs. Thus, TPA-QNX(CN)2 displayed the EQE 9.4%, 

while the other triptycene derivative TPA-PRZ(CN)2 demonstrated only 4% EQE. 

Better performance of the TPA-QNX(CN)2 based OLED can be probably explained 
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by the larger conjugation system, better delocalization of electron density on 

LUMO, and the better confinement with the host. 

Evidently, the nitrile-containing compounds impress with the diversity of 

structures and properties. The realization of high efficiency OLEDs with different 

emission colours is possible with the usage of cyano-decorated materials.  

In conclusion, several classes of various emission colour TADF materials with 

different acceptor units have been analysed. Each class of compounds can be 

characterized by a sufficiently small ΔEST gap, high PLQY, good thermal and 

morphological stability and appropriate IP/EA values, thus opening the opportunities 

for the realization of highly efficient (EQE up to 26.5 %) devices. However, from 

the point of view of the synthesis pathway rationality, materials cost-efficiency and 

the possibility of various applications the nitrile-based compounds are advantageous 

to other described TADF molecules. This conclusion may serve as the indication 

towards the further design of perspective TADF compounds. 

2.3.3. Bipolar compounds possessing aggregation induced emission 

phenomenon 

Although in recent years many efficient emitters have been produced, most of 

them can perform successfully in OLEDs only in the doped layers due to the 

problem of severe concentration quenching [55].Therefore, compounds, exhibiting 

the AIE feature [50], can prove advantageous in the fabrication of cost-efficient non-

doped devices. In turn, the AIE materials with bipolar molecular architecture can 

offer not only full colour range emission, but also ambipolar charge transport and 

superior thermal and electrochemical stability. Moreover, the combination of such 

beneficial features, like AIE, DF and ambipolar charge transport behaviour, can 

result in astonishing device efficiency enhancement. 

The presence of a flexible rotor-carrying unit, responsible for the non-radiative 

pathways in solutions and radiative routes in the solid state due to the RIR process, 

is a necessary condition for the realization of the AIE mechanism [55]. Therefore, 

bipolar compounds possessing the AIE phenomenon can be classified mainly by the 

AIE active fragment employed. Thus, the most well-known AIE systems involve 

such units, as stilbene [124], TPE [125], 9-fluorenone [126,127] and silole [54] 

derivatives (Fig. 2.16). Interestingly, the AIE phenomenon can be traced as well just 

from the fixed angle in the rigid molecular structures, thus avoiding π-stacking in the 

condensed state [102]. Since the choice of donating and accepting fragments for the 

construction of the AIE compounds is very diverse, the classification will be carried 

out according to the involved AIE active moiety. 

Although the actual stilbene moiety is prone to π-π stacking interactions in the 

solid state, leading to the excimer formation and weakened light emission [49], the 

additional substitution of the double bond results in a twisted non-planar 

conformation, activating the RIR process [50]. Consequently, by varying the amount 

and the nature of the double bond substituents, a great number of the stilbene-based 

AIE-active fragments can be prepared. The most well-known and efficient 

derivatives include TPE, 2,3-diphenylfumaronitrile, 2,3,3-triphenylacrylonitrile 

(Fig. 2.16). Moreover, the usage of electron donating or accepting substituents gives 
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rise to the new building blocks for the construction of bipolar compounds possessing 

the AIE property. 

 

Fig. 2.16. Commonly used building blocks for the construction of AIE compounds 

A successful approach towards the production of solid state emissive bipolar 

materials was undertaken by Tang and coworkers [128]. Keeping in mind, that the 

regulation of the D–A interaction is the clue to control the PL efficiency and 

ambipolar charge transport behaviour, the authors prepared two new green-emitting 

AIE luminogens TPE-PNPB and TPE-PB (Fig. 2.17), by employing 

diphenylamino- and dimesitylboryl fragments as electron donor and acceptor, and 

TPE as the spacing AIE-active bridge. By the variation of the conjugation length 

between donor and acceptor, the alteration of the emission profile and efficiency, 

affecting the target device performance, was expected. Indeed, owing to the readily 

formed CT state and free rotations around the single bonds, both compounds are 

only weakly emissive in the THF solutions (Table 2.3). On the contrary, upon the 

addition of water to the THF solutions, a boost in PL was detected for both 

compounds due to the aggregates formation, proving the AIE feature. Moreover, 

twisted conformations of the TPE and dimesitylboryl moieties were found to impede 

the molecular rotations, resulting in the intense solid-state emission (PLQY 0.64 and 

0.94 for TPE-PB and TPE-PNPB, respectively). Interestingly, the PL efficiency of 

TPE-PNPB (0.94) neat film is much higher than that of TPE-PB (0.64). This result 

can be explained by the more pronounced D–A interactions in the case of TPE-PB, 

leading to partly quenched emission. Calculated by the DFT method ground (1.52 

and 1.40 D) and excited (20.7 and 17.06 D for TPE-PB and TPE-PNPB, 

respectively) states dipole moments clearly demonstrate that that the D−A 

interaction is much weaker in TPE-PNPB with the extended conjugation than in 

TPE-NB. Complete HOMO/LUMO separation, detected for TPE-PNPB, confirms 

weak D–A interaction as well. On the other hand, good orbital separation led to the 

ambipolar charge behaviour of the compounds under consideration. High solid state 

PLQY values inspired the authors to test the materials as the emitting and hole 

transporting layer simultaneously in OLEDs. Noteworthy, TPE-PNPB performed 

better in the OLED (current efficiency 16.2 cd/A, power efficiency 14.4 lm/W and 
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EQE 5.35%) than TPE-PB (11.9 cd/1, 9.90 lm/W and 3.73%), due to the stronger 

D–A interaction. 

The efficiency of the separation between the D and A units by an AIE-active 

component was demonstrated by Shi et al. [129] as well. Thus, since carbazolyl and 

dimesitylboryl moieties found wide application in optoelectronics, the authors have 

designed and prepared four novel carbazole-decorated TPE-based emitters, p-

DBPDECZ, m-DBPDECZ, p-DPDECZ and m-DPDECZ, substituted by the 

arylboron groups in meta- and para-positions (Fig. 2.17). The impact of the 

conjugation length and D-A interactions on the photoluminescent and 

electroluminescent properties of the compounds has been investigated thoroughly. 

The absorption spectra in THF readily revealed the differences in D-A interplay 

among the compounds: firstly, due to the extra phenyl ring, p-DBPDECZ and m-

DBPDECZ exhibited blue-shifted absorption bands when compared to their 

analogues with a shorter conjugation system, p-DPDECZ and m-DPDECZ; 

secondly, the interruption of conjugation by meta-substitution in m-DBPDECZ 

resulted in the vanishing ICT band, thus confirming very faint D–A interaction. As 

expected, all the investigated compounds displayed only weak emission in the THF 

solutions (Table 2.3). In order to test the AIE behaviour, a solvent-non-solvent test 

[126] was carried out: under gradual addition of water to the THF solutions of the 

compounds, a significant burst in PL (increase up to 250 times) was observed. While 

intense green emission was detected for the aggregates of p-DPDECZ and p-

DBPDECZ, m-DPDECZ and m-DBPDECZ revealed sky-blue emission due to the 

interrupted conjugation by meta-linkage. The remarkably high solid state PLQYs 

(up to 0.99, Table 3) prove the well-expressed AIE feature of the molecules. The 

variety in the solid state PL efficiency was explained by the differences in the 

electronic structure of the compounds: while all the prepared molecules adopt 

twisted conformations owing to the TPE unit, only p-DPDECZ revealed the 

sufficient HOMO/LUMO overlap, resulting in radiative pathway and high PLQY. 

Weak D–A interactions of the other compounds led to the decrease in solid state 

emission. Non-doped OLEDs employing novel compounds as the emitting layers, 

were constructed. Noteworthy, green devices employing materials with stronger D–

A impact and para-substitution, exhibited promising electroluminescence properties 

with the turn-on voltage of 4.80 V, a maximum brightness of 30210 cd/m2 (at 15 V), 

maximum current efficiency of 9.96 cd/A (at 9.2 V) and EQE 2.73% for p-

DPDECZ and 4.2 V, a higher maximum luminance of 65150 cd/m2 (at 15 V), 

slightly lower maximum current efficiency of 8.60 cd/A (at 6 V) and EQE of 3.28% 

for p-DBPDECZ. In turn, sky-blue OLEDs displayed slightly lower EQEs of 1.26 

and 2.16% for m-DPDECZ and m-DBPDECZ, respectively. It should be noted, 

that para-substituted compounds perform better than their meta-substituted 

analogues. In turn, prolonged conjugation results in better OLED efficiency as well. 

These results can be explained by the better ambipolar charge transport properties in 

the materials with efficient HOMO/LUMO separation. 

The elaboration of effective solid state emitters with tunable charge mobility is 

a challenge for materials scientists. Therefore, the knowledge that the TPE fragment 

is remarkable not only for its AIE activity, but also for the excellent charge transport 
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characteristics [130], encouraged Zhu and coworkers to prepare a series of bipolar 

AIE luminogens with different ratios of TPE and diphenylphosphine oxide units – 

TPEDPO, TPEPO, DTPEPO and TTPEPO (Fig. 2.17) – and study the structure-

property relationship [131]. All the investigated compounds were found to be non-

emissive in THF. However, upon the addition of water to the THF solutions, up to 

470-fold enhancement of PL was detected, clearly pointing at the AIE property. 

Noteworthy, the aggregates and solid films of the compounds emit light in the sky-

blue region, which is particularly desirable for non-doped OLEDs. The differences 

in the molecular architecture were found to affect greatly the charge transporting 

properties of the compounds. Thus, while TPEDPO, bearing two acceptor 

fragments, is an electron-transporting material, the increase of the donating 

component leads to the ambipolar charge transport in TPEPO and clear hole 

transport in DTPEPO and TTPEPO. These results clearly indicate, that by simple 

modification of the TPE unit the compounds with tunable charge transport 

behaviour can be prepared. Blue-emitting OLEDs were fabricated using TPEDPO, 

TPEPO, DTPEPO, and TTPEPO as the emitting and transporting layer 

simultaneously. The devices turned on at a moderately low voltage (3.6-4.2 V) and 

exhibited maximum luminance values of 396, 1058, 952, and 834 cd/m2 for 

TPEDPO, TPEPO, DTPEPO, and TTPEPO, respectively. As expected, the best 

result was displayed by TPEPO, owing to its balanced hole and electron charge 

mobility. 

 

Fig. 2.17. Substituted stilbene-based bipolar AIE compounds 

As the stilbene moiety can be easily constructed by means of chemical 

reactions, by variation of the nature of substituents it is possible to prepare donating 

and accepting building blocks. Thus, primarily synthesizing an electron-deficient 

2,3,3-triphenylacrylonitrile fragment, Yuan et al. [132] then attached it to the 

donating triphenylamine core, giving rise to a novel starburst compound 

TPA3TPAN (Fig. 2.17). Due to the exploitation of the strong donor and acceptor, 
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TPA3TPAN exhibited ready CT even in non-polar solvents. Unlike most of D–A 

molecules, which are highly emissive in non-polar media, while basically non-

emissive in polar media [133], TPA3TPAN revealed vanishing PLQY values in all 

organic solvents, owing to the highly twisted molecular structure (twisted propeller, 

confirmed by DFT calculations). On the contrary, aggregates formed in the 

THF/water mixtures emitted intense yellow light, giving a hint on the AIE 

mechanism. Moreover, a high PLQY of 0.38 was detected for the solid powder of 

TPA3TPAN. Since TPA3TPAN was found to show hole transporting abilities, a 

bilayer device without an additional hole transporting layer was fabricated. The 

OLED displayed the maximum luminance of 3101 cd/m2, power efficiency of 6.16 

cd/A and the EQE of 2.78%. Noteworthy, such multifunctional ability of 

TPA3TPAN to serve as an emitter and a hole transporting material greatly 

simplifies the device structure, thus reducing the production cost.  

To conclude, the utilization of the substituted stilbene unit in the preparation of 

bipolar AIE-gens leads to the great diversity of structures, properties and emission 

colours. Not only efficient ambipolar solid state emitters can thus be obtained, but 

also the scarce blue-emitting component for the non-doped OLEDs can be achieved. 

Generally, stilbene-based materials prove to be promising candidates for efficient 

devices. 

Owing to the bulky, sterically hindered structures hexaphenylsilole and 

hexaphenylbenzene derivatives open another class of efficient AIE-genes. Thus, 

such molecules, thoroughly investigated in the group of Tang [55], where found to 

form highly emissive nanoparticles (size up to 200 nm) upon the aggregation. 

Hence, the utilization of multisubstituted siloles and benzenes as spacing units in the 

design of bipolar molecules can result in a well-expressed AIE feature. Thus, Wang 

and Du [134] chose the silole moiety as a π-bridge to construct the D–A–π–A–D 

compounds 2-BTSi-T and 2-BTSi-TPA (Fig. 2.18). By selecting benzothiazole 

group as an acceptor, thiophene and triphenylamine as strong electron-donors and 

substituted silole as a conjugated spacer, the authors aimed to prepare stable red 

solid-state emitters for OLEDs, since most of D–A near-infrared compounds are 

very weakly emissive due to the ACQ [135]. Moreover, red emitters are also often 

prone to non-emissive TICT states in polar and aggregated media, therefore careful 

molecular design is particularly important. Indeed, the AIE property of the new 

compounds, probed by the solvent-non solvent test, revealed a great increase in the 

PL of 2-BTSi-T and 2-BTSi-TPA (up to 29 times) upon gradual addition of water to 

the THF solution, confirming the emissive aggregates formation. Moreover, both 

compounds exhibited enhanced PLQYs in the solid state. Noteworthy, the authors 

showed, that 2-BTSi-T and 2-BTSi-TPA can be used in the guest host systems as 

well, in order to obtain the efficient emission in the region of >750 nm. Though the 

novel silole-based compounds were not probed in the non-doped OLEDs, their 

remarkable PL properties suggest a promising performance in devices. 

While Wang [134] aspired to obtain red emitters by using the silole moiety as 

spacer, Bhalla and Kumar directed their efforts towards the preparation of the 

efficient blue emitters CzPP-SD and CzPP-BT (Fig. 2.18), separating carbazole 

donors from various acceptors (dibenzothiophene-S,S-dioxide and benzothiazole) by 
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the branched hexaphenylbenzene bridge [136]. The substituted benzene fragment 

was used non only as an AIE-active unit, but also as the prevention of co-facial 

interaction of donor and acceptor in the aggregates, which was found to be 

detrimental for the solid state emission of bipolar compounds [137]. Indeed, the 

ground state geometry optimization (DFT) confirmed the highly twisted 

conformations of CzPP-SD and CzPP-BT. Such twisted conformations reduce the 

intramolecular TICT and impede the intermolecular π-π stacking interactions, thus 

opening the radiative pathways in the solid state. The aggregation studies, carried 

out in the THF/water mixtures, proved, that CzPP-SD and CzPP-BT are AIE active. 

Interestingly, the maximum emission was observed for CzPP-SD in the fraction 

with 60% of water, while CzPP-BT demonstrated steep PL enhancement with the 

addition of water. Tunnelling electron microscopy (TEM) investigations revealed 

crystalline nanoparticles for CzPP-SD at the 60% water fractions, followed by less 

emissive amorphous ones at 70-80% of water, while the analysis of CzPP-BT 

unfolded only emissive crystalline aggregates. Moreover, intense solid state 

emission was detected for CzPP-SD and CzPP-BT as well. Thus, according to all 

the studies the authors showed, that the restriction of TICT, reduced D–A 

interactions and conformational twisting play a major role in maintaining good solid 

state emission. 

To conclude, utilization of multisubstituted siloles and benzenes as spacing 

units proves to be an efficient way to add the AIE property to the bipolar molecule. 

 

Fig. 2.18. Bipolar AIE-exhibiting derivatives of silole and hexaphenylbenzene 

First observed as an undesired emission from keto-defects in fluorene-based 

blue emitters [12,138,139,140,141], the fluorenone emission in the yellow-red 

region became subsequently a desired target due to the excellent PLQY [8,126,142]. 

Unlike the above discussed rotating AIE-genes, the emission in the rigid fluorenone 

moiety was found to originate from excimer [8,126] and J-aggregates [143,144] 

formation, facilitated by the hydrogen-bonding with the C=O group of fluorenone. 

Hence, the incorporation of the fluorenone moiety can add the AIE feature to the 

bipolar molecule. Thus, in search for a new solution-processable AIE-active emitter 

for OLEDs, Ananthakrishnan et al. [145] prepared a fluorenone-fluorene oligomer 

FF (Fig. 2.19). Due to the bipolar molecular architecture, FF exhibited broad yellow 

emission in organic solvents. However, the remarkably high PLQY in the solid state 

(0.79) suggests that FF is an AIEE-active compound, i.e. aggregation was found to 
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enhance the emission of the material. The THF/water test confirmed the AIEE 

property as well. The red-shifted absorption and emission upon the gradual water 

addition gave a hint to the authors, that J-aggregates, caused by the planarization of 

the molecules, are responsible for the PL enhancement. A solution-processed OLED 

with a simple configuration ITO/PEDOT:PSS/FF/Al which displayed the bright 

yellow emission with the maximum brightness of 26551 cd/m2 (at 14 V), current 

efficiency 12.3 cd/A and power efficiency 7.8 lm/W, proving, that fluorenone 

derivatives are appropriate candidates for the non-doped devices. 

In turn, Liu and coworkers [126] proved, that AIE mechanism in fluorenone 

derivatives is totally different from that found in conventional AIE-genes. Upon 

synthesizing and thoroughly investigating the photophysical characteristics of 

bipolar yellow-emitting molecule DSFO (Fig. 2.19), the authors observed, that, 

while displaying the usual for AIE-genes PL enhancement in ethanol-water mixtures 

and intense solid state emission, the drop of DSFO solution on the TLC plate is 

totally non-emissive. Moreover, large Stokes shift, featureless PL and relatively long 

lifetime (ca. 7 ns) provided a hint on the excimers formation. The guess was 

confirmed by the careful investigation of the DSFO crystal structure. Thus, the 

molecules of the new compound were found to adopt a coplanar conformation, 

facilitating the dimer formation by means of hydrogen bonding. Every molecular 

pair is packed in a parallel staggered style. According to the proposed mechanism, 

upon the excitation, the dimer turns into an excimer without arrangement adjustment 

and repulsive interactions, thus avoiding common for excimers non-radiative 

pathways and inducing a strongly enhanced luminescence in the solid state.  

Inspired by the interesting photophysical properties of DSFO, Liu et al. [8] 

prepared further two fluorenonearylamine derivatives 1DPAFO and 2DPAFO (Fig. 

2.19). The optical and crystal structure investigation of orange (1DPAFO) and red 

(2DPAFO) emitters provided the final proof of the proposed mechanism of AIE in 

fluorenone adducts. Both new AIE luminogenes were tested as emissive compounds 

in the non-doped OLEDs with the following configuration: ITO/NPB (40 

nm)/1DPAFO or 2DPAFO (30 nm)/TPBI (40 nm)/LiF (1 nm)/Al (80 nm). The 

1DPAFO and 2DPAFO based devices exhibited good performance with the 

maximum brightness approaching 14135 and 4813 cd/m2 and luminance efficiency 

of 1.50 (1.40 lm/W) and 0.60 cd/A (0.35 lm/W), respectively. 

As the final benchmark, fluorenone-based AIE compounds offer not only an 

unusual and efficient mechanism of emission enhancement, but also the remarkable 

performance in OLEDs. Facile synthesis, easy chemical modification and stability 

make fluorenone-based compounds particularly promising candidates for 

optoelectronic devices.  
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Fig. 2.19. Flurenone-based bipolar AIE compounds 

In all the above discussed cases the emission enhancement in bipolar 

molecules can be attributed to the presence of an AIE-active unit with specific 

properties. Meanwhile, as nowadays the development of compounds with DF 

phenomenon is of top importance, materials scientists observed, that the efficient 

solid state PL enhancement can be achieved without using the conventional AIE-

gene, just by modulation of the molecular structure. Thus, by introducing non-planar 

moieties (such as phenoxazine, phenothiazine) a fixed dihedral angle between the 

chromophores can be obtained, resulting in the loose molecular packing and 

overcoming fluorescence quenching at high concentration. In the meantime, 

successful DF can be observed as well. As most of the reported AIE-DF compounds 

comprise sulfone and benzophenone acceptor units, we will classify them in this 

manner. Zhao and Tang [146] successfully applied this strategy by synthesizing 

bipolar molecules DPS-PXZ, DPS-PTZ, DBTO-PXZ and DBTO-PTZ (Fig. 2.20), 

containing non-planar phenoxazine and phenothiazine units. All the compounds 

were found to be weakly emissive in THF, while displaying the remarkably 

enhanced PL in the solid state (Table 2.3). Noteworthy, higher PLQYs were 

observed for DPS-PXZ and DPS-PTZ, due to additional rotation of the 

diphenylsulfone moiety, on the one hand, and for phenothiazine-containing DPS-

PTZ and DBTO-PTZ, on the other hand. THF/water test confirmed the AIE feature 

of the compounds as well. DFT calculations revealed highly twisted conformations 

for the compounds, preventing intermolecular π-π interactions and facilitating AIE. 

Moreover, well-separated HOMO/LUMO and small ΔEST (0.06-0.26 eV) suggested 

a hint on the possibility of DF. Indeed, the transient PL decay curves of the solid 

powders, measured in ambient condition, unfolded apparent delayed components in 

the excited state with the lifetimes of 0.8, 0.7, 52.3 and 2.3 µs, for DPS-PXZ, 

DBTO-PXZ, DPS-PTZ and DBTO-PTZ, respectively. Thus, these luminogenes, 

exhibiting efficient AIE and triplet harvesting simultaneously, may become 

promising candidates as light emitters for non-doped OLEDs. 

In turn, Xu et al. [147] suggested a new approach toward an aggregation-

enhanced DF with efficient triplet harvesting in the solid state. By designing a DPS-

CzPTZ molecule with an asymmetric structure, comprising carbazole and 

phenothiazine donors, the authors aimed to improve the symmetric DPS-PTZ [146] 

by ensuring the efficient DF and enhancing the AIE property. The inspection of the 

single crystal of DPS-CzPTZ revealed a tightly packed and highly ordered 

alignment without any π–π interactions, only weak hydrogen bonds, resulting in a 

remarkably high solid state PLQY (0.66) of the non-emissive in solution DPS-

CzPTZ. The PL intensity was significantly enhanced in the THF/water mixtures as 

well. As the calculated (DFT) ΔEST of 0.2 eV gives a clue of DF, the PL decay 

transient of the DPS-CzPTZ powder was obtained. Unlike usual DF systems, the 

solid sample of DPS-CzPTZ showed a strong delayed component with τ = 1.23 µs 

even in air. Moreover, the PLQY enhancement up to 0.93 was observed for the 

DPS-CzPTZ powder upon argon treatment, confirming the contribution from triplet 

states. Such high PLQY can evidently be ascribed to the combination of AIE and DF 

features. In addition to these properties, DPS-CzPTZ exhibited 
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mechanoluminescence – luminescence induced by mechanical stimuli such as 

grinding, rubbing, cutting, cleaving, shaking, scratching, compressing, or crushing 

[148]. Obviously, such advantageous properties, as DF, AIE and 

mechanoluminescence, make DPS-CzPTZ an appropriate candidate for the high 

efficiency OLED. 

Recently, Zhang and Chi [149] have employed the successful approach of 

asymmetric AIE-DF compounds to prepare a benzophenone derivative with 

carbazole and phenothiazine donors OPC (Fig. 2.20). Bearing the advantages of 

blue-emitting carbazole-decorated wing and yellow-emitting phenothiazine-

substituted part, the unique butterfly-shaped molecule OPC is capable of emitting 

white light due to the dual PL in blue and yellow regions. Furthermore, the 

phenothiazine wing introduced the AIE yellow PL, while the carbazole-decorated 

part exhibited a TICT-AIE attribute in the blue-emission region. These 

characteristics make OPC a unique AIE-active white emitter with the CIE 

coordinates of 0.35, 0.35. Moreover, a vanishing ΔEST of 0.01 eV suggested efficient 

upconversion of triplet excitons. Indeed, the TADF mechanism was proved by 

degassing experiment and temperature-dependent time-resolved measurements. As 

the final benchmark, OPC also exhibited unique mechanofluorochromic nature. 

Thus, by careful design the authors proposed a good strategy for the facile 

preparation of efficient AIE-DF white emitters.  

 

Fig. 2.20. Sulfone- and benzophenone-based bipolar AIE compounds 

To conclude, bipolar compounds with the fixed dihedral angle and modulated 

molecular interaction unfurl the highly innovative approach towards the preparation 

of efficient AIE-featured luminogenes with well-expressed DF phenomenon in the 

solid state. Such compounds may find extensive application in the non-doped TADF 

OLEDs. 

As the final benchmark, several classes of bipolar materials demonstrating the 

AIE phenomenon, were described and analysed. As a general rule, the incorporation 

of any AIE-active unit to a molecule can induce the aggregation effect. By varying 

such units, bipolar emitters with different emission colours, PLQY and other 

characteristics can be obtained. From the data discussed in the present chapter and 

displayed in Table 2.3 it can be seen, that not many bipolar AIE-genes were probed 

in the OLED application. However, eben though simple fluorescent non-doped 

OLEDs with AIE emitters demonstrate only moderate efficiency, when combined 

with such advantageous properties, as DF and ambipolar mobility, devices with the 

outstandingly high EQE can be expected. Hence, the approaches of AIE-DF 

compounds with the modulated molecular interaction and excimer-induced AIE of 
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fluorenone derivatives represent the most successful strategies for the fabrication of 

efficient OLEDs. 

 

Table 2.3. Comparison of various colour bipolar AIE emitters 

AIE luminogen Compound Emission 

coloura 

QYs 
b QYf

 c IP/EA d 

[eV] 

EQE 

[%] 

Stilbene TPE-PNPB [128] Green 0.005 0.94 5.18/2.26 5.12 

Stilbene TPE-NB [128] Green 0.002 0.64 5.14/2.34 3.24 

Stilbene TPEDPO [131] Blue n.p. n.p. 6.11/2.84 n.p. 

Stilbene TPEPO [131] Blue n.p. n.p. 6.08/2.71 n.p. 

Stilbene DTPEPO [131] Blue n.p. n.p. 6.12/2.79 n.p. 

Stilbene TTPEPO [131] Blue n.p. n.p. 6.12/2.79 n.p. 

Stilbene p-DPDECZ [129] Green 0.004 0.99 5.05/1.75 2.73 

Stilbene m-DPDECZ [129] Blue 0.004 0.34 5.00/1.72 1.26 

Stilbene p-DBPDECZ [129] Green 0.004 0.48 5.01/1.53 3.28 

Stilbene m-DBPDECZ [129] Blue 0.003 0.65 5.10/1.74 2.16 

Stilbene TPA3TPAN [132] Yellow 0.002 0.33 5.20/2.60 2.78 

Silole 2BTSi-T [134] Red 0.001 0.037 n.p. n.p. 

Silole 2BTSi-TPA [134] Red 0.006 0.091 n.p. n.p. 

Hexaphenyl-

benzene 

CzPP-SD [136] Blue 0.0004 n.p. 5.51/2.26 n.p. 

Hexaphenyl-

benzene 

CzPP-BT [136] Blue 0.0001 n.p. 5.51/2.62 n.p. 

Fluorenone FF [145] Yellow 0.003 0.79 5.71/3.60 n.p. 

Fluorenone 1DPAFO [8] Orange Weakly 

emissive 

n.p. n.p. n.p. 

Fluorenone 2DPAFO [8] Red Weakly 

emissive 

n.p. n.p. n.p. 

Fluorenone DSFO [126] Yellow Weakly 

emissive 

n.p. n.p. n.p. 

Diphenylsulphone DPS-CzPTZ [147] Green Weakly 

emissive 

0.93 

(in Ar) 

n.p. n.p. 

Diphenylsulphone DPS-PXZ [146] Green 0.031 0.16 6.31/1.01* n.p. 

Diphenylsulphone DPS-PTZ [146] Green 0.01 0.203 6.37/1.39* n.p. 

Dibenzothiophene-

S,S-dioxide 

DBTO-PXZ [146] Yellow 0.016 0.067 6.53/1.00* n.p. 

Dibenzothiophene-

S,S-dioxide 

DBTO-PTZ [146] Yellow 0.012 0.107 6.59/1.39* n.p. 

Benzophenone OPC [149] White n.p. 0.23  n.p. n.p. 
a Determined for the aggregate. b PLQY in solution. c PLQY in solid state. d Determined by CV 

measurements. *Calculated by TD-DFT/M062X/6-31G (d,p) method. N.p. stans for “not presented”. 

2.4. Summary of literature review 

In this work, in terms of the comparison of the device and employed materials 

characteristics, several methods of OLED efficiency enhancement were analyzed. 

Thus, the application of the phosphorescent bipolar hosts in PhOLEDs provides an 

opportunity to increase EQE significantly while reducing efficiency roll-off and 

device turn on voltage, owing to ambipolar charge transport behaviour, efficient 

triplet exciton and IP/EA confinement, ACQ prevention and superior thermal and 

electrochemical stability. Noteworthy, phosphorescent bipolar hosts can be applied 
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to TADF OLEDs, as well. However, it still remains challenging to prepare a high 

triplet energy multifunctional bipolar host for deep blue emitters. In turn, the 

involvement of TADF emitters leads to the production of noble-metal-free highly 

efficient devices due to the singlet-triplet upconversion mechanism. However, 

frequently applied twisted molecular conformation often results in poor charge 

mobility and partially quenched emission. Bipolar motif with CT makes the 

obtaining of deep blue emitters complicated as well. Furthermore, most of the 

reported TADF OLEDs suffer from insufficiently short lifetime and ACQ. 

Successively, the ACQ issue can be treated by the molecular design of appropriate 

emitters with high solid state PLQY employing the AIE mechanism. Efficient purely 

organic yellow, orange and red emitters, which are generally hard to obtain, may 

still be prepared by the AIE approach as well. Nevertheless, due to the usage of 

strong donors and acceptors and prolonged conjugation, yellow-red AIE emitters 

frequently demonstrate only exclusively hole or electron mobility.  

Table 2.4. Comparison of the efficiency enhancement methods for the preparation 

of promising cost-effective compounds for the large scale OLED production 

Efficiency 

enhancement method 

Compound  Design strategy EQE / 

[%] 

Bipolar host 2,6-DCzPPy [89] Usage of spacer and meta-conjugation 24.3 

Bipolar host m-CzSCN [93] Usage of spacer and meta-conjugation 23.3 

Bipolar host m-CzCN [13] Usage of spacer and meta-conjugation 23.1 

Bipolar host m-CBP-CN [94] Usage of spacer and meta-conjugation 24.2 

TADF DMAC-TRZ [102] Control of dihedral angle 26.5 

TADF DMAC-DPS [113] Control of dihedral angle 21.2 

TADF CPC [37] Control of dihedral angle 21.2 

AIE TPE-PNPB [128] Usage of AIE units and prolonged 

conjugation 

5.12 

AIE-DF DPS-PTZ [146] Control of dihedral angle Not 

presented 

AIE-DF OPC [149] Control of dihedral angle Not 

presented 

Table 2.4 summarizes the involved strategy and characteristics of the most 

promising reported compounds and fabricated OLEDs, which can be suggested for 

the large scale applications. For the preparation of the listed below materials 

relatively inexpensive starting compounds and rational synthetic pathways were 

used. From the point of view of the applied design strategy, it can be concluded, that 

efficient bipolar host compounds can be prepared by the utilization of spacer units 

and interrupted conjugation. In turn, successful TADF emitters may be achieved via 

the approach of controlling the dihedral angle between the chromophores. At last, 

for the preparation of AIE-active materials, the involvement of an AIE unit and the 

fixed torsional angle between the donating and accepting fragments giving rise to 

the new phenomenon of AIE-DF, should be ensured. The AIE-DF strategy may 

result in fabrication of non-doped TADF OLEDs with high EQE values. However, 

efficient bipolar blue AIE emitters, in line with the red ones, still require further 

development. Even though several cases of highly efficient OLEDs were reported 

[37,93,113], the challenge of design and preparation of stable blue emitters and blue 
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phosphorescent hosts still remains. Furthermore, new TADF emitters require the 

involvement of new suitable host compounds. Evidently, it remains arguable, which 

approach to the device fabrication – solution-processing and vacuum deposition – 

can be considered more efficient. Eventually, the optimization of device 

architecture, which can be reached by the utilization of multifunctional compounds, 

would lead to the reduction of production cost, regardless of the fabrication method. 

The preparation of multifunctional compounds, exhibiting such phenomena as 

phosphorescence, high PLQY, ambipolar charge transport, AIE and DF, while 

preserving superior thermal and photoelectrical characteristics, offers an opportunity 

to improve the materials performance in devices. Thus, dendritic molecular 

architecture may greatly improve the optical, photophysical and thermal 

characteristics of the compound, making it suitable for the emissive layer. In turn, 

the usage of appropriate units, linked in a suitable manner, may lead to the efficient 

ambipolar host and solely charge transporting materials. Furthermore, by combining 

the advantages of blue DF emitters (either on their own or doped in high triplet 

energy bipolar hosts) with yellow-red ambipolar AIE compounds, it is possible to 

achieve organic noble-metal-free white OLEDs. Hence, for the preparation of 

efficient multifunctional compounds, profound understanding of the structure-

property relationship is required. Consequently, the choice of suitable donating, 

accepting and linking units proves to be the crucial challenge for the achievement of 

multifunctional compounds, combining all the discussed in the literature review 

phenomena. This work focuses on the discussion of the structure-property 

relationship of multifunctional compounds. 

3. EXPERIMENTAL 

3.1. Analytical techniques and methods 

3.1.1. Analytical techniques 

1H and 13C NMR spectra were recorded by using Bruker Avance III 400 

spectrometer (400 MHz (1H), 100 MHz (13C)), Bruker DRX-500 P (500 MHz (1H), 

125 MHz (13C)) and Bruker Avance III (700 MHz (1H), 176 MHz (13C)) 

spectrometers. Chemical shifts (δ) are reported in ppm referenced to 

tetramethylsilane or the internal solvent signal.  

IR spectra were recorded in KBr pellets on Perkin Elmer Spectrum GX II FT-

IR System. ATR-FT-IR spectra were recorded on Bruker Vertex 70. 

Mass spectra were obtained by employing the MALDI-TOF method on 

Shimazu Biotech Axima mass spectrometer.  

Elemental analysis data were obtained on EuroEA Elemental Analyser.  

UV/Vis absorption spectra of 10-4 M solutions and thin films of the 

compounds were recorded in quartz cells using Perkin Elmer Lambda 35 

spectrometer.  

PL spectra of 10-5 M solutions and thin films of the compounds were recorded 

by using Edinburgh Instruments’ FLS980 Fluorescence Spectrometer. 
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CV measurements were performed by using AUTOLAB potentiostat 

“PGSTAT20” (produced by the Eco Chemie Company) in the dry solvent solution 

containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) as the 

electrolyte at room temperature under nitrogen atmosphere. 

Electron photoemission spectra in air were recorded by using UV deuterium 

light source ASBN-D130-CM and CM110 1/8m monochromator for the 

illumination of the samples and 6517B Keithley electrometer for the photocurrent 

measurement. 

Charge mobility measurements by employing TOF and CELIV techniques 

were conducted using digital storage oscilloscope Tektronix. 

TGA was performed on Metter TGA/SDTA851e/LF/1100 apparatus at a 

heating rate of 20 oC/min under nitrogen atmosphere.  

DSC measurements were conducted on DSC Q 100 TA Instrument at a heating 

rate of 10oC/min under nitrogen atmosphere.  

Melting points of the prepared compounds were estimated by using 

Electrothermal Melt-Temp apparatus. 

3.1.2. Methods 

3.1.2.1. Optical and photophysical measurements 

Thin solid films for the recording of UV/Vis and PL spectra were prepared by 

drop casting 2 mg/ml solutions of the compounds in toluene on pre-cleaned quartz 

substrates. Solid solutions of molecularly dispersed compounds in PS and Zeonex 

polymer matrices were obtained with the concentrations of 0.25 wt% and 1 wt%, 

respectively, by mixing the dissolved compounds and polymer in toluene solutions 

at the appropriate ratio and casting the solutions on quartz substrates in ambient air. 

Fluorescence quantum yields (η) of the solutions and of the solid films were 

estimated using the integrated sphere (calibrated with two standards: quinine 

sulphate in 0.1 H2SO4 and rhodamine 6G in ethanol) method [150]. 

The phosphorescence spectra were recorded at 77K for the solid solutions of 

the materials in zeonex matrix by using nanosecond-gated luminescence 

measurements (from 400 ps to 1 s) using a high energy pulsed Nd:YAG laser 

emitting at 355 nm (EKSPLA). Emission was focused onto a spectrograph and 

detected on a sensitive gated iCCD camera (Stanford Computer Optics) having sub-

nanosecond resolution. A model liquid nitrogen cryostat (Janis Research) was used 

for the experiment.  

3.1.2.2. Electrochemical and photoelectrical measurements 

CV measurements were carried out at 50 mV/s potential rate with a glassy 

carbon working electrode in a three electrode cell. The results were collected by 

using GPES (General Purpose Electrochemical System) software. The 

electrochemical cell comprised platinum wire with 1 mm diameter of working area 

as the working electrode, Ag wire calibrated versus ferrocene/ferrocinium redox 

couple as the quasi-reference electrode and platinum coil as the auxiliary electrode.  

IP of the layers of the synthesized compounds were measured by the electron 

photoemission method in air [151]. For the recording of the electron photoemission 
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spectra the layers were prepared by drop casting of the THF solutions on the pre-

cleaned ITO-coated glass substrates. The negative voltage of 300 V was applied to 

the sample substrate. The deep UV deuterium light source ASBN-D130-CM and 

CM110 1/8m monochromator were used for the illumination of the samples with 

monochromatic light. 6517B Keithley electrometer was connected to the counter-

electrode for the photocurrent measurement, which was flowing in the circuit under 

illumination. Energy scan of the incident photons was performed while increasing 

the photon energy. 

3.1.2.3. Charge mobility measurements 

The samples for TOF measurements were prepared by spin-coating the 

solutions of the synthesized compounds in toluene on pre-cleaned ITO coated glass 

plates [152]. The samples were heated at 70 oC for 20 min in a hot air oven. Next, 60 

nm of aluminum was deposited by using a mask by thermal evaporation under 

vacuum below 5·10-5 mbar. The light pulse was used to photo generate the charge 

carriers by exciting layers of compounds through the ITO. For hole/electron 

mobility measurements, the positive/negative voltage was applied to the ITO 

electrode. Delay generator Tektronix AFG 3011 was used to generate square pulse 

voltage with pulsed third-harmonic Nd:YAG laser EKSPLA PL2140 working at a 

pulse duration of 25 ps and the wavelength of 355 nm. Digital storage oscilloscope 

Tektronix DPO4032 was used to record TOF transients of the layers of the 

synthesized materials. Transit time ttr for the samples with the charge transporting 

material was determined by the kink on the curve of the transient in log–log scale. 

The drift mobility was calculated by using the formula µ=d2/Uttr, where d is the 

layer thickness, and U is the surface potential at the moment of illumination. 

For CELIV measurements sandwich-like structures ITO/Compound/Al were 

prepared. The thickness of the layers was measured by CELIV technique [153]. The 

layers from the 10 mg/ml THF solution of the compounds were formed by applying 

the casting method onto clean ITO coated glass substrate within a glove box. Al was 

evaporated at 15 Å/s at a pressure below 5·10-5 mbar. The experimental setup 

consisted of delay generator Tektronix AFG 3011 and digital storage oscilloscope 

Tektronix DPO 4032. The mobility measurements were conducted in a dark box by 

applying a triangular voltage pulse to the samples. The charge carrier mobility was 

calculated by formula μ=2d2/Atmax
2, where A=U(t)/t is the voltage rise rate, tmax is the 

time for the current to reach its extraction maximum peak, d is the sample thickness. 

The electron mobility in electron-only devices is determined by means of 

“potential mapping” (POEM) by thickness variation in n-i-n electron-only single 

carrier devices [154]. The measurement characterizes electron transport in vertical 

direction perpendicular to the substrate [155]. The devices are manufactured by thin 

film deposition, the stack is designed as follows: Electron injection into the material 

under investigation is facilitated by an n-doped electron transport layer (ETL) 

consisting of the matrix electron transport material Bis-HFl-NTCDI (density 

assumed for layer thickness control: ρ = 1.25 g/cm³; [156]) n-doped with 3 weight-% 

Cr2(hpp)4 (tetrakis(1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidinato) 

dichromium (II); Novaled; [157,158]). This kind of molecularly doped layer is 
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known to form a low-resistive selective contact for the respective kind of charge 

carriers [159]. To avoid the influence of a built-in field, the devices are made 

symmetrical, sandwiching the material under investigation between two nominally 

identical ETLs of 20 nm thickness each. A series of samples to determine the 

mobility of one material consists of 18 samples with constant metal and ETL 

thicknesses and varying thickness of the material under investigation (using an 

estimated density of ρ = 1.3 g/cm³). All the samples of a series are manufactured on 

one glass wafer in one processing run. The thickness variation for the material is 

realized by temporarily covering variable parts of the wafer by a metal shield. For 

each thickness, three different device areas (0.88 mm², 1.68 mm², and 3.27 mm²) are 

used to check that edge-effects do not affect the measurement. Space-charge limited 

current is typically reached above a threshold between 0.1 mA/cm² (low µ) and 10 

mA/cm² (high µ). Ohmic self-heating [160] starts to dominate above 100 mA/cm². 

Consequently, the range in between these boundaries is used for the POEM 

evaluation. The evaluation yields a series of µ values at varying though well-defined 

electric field strength F and charge carrier density n values. Depending on the size of 

the covered parameter range, either only the absolute µ value at given F and n can 

be well resolved, or the field dependence at a given n (most materials), or both field 

and density dependence can be separately resolved [160]. The absolute accuracy of 

µ is estimated to be better than half an order of magnitude in all cases. 

3.1.2.4. Thin film deposition 

Single thin films, electron-only devices, and solar cells are manufactured by 

vacuum processing on pre-cleaned glass substrates (Thin Film Devices). For solar 

cells, the substrate is pre-coated with structured indium tin oxide (ITO; Thin Film 

Devices; 90 nm; 30 Ω/□) as the bottom electrode. The top electrode – and for 

electron-only-devices also the bottom electrode – is made of 100 nm aluminum 

(density used for layer thickness control: ρ = 2.73 g/cm³) thermally evaporated from 

a metal crucible through a shadow mask for structuring. The top and bottom 

electrodes are structured in a way that they form perpendicular stripes, defining the 

6.44 mm² active device area by the approximately square-shaped spatial overlap of 

bottom and top contact. All organic materials except for the dopants and DCV5T-

Me are purified by vacuum temperature gradient sublimation prior to processing. 

The dopants are used as received, and DCV5T-Me is heated out in vacuum prior to 

processing. All organic materials are deposited by thermal sublimation of the 

materials from electrically heated inert ceramic crucibles onto the substrate in 

vacuum. The base pressure for all deposition processes is below 10-6 mbar. The layer 

thickness is controlled with the help of pre-calibrated quartz crystal microbalance 

(QCM) near the substrate. For the deposition of doped and blend layers, both 

materials are controlled independently by separate QCMs, allowing for precise 

adjustment of the mixing ratio. After fabrication, the devices are encapsulated under 

nitrogen atmosphere with a glass cavity glued onto the substrate with the solvent-

free UV hardening resin XNR5590 (Nagase ChemteX). A moisture getter (Dynic) is 

placed inside the encapsulation to increase device stability.  

3.1.2.5. Conductivity measurement 
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The conductivity of doped layers is measured laterally, in a thin film in 

bottom-contact geometry. Under vacuum, two interlocked comb-shaped metal 

contacts are deposited, consisting of 1 nm chromium and (40 … 45) nm gold. The 

distance between the stripes represents the channel length of ℓ = 0.5 mm, the 

effective channel width is w = 111 mm. Subsequently, the material under 

investigation is co-deposited with the dopant Cr2(hpp)4 or W2(hpp)4 

(tetrakis(1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidinato)ditungsten (II); 

Novaled) where doping concentration c is given in molar weight-percent (wt-%). 

During the deposition a voltage of V = 10 V is applied between the electrodes and 

the current I is monitored simultaneously with the layer thickness d. Conductivity σ 

is then obtained from the I(d) slope in the linear part of this dependence (i.e. above 

an initial d threshold with very low I and non-constant slope indicating the 

formation of the first closed layer) as σ = (∂I/∂d) · ℓ / (V · w).  

3.1.2.6. Solar cells fabrication 

The solar cells contain C60 (ρ = 1.63 g/cm³; CreaPhys) as the acceptor and 

DCV5T-Me (ρ = 1.3 g/cm³ assumed; Synthon Chemicals; [161]) as the donor 

material, as well as BPAPF (ρ = 1.2 g/cm³; Lumtec) as the hole transport material 

and the commercial p-dopant NDP9 (ρ = 1.2 g/cm³ assumed; Novaled). The layer 

stack is as follows: glass substrate / ITO / ETL / C60 (15 nm) / blend layer DCV5T-

Me:C60 2:1 deposited onto a substrate at either room temperature or 80 °C substrate 

temperature with the total deposition rate of 0.15 Å/s (20 nm in unheated samples, 

40 nm in heated samples) / BPAPF (5 nm) / BPAPF p-doped with 10 wt-% NDP9 

(40 nm) / NDP9 (1 nm) / Al (100 nm). The solar cell performance is measured under 

simulated sun light (SolarLight 16S-003-300-AM1.5) with mismatch corrected 

intensity of 1 sun (100 mW/cm²) by using a source measure unit (Keithley 2400).  

3.1.2.7. Organic light emitting diodes fabrication 

The electroluminescent devices with the architecture ITO / CuI (8 nm) / TPD 

(10 nm) / host:guest (20%) (60 nm) /PBD (10 nm) /Ca (50 nm) / Al (200 nm) were 

fabricated by means of vacuum deposition of organic semiconductor layers and 

metal electrodes onto the pre-cleaned ITO coated glass substrate under vacuum of 

10−6 Torr. PBD was used as an ETL, whereas TPD was employed as the HTL. The 

active area of the obtained devices was 3 x 6 mm2. The density-voltage and 

luminance-voltage characteristics were measured by using a Keithley 6517 Binair 

without passivation immediately after the preparation of the device. The brightness 

measurements were carried out by using a calibrated photodiode. The 

electroluminescence spectra were recorded with Avaspec-2048L spectrometer. 

3.2. Computational details 

The theoretical calculations were carried out by using the Gaussian 09 

quantum chemical package [162]. Full geometry optimizations of the compounds in 

their electronic ground state were performed with DFT by using the B3LYP 

functional consisting of Becke’s three parameter hybrid exchange functional 

combined with the Lee-Yang-Parr correlation functional with the 6-31G(d) basis set 
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in vacuum. The energies of the highest occupied (HOMO) and the lowest 

unoccupied (LUMO) molecular orbitals were obtained from single point calculations 

in the framework of DFT B3LYP/6-311G(d,p) and BMK/6-31G approaches for the 

CH2Cl2 solution and gas phase, respectively. Absorption spectra were simulated 

from the oscillator strengths of singlet transitions calculated by the TD-DFT 

B3LYP/6-31G(d) and BMK/6-31G methods in vacuum. The vertical ionization 

potentials were calculated by the DFT B3LYP/6-311G(d,p) method. 

3.3. Materials and structures 

The starting compounds i.e. 4-iodobenzonitrile, 4-(bromomethyl)benzonitrile, 

4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzonitrile, 9H-fluorene-2-

carbaldehyde, 2-bromo-9H-fluorene, 9H-carbazole, fluorenone, triphenylamine, 1-

(4-iodophenyl)ethanone, 1,4-diiodobenzene, 1-bromo-4-iodobenzene, 1,3,5-

tribromobenzene, 1,4,5,8-naphthalenetetracarboxylic acid dianhydride, 1,3,4-

thiadiazol-2-amine, pyridine-2-amine, pyridine-3-amine, pyridine-4-amine, 

pyridine-3,4-diamine, pyrimidine-4,5-diamine and the required chemicals, i.e. 

trifluoromethanesulphonic acid (CF3SO3H), 1-bromo-2-ethylhexane, 1-

bromohexane, 2-chloro-2-methylpropane, potassium tert-butoxide (t-BuOK), 

triphenylphosphine (PPh3), Aliquat 336, tetrakis-triphenylphosphine palladium 

(Pd(PPh3)4), bis-triphenylphosphine palladium dichloride (Pd(PPh3)2Cl2), copper 

iodide (CuI), ethynyltrimethylsilane, tetrabutylammonium fluoride (n-Bu4NF) 

solution in THF, copper (Cu), 18-crown-6, potassium iodide (KI), potassium iodate 

(KIO3), sodium hydroxide (NaOH), sodium hydrosulfate (NaHSO4), potassium 

carbonate (K2CO3), anhydrous sodium sulfate (Na2SO4), potassium hydroxide 

(KOH), 65% phosphoric acid (H3PO4), anhydrous acetic acid (CH3COOH), 

anhydrous acetic acid anhydride ((CH3CO)2O), polystyrene were purchased from 

Sigma-Aldrich and used as received. Zeonex cyclo-olefin polymer was purchased 

from ZEON Corporation. 

The solvents, i.e. toluene, chloroform, ethyl acetate, n-hexane, diethyl ether, 

methanol, acetone, acetonitrile, tetrahydrofuran (Penta), dichloromethane (Poch), o-

dichlorobenzene, diisopropylamine (i-PrA), pyridine and N,N-dimethylformamide 

(DMF) (Sigma-Aldrich) were dried and distilled according to the conventional 

procedures [163]. 

The structure of newly synthesized intermediate compounds was proven by 1H 

and 13C NMR (exception: if a compound is unstable, it was used in further synthetic 

steps without characterization). The structure of newly synthesized target 

compounds was confirmed by 1H and 13C NMR, IR spectroscopy, mass 

spectrometry and elemental analysis methods. 

2,4,6-Tris[4-(bromomethyl)phenyl]-1,3,5-triazine (1a, 

FW = 588.14 g/mol, m.p.: 190-192 oC, lit. m.p.: 191-

193 oC [164]) was prepared by acid-catalyzed 

electrophilic cyclization according to the procedure 

reported in literature [165]. Off-white powder (2.00 g, 

3.40 mmol, 96% yield). 
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({4-[Bis{4-[(triphenylphosphoniumyl)methyl] 

phenyl}-1,3,5-triazin-2-yl]phenyl}methyl) 

triphenylphosphoniumtribromide (1b, FW = 1374.99 

g/mol, m.p.: 279-281 oC) was obtained by similar 

procedure as 1a [165]. Off-white powder (2.6 g, 1.89 

mmol, 87% yield). 

9,9-Bis(2-ethylhexyl)-9H-fluorene-2-carbaldehyde 

(1c, FW = 404.64 g/mol) was prepared by the alkylation 

reaction of commercially available 9H-fluorene-2-

carbaldehyde by the reported procedure [166]. Viscose 

yellow liquid (2.52 g, 6.22 mmol, 56% yield). 

2-Bromo-9,9-bis(2-ethylhexyl)-9H-fluorene (1d, FW = 

455.53 g/mol) was prepared by the alkylation reaction of 

commercially available 2-bromo-9H-fluorene by the 

reported procedure [167]. Viscose pale yellow liquid (3.50 

g, 7.68 mmol, 82% yield). 

4-[9,9-Bis(2-ethylhexyl)-9H-fluoren-2-yl]benzonitrile (1e, 

FW = 491.77 g/mol) was obtained by the standard Suzuki 

coupling reaction. An aqueous 2M K2CO3 solution (4.36 

mL) containing toluene (10 mL) was added to the mixture 

of 1d (2.35 g, 5.01 mmol), 4-cyanophenylboronic acid 

pinacol ester (1.0 g, 4.36 mmol), Aliquot 336 (0.1 g, 0.25 

mmol) and (Pd(PPh3)4) (0.05 g, 0.04 mmol) under argon atmosphere. The resulting 

solution was kept at reflux temperature for 48 hours and then cooled down to room 

temperature. The reaction mixture was treated with water, extracted with ethyl 

acetate and washed with brine twice. The organic phase was dried over anhydrous 

Na2SO4. After evaporation of the solvents under reduced pressure the residue was 

purified by column chromatography on silica gel using the eluent mixture of hexane 

and ethyl acetate in volume ratio of 30:1 and recrystallized from ethanol to afford 

white crystals (2.20 g, 4.47 mmol, yield 42%, m.p.: 79-80 oC). 1H NMR (400 MHz, 

CDCl3, δ): 7.72-7.81 (m, 6H), 7.55-7.61 (m, 2H), 7.39-7.44 (m, 1H), 7.34-7.39 (m, 

1H), 7.29-7.34 (m, 1H), 1.98-2.11 (m, 4H), 0.57-0.96 (m, 22H), 0.48-0.57 (m, 8H). 
13C NMR (100 MHz, CDCl3, δ): 151.47, 150.66, 146.33, 142.08, 140.42, 137.17, 

132.63, 127.60, 126.96, 126.15, 124.17, 122.77, 119.97, 110.45, 55.05, 44.45, 44.41, 

34.62, 34.58, 33.78, 33.68, 28.15, 28.09, 27.12, 26.91, 26.88, 22.70, 22.66, 14.00, 

13.96, 10.37, 10.27, 10.24. 

{2-[9,9-Bis(2-ethylhexyl)-9H-fluoren-2-yl]ethynyl} 

trimethylsilane (1f, FW = 486.86 g/mol) was obtained by 

Sonogashira coupling reaction described in literature [168]. 

Ethynyltrimethylsilane (1.45 g, 14.90 mmol) was added to 

the mixture of 1d (3.50 g, 7.45 mmol), Pd(PPh3)2Cl2 (0.10 

g, 0.14 mmol), CuI (0.017 g, 0.08 mmol) and PPh3 (0.19 g, 

0.74 mmol) in dry diisopropylamine (iPrA) (20 mL) under argon atmosphere. After 

stirring for 24 h at 90 ˚C the reaction mixture was treated with water, extracted with 

ethyl acetate and washed with brine twice. The organic phase was dried over 
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anhydrous Na2SO4. After evaporation of the solvent under reduced pressure the 

residue was purified by silica gel chromatography using hexane as eluent to afford 

the pale yellow liquid (1.85 g, 3.79 mmol, yield 51%). 1H NMR (400 MHz, CDCl3, 

δ): 7.67-7.72 (m, 1H), 7.62-7.67 (m, 1H), 7.45-7.52 (m, 2H), 7.43-7.31 (m, 3H), 

2.00 (dd, 4H, J = 5.41 Hz, J = 3.4 Hz), 0.71-0.95 (m, 22H), 0.53-0.55 (m, 8H), 0.31 

(t, 6H, J = 2.42 Hz), 0.23 (s, 3H). 13C NMR (100 MHz, CDCl3, δ): 151.04, 150.69, 

141.92, 140.75, 131.30, 131.16, 131.03, 127.80, 127.66, 127.51, 127.15, 127.08, 

124.33, 121.18, 121.11, 121.05, 120.17, 119.59, 106.52, 93.71, 55.06, 44.97, 44.90, 

44.58, 44.49, 34.81, 33.81, 33.78, 33.65, 28.29, 28.23, 28.20, 27.28, 27.23, 27.20, 

27.17, 23.01, 22.93, 14.36, 14.25, 10.65, 10.62, 10.47, 0.33. 

9,9-Bis(2-ethylhexyl)-2-ethynyl-9H-fluorene (1g, FW = 

414.68 g/mol) was obtained by the procedure described in 

literature [169]. The 2.5M solution of n-Bu4NF in THF (4.62 

mL) was added drop-wise to the vigorously stirred solution of 

1f (1.50 g, 3.00 mmol) in anhydrous THF (15 mL) under 

argon atmosphere. After stirring for 2 hours at room temperature the reaction 

mixture was treated with water, extracted with dichloromethane and washed with 

brine twice. The organic layer was dried over anhydrous Na2SO4. After evaporation 

of the solvent under reduced pressure the residue was purified by silica gel 

chromatography using hexane as an eluent to afford the yellow liquid (1.14 g, 2.75 

mmol, yield 92%). The material was used for the further step without 

characterization.  

2,4,6-Tris(4-iodophenyl)-1,3,5-triazine (1h, FW = 

687.06 g/mol, m.p.: 377-379 oC, lit. m.p.: 378 oC [170]) 

was obtained by similar procedure as 1a [165]. 

 

 

 

2,4,6-Tris({4-[(E)-2-[9,9-bis(2-ethylhexyl)-9H-

fluoren-2-yl]ethenyl]phenyl})-1,3,5-triazine 

(TRZ1, FW = 1553.36 g/mol). Potassium t-BuOK 

(0.58 g, 5.21 mmol) was added to the solution of 1c 

(1.30 g, 3.04 mmol) and 1b (1.20 g, 0.86 mmol) in 

dry THF (10 mL) under argon atmosphere. After 

stirring for 2 hours at room temperature the 

reaction mixture was treated with water, extracted 

with ethylacetate and washed with brine. The 

organic phase was dried over anhydrous Na2SO4. 

After evaporation of solvents under reduced 

pressure the residue was purified by multiple 

column chromatography on silica gel using the eluent mixture of hexane and 

dichloromethane at volume ratio of 10:1 and by multiple reprecipitations to 

methanol to afford the yellow solid (0.23 g, 0.14 mmol, yield 17%). 1H NMR (500 

MHz, CDCl3, δ): 8.78 (d, 6H, J = 8.2 Hz), 8.69 (d, 3H, J = 8.0 Hz), 7.74 (d, 6H, J = 

8.4 Hz), 7.70 (d, 6H, J = 7.4 Hz), 7.58-7-63 (m, 3H), 7.53-7.57 (m, 3H), 7.37-7.40 
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(m, 3H), 7.36-7.39 (m, 3H), 7.31-7.33 (m, 3H), 7.24-7.28 (m, 3H), 1.97-2.09 (m, 

12H), 0.65-0.96 (m, 66H), 0.49-0.59 (m, 24H). 13C NMR (125 MHz, CDCl3, δ): 

171.49, 171.10, 151.07, 150.79, 150.75, 150.71, 143.03, 141.67, 140.87, 135.38, 

135.33, 135.23, 133.68, 131.43, 129.36, 128.96, 127.02, 126.80, 126.55, 126.06, 

124.08, 122.05, 119.82, 119.70, 54.80, 44.68, 44.63, 44.48, 44.42, 34.59, 33.66, 

28.12, 28.09, 27.05, 26.94, 22.74, 22.69, 14.12, 14.01, 10.36, 10.26. FT-IR (KBr, 

cm-1): ν = 3064, 3023, 2956, 2923, 2870, 1575, 1512, 1453, 1369, 955, 821. 

MALDI-TOF MS (m/z): calculated for C114H141N3 1553.36 (M++H), found 1553.55. 

Anal. calc. (%): C 88.15, H 9.15, N 2.71; found (%): C 87.98, H 9.11, N 2.70. 

2,4,6-Tris(4-[9,9-bis(2-ethylhexyl)-9H-fluoren-2-

yl]phenyl)-1,3,5-triazine (TRZ2, FW = 1475.30 

g/mol) 0.1M Solution of 1e (0.50 g, 1.00 mmol) in 

dichloromethane was drop-wise added over the 

period of 1 hour to a vigorously stirred solution of 

CF3SO3H (1.53 g, 0.90 mL, 10.10 mmol) in dry 

dichloromethane (10 mL) at 0 oC under argon 

atmosphere. After being stirred for 72 hours at 

ambient temperature the reaction mixture was treated 

with a saturated aqueous NaHCO3 solution, extracted 

with chloroform and washed with brine twice. The 

organic phase was dried over anhydrous Na2SO4. 

After evaporation of the solvents under reduced pressure the residue was purified by 

multiple column chromatography on silica gel by using the eluent mixture of 

hexane, ethyl acetate and dichloromethane in volume ratio of 40:1:1 and by 

reprecipitation to methanol to afford the white solid (0.33 g, 0.22 mmol, yield 35%). 
1H NMR (500 MHz, CDCl3, δ): 8.91 (dd, 6H, J = 8.4 Hz, J=1.6 Hz), 7.87 (d, 6H, J = 

8.2 Hz), 7.81 (d, 3H, J = 7.8 Hz), 7.75 (d, 3H, J = 7.5 Hz), 7.71 (t, 3H, J=4.2 Hz), 

7.69 (d, 3H, J = 7.8 Hz), 7.39-7.43 (m, 3H), 7.32-7.37 (m, 3H), 7.29 (t, 3H, J = 

7.3Hz), 1.99-2.14 (m, 12H), 0.60-0.96 (m, 66H), 0.50-0.60 (m, 24H). 13C NMR (125 

MHz, CDCl3, δ): 171.42, 151.19, 150.74, 150.69, 150.64, 145.91, 141.39, 140.81, 

140.78, 140.75, 138.61, 138.56, 138.50, 134.99, 129.47, 127.27, 126.83, 126.68, 

126.16, 124.12, 122.97, 122.87, 122.77, 119.95, 119.80, 55.02, 44.50, 34.63, 33.84, 

33.74, 33.71, 28.15, 28.12, 28.08, 27.12, 27.11, 26.93, 26.90, 22.72, 22.67, 13.99, 

10.37, 10.34, 10.27, 10.24. FT-IR (KBr, cm-1): ν = 3065, 3018, 2957, 2923, 2871, 

1568, 1512, 1454, 1372, 813. MALDI-TOF MS (m/z): calculated for C108H135N3 

1475.30, found 1475.6. Anal. calc. (%): C 87.93, H 9.22, N 2.85; found (%): C 

87.75, H 9.20, N 2.84. 

2,4,6-Tris(4-{2-[9,9-bis(2-ethylhexyl)-9H-

fluoren-2-yl]ethynyl}phenyl)-1,3,5-triazine 

(TRZ3, FW = 1547.37 g/mol). The mixture of 1g 

(1.00 g, 2.40 mmol), 1h (0.40 g, 0.58 mmol), 

Pd(PPh3)2Cl2 (0.03 g, 0.04 mmol), CuI (0.004 g, 

0.02 mmol), PPh3 (0.05 g, 0.17 mmol) in dry i-

PrA (20 mL) was stirred at 90 ˚C under argon 

atmosphere. After stirring for 24 hours the 
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reaction mixture was treated with water, extracted with chloroform and washed with 

brine twice. The organic layer was dried over anhydrous Na2SO4. After evaporation 

of the solvents under reduced pressure the residue was purified by multiple silica gel 

chromatography using hexane as eluent and by reprecipitation to methanol to afford 

the yellow solid (0.20 g, 0.13 mmol, yield 24%). 1H NMR (500 MHz, CDCl3, δ): 

8.79 (d, 6H, J = 8.2 Hz), 7.74-7.79 (m, 6H), 7.70 (d, 6H, J = 7.8 Hz), 7.55-7.62 (m, 

6H), 7.36-7.41 (m, 3H), 7.33 (t, 3H, J=6.8Hz), 7.29 (t, 3H, J = 7.3Hz), 1.96-2.05 (m, 

12H), 0.66-0.98 (m, 66H), 0.49-0.58 (m, 24H). 13C NMR (125 MHz, CDCl3, δ): 

171.12, 150.89, 150.82, 150.75, 150.69, 141.99, 140.50, 140.47, 140.45, 135.43, 

131.81, 130.83, 130.73, 130.63, 128.91, 127.99, 127.35, 127.24, 127.14, 127.04, 

126.90, 124.12, 120.59, 120.53, 120.47, 119.99, 119.60, 93.64, 89.00, 54.90, 44.71, 

44.66, 44.44, 44.37, 34.58, 33.63, 33.59, 33.48, 28.04, 26.95, 22.73, 22.67, 14.09, 

13.99, 10.38, 10.37, 10.26, 10.25. FT-IR (KBr, cm-1): ν = 3063, 2955, 2921, 2855, 

2201, 1569, 1506, 1451, 1369, 815. MALDI-TOF MS (m/z): calculated for 

C114H135N3 1547.37, found 1547.9. Anal. calc. (%): C 88.49, H 8.79, N 2.72; found 

(%): C 88.64, H 8.80, N 2.72. 

2-Bromo-9,9-dihexyl-9H-fluorene (2a, FW = 398.16 

g/mol) was prepared by the alkylation reaction of 

commercially available 2-bromo-9H-fluorene by the 

reported procedure [167]. Viscose pale yellow liquid (3.43 

g, 8.61 mmol, 82% yield). 

2-(9,9-Dihexyl-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-

1,3,2-dioxaborolane (2b, FW = 460.35 g/mol) was 

synthesized as described in the literature source 

[171].Viscose colorless liquid (2.31 g, 5.02 mmol, yield 

76%) 

2-Vinyl-9H-fluorene (2c, FW = 192.26 g/mol) was 

prepared according to the known procedure [172]. White 

solid (2.76 g, 14.35 mmol, yield 68%). 

 

9,9-Dihexyl-2-vinyl-9H-fluorene (2d, FW = 360.28 g/mol) 

was obtained by the reported procedure [167]. Viscose 

colorless liquid (3.41 g, 9.46 mmol, yield 78%). 

 

 

((9,9-Dihexyl-9H-fluoren-2-yl)ethynyl)trimethylsilane 
(2e, FW = 430.31 g/mol) was synthesized by the 

Sonogashira coupling reaction as described earlier [168]. 

Pale yellow liquid (2.11 g, 4.90 mmol, yield 85%). 

 

 

2-Ethynyl-9,9-dihexyl-9H-fluorene (2f, FW = 358.27 g/mol) 

was prepared as described in the literature [169]. Pale brown 

liquid (1.78 g, 4.97 mmol, yield 92%). 
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1,3,5-Tris(4-iodophenyl)benzene (2g, FW = 683.83 

g/mol, m.p. = 261-263 oC, lit. 262-263 oC [173]) was 

obtained by the reported method [174]. White solid (2.73 g, 

3.99 mmol, yield 86%). 

 

 

2-({3,5-Bis[4-(9,9-dihexyl-9H-fluoren-2-yl) 

phenyl]phenyl}phenyl)-9,9-dihexyl-9H-

fluorene (TPB1, FW = 1304.01 g/mol) was 

obtained by Suzuki coupling reaction, similarly to 

compound 1e. White powder (0.20 g, 0.15 mmol, 

yield 21%).1H NMR (400 MHz, CDCl3, δH, 

Me4Si): 7.97 (s, 3H, Ar), 7.88 (q, 12H, J = 8.57 

Hz, Ar), 7.83 (d, 3H, J = 7.8 Hz, Ar), 7.78 (d, 3H, 

J = 7.5 Hz, Ar), 7.70 (d, 3H, J = 7.8 Hz, Ar), 7.67 

(s, 3H), 7.34-7.42 (m, 9H, Ar), 2.05-2.09 (m, 

12H, C−CH2), 1.10-1.18 (m , 36H, CH2), 0.80 (t, 

18H, J = 6.8 Hz, CH3), 0.66-0.77 (m, 12H, CH2). 13C NMR (100 MHz, CDCl3, δC): 

151.51, 151.02, 142.15, 141.07, 140.73, 140.65, 139.91, 139.39, 127.80, 127.71, 

127.25, 126.83, 126.91, 125.06, 122.92, 121.43, 120.03, 119.80, 55.20 ((CH2)2C) , 

40.48 (CH2), 31.53 (CH2), 29.76 (CH2), 23.80 (CH2), 22.62 (CH3), 14.05 (CH3). FT-

IR (KBr, νmax/cm-1): 3054 (=C−H), 3030, 2954 (C−H), 2927, 2855, 1594, 1465 

(C=C Ar), 1392, 1377, 1253, 1014, 820 (C−H Ar). ESI-MS (m/z): calc. for C99H114 

1304.01 [M++H], found 1304.30. Elemental analysis calc. for C99H114 (%): C, 91.19; 

H, 8.81. Found (%): C, 91.24; H, 8.76. 

2-[(E)-2-{4-[3,5-Bis({4-[(E)-2-(9,9-dihexyl-9H-

fluoren-2-yl)ethenyl]phenyl})phenyl]phenyl} 

ethenyl]-9,9-dihexyl-9H-fluorene (TPB2, FW = 

1382.13). The mixture of compounds 2g (0.48 g, 

0.70 mmol), 2d (1.51 g, 4.20 mmol), Pd(OAc)2 

(0.03 g, 0.15 mmol), n-Bu4Br (0.87g, 2.72 mmol), 

anhydrous K2CO3 (0.37 g, 2.67 mmol) in dry 

DMF (20 mL) was stirred at 110˚C in argon 

atmosphere. After stirring for 24 h the reaction 

mixture was treated with water, extracted with 

ethyl acetate, washed with brine twice and dried 

over anhydrous Na2SO4. After the evaporation of solvents under reduced pressure 

the residue was purified by silica gel chromatography (eluent hexane/toluene 10/1) 

and reprecipitation into methanol to afford a white powder (0.23 g, 0.17 mmol, yield 

24%). 1H NMR (400 MHz, CDCl3, δH, Me4Si): 7.90 (s, 3H), 7.79 (d, 6H, J= 8.4 Hz, 

Ar), 7.71-7.74 (m, 12H, Ar), 7.57 (d, 3H, J = 7.9 Hz, Ar), 7.55 (s, 3H, Ar), 7.33-7.39 

(m, 9H, Ar), 7.30 (d, 6H, J = 8.72 Hz, Ar), 2.04 (t, 12H, J = 8.2 Hz, C−CH2), 1.06-

1.17 (m, 36H, CH2), 0.80 (t, 18H, J = 6.8 Hz, CH3), 0.64-0.73 (m, 12H, CH2). 13C 

NMR (100 MHz, CDCl3, δC) δ:151.31, 151.02, 141.96, 141.10, 140.80, 140.04, 



 

66 

 

 

137.00, 136.19, 129.65, 127.63, 127.31, 127.10, 126.98, 126.81, 125.67, 124.72, 

122.88, 120.81, 119.93, 119.72, 55.04 ((CH2)2C), 40.52 (CH2), 31.54 (CH2), 29.77 

(CH2), 23.77 (CH2), 22.63 (CH3), 14.05 (CH3). FT-IR (KBr, νmax/cm-1): 3051 

(=C−H), 3025, 2952 (C−H), 2926, 2853, 1940 (C=C), 1592, 1509, 1451 (C=C Ar), 

1376, 1248, 1015, 961 (trans C=C), 944 (trans C=C), 828 (C−H Ar). ESI-MS (m/z): 

calc. for C105H120 1382.13 [M++H], found 1383.00. Elemental analysis calc. for 

C105H120 (%): C, 91.25; H, 8.75. Found (%): C, 91.22; H, 8.78. 

2-(2-{4-[3,5-Bis({4-[2-(9,9-dihexyl-9H-fluoren-

2-yl)ethynyl]phenyl})phenyl] phenyl}ethynyl)-

9,9-dihexyl-9H-fluorene (TPB3, FW = 1376.08 

g/mol) was prepared by the Sonogashira coupling 

reaction similarly to compound TRZ3. White 

powder (0.50 g, 0.36 mmol, yield 50%). 1H NMR 

(400 MHz, CDCl3, δH, Me4Si): 7.88 (s, 3H, Ar), 

7.75-7.78 (m, 6H, Ar), 7.72-7.74 (m, 9H, Ar), 7.72 

(d, 3H, J = 2.3 Hz, Ar), 7.587 (d, 6H, J = 8.5 Hz, 

Ar), 7.33-7.39 (m, 9H, Ar), 2.01 (t, 12H, J = 8.2 

Hz, C−CH2), 1.01-1.19 (m, 36H, CH2), 0.80 (t, 

18H, J = 6.9 Hz, CH3), 0.58-0.75 (m, 12H, CH2). 13C NMR (100 MHz, CDCl3, δC) δ: 

151.05, 150.82, 141.79, 141.57, 140.48, 140.41, 132.14, 130.68, 127.56, 127.29, 

126.90, 125.97, 125.15, 122.91, 122.88, 121.31, 120.03, 119.69, 91.59 (C≡C), 89.20 

(C≡C), 55.17 ((CH2)2CH), 40.45 (CH2), 31.56 (CH2), 29.75 (CH2), 23.74 (CH2), 

22.64 (CH3), 14.04 (CH3). FT-IR (KBr, νmax/cm-1): 3062 (=C−H), 3034, 2953 

(C−H), 2927, 2855, 2210 (C≡C), 1595, 1510, 1465 (C=C Ar), 1377, 1255, 1017, 

888, 829 (C−H Ar). ESI-MS (m/z): calc. for C105H114 1376.08 [M++H], found 

1376.20. Elemental analysis calc. for C105H114 : C, 91.65; H, 8.35. Found (%): C, 

91.62; H, 8.38.  

9-Hexyl-3,6-diiodo-9H-carbazole (3a, FW = 502.96 

g/mol, m.p. = 141-143 oC) was obtained by the reported 

procedures [175,176]. Off-white solid (5.02 g, 10.00 

mmol, yield 83%). 

 

3,6-Di-tert-butyl-9H-carbazole (3b, FW = 279.43 g/mol, 

m.p. = 226-228 oC, lit. 228-230 oC [177]) was synthesized 

as described in the literature source [177]. Off-white solid 

(6.32 g, 22.6 mmol, yield 67%). 

 

3',6'-Di-tert-butyl-9-hexyl-6-iodo-9H-3,9'-bicarbazole 

(3c, FW = 654.68 g/mol). Was obtained by Ullmann 

reaction [72]. White solid (2.73 g, 4.17 mmol, yield 70%). 
1H NMR (400 MHz, CDCl3, δ): 8.38 (d, 1H, J = 1.59 Hz, 

Ar), 8.21 (d, 2H, J = 1.66 Hz, Ar), 8.18 (d, 1H, J = 1.81 

Hz, Ar), 7.77 (dd, 1H, J1 = 8.62 Hz, J2 = 1.67 Hz, Ar), 

7.62-7.65 (m, 1H, Ar), 7.58 (d, 1H, J = 8.61 Hz, Ar), 7.48 

(dd, 2H, J = 8.64 Hz, J = 1.91 Hz, Ar), 7.34 (d, 1H, J = 8.61 Hz, Ar), 7.28(d, 2H, J = 
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8.63 Hz, Ar), 4.37 (t, 2H, J = 7.31 Hz, N−CH2), 1.95 (quintet, 2H, J = 7.36 Hz, 

CH2), 1.51 (s, 18H, CH3), 1.31-1.47 (m, 6H, CH2), 0.92 (t, 3H, J = 7.03 Hz, CH3). 
13C NMR (100  MHz, CDCl3, δ): 142.4, 140.1, 139.1, 134.2, 129.8, 129.4, 125.6, 

124.8, 123.5, 123.0, 122.3, 119.2, 116.2, 111.0, 109.7, 81.5 (C−I), 43.4 (N−C), 34.7, 

32.0, 31.5, 29.0, 26.9, 22.5, 14.0. 

3',6'-Di-tert-butyl-9-hexyl-6-((trimethylsilyl)ethynyl)-

9H-3,9'-bicarbazole (3d, FW = 624.99 g/mol) was 

obtained by Sonogashira coupling reaction as described in 

literature [167]. Off-white solid (2.10 g, 3.36 mmol, yield 

70%). 1H NMR (400 MHz, CDCl3, δ): 8.23 (d, 1H, J = 

1.11 Hz, Ar), 8.20 (d, 3H, J = 1.74 Hz, Ar), 7.64-7.66 (m, 

1H, Ar), 7.62-7.63 (m, 1H, Ar), 7.58 (d, 1H, J = 8.61 Hz, 

Ar), 7.48 (dd, 2H, J = 8.64 Hz, J = 1.85 Hz, Ar), 7.40 (d, 

1H, J = 8.56 Hz, Ar), 7.34 (d, 1H, J = 8.61 Hz, Ar), 7.33 

(d, 1H, J = 8.64 Hz, Ar), 4.50 (t, 2H, J = 7.32 Hz, N−CH2), 2.08 (quintet, 2H, J = 

7.56 Hz, CH2), 1.51 (s, 18H, CH3), 1.41-1.49 (m, 6H, CH2), 0.98 (t, 3H, J = 7.20 Hz, 

CH3), 0.29 (s, 9H, Si−CH3).13C NMR (100 MHz, CDCl3, δ): 142.1, 140.6, 140.2, 

139.7, 129.8, 124.9, 124.7, 123.5, 123.0, 122.1, 119.0, 116.2, 113.4, 109.8, 109.1, 

106.6 (C≡C), 91.9 (C≡C), 43.5 (N−C), 34.5, 31.9, 31.5, 28.9, 27.0, 22.3, 14.1, 0.16 

(C−Si). 

3',6'-Di-tert-butyl-6-ethynyl-9-hexyl-9H-3,9'-

bicarbazole (3e, FW = 552.81 g/mol) was obtained by the 

procedure described in literature [169]. Off-white solid 

(1.65 g, 2.98 mmol, yield 93%). 1H NMR (400 MHz, 

CDCl3, δ): 8.26 (d, 1H, J = 1.11 Hz, Ar), 8.25 (d, 1H, J = 

1.90 Hz, Ar), 8.23 (d, 2H, J = 1.71 Hz, Ar), 7.67 (dd, 1H, J1 

= 8.51 Hz, J2 = 1.49 Hz, Ar), 7.65 (dd, J1 = 8.48 Hz, J2 = 

2.01 Hz, Ar), 7.60 (d, 1H, J = 8.81 Hz, Ar), 7.51 (d, 1H, J = 1.89 Hz, Ar), 7.50 (d, 

1H, J = 1.87 Hz, Ar), 7.43 (d, 1H, J = 8.55 Hz, Ar), 7.35 (d, 2H, J = 8.58 Hz, Ar), 

4.39 (t, 2H, J = 7.37 Hz, N−CH2), 3.10 (s, 1H, −C≡C−H), 1.98 (quintet, 2H, J = 7.47 

Hz, CH2), 1.53 (s, 18H, CH3), 1.34-1.49 (m, 6H, CH2), 0.94 (t, 3H, J = 7.12 Hz, 

CH3).13C NMR (100 MHz, CDCl3, δ): 141.4, 139.8, 139.2, 138.6, 129.1, 124.5, 

123.8, 122.4, 122.0, 121.4, 118.2, 115.1, 111.4, 108.8, 108.1, 87.7 (C≡C), 74.3 

(≡C−H), 42.4 (N−C), 33.6, 31.0, 30.5, 28.0, 25.9, 21.5, 12.9. 

3,6-Diiodo-9-(4-iodophenyl)-9H-carbazole (3f, FW = 

621.00 g/mol, m.p. = 203-205 oC) was obtained by the 

reported procedures [72,175]. White solid (3,02 g, 4.86 

mmol, yield 83%). 
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2,4,6-Tris(4-((3',6'-di-tert-butyl-9-hexyl-9H-

3,9'-bicarbazol-6-yl)ethynyl)phenyl)-1,3,5-

triazine (TRZ-BCz, FW = 1961.76 g/mol) 

was obtained by Sonogashira coupling 

reaction similarly to compound TRZ3. Yellow 

solid (0.70 g, 0.36 mmol, yield 65%). 1H 

NMR (400 MHz, CDCl3, δ): 8.77 (d, 6H, J = 

8.41 Hz, Ar), 8.34 (s, 3H, Ar), 8.28 (d, 3H, J = 

1.72 Hz, Ar), 8.23 (d, 6H, J = 1.60 Hz, Ar), 

7.76 (d, 9H, J = 8.30 Hz, Ar), 7.66 (dd, 3H, J 

= 8.59 Hz, J = 1.86 Hz, Ar), 7.60 (d, 3H, J = 

8.65 Hz, Ar), 7.51 (dd, 6H, J1 = 8.68 Hz, J2 = 

1.83 Hz, Ar), 7.46 (d, 3H, J = 8.60 Hz, Ar), 

7.38 (d, 6H, J = 8.62 Hz, Ar), 4.39 (t, 6H, J = 

7.16 Hz, N−CH2), 1.98 (quintet, 6H, J = 7.29 Hz, CH2), 1.52 (s, 54H, CH3), 1.30-

1.44 (m, 18H, CH2), 0.86-1.01 (m, 9H, CH3). 13C NMR (100 MHz, CDCl3, δ): 171.0, 

142.5, 140.9, 140.1, 139.6, 137.2, 135.1, 131.5, 130.0, 129.9, 128.9, 128.1, 125.4, 

124.5, 123.5, 123.3, 123.0, 122.6, 119.2, 116.2, 113.3, 109.8, 109.1, 93.8 (C≡C), 

87.9 (C≡C), 43.5 (N−C), 34.7, 32.0, 31.6, 29.0, 26.9, 22.6, 14.0. FT-IR (KBr, cm-1): 

ν = 3046 (=C−H), 2952 (C−H), 2927, 2859, 2204 (C≡C), 1862, 1731, 1569, 1505, 

1489 (C=C Ar), 1362, 1285, 813(C−H Ar). MALDI-TOF MS (m/z): calculated for 

C141H141N9 1961.76 (M++H), found 1961.10. Anal. calc. for C141H141N9: C 86.33; H 

7.24; N 6.43; found: C 86.28; H 7.27; N 6.45. 

Tris(4-((3',6'-di-tert-butyl-9-hexyl-9H-3,9'-

bicarbazol-6-yl)ethynyl)phenyl)-1,3,5-

benzene (TPB-BCz, FW = 1958.79 g/mol) 

was obtained by Sonogashira coupling 

reaction similarly to compound TRZ3. 

Slightly brownish solid (0.53 g, 0.27 mmol, 

yield 60%). 1H NMR (400 MHz, CDCl3, δ): 

8.32 (d, 3H, J = 1.11 Hz, Ar), 8.27 (d, 3H, J = 

1.72 Hz, Ar), 8.22 (d, 6H, J = 1.63 Hz, Ar), 

7.85 (s, 3H, Ar), 7.69-7.76 (m, 15H), 7.66 

(dd, 3H, J = 8.59 Hz, J = 1.88 Hz, Ar), 7.60 

(d, 3H, J = 8.63 Hz, Ar), 7.47-7.51 (m, 9H, 

Ar), 7.37 (d, 6H, J = 8.61 Hz, Ar), 4.41(t, 6H, 

J = 7.18 Hz, N−CH), 1.99 (quintet, 6H, J = 7.31 Hz, CH2), 1.52 (s, 54H, CH3), 1.29-

1.43 (m, 18H, CH2), 0.94 (t, 9H, J = 7.02 Hz, CH3). 13C NMR (100 MHz, CDCl3, δ): 

142.5, 141.8, 140.7, 140.1, 139.6, 132.0, 129.8, 129.7, 127.2, 125.4, 124.3, 123.5, 

123.3, 123.0, 122.5, 119.2, 116.2, 113.6, 109.8, 109.1, 91.5 (C≡C), 87.7 (C≡C), 43.4 

(N−C), 34.7, 32.0, 31.6, 29.0, 27.0, 22.6, 14.0. FT-IR (KBr, cm-1): ν = 3044 (=C−H), 

2952 (C−H), 2927, 2859, 2206 (C≡C), 1864, 1739, 1573, 1510, 1489 (C=C Ar), 

1362, 1285, 806 (C−H Ar). MALDI-TOF MS (m/z): calculated for C144H144N6 

1958.79 (M++H), found 1958.97. Anal. calc. for C144H144N6: C 88.30; H 7.41; N 

4.29; found: C 88.25; H 7.44; N 4.31. 
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6,6'-(9-(4-((3',6'-Di-tert-butyl-9-hexyl-9H-3,9'-

bicarbazol-6-yl)ethynyl)phenyl)-9H-carbazole-

3,6-diyl)bis(ethyne-2,1-diyl)bis(3',6'-di-tert-

butyl-9-hexyl-9H-3,9'-bicarbazole) (PCz-BCz, 

FW = 1895.69 g/mol) was obtained by the similar 

procedure as TRZ-BCz and TPB-BCz. Slightly 

yellowish solid (0.52 g, 0.27 mmol, yield 58%). 
1H NMR (400 MHz, CDCl3, δ): 8.38 (d, 2H, J = 

0.89 Hz, Ar), 8.34 (d, 3H, J = 1.00 Hz, Ar), 8.27-

8.29 (m, 3H, Ar), 8.21-8.23 (m, 6H, Ar), 7.82 (d, 

2H, J = 8.44 Hz, Ar), 7.75-7.78 (m, 3H, Ar), 7.66 

(dd, 4H, J1 = 8.33 Hz, J2 = 1.38 Hz, Ar), 7.57-

7.64 (m, 6H, Ar), 7.47-7.51 (m, 9H, Ar), 7.43 (d, 

2H, J = 8.53 Hz, Ar), 7.37 (d, 6H, J = 8.63 Hz, 

Ar), 4.42 (t, 6H, J = 7.18 Hz, N−CH), 2.00 (quintet, 6H, J = 7.16 Hz, CH2), 1.51 (s, 

54H, CH3), 1.29-1.44 (m, 18H, CH2), 0.94 (t, 9H, J = 6.99 Hz, CH3). 13C NMR (100 

MHz, CDCl3, δ): 142.4, 140.5, 140.4, 140.2, 139.6, 130.0, 129.8, 124.0, 123.5, 

123.3, 123.0, 116.1, 115.7, 114.1, 109.8, 109.1, 89.1 (C≡C), 83.3 (C≡C), 43.4 

(N−C), 34.7, 32.0, 31.6, 29.0, 26.9, 22.6, 14.3. FT-IR (KBr, cm-1): ν = 3044 (=C−H), 

2952 (C−H), 2928, 2860, 2206 (C≡C), 1867, 1744, 1573, 1514, 1490 (C=C Ar), 

1362, 1284, 807 (C−H Ar). MALDI-TOF MS (m/z): calculated for C138H139N7 

1895.69 (M++H), found 1895.67. Anal. calc. for C138H139N7: C 87.44; H 7.39; N 

5.17; found: C 87.39; H 7.42; N 5.19. 

4-Bromo-N,N-bis(4-iodophenyl)aniline (4a, FW = 

574.82 g/mol, m.p. = 147-149 oC, lit. 148 oC [178]) was 

prepared by the reported procedures [72,179,180]. Off-

white solid (4.21 g, 7.32 mmol, yield 67%). 

 

9-(4-Bromophenyl)-3,6-diiodo-9H-carbazole (4b, FW 

= 574.00 g/mol, m.p. = 237-239 oC, lit. 239-341 oC 

[181]) was obtained by the reported procedures [72,175]. 

Off-white solid (3.56 g, 6.20 mmol, yield 89%). 

 

4-Bromo-N,N-bis(4-(3,6-di-tert-butyl-9H-carbazol-9-

yl)phenyl)aniline (4c, FW = 879.04 g/mol) was prepared 

by Ullmann reaction [72]. Off-white solid (2.00 g, 2.27 

mmol, yield 86%). 1H NMR (400 MHz, CDCl3, δ): 8.17 

(d, 4H, J = 1.62 Hz), 7.50-7.53 (m, 10H), 7.43 (d, 4H, J 

= 8.58 Hz), 7.38 (d, 4H, J = 8.50 Hz), 7.21 (d, 2H, J = 

8.68 Hz), 1.50 (s, 36H, CH3-).13C NMR (100 MHz, 

CDCl3, δ): 145.8, 142.8, 139.3, 133.2, 132.7, 127.7, 

126.1, 125.1, 123.6, 123.3, 116.3, 109.2, 34.8 (C−CH3), 32.0 (CH3-). 
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9,9'-(5'-(4-Iodophenyl)-[1,1':3',1''-terphenyl]-4,4''-

diyl)bis(3,6-di-tert-butyl-9H-carbazole) (4d, FW = 

987.13 g/mol) was prepared by Ullmann reaction [72]. 

Off-white solid (1.57g, 1.59 mmol, yield 63%). 1H 

NMR (400 MHz, CDCl3, δ): 8.09 (d, 4H, J = 1.69 Hz), 

7.91 (t, 1H, J = 1.66 Hz), 7.86 (d, 4H, J = 8.32 Hz), 

7.80 (d, 2H, J = 1.51 Hz), 7.78 (d, 2H, J = 8.38 Hz), 

7.62 (d, 4H, J = 8.33 Hz), 7.45 (d, 2H, J = 8.41 Hz), 

7.42 (dd, 4H, J = 8.57 Hz, J = 1.81 Hz), 7.37 (d, 4H, J = 8.58 Hz), 1.38 (s, 36H, 

CH3-).13C NMR (100 MHz, CDCl3, δ): 143.1, 142.0, 141.5, 140.5, 139.3, 139.1, 

138.1, 137.9, 129.2, 128.7, 127.1, 125.5, 125.0, 123.7, 123.5, 116.3, 109.3, 93.6 

(C−I), 34.8 (C−CH3), 32.0 (CH3-). 

9'-(4-Bromophenyl)-3,3'',6,6''-tetra-tert-butyl-9'H-

9,3':6',9''-tercarbazole (3a, FW = 877.03 g/mol) was 

prepared by Ullmann reaction [72]. Off-white solid 

(1.80g, 2.05 mmol, yield 78%). 1H NMR (400 MHz, 

CDCl3, δ): 8.16 (t, 2H, J = 1.29 Hz), 8.08 (d, 4H, J = 1.61 

Hz), 7.76 (d, 2H, J=8.63 Hz), 7.55 (d, 2H, J = 8.63 Hz), 

7.53 (d, 4H, J = 1.76 Hz), 7.38 (dd, 4H, J =8.67 Hz, J = 

1.82 Hz), 7.24 (d, 4H, J = 8.63 Hz), 1.39 (s, 36H, CH3-

).13C NMR (100 MHz, CDCl3, δ): 142.6, 140.1, 133.6, 128.8, 124.1, 123.6, 123.2, 

119.4, 116.2, 109.1, 34.7 (C−CH3), 32.0 (CH3-). 

4-(3,6-Di-tert-butyl-9H-carbazol-9-yl)-N-(4-(3,6-di-

tert-butyl-9H-carbazol-9-yl)phenyl)-N-(4-

((trimethylsilyl)ethynyl)phenyl)aniline (4f, FW = 

896.35 g/mol) was obtained by Sonogashira coupling 

reaction as described in literature [168]. White solid (1.87 

g, 2.08 mmol, yield 92%).1H NMR (400 MHz, CDCl3, δ): 

8.19 (d, 4H, J = 1.62 Hz), 7.49-7.52 (m, 10H), 7.43 (d, 

4H, J = 8.58 Hz), 7.37 (d, 4H, J = 8.50 Hz), 7.20 (d, 2H, J 

= 8.68 Hz), 1.50 (s, 36H, CH3-), 0.32 (s, 9H, Si−CH3).13C 

NMR (100 MHz, CDCl3, δ): 145.8, 142.8, 139.3, 133.2, 132.7, 127.7, 126.1, 125.1, 

123.6, 123.3, 116.3, 110.2, 104.0 (C≡C), 96.2 (C≡C), 34.7 (C−CH3), 32.0 (CH3-), 0 

(Si−CH3). 

9,9'-(5'-(4-((Trimethylsilyl)ethynyl)phenyl)-

[1,1':3',1''-terphenyl]-4,4''-diyl)bis(3,6-di-tert-butyl-

9H-carbazole) (4g, FW = 957.43 g/mol) was obtained 

by Sonogashira coupling reaction as described in 

literature [168]. White solid (1.38 g, yield 90 %).1H 

NMR (400 MHz, CDCl3, δ): 8.19 (d, 4H, J = 1.41 Hz), 

8.01 (t, 1H, J = 1.54 Hz), 7.97 (d, 4H, J = 8.50 Hz), 7.94 

(d, 2H, J = 1.62 Hz), 7.77 (d, 2H, J = 8.49 Hz), 7.73 (d, 

4H, J = 8.50 Hz), 7.65 (d, 2H, J = 8.50 Hz), 7.52 (dd, 

4H, J = 8.68 Hz, J = 1.87 Hz), 7.47 (d, 4H, J = 8.54 Hz), 1.51 (s, 36H, CH3-), 0.32 

(s, 9H, Si−CH3).13C NMR (100 MHz, CDCl3, δ):143.0, 141.8, 140.8, 139.4, 139.1, 
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137.8, 132.6, 128.7, 127.1, 127.0, 125.2, 123.7, 123.5, 122.6, 116.3, 109.2, 104.8 

(C≡C), 95.3 (C≡C), 34.7 (C−CH3), 32.0 (CH3-), 0 (Si−CH3). 

3,3'',6,6''-Tetra-tert-butyl-9'-(4-((trimethylsilyl) 

ethynyl)phenyl)-9'H-9,3':6',9''-tercarbazole (4h, FW = 

894.34 g/mol) was obtained by Sonogashira coupling 

reaction as described in literature [168]. White solid (1.52 

g, 1.69 mmol, yield 87 %).1H NMR (400 MHz, CDCl3, 

δ): 8.06-8.09 (m, 2H), 8.00 (d, 4H, J = 1.45 Hz), 7.64 (d, 

2H, J = 8.28 Hz), 7.53 (d, 2H, J = 8.39 Hz), 7.47 (d, 2H, 

J = 8.61), 7.45 (dd, 2H, J = 8.66 Hz, J= 1.85 Hz), 7.30 (d, 

4H, J = 8.58 Hz), 7.18 (d, 4H, J = 8.61 Hz), 1.30 (s, 36H, 

CH3-), 0.16 (s, 9H, Si−CH3). 13C NMR (100 MHz, CDCl3, δ): 142.6, 140.1, 137.2, 

133.8, 131.2, 126.9, 126.1, 124.1, 123.6, 123.1, 119.3, 116.3, 111.2, 109.1, 104.0 

(C≡C), 96.0 (C≡C), 34.9 (C−CH3), 32.1 (CH3-), 0 (Si−CH3). 

4-(3,6-Di-tert-butyl-9H-carbazol-9-yl)-N-(4-(3,6-di-

tert-butyl-9H-carbazol-9-yl)phenyl)-N-(4-ethynyl 

phenyl)aniline (4i, FW = 824.17 g/mol) was prepared as 

described in literature [169]. White solid (1.65 g, 2.00 

mmol, yield 96 %).1H NMR (400 MHz, CDCl3, δ): 8.17 

(d, 4H, J = 1.57 Hz), 7.48-7.54 (m, 10H), 7.44 (d, 4H, J = 

8.72 Hz), 7.41 (d, 4H, J = 8.76 Hz), 7.23 (d, 2H, J = 8.70 

Hz), 3.77 (s, 1H, C≡C−H), 1.50 (s, 36H, CH3-).13C NMR 

(100 MHz, CDCl3, δ): 145.6, 142.9, 139.3, 127.6, 125.6, 123.6, 123.4, 123.1, 116.2, 

109.2, 84.3 (C≡C), 68.0 (C≡C), 34.8 (C−CH3), 32.0 (CH3-). 

9,9'-(5'-(4-Ethynylphenyl)-[1,1':3',1''-terphenyl]-4,4''-

diyl)bis(3,6-di-tert-butyl-9H-carbazole) (4j, FW = 

885.25 g/mol) was prepared as described in literature 

[169]. Off-white solid (1.13 g, 1.27 mmol, yield 89 %).1H 

NMR (400 MHz, CDCl3, δ): 8.10 (d, 4H, J = 1.34 Hz), 

7.92-7.96 (m, 4H), 7.87 (d, 2H, J = 8.50 Hz), 7.84 (d, 1H, 

J = 1.52 Hz), 7.69 (d, 2H, J = 8.45 Hz), 7.61 (d, 4H, J = 

8.48 Hz), 7.56 (d, 2H, J = 8.26 Hz), 7.40 (dd, 4H, J = 

8.72 Hz, J = 1.84 Hz), 7.38 (d, 4H, J = 8.67 Hz), 3.72 (s, 1H, C≡C−H), 1.62 (s, 36H, 

CH3-). 13C NMR (100 MHz, CDCl3, δ): 142.6, 141.3, 141.2, 140.8, 138.6, 137.4, 

132.3, 128.2, 126.8, 126.4, 124.9, 124.6, 123.4, 122.9, 115.9, 108.9, 82.9 (C≡C), 

68.4 (C≡C), 34.3 (C−CH3), 31.6 (CH3-). 

3,3'',6,6''-Tetra-tert-butyl-9'-(4-ethynylphenyl)-9'H-

9,3':6',9''-tercarbazole (4k, FW = 822.15 g/mol) was 

prepared as described in literature [169]. Off-white solid 

(1.34 g, 1.63 mmol, yield 92 %).1H NMR (400 MHz, 

CDCl3, δ): 8.16 (d, 2H, J = 1.78 Hz), 8.08 (d, 4H, J = 

1.67 Hz), 7.75 (d, 2H, J = 8.45 Hz), 7.65 (d, 2H, J = 

8.47 Hz), 7.57 (d, 2H, J = 8.61 Hz), 7.53 (dd, 2H, J = 

8.65 Hz, J = 1.98 Hz), 7.38 (dd, 4H, J = 8.43 Hz, J = 

1.91 Hz), 7.25 (d, 4H, J = 8.72 Hz), 3.16 (s, 1H, C≡C−H), 1.39 (36H, , CH3-).13C 
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NMR (100 MHz, CDCl3, δ): 142.6, 140.1, 139.9, 137.6, 134.0, 131.2, 126.9, 126.1, 

124.2, 123.6, 123.1, 121.8, 119.3, 116.2, 111.1, 109.1, 82.7 (C≡C), 78.6 (C≡C), 34.7 

(C−CH3), 32.1 (CH3-). 

Diiodo-9H-fluoren-9-one (4l, FW = 432.00 g/mol, m.p. = 

209-211 oC, lit. 209 oC [182]) was synthesized by the 

reported method [183]. Yellow crystals (5.32 g, 12.3 mmol, 

yield 67%). 

2,7-Bis((4-(bis(4-(3,6-di-tert-butyl-

9H-carbazol-9-yl)phenyl)amino) 

phenyl)ethynyl)-9H-fluoren-9-one 

(FN-TPA, FW = 1824.46 g/mol) 

was obtained by the similar 

procedure as compounds TRZ-

BCz, TPB-BCz, PCz-BCz. 

Orange solid (1.16 g, 0.63 mmol, 
yield 83 %). 1H NMR (700 MHz, 

CDCl3, δ): 8.07 (d, 8H, J = 1.60 Hz), 7.75 (d, 2H, J = 0.87 Hz), 7.58 (dd, 2H, J = 

7.74 Hz, J = 1.22 Hz), 7.74-7.76 (m, 12H), 7.42 (dd, 8H, J = 8.62 Hz, J = 1.78 Hz), 

7.35 (d, 8H, J = 8.62 Hz), 7.33 (d, 8H, J = 8.67 Hz), 7.18 (d, 6H, J = 8.59 Hz), 1.40 

(s, 72H, CH3-). 13C NMR (176 MHz, CDCl3, δ): 192.4 (C=O), 147.8, 145.5, 143.1, 

142.9, 139.3, 137.7, 134.5, 133.7, 133.0, 127.8, 127.4, 125.7, 124.7, 123.7, 123.3, 

123.1, 120.5, 116.6, 116.3, 109.2, 91.7 (C≡C), 88.4 (C≡C), 34.7 (C−CH3), 32.0 

(CH3-). ATR-FTIR (νmax/cm-1): 3022 (=C−H), 2962 (C−H), 2862, 2240 (C≡C), 1748 

(C=O), 1603, 1498 (C=C Ar), 1366, 1302, 1267 (=C−N), 810 (C−H Ar). MALDI-

TOF MS (m/z): calculated for C133H126N6O 1824.46 (M++H), found 1824.76. Anal. 

calc. for C133H126N6O: C 87.56; H 6.96; N 4.61; O 0.88; found: C; 87.55; H 6.93; N 

4.63; O 0.89. 

2,7-Bis((4''-(3,6-di-tert-butyl-9H-

carbazol-9-yl)-5'-(4-(3,6-di-tert-

butyl-9H-carbazol-9-yl) phenyl)-

[1,1':3',1''-terphenyl]-4-yl) 

ethynyl)-9H-fluoren-9-one (FN-

TPB, FW = 1946.63 g/mol) was 

obtained by the similar procedure 

as compounds TRZ-BCz, TPB-

BCz, PCz-BCz. Yellow solid (0.73 

g, 0.37 mmol, yield 74 %). 1H 

NMR (700 MHz, CDCl3, δ): 8.09 (d, 8H, J= 1.62 Hz), 7.92 (t, 2H, J = 1.34 Hz), 

7.88 (d, 12H, J = 8.26 Hz), 7.79 (d, 2H, J = 0.78 Hz), 7.73 (d, 4H, J = 8.23 Hz), 

7.62-7.65 (m, 14H), 7.47 (d, 2H, J = 7.75 Hz), 7.42 (dd, 8H, J = 8.62 Hz, J = 1.84 

Hz), 7.37 (d, 8H, J = 8.58 Hz), 1.41 (s, 72H, CH3-). 13C NMR (176 MHz, CDCl3, δ): 

192.2 (C=O), 143.3, 143.0, 141.9, 141.7, 141.1, 139.4, 139.2, 137.9, 137.8, 134.5, 

132.3, 128.7, 127.5, 127.4, 127.1, 125.5, 125.2, 124.5, 123.7, 123.5, 122.2, 120.7, 

116.3, 109.2, 91.4 (C≡C), 89.6 (C≡C), 34.7 (C−CH3), 32.0 (CH3-). ATR-FTIR 

(νmax/cm-1): 3026 (=C−H), 2967 (C−H), 2862, 2215 (C≡C), 1741 (C=O), 1599, 1465 
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(C−H Ar), 1366, 1302, 1218 (=C−N), 789 (C−H Ar). MALDI-TOF MS (m/z): 

calculated for C145H132N4O 1946.63 (M++H), found 1945.19. Anal. calc. for 

C145H132N4O: C 89.46; H 6.84; N 2.88; O 0.82; found: C; 89.45; H 6.87; N 2.87; O 

0.81. 

2,7-Bis((4-(3,3'',6,6''-tetra-tert-

butyl-9'H-[9,3':6',9''-tercarbazol]-

9'-yl)phenyl) ethynyl)-9H-fluoren-

9-one (FN-PCz, FW = 1819.97 

g/mol) was obtained by the similar 

procedure as compounds TRZ-BCz, 

TPB-BCz, PCz-BCz. Yellow solid 

(0.94 g, 0.51 mmol, yield 79 %). 1H 

NMR (700 MHz, CDCl3, δ): 8.17 (d, 4H, J = 1.83 Hz), 8.09 (d, 8H, J = 1.64 Hz), 

7.84 (d, 2H, J = 0.82 Hz), 7.79 (d, 4H, J = 8.27 Hz), 7.69 (d, 4H, J = 8.49 Hz), 7.67 

(d, 2H, J = 1.24 Hz), 7.61 (d, 4H, J = 8.63 Hz), 7.55 (dd, 4H, J = 8.50 Hz, J = 1.95 

Hz), 7.52 (d, 2H, J = 7.61 Hz), 7.38 (dd, 8H, J = 8.61 Hz, J = 1.83 Hz), 7.27 (d, 8H, 

J = 8.59 Hz), 1.39 (s, 72H, CH3-). 13C NMR (176 MHz, CDCl3, δ): 192.2 (C=O), 

143.5, 142.6, 140.1, 138.0, 137.5, 134.6, 133.5, 131.3, 129.1, 128.2, 127.6, 127.0, 

126.1, 124.2, 123.6, 123.2, 122.4, 120.8, 119.4, 116.2, 111.1, 109.1, 90.6 (C≡C), 

89.9 (C≡C), 34.7 (C−CH3), 32.0 (CH3-). ATR-FTIR (νmax/cm-1): 3021 (=C−H), 2966 

(C−H), 2871, 2211 (C≡C), 1742 (C=O), 1549, 1494 (C−H Ar), 1368, 1303, 1218 

(=C−N), 808 (C−H Ar). MALDI-TOF MS (m/z): calculated for C133H122N6O 

1819.97 (M++H), found 1819.02. Anal. calc. for C133H122N6O: C 87.75; H 6.76; N 

4.62; O 0.88; found: C; 88.03; H 6.78; N 4.29; O 0.90. 

3,6-Di-tert-butyl-9-(4''-iodo-5'-(4-iodophenyl)-[1,1': 

3',1''-terphenyl]-4-yl)-9H-carbazole (5a, FW = 835.61 

g/mol) was obtained by Ullmann reaction [72]. Off-white 

solid (1.03 g, 1.23 mmol, yield 55%). 1H NMR (400 MHz, 

CDCl3, δ): 8.19 (d, 2H, J = 1.42 Hz, Ar), 7.89 (d, 2H, J = 

8.52 Hz, Ar), 7.87 (d, 3H, J = 3.98 Hz, Ar), 7.86 (d, 3H, J 

= 6.25 Hz, Ar), 7.75 (t, 1H, J = 1.64 Hz, Ar), 7.69 (d, 2H, 

J = 8.51 Hz, Ar), 7.52 (dd, 2H, J = 8.68 Hz, J = 1.90 Hz, Ar), 7.49 (d, 4H, J = 8.52 

Hz, Ar), 7.46 (d, 2H, J = 8.58 Hz, Ar), 1.51 (s, 18H, CH3-).13C NMR (100 MHz, 

CDCl3, δ): 143.0, 141.9, 141.6, 140.3, 139.2, 139.1, 138.0, 137.9, 129.2, 128.6, 

127.0, 125.2, 124.8, 123.7, 123.5, 116.3, 109.2, 93.6 (C–I), 34.8 (C−CH3), 32.0 

(CH3-). 

1,3,5-Tris(3-iodophenyl)benzene (5b, FW = 684.10 

g/mol, m.p. = 164-166 oC, lit. 164 oC [184]) were prepared 

by the electrophilic cyclization according to the known 

procedure [185]. Off-white crystals (2.00 g, 2.92 mmol, 

yield 78%). 
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3,6-Di-tert-butyl-9-(3''-iodo-5'-(3-iodophenyl)-[1,1': 

3',1''-terphenyl]-3-yl)-9H-carbazole (5c, FW = 835.61 

g/mol) was obtained by Ulmann condensation [72]. Off-

white solid (0.46 g, 0.55 mmol, yield 41%). 1H NMR (400 

MHz, CDCl3, δ): 8.18 (d, 2H, J = 1.65 Hz, Ar), 8.05 (t, 2H, 

J = 1.67 Hz, Ar), 7.89 (t, 1H, J = 1.63 Hz, Ar), 7.79 (dd, 

2H, J = 5.26 Hz, J = 1.67 Hz, Ar), 7.75 (d, 3H, J = 6.35 

Hz, Ar), 7.73 (d, 1H, J = 6.24 Hz, Ar), 7.71 (t, 1H, J = 1.80 Hz, Ar), 7.66 (dt, 2H, J 

= 7.79 Hz, J = 0.98 Hz, Ar), 7.62 (dt, 1H, J = 7.69 Hz, J = 1.73 Hz, Ar), 7.50 (dd, 

2H, J = 8.65 Hz, J = 1.90 Hz, Ar), 7.44 (d, 2H, J = 8.66 Hz, Ar), 7.23 (t, 2H, J = 

7.86 Hz, Ar), 1.49 (s, 18H, CH3-).13C NMR (100 MHz, CDCl3, δ): 143.0, 142.9, 

142.5, 141.7, 141.1, 139.2, 138.9, 136.7, 136.3, 130.5, 130.3, 126.6, 126.1, 125.9, 

125.6, 125.4, 123.7, 123.4, 122.9, 116.3, 109.2, 94.9 (C–I), 34.7 (C−CH3), 32.0 

(CH3-). 

9,9'-(5'-(3-Iodophenyl)-[1,1':3',1''-terphenyl]-3,3''-

diyl)bis(3,6-di-tert-butyl-9H-carbazole) (5d, FW 

=987.13 g/mol) was obtained by Ulmann condensation 

[72]. Off-white solid (0.78 g, 0.79 mmol, yield 68%). 1H 

NMR (400 MHz, CDCl3, δ): 8.18 (d, 4H, J = 1.47 Hz, 

Ar), 8.06 (t, 1H, J = 1.71 Hz, Ar), 7.89-7.91 (m, 2H, Ar), 

7.81 (d, 2H, J = 1.61 Hz, Ar), 7.78 (dt, 2H, J = 7.84 Hz, J 

= 1.35 Hz, Ar), 7.74 (dt, 1H, J = 7.84 Hz, J = 0.88 Hz, 

Ar), 7.72 (t, 3H, J = 7.72 Hz, Ar)7.66 (dt, 1H, J = 7.81 Hz, J = 1.00 Hz, Ar), 7.62 

(dt, 2H, J = 7.75 Hz, J = 1.78 Hz, Ar), 7.49 (dd, 4H, J = 8.67 Hz, J = 1.87 Hz, Ar), 

7.44 (d, 4H, J = 7.81 Hz, Ar), 7.22 (t, 1H, J = 7.81 Hz, Ar), 1.49 (s, 36H, CH3-).13C 

NMR (100 MHz, CDCl3, δ): 142.9, 142.6, 141.8, 141.2, 139.3, 138.9, 136.7, 136.2, 

130.5, 130.3, 126.6, 126.1, 126.0, 125.6, 125.5, 123.7, 123.4, 116.3, 109.2, 94.9 (C–

I), 34.7 (C−CH3), 32.0 (CH3-). 

9-(3-Bromophenyl)-3,6-di-tert-butyl-carbazole (5e, FW 

= 434.42 g/mol) was prepared as described in literature 

[186]. Off-white solid (1,56 g, 3.59 mmol, yield 82%). 

 

 

 

3,6-Di-tert-butyl-9-(3-(tributylstannyl)phenyl)-9H-

carbazole (5f, FW = 645.34 g/mol). To a three-neck 

round-bottom flask compound 5e (1.00 g, 2.30 mmol), 

bis(tri-n-butyltin) (1.10 mL, 2.17 mmol) and dry toluene 

(10 mL) were added, and deoxygenated for 30 min. 

Pd(PPh3)4 (0.13 g, 0.11 mmol) was added, and the 

reaction mixture was heated at 110 oC for 24h. After being cooled down to room 

temperature, the reaction mixture was neutralized (stirring for 2h) by the addition of 

the solution of KF (1.50 g) in water (10 mL) to remove the residual tin byproducts. 

After neutralization, the reaction mixture was extracted with chloroform. After the 

organic phase was washed with brine three times, dried over anhydrous Na2SO4 and 
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concentrated under reduced pressure, the crude product was purified by the column 

chromatography on silica gel using hexane as eluent. Colorless oil (0.70 g, 1.08 

mmol, yield 41%). 1H NMR (400 MHz, CDCl3, δ): 8.16 (d, 2H, J = 1.77 Hz, Ar), 

7.64 (dd, 1H, J = 9.10 Hz, J = 1.79 Hz, Ar), 7.60-7.62 (m, 1H, Ar), 7.56-7.59 (m, 

1H, Ar), 7.53 (t, 1H, J = 6.03 Hz, Ar), 7.47 (dt, 2H, J = 8.70 Hz, J = 1.94 Hz, Ar), 

7.35-7.39 (m, 2H, Ar), 1.59-1.69 (m, 6H, Sn–CH2-), 1.49 (s, 18H, CH3-), 1.28-1.41 

(m, 12H, CH2-), 0.90-0.97 (m, 9H, CH3-).13C NMR (100 MHz, CDCl3, δ): 144.0, 

142.7, 142.6, 139.3, 135.4, 134.9, 134.5, 129.7, 129.0, 128.7, 128.1, 127.1, 126.8, 

126.3, 123.5, 123.2, 116.1, 109.2, 34.7, 32.0, 29.1, 17.5, 13.7, 9.7.  

3,6-Di-tert-butyl-9-(3',5'-dibromo-[1,1'-biphenyl]-3-yl) 

-9H-carbazole (5g, FW = 587.08 g/mol) was obtained by 

Stille coupling. To a three-neck round-bottom flask 1,3,5-

tribromobenzene (0.20 g, 0.63 mmol), compound 5f (0.42 

g, 0.65 mmol) and dry DMF (10 mL) were added, and 

deoxygenated for 30 min. CuI (0.012 g, 0.06 mmol), KF 

(0.075 g, 1.29 mmol) and Pd(PPh3)4 (0.037 g, 0.03 mmol) 

were added, and the reaction mixture was heated at 80 oC for 24h. After being 

cooled down to room temperature, the reaction mixture was neutralized (stirring for 

2h) by the addition of the solution of KF (1.50 g) in water (10 mL) to remove the 

residual tin byproducts. After neutralization, the reaction mixture was extracted with 

chloroform. After the organic phase was washed with brine three times, dried over 

anhydrous Na2SO4 and concentrated under reduced pressure, the crude product was 

purified by the column chromatography on silica gel using hexane: toluene 10:1 as 

eluent and precipitation to methanol. White solid (0.25 g, 0.42 mmol, yield 39%). 1H 

NMR (400 MHz, CDCl3, δ): 8.18 (d, 2H, J = 1.47 Hz, Ar), 7.63-7.64 (m, 4H, Ar), 

7.59-7.62 (m, 3H, Ar), 7.49 (dd, 2H, J = 8.66 Hz, J = 1.91 Hz, Ar), 7.38 (d, 2H, J = 

8.64 Hz, Ar), 1.50 (s, 18H, CH3-).13C NMR (100 MHz, CDCl3, δ): 142.8, 139.3, 

138.2, 133.0, 129.7, 128.9, 126.9, 126.8, 123.6, 123.4, 123.3, 116.2, 109.2, 34.7 

(C−CH3), 32.0 (CH3-). 

5'-(4-(3,6-Di-tert-butyl-9H-carbazol-9-yl)phenyl)-[1,1': 

3',1''-terphenyl]-4,4''-dicarbonitrile (p-TPB-Cz, FW = 

633.31 g/mol) was obtained by Rosenmund-von Braun 

reaction (cyanation of arylhalides). In the two-neck round-

bottom compound 5a (0.74 g, 0.89 mmol) was dissolved in 

DMF (15 mL) under argon atmosphere. After the reaction 

mixture was heated up to 150 oC, CuCN (0.12 g, 1.33 

mmol) was added. The reaction mixture was stirred for 24 h at 150 oC. After being 

cooled down to room temperature, the reaction mixture was extracted with 

chloroform. After the organic phase was washed with brine three times, dried over 

anhydrous Na2SO4 and concentrated under reduced pressure, the crude product was 

purified by the column chromatography on silica gel using hexane: toluene 3:1 as 

eluent and recrystallization from isopropanol. White crystals (0.42 g, 0.66 mmol, 

yield 74 %, m.p. = 327-329 oC). 1H NMR (400 MHz, CDCl3, δ): 8.19 (d, 2H, J = 

1.48 Hz, Ar), 7.96 (d, 2H, J = 1.67 Hz, Ar), 7.91 (d, 2H, J = 8.52 Hz, Ar), 7.81-7.88 

(m, 9H, Ar), 7.73 (d, 2H, J = 8.51 Hz, Ar), 7.52 (dd, 2H, J = 8.68 Hz, J = 1.89 Hz, 
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Ar), 7.45 (d, 2H, J = 8.83 Hz, Ar), 1.51 (s, 18H, CH3-). 13C NMR (100 MHz, CDCl3, 

δ):145.0, 143.2, 142.4, 141.0, 139.1, 138.5, 138.1, 132.8, 128.6, 128.0, 127.1, 126.3, 

125.3, 123.7, 123.5, 118.7, 116.4, 111.7, 109.1, 34.8 (C−CH3), 32.0 (CH3-). ATR-

FTIR (νmax/cm-1): 3029 (=C–H), 2958 (C–H), 2862, 2228 (C≡N), 1605, 1522, 1462 

(C=C Ar), 1366, 1294, 1258 (=C–N), 816 (C–H Ar). ESI-MS (m/z): calculated for 

C46H39N3 633.31 (M++H), found 633.42. Anal. calc. for C46H39N3: C 87.17; H 6.20; 

N 6.63; found: C 87.18; H 6.22; N 6.60. 

4''-(3,6-Di-tert-butyl-9H-carbazol-9-yl)-5'-(4-(3,6-di-

tert-butyl-9H-carbazol-9-yl)phenyl)-[1,1':3',1''-

terphenyl]-4-carbonitrile (p-TPB-2Cz, FW = 885.50 

g/mol) was obtained by Rosenmund-von Braun reaction. 

White crystals (0.56 g, 0.63 mmol, yield 81 %, m.p. = 

368-372 oC). 1H NMR (400 MHz, CDCl3, δ):8.20 (d, 

4H, J = 1.41 Hz, Ar), 8.08 (t, 1H, J = 1.62 Hz, Ar), 7.97 

(d, 4H, J = 8.52 Hz, Ar), 7.94 (d, 2H, J = 1.62 Hz, Ar), 

7.92 (d, 2H, J = 8.58 Hz, Ar), 7.85 (d, 2H, J = 8.56 Hz, 

Ar), 7.74 (d, 4H, J = 8.52 Hz, Ar), 7.53 (dd, 4H, J = 8.68 Hz, J = 1.88 Hz, Ar), 7.47 

(d, 4H, J = 8.72 Hz, Ar), 1.51 (s, 36H, CH3-). 13C NMR (100 MHz, CDCl3, δ): 

145.4, 143.1, 142.2, 140.7, 139.1, 139.0, 138.1, 132.8, 128.6, 128.0, 127.1, 126.3, 

125.3, 123.7, 123.6, 116.3, 109.2, 34.7 (C−CH3), 32.0 (CH3-). ATR-FTIR (νmax/cm-

1): 3049 (=C–H), 2954 (C–H), 2859, 2224 (C≡N), 1615, 1528, 1465 (C=C Ar), 

1367, 1258 (=C–N), 812 (C–H Ar). ESI-MS (m/z): calculated for C65H63N3 885.50 

(M++H), found 885.67. Anal. calc. for C65H63N3: C 88.09; H 7.17; N 4.74; found: C 

88.06; H 7.19; N 4.75. 

5'-(3-(3,6-Di-tert-butyl-9H-carbazol-9-yl)phenyl)-[1,1': 

3',1''-terphenyl]-3,3''-dicarbonitrile (m-TPB-Cz, WF = 

633.31 g/mol) was obtained by Rosenmund-von Braun 

reaction. White crystals (0.61 g, 0.96 mmol, yield 72 %, 

m.p. = 245-247 oC). 1H NMR (400 MHz, CDCl3, δ):8.20 

(d, 2H, J = 1.54 Hz, Ar), 8.00 (t, 2H, J = 1.51 Hz, Ar), 7.94 

(dt, 2H, J = 7.84 Hz, J = 1.52 Hz, Ar), 7.90 (t, 1H, J = 1.66 

Hz, Ar), 7.86 (d, 2H, J = 1.67 Hz, Ar), 7.77-7.78 (m, 1H, Ar), 7.76 (t, 1H, J = 1.51 

Hz, Ar), 7.73 (dt, 2H, J = 7.87, J = 1.31 Hz, Ar), 7.63 (t, 2H, J = 7.62 Hz, Ar), 7.51 

(dd, 2H, J = 8.65 Hz, J = 1.91 Hz, Ar), 7.43 (d, 2H, J = 8.68 Hz, Ar), 7.27-7.30 (m, 

1H, Ar), 7.19-7.21 (m, 1H, Ar), 1.50 (s, 18H, CH3-). 13C NMR (100 MHz, CDCl3, 

δ):143.1, 142.4, 141.9, 141.7, 140.7, 139.2, 139.0, 137.9, 131.7, 131.3, 130.9, 130.5, 

129.9, 129.0, 128.2, 126.4, 126.1, 125.9, 125.6, 125.3, 123.7, 123.5, 118.6, 116.4, 

113.3, 109.1, 34.8 (C−CH3), 32.0 (CH3-). ATR-FTIR (νmax/cm-1): 3053 (=C–H), 

2952 (C–H), 2867, 2234(C≡N), 1592, 1583, 1482 (C=C Ar), 1364, 1288, 1262 (=C–

N), 807 (C–H Ar). ESI-MS (m/z): calculated for C46H39N3 633.31 (M++H), found 

633.40. Anal. calc. for C46H39N3: C 87.17; H 6.20; N 6.63; found: C 87.19; H 6.23; 

N 6.58. 
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3''-(3,6-Di-tert-butyl-9H-carbazol-9-yl)-5'-(3-(3,6-di-

tert-butyl-9H-carbazol-9-yl)phenyl)-[1,1':3',1''-

terphenyl]-3-carbonitrile (m-TPB-2Cz, FW = 885.50 

g/mol) was obtained by Rosenmund-von Braun reaction. 

White solid (0.62 g, 0.70 mmol, yield 88 %). 1H NMR 

(400 MHz, CDCl3, δ): 8.19 (d, 4H, J = 1.47 Hz, Ar), 8.00 

(t, 1H, J = 1.46 Hz, Ar), 7.94-7.95 (m, 1H, Ar), 7.91 (t, 

2H, J = 1.75 Hz, Ar), 7.82 (d, 2H, J = 1.61 Hz, Ar), 7.80 

(t, 1H, J = 1.35 Hz, Ar), 7.78 (t, 1H, J = 1.49 Hz, Ar), 7.73 (t, 2H, J = 7.74 Hz, Ar), 

7.69 (dt, 1H, J = 7.79 Hz, J = 1.30 Hz, Ar), 7.63 (dt, 2H, J = 8.21 Hz, J = 1.36 Hz, 

Ar), 7.60 (t, 1H, J = 7.91 Hz, Ar), 7.49 (dd, 4H, J = 8.66 Hz, J = 1.90 Hz, Ar), 7.43 

(d, 4H, J = 8.42 Hz, Ar), 1.50 (s, 36H, CH3-). 13C NMR (100 MHz, CDCl3, δ): 

143.1, 142.3, 142.0, 141.7, 140.7, 139.2, 139.0, 137.9, 131.7, 131.3, 130.9, 130.5, 

129.9, 129.0, 128.2, 126.5, 126.1, 125.9, 125.6, 125.3, 123.7, 123.5, 118.6, 116.4, 

113.3, 109.1, 34.8 (C−CH3), 32.0 (CH3-). ATR-FTIR (νmax/cm-1): 3058 (=C–H), 

2957 (C–H), 2869, 2239 (C≡N), 1596, 1470 (C=C Ar), 1370, 1256 (=C–N), 803 (C–

H Ar). ESI-MS (m/z): calculated for C65H63N3 885.5 (M++H), found 886.66. Anal. 

calc. for C65H63N3: C 88.09; H 7.17; N 4.74; found: C 88.11; H 7.16; N 4.73. 

5'-(3-(3,6-Di-tert-butyl-9H-carbazol-9-yl)phenyl)-[1,1': 

3',1''-terphenyl]-4,4''-dicarbonitrile (p-TPB-m-Cz, FW 

= 633.31 g/mol) was obtained by Suzuki coupling 

similarly to the compound TPB1. White crystals (0.32 g, 

0.50 mmol, yield 57 %, m.p. = 282-284 oC). 1H NMR 

(400 MHz, CDCl3, δ): 8.18 (d, 2H, J = 1.77 Hz, Ar), 7.88 

(d, 1H, J = 0.98 Hz, Ar), 7.87 (d, 2H, J = 1.66 Hz, Ar), 

7.80-7.81 (m, 1H, Ar), 7.79 (d, 6H, J = 1.19 Hz, Ar), 7.78 (q, 2H, J = 1.76 Hz, Ar), 

7.76 (dt, 1H, J = 7.76 Hz, J = 1.38 Hz, Ar), 7.73 (t, 1H, J = 7.54 Hz, Ar), 7.64 (dt, 

1H, J = 7.51 Hz, J = 1.48 Hz, Ar), 7.48 (dd, 2H, J = 8.60 Hz, J = 1.88 Hz, Ar), 7.41 

(d, 2H, J = 8.59 Hz, Ar), 1.49 (s, 18H, CH3-). 13C NMR (100 MHz, CDCl3, δ):144.9, 

143.1, 142.3, 141.9, 141.0, 139.2, 139.1, 132.8, 130.5, 128.0, 126.5, 126.4, 125.9, 

125.6, 124.4, 123.7, 123.5, 118.7, 116.4, 111.7, 109.1, 34.8 (C−CH3), 32.0 (CH3-). 

ATR-FTIR (νmax/cm-1): 3051 (=C–H), 2950 (C–H), 2868, 2228 (C≡N), 1596, 1495 

(C=C Ar), 1367, 1294, 1258 (=C–N), 825 (C–H Ar). ESI-MS (m/z): calculated for 

C46H39N3 633.31 (M++H), found 633.42. Anal. calc. for C46H39N3: C 87.17; H 6.20; 

N 6.63; found: C 87.19; H 6.19; N 6.62. 

2,7-Di(pyridin-2-yl)benzo[lmn][3,8]phenanthroline-

1,3,6,8(2H,7H)-tetraone (ND1, FW = 420.38 g/mol) 

[187]. To the suspension of 1,4,5,8-

naphthalenetetracarboxylic dianhydride (4.00 g, 15 

mmol) in anhydrous pyridine (90 mL) the solution of 

pyridin-2-amine (3.23 g, 25 mmol) in pyridine (40 mL) was added drop wise. After 

being stirred at 130 oC for 20 h in nitrogen atmosphere, the reaction mixture was 

cooled down to room temperature. The off-white precipitate was filtered and washed 

with distilled water (300 mL), methanol (100 mL) and chloroform (50mL). After 

drying under reduced pressure the off-white solid was obtained (5.98 g, 14.22 mmol, 
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yield 96%, m.p. = 474-476 oC). The material was further purified by the two-step 

vacuum temperature gradient sublimation before the usage. 1H NMR (500 MHz, 

DMSO-d6, δ): 8.75 (s, 2H; Ar), 8.68 (d, J = 5.61 Hz, 4H; Ar), 8.10 (td, J = 7.73 Hz, 

J = 1.70 Hz, 2H; Ar), 7.66 (d, J=7.78 Hz, 2H; Ar), 7.61 (d, J = 4.96 Hz, 1H; Ar), 

7.59 (d, J = 4.95 Hz, 1H; Ar). 13C NMR (125 MHz, DMSO-d6, δ): 162.7, 149.5, 

149.1, 138.9, 130.6, 126.8, 124.5, 124.3. ATR-FTIR (νmax/cm-1): 3068 (=C−H), 

2970, 2338 (C=N), 1712, 1671 (C=O), 1585, 1430 (C=C Ar), 1368, 1349 (C=N), 

1257, 991, 866 (C−H Ar), 782. ESI-MS (m/z): calculated for C24H12N4O4 420.38 

(M++H), found 421.20 (M+). Anal. calc. for C24H12N4O4: C 68.57; H 2.88; N 13.33; 

O 15.22; found: C 68.58; H 2.87; N 13.28; O 15.27. 

2,7-Di(pyridin-3-yl)benzo[lmn][3,8]phenanthroline-

1,3,6,8(2H,7H)-tetraone (ND2, FW = 420.38 g/mol) 

[188] was prepared and purified according to the same 

procedure as ND1 starting with (3.52 g, 13 mmol) of 

1,4,5,8-naphthalenetetracarboxylic dianhydride. 

Yellowish solid (5.34 g, 12.77 mmol, yield 97%, m.p. = 441-443 oC). The material 

was further purified by the two-step vacuum temperature gradient sublimation 

before the usage. 1H NMR (500 MHz, CDCl3, δ): 8.87 (s, 4H; Ar H), 8.76 (dd, J = 

4.83 Hz, J = 1.48 Hz, 2H; Ar H), 8.64 (d, J =2.39 Hz, 2H; Ar H), 7.73 (dd, J = 8.06 

Hz, J = 4.04 Hz, 2H; Ar H), 7.55 (dd, J = 8.06 Hz, J = 4.85 Hz, 2H; Ar H). 13C 

NMR (125 MHz, DMSO-d6, δ): 162.6, 149.8, 149.6, 142.0, 138.4, 130.5, 126.9, 

124.0, 113.2, 111.3. ATR-FTIR (νmax/cm-1): 3077 (=C−H), 2968, 2339 (C=N), 1711, 

1668 (C=O), 1585, 1427 (C=C Ar), 1371, 1348 (C=N), 1248, 982, 861 (C−H Ar), 

783. ESI-MS (m/z): calculated for C24H12N4O4 420.38 (M++H), found 421.20 (M+). 

Anal. calc. for C24H12N4O4: C 68.57; H 2.88; N 13.33; O 15.22; found: C 68.59; H 

2.88; N 13.30; O 15.23 

2,7-Di(pyridin-4-yl)benzo[lmn][3,8]phenanthroline-

1,3,6,8(2H,7H)-tetraone (ND3, FW = 420.38 g/mol) 

[188] was prepared and purified according to the same 

procedure as ND1 starting with (3.51 g, 13.09 mmol) of 

1,4,5,8-naphthalenetetracarboxylic dianhydride. Off-

white solid (4.35 g, 10.34 mmol, yield 79%, m.p. = 455-457 oC). The material was 

further purified by the two-step vacuum temperature gradient sublimation before the 

usage. 1H NMR (500 MHz, DMSO-d6, δ): 8.80 (d, J = 5.77 Hz, 4H; Ar H), 8.74 (s, 

4H; Ar H), 7.57 (d, J = 5.97 Hz, 4H; Ar H). 13C NMR (125 MHz, DMSO-d6, δ): 

161.7, 157.3, 156.7, 143.4, 136.6, 105.4.  ATR-FTIR (νmax/cm-1): 3079 (=C−H), 

3044, 2343 (C=N), 1714, 1674 (C=O), 1578, 1451 (C=C Ar), 1346, 1308 (C=N), 

1248, 987, 828 (C−H Ar), 782. ESI-MS (m/z): calculated for C24H12N4O4 420.38 

(M++H), found 421.20. Anal. calc. for C24H12N4O4: C 68.57; H 2.88; N 13.33; O 

15.22; found: C 68.55; H 2.89; N 13.31; O 15.25. 

2,7-Di(1,3,4-thiadiazol-2-yl)benzo[lmn][3,8] 

phenanthroline-1,3,6,8(2H,7H)-tetraone (ND4, FW = 

433.99 g/mol) was prepared and purified according to the 

same procedure as ND1 starting with (3.49 g, 13.02 

mmol) of 1,4,5,8-naphthalenetetracarboxylic dianhydride. 



 

79 

 

 

Off-white solid (4.75 g, 10.94 mmol, yield 84%). The material was further purified 

by the two-step vacuum temperature gradient sublimation before the usage. 1H NMR 

(500 MHz, DMSO-d6, δ): 9.86 (s, 2H; Ar H), 8.74 (s, 4H; Ar H). 13C NMR (125 

MHz, DMSO-d6, δ): 168.3, 162.7, 162.3, 159.7, 131.7, 131.4, 127.5, 126.8. ATR-

FTIR (νmax/cm-1): 3088 (=C−H), 2972, 2923, 2340 (C=N), 1746, 1722, 1686 (C=O), 

1589, 1444 (C=C Ar), 1367, 1335 (C=N), 1249, 1143 (=N−N=), 986 (C−H Ar), 782, 

760 (=C−S). ESI-MS (m/z): calculated for C18H6N6O4S2 433.99 (M++H), found 

434.00. Anal. calc. for C18H6N6O4S2: C 49.77; H 1.39; N 19.35; O 14.73; S 14.76; 

found: C 49.69; H 1.40; N 19.42; O 14.78; S 14.71. 

1,3-Dioxo-2-(pyridin-2-yl)-2,3-dihydro-1H-benzo[de] 

isoquinoline-6,7-dicarboxylic acid (6a, FW = 362.05 

g/mol). To the suspension of 1,4,5,8-

naphthalenetetracarboxylic dianhydride (3.50 g, 13.00 

mmol) in distilled water (150 mL) 1M KOH solution 

(3.44 g, 61.33 mL) was added and the reaction mixture was stirred at room 

temperature until complete dissolution of starting material. The pH was set to 6.3 

with a 1M phosphoric acid solution. Pyridine-2-amine (1.23 g, 13.00 mmol) was 

added and the pH was reset to 6.3 using the 1M phosphoric acid solution. The 

reaction mixture was stirred at 110 °C overnight. The homogeneous solution was 

then allowed to come back to room temperature and was then acidified to pH 1–2 

with 2M HCl. The off-white precipitate was filtered and washed with distilled water 

(300 mL), methanol (100 mL). After drying under reduced pressure the off-white 

solid was obtained (4.00 g, 11.05 mmol, yield 85%). The material was used for 

further steps without characterization. 

1,3-Dioxo-2-(pyridin-3-yl)-2,3-dihydro-1H-benzo 

[de]isoquinoline-6,7-dicarboxylic acid (6c, FW = 

362.05 g/mol) was prepared and purified by the same 

procedure as 6a starting with (3.51 g, 13.09 mmol) of 

1,4,5,8-naphthalenetetracarboxylic dianhydride and used 

for further steps without characterization. Off-white solid (3.98 g, 11.00 mmol, yield 

84%). 

7-(Pyridin-2-yl)-1H-isochromeno[6,5,4-def] 

isoquinoline-1,3,6,8(7H)-tetraone (6b, FW = 344.04 

g/mol). The suspension of 6a (4.00 g, 11.00 mmol) in 

acetic acid anhydride (100 mL) was stirred at 110 oC for 

20 h under nitrogen atmosphere. After being cooled to 

room temperature, the precipitate was filtered and the crude product was washed 

with water (300 mL), methanol (100 mL) and chloroform (50 mL). After drying 

under reduced pressure 6b was obtained as a the off-white solid (3.30 g, 9.59 mmol, 

yield 87%). 1H NMR (500 MHz, DMSO-d6, δ): 8.69-8.71 (m, 4H; Ar H), 8.66 (dd, J 

= 4.87 Hz, J = 1.08 Hz, 1H; Ar H), 8.09 (td, J = 8.12 Hz, J = 1.63 Hz, 1H; Ar H), 

7.62 (d, J = 8.13 Hz, 1H; Ar H), 7.58 (dd, J = 7.37 Hz, J = 4.91 Hz, 1H; Ar H). 13C 

NMR (125 MHz, DMSO-d6, δ): 160.1, 149.5, 138.9, 131.8, 129.0, 128.6, 127.1, 

126.6, 125.6, 124.6, 124.2, 121.8. 
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7-(Pyridin-3-yl)-1H-isochromeno[6,5,4-def] 

isoquinoline-1,3,6,8(7H)-tetraone (6d, FW = 344.04 

g/mol) was prepared and purified by the same procedure 

as 6b starting with (3.98 g, 11.00 mmol) of 6c. Off-white 

solid (3.48 g, 10.12 mmol, yield 92%).1H NMR (500 

MHz, CDCl3, δ): 8.87 (d, J = 1.70 Hz, 4H; Ar H), 8.77 (dd, J = 4.87 Hz, J = 1.41 

Hz, 1H; Ar H), 8.62 (d, J = 2.29 Hz, 1H; Ar H), 7.71-7.72 (m, 1H; Ar H), 7.54-7.71 

(m, 1H; Ar H). 13C NMR (125 MHz, DMSO-d6, δ): 158.6, 141.9, 138.8, 137.5, 

134.2, 133.4, 131.7, 129.3, 125.2, 124.7, 122.8, 121.4. 

7-(Pyridin-4-yl)-1H-isochromeno[6,5,4-def] 

isoquinoline-1,3,6,8(7H)-tetraone (6e, FW = 344.04 

g/mol) was prepared according to the similar procedure 

as ND3 with the usage of 1 eq. of pyridine-4-amine. Off-

white powder (2.00 g, 5.81 mmol, yield 39%). 1H NMR 

(500 MHz, DMSO-d6, δ): 8.81 (d, J = 4.88 Hz, 2H; Ar H), 8.71 (d, J = 8.12 Hz, 4H; 

Ar H), 7.55 (d, J =5.86 Hz, 2H; Ar H). 13C NMR (125 MHz, DMSO-d6, δ): 162.6, 

159.7, 150.7, 143.6, 143.5, 131.7, 131.6, 130.4, 130.1, 129.1, 127.4, 124.7.  

2-(Pyridin-2-yl)benzo[lmn]pyrido[3',4':4,5]imidazo 

[2,1-b][3,8]phenanthroline-1,3,6(2H)-trione (ND5, FW 

= 417.35 g/mol). Compound 6b (3.20 g, 9.29 mmol) and 

pyridin-3,4-diamine (1.30 g, 11.91 mmol) were 

suspended in anhydrous acetic acid (100 mL) under 

nitrogen atmosphere and stirred at 120 oC for 20 h. After being cooled down to room 

temperature, orange particles were filtered and washed with water (300 mL), 

methanol (100 mL), chloroform (100 mL). The crude product was recrystallized 

from chloroform and methanol (1:1) mixture, filtered and dried under reduced 

pressure to afford to orange powder (3.00 g, 7.18 mmol, yield 77%, m.p. = 488-490 
oC). The material was further purified by the two-step vacuum temperature gradient 

sublimation before the usage. 1H NMR (500 MHz, TFA/DMSO-d6, δ): 9.56-9.60 (m, 

1H; Ar H), 9.21 (t, J = 2.98 Hz, 2H; Ar H), 9.12-9.16 (m, 2H; Ar H), 8.97-8.99 (m, 

2H; Ar H), 8.82-8.86 (m, 2H; Ar H), 8.19-8.23 (m, 1H; Ar H), 8.05-8.08 (m, 1H; Ar 

H). 13C NMR (125 MHz, TFA/DMSO-d6, δ): 181.0, 161.5, 161.1, 148.7, 142.3, 

137.8, 134.1, 133.6, 133.2, 132.3, 130.4, 128.5, 127.2, 121.9, 121.8, 114.7, 110.1. 

ATR-FTIR (νmax/cm-1): 3103, 3062 (=C−H), 3021, 2329 (C=N), 1707, 1673 (C=O), 

1601, 1578 (C=N), 1548, 1500 (C=C Ar), 1397, 1351, 1328 (C=N), 1282, 1133 

(C−N), 989, 889 (C−H Ar), 783. ESI-MS (m/z): calculated for C24H12N5O3 417.35 

(M++H), found 417.30. Anal. calc. for C24H11N5O3: C 69.06; H 2.66; N 16.78; O 

11.50; found: C 69.04; H 2.67; N 16.83; O 11.46. 

2-(Pyridin-2-yl)benzo[lmn]purino[8,9-b][3,8] 

phenanthroline-1,3,6(2H)-trione (ND6, FW = 418.37 

g/mol) was prepared and purified by the same procedure 

as ND5 starting with (3.47 g, 10.10 mmol) of 6b. Yellow 

powder (3.00 g, 7.17 mmol, yield 71%, m.p. = 441-443 
oC). The material was further purified by the two-step vacuum temperature gradient 

sublimation before the usage. 1H NMR (500 MHz, DMSO-d6, δ): 9.72 (s, 1H; Ar H), 
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9.28 (s, 1H; Ar H), 8.71 (d, J = 2.38 Hz, 3H; Ar H), 8.45 (d, J = 1.08 Hz, 1H; Ar H), 

8.21 (d, J = 8.78 Hz, 1H; Ar H), 8.10 (td, J = 7.72 Hz, J = 1.82 Hz, 1H; Ar H), 7.66 

(d, J = 7.93 Hz, 1H; Ar H), 7.59-7.61 (m, 1H; Ar H). 13C NMR (125 MHz, DMSO-

d6, δ): 181.1, 162.8, 160.3, 159.0, 155.1, 149.5, 138.9, 131.6, 130.7, 130.1, 127.2, 

127.0, 126.9, 124.6, 124.5, 114.2. ATR-FTIR (νmax/cm-1): 3057, 3028 (=C−H), 2967, 

2337 (C=N), 1713, 1678 (C=O), 1617, 1585 (C=N), 1545 (C=C Ar), 1382, 1348 

(C=N), 1282, 1225 (C−N), 990, 887 (C−H Ar), 782. ESI-MS (m/z): calculated for 

C23H11N6O3 418.37 (M++H), found 418.30. Anal. calc. for C23H10N6O3: C 66.03; H 

2.41; N 20.09; O 11.47; found: C 65.99; H 2.42; N 20.16; O 11.43. 

2-(Pyridin-3-yl)benzo[lmn]pyrido[3',4':4,5]imidazo 

[2,1-b][3,8]phenanthroline-1,3,6(2H)-trione (ND7, FW 

= 417.35 g/mol) was prepared and purified by the same 

procedure as ND5 starting with (3.50 g, 10.18 mmol) of 

6d. Orange powder (3.70 g, 8.86 mmol, yield 87%, m.p. 

= 493-495 oC). The material was further purified by the two-step vacuum 

temperature gradient sublimation before the usage. 1H NMR (500 MHz, 

TFA/DMSO-d6, δ): 9.58 (dd, J = 7.70 Hz, J = 0.78 Hz, 1H; Ar H), 9.14 (dd, J = 6.69 

Hz, J = 1.68 Hz, 3H; Ar H), 8.99 (dd, J = 6.72 Hz, J = 1.80 Hz, 2H; Ar H), 8.92 (d, J 

= 5.96 Hz, 1H; Ar H), 8.84 (d, J = 5.91 Hz, 1H; Ar H), 8.76 (d, J = 7.02 Hz, 1H; Ar 

H), 8.25 (dd, J = 5.87 Hz, J = 1.78 Hz, 1H; Ar H), 8.07 (dd, J = 6.03 Hz, J = 1.92 

Hz, 1H; Ar H). 13C NMR (125 MHz, TFA/DMSO-d6, δ): 181.0, 162.2, 157, 3, 

154.9, 147.2, 142.6, 140.8, 137.7, 133.3, 132.2, 130.3, 128.9, 127.1, 125.6, 121.7, 

114.7, 110.2. ATR-FTIR (νmax/cm-1): 3059, 3022 (=C−H), 2971, 2336 (C=N), 1705, 

1676 (C=O), 1604, 1576 (C=N), 1545, 1500 (C=C Ar), 1395, 1350, 1324 (C=N), 

1284, 1229, 1131 (C−N), 988, 882 (C−H Ar), 782. ESI-MS (m/z): calculated for 

C24H12N5O3 417.35 (M++H), found 417.80. Anal. calc. for C24H11N5O3: C 69.06; H 

2.66; N 16.78; O 11.50; found: C 69.03; H 2.68; N 16.81; O 11.48. 

2-(Pyridin-3-yl)benzo[lmn]purino[8,9-b][3,8] 

phenanthroline-1,3,6(2H)-trione (ND8, FW = 418.37 

g/mol) was prepared and purified by the same procedure 

as ND5 starting with (3.47 g, 10.09 mmol) of 6d. 

Yellow powder (3.00 g, 7.17 mmol, yield 71%, m.p. = 

458-460 oC). The material was further purified by the 

two-step vacuum temperature gradient sublimation before the usage. 1H NMR (500 

MHz, TFA/DMSO-d6, δ): 10.10 (d, J = 0.97 Hz, 1H; Ar H), 9.63 (d, J = 0.88 Hz, 

1H; Ar H), 9.40 (d, J = 7.69 Hz, 1H; Ar H), 9.18-9.20 (m, 2H; Ar H), 9.03 (t, J = 

7.69 Hz, 2H; Ar H), 8.94 (d, J = 5.91 Hz, 1H; Ar H), 8.76 (d, J= 8.97 Hz, 1H; Ar H), 

8.27 (dd, J = 6.02 Hz, J = 1.92 Hz, 1H; Ar H). 13C NMR (125 MHz, TFA/DMSO-d6, 

δ): 180.7, 162.0, 160.8, 156.74, 149.1, 143.6, 136.8, 133.9, 132.1, 127.4, 127.0, 

125,0, 123.0, 121.7, 114.2, 109.7. ATR-FTIR (νmax/cm-1): 3102, 3061, 3025 (=C−H), 

2970, 2331 (C=N), 1711, 1670 (C=O), 1621, 1582 (C=N), 1544 (C=C Ar), 1409, 

1386, 1355 (C=N), 1241, 1184 (C−N), 990, 887 (C−H Ar), 765. ESI-MS (m/z): 

calculated for C23H11N6O3 418.37 (M++H), found 418.00. Anal. calc. for 

C23H10N6O3: C 66.03; H 2.41; N 20.09; O 11.47; found: C 65.95; H 2.43; N 20.14; O 

11.48. 
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2-(Pyridin-4-yl)benzo[lmn]pyrido[3',4':4,5]imidazo 

[2,1-b][3,8]phenanthroline-1,3,6(2H)-trione (ND9, 

FW = 417.35 g/mol) was prepared and purified by the 

same procedure as ND5 starting with (3.50 g, 10.18 

mmol) of 6e. Orange powder (3.70 g, 8.86 mmol, yield 

87%, m.p. = 501-503 oC). The material was further purified by the two-step vacuum 

temperature gradient sublimation before the usage. 1H NMR (500 MHz, 

TFA/DMSO-d6, δ): 9.59 (dd, J = 8.22 Hz, J=0.81 Hz, 1H; Ar H), 9.22 (t, J = 6.00 

Hz, 1H; Ar H), 9.15 (dd, J = 7.69 Hz, J = 1.72 Hz, 2H; Ar H), 9.00 (dd, J = 7.66 Hz, 

J = 1.76 Hz, 3H; Ar H), 8.85 (dd, J= 5.96 Hz, J = 0.81 Hz, 1H; Ar H), 8.26 (d, J= 

6.92 Hz, 2H; Ar H), 8.07 (dd, J = 6 .07 Hz, J = 2.08 Hz, 1H; Ar H). 13C NMR (125 

MHz, TFA/DMSO-d6, δ): 180.7, 161.9, 157.3, 151.9, 147.2, 142.2, 137.0, 133.3, 

132.1, 128.8, 128.5, 127.1, 125.9, 125.6, 122.2, 116.9, 110.1. ATR-FTIR (νmax/cm-

1): 3067, 3030 (=C−H), 2339 (C=N), 1700, 1672 (C=O), 1614, 1595, 1579 (C=N), 

1544 (C=C Ar), 1390, 1351, 1311 (C=N), 1280, 1237, 1127 (C−N), 986, 889 (C−H 

Ar), 766. ESI-MS (m/z): calculated for C24H12N5O3 417.35 (M++H), found 418.20.  

Anal. calc. for C24H11N5O3: C 69.06; H 2.66; N 16.78; O 11.50; found: C 69.00; H 

2.69; N 16.79; O 11.52. 

2-(Pyridin-4-yl)benzo[lmn]purino[8,9-b][3,8] 

phenanthroline-1,3,6(2H)-trione (ND10, FW = 418.37 

mmol) was prepared and purified by the same procedure 

as ND5 starting with (3.22 g, 9.37 mmol) of 6e. Yellow 

powder (2.94 g, 7.03 mmol, yield 75%, m.p. = 400-402 
oC). The material was further purified by the two-step vacuum temperature gradient 

sublimation before the usage. 1H NMR (500 MHz, TFA/DMSO-d6, δ): 10.04 (s, 1H; 

Ar H), 9.55 (d, J = 6.64 Hz, 1H; Ar H), 9.34 (d, J = 7.70 Hz, 1H; Ar H), 9.13 (d, J = 

7.69 Hz, 1H; Ar H), 8.99 (d, J = 7.41 Hz, 2H; Ar H), 8.96-9.98 (m , 2H; Ar H), 8.22 

(d, J = 6.90 Hz, 2H; Ar H). 13C NMR (125 MHz, TFA/DMSO-d6, δ): 180.6, 161.45, 

156.7, 148.4, 142.2, 136.2, 133.9, 132.4, 128.2, 127.2, 127.0, 126.2, 123.1, 121.7, 

116.9, 110.1.  ATR-FTIR (νmax/cm-1): 3101, 3058, 3027 (=C−H), 2332 (C=N), 1705, 

1683 (C=O), 1615, 1586 (C=N), 1543 (C=C Ar), 1406, 1384, 1348 (C=N), 1243, 

1124 (C−N), 991, 891 (C−H Ar), 764. ESI-MS (m/z): calculated for C23H11N6O3 

418.37 (M++H), found 418.30. Anal. calc. for C23H10N6O3: C 66.03; H 2.41; N 

20.09; O 11.47; found: C 65.99; H 2.39; N 20.11; O 11.51. 

4. RESULTS AND DISCUSSION 

4.1. Star-shaped fluorenyl-substituted triazine derivatives 

In recent years WOLEDs have been attracting much interest [189]. Generation 

of white electroluminescence in WOLEDs involves simultaneous emission of light 

of the three primary colours (red, green and blue) or two complementary colours 

(e.g. orange and blue) [190]. Solution-processable blue-emitting organic glass-

forming materials thin films of which can be obtained by spin coating or casting are 

particularly attractive. Both polymers and low-molar-mass molecular materials, such 

as dendrimers and star-burst molecules can be used for the solution processing 
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[191]. In contrast to polymers, molecular glasses including dendritic ones possess 

well-defined and monodisperse molecular structures as well as superior chemical 

purity, which makes them more advantageous in comparison to polymers. Molecules 

having 1,3,5-triazine as a core have been gathering considerable interest because of 

their high thermal stability, interesting optical and electrochemical properties 

[9,192,193,194]. Incorporation of a donor moiety, such as fluorene, into molecules 

with the electron-deficient triazine core gives an opportunity to obtain materials with 

interesting photophysical and photoelectrical properties and to decrease the optical 

band gaps. The influence of linking topologies on the properties of organic 

semiconductors is of great interest. It is known, that the emission colour and charge 

transport can be controlled via the degree of conjugation [195]. Twisting of the 

molecular skeleton, as well as relative planarity of the molecule tailor the band gap 

and affect the charge mobility [196]. Therefore, in this work, the synthesis and 

comparative study of the properties of the series of star-shaped derivatives of 2,4,6-

triphenyl-1,3,5-triazine and dialkyl fluorene, in which the chromophores are linked 

via different bridges containing single, double, and triple bonds, are presented, and 

the influence of the linking topologies on the characteristics of the compounds is 

discussed. 

4.1.1. Synthesis 

The synthetic routes to star-shaped derivatives of triazine and fluorene with 

various linking topologies TRZ1, TRZ2, TRZ3 are shown in Scheme 4.1. 

Compound TRZ1 in the ethenyl linkage was utilized, was prepared by the Wittig 

reaction of ylide 1b and 9,9-bis(2-ethylhexyl)-9H-fluorene-2-carbaldehyde (1c). 

TRZ2, in which the chromophores are linked via the single C–C bond, was obtained 

by the electrophilic cyclization reaction of the aromatic precursor (1e). In turn, 

TRZ3 in which TRZ and dialkyl fluorene are linked via the ethynyl-containing 

linkage was obtained by Sonogashira cross-coupling reaction between the iodo-

derivative 1h and 9,9-bis(2-ethylhexyl)-2-ethynyl-9H-fluorene (1g).  

 

Scheme 4.1. Synthetic routes towards the star-shaped TRZ derivatives 
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It is known, that the signals of the protons of the trans- vinylene groups for 

TRZ derivatives can be observed around 7.19 ppm in the 1H NMR spectra [7]. In the 

case of TRZ1 the signals of protons of the ethenyl groups can probably appear in 

the interval of 7.24-7.40 ppm, however they overlap with the signals of the protons 

of the fluorene moiety. The presence of the E-isomer can be proven by the evident 

trans-vinylene C−H vibrational peak located at 955 cm-1 in the IR spectrum 

[197].The values of 93.64 and 89.00 ppm in the 13C NMR spectrum of TRZ3 

correspond to the carbon atoms of triple −C≡C− bonds linking the chromophores of 

this compound. All the synthesized TRZ derivatives exhibit the characteristic signals 

of carbon atoms of the triazine unit (−C=N−) at ~171 ppm in their 13C NMR spectra.  

4.1.2. Theoretical investigation 

Due to the electron deficient nature of the TRZ moiety the phenyl rings of the 

core fragment are efficiently involved into the conjugated system. This ensures 

planar molecular architecture. Thus, the ground state geometry optimization (Fig. 

4.1 (a)) shows, that all the synthesized triazine adducts possess a planar central part, 

whereas the geometry of entire molecules is affected by the usage of various 

linkages, connecting the core and the side arms. Thus, the compounds with the 

unsaturated π-bridges, TRZ1 and TRZ3, have planar structure of π-electron 

systems; meanwhile in TRZ2 fluorene moieties are twisted with respect of TRZ 

which results in the reduced conjugation. 

 

Fig. 4.1. (a) The view on the DFT B3LYP/6-31G(d) optimal structures; (b) TD-DFT 

B3LYP/6-31+G(d) frontier orbitals of TRZ1-3 

The different frontier molecular orbitals were studied in order to understand 

the electronic transitions and charge delocalizations within the synthesized star-

shaped derivatives (Fig. 4.1 (b)). Comparison of the distribution of electron density 

in HOMO and LUMO orbitals shows that HOMO→LUMO transition in these 
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molecules has a typical CT nature from the donor moieties to the acceptor ones. It 

can also be noted that in this transition the phenyl rings and double or triple bonds 

are involved. The LUMO has a high distribution density on the electron-accepting 

TRZ, whereas the HOMOs are dominated by the electron-rich fluorene moieties and 

by unsaturated conjunctions. Such D–A architecture may ensure separated electron 

density distribution between the HOMO and LUMO. This separation can provide 

the efficient hole- and electron-transporting properties [198]. 

A comparison of the theoretically calculated vertical ionization potentials 

IPvert, electron affinities EAcalc and HOMO/LUMO energies EHOMO, ELUMO (for the 

molecules in CH2Cl2 solutions) was performed (Table 4.1) for the better 

understanding of the electronic energy levels of the triazine derivatives. Evidently, 

EHOMO and IPvert depend on the nature of the linking topology: the energy of HOMO 

increases, and, respectively, the IPvert energy decreases in the range 

TRZ2<TRZ3<TRZ1, indicative of the more efficient conjugation in the molecules 

with unsaturated bridges, which is more pronounced in the case of TRZ1 with 

ethenyl linkage. Similar trends can be observed for ELUMO and EAcalc.  

Table 4.1. The calculated data for TRZ1-3. 

Compound EHOMO
a
 [eV] ELUMO 

a[eV] Ecalc
g b[eV] IPvert

 c [eV] EAcalc
 c[eV] 

TRZ1 -5.62 -2.55 3.07 6.06 -2.99 

TRZ2 -5.93 -2.38 3.55 6.38 -2.83 

TRZ3 -5.83 -2.63 3.20 6.23 -3.03 
a Obtained from the single point calculations by DFT B3LYP/6-311G (d,p) approach for the CH2Cl2 

solution. b Calculated by using equation Ecalc
g = │EHOMO – ELUMO│. c Calculated by the DFT B3LYP/6-

311G(d,p) approach for the CH2Cl2 solution. 

4.1.3. Thermal properties 

The thermal properties of compounds TRZ1-TRZ3 were investigated by DSC 

and TGA (Table 4.2). The TID of the compounds is rather high and comparable (399 

to 402 oC), indicating a minor effect of the linking topology on the thermal stability 

of the synthesized derivatives of TRZ and fluorene. 

Table 4.2. Optical and thermal characteristics of TRZ-3. 

Compound Tg
a[oC] TID

b [oC] 
Stokes 

shiftc [nm] 

Stokes  

Shiftd [nm] ηPL
e τ1

f 

[ns] 

TRZ1 61 402 87 52 0.70 0.97 

TRZ2 56 399 75 45 0.50 1.02 

TRZ3 57 401 71 59 0.53 0.91 
a Determined by DSC. b Determined by TGA.c Dilute (10-4 M) solutions in THF. d Thin solid layers. e 

PLQY determined in 10-5M toluene solutions with a 0.5M NaOH solution of fluoresceine (10-5M, 

ηPL=0.92) as reference. f PL decay lifetimes are determined in 10-5 M toluene solutions.  

All the three derivatives of triazine and fluorene were isolated after the 

synthesis and purification as amorphous solids. In the first and the following DSC 

heating scans they showed only glass transitions in the range of 56-61 oC. The 

highest Tg of 61 oC was observed for TRZ1 utilizing the ethenyl linking bridge. The 

lowest Tg (56 oC) was recorded for TRZ2 in which TRZ and fluorene are linked via 

single C–C bonds. The slight difference in glass transition temperatures of the 
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derivatives can be attributed to the difference in self-organization of molecules, 

which stems from the variety in geometry. Thus, aromatic triazine and fluorene 

moieties of TRZ1 and TRZ3 are conjugated through unsaturated groups, which 

results in the planar molecular skeleton (Fig. 4.1). Due to the usage of single bond, 

in TRZ2 fluorene and triazine moieties are twisted by the dihedral angle of 38o and 

conformationally are more labile than in conjugated molecules TRZ1 and TRZ3. 

This apparently makes the intramolecular interaction weaker [196,199]. 

4.1.4. Optical and photophysical properties 

UV/Vis and PL spectra of TRZ1-TRZ3 are shown in Fig. 4.2 (a). Two 

absorption bands around 250-290 and 350-380 nm were observed both for the 

solutions and the films of all the synthesized derivatives. These bands can be 

associated with π–π* transitions in triphenyltriazine and fluorene chromophores.  
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Fig. 4.2. (a) UV/Vis and PL (λex=310 nm) spectra of 10-5 M solutions in THF (solid lines), 

thin layer films (dashed lines) and calculated by TD-DFT B3LYP/6-31G(d) method (dot 

lines); (b) UV/Vis and PL spectra of 10-5 M toluene and DMSO solutions of TRZ1-3 

The absorption and emission spectra of TRZ1 and TRZ3 are red-shifted with 

respect to those of TRZ2. These observations are in agreement with the results of 

geometry optimization: TRZ1 and TRZ3 have a planar structure of π-electron 

systems, while in TRZ2 fluorene moieties are twisted with respect to TRZ (Fig. 4.1) 

which results in the reduced conjugation. Absorption spectra of the neat films of the 

investigated compounds are broader and red-shifted by 22-27 nm comparing to 

those of the solutions. This may be attributed to the enhanced intermolecular 

interactions in the solid state. It should be noted that the long-wave absorption bands 

of solutions and thin solid films consist of two components. They are expressed 

more clearly in the spectra of TRZ1 and TRZ3.  

Theoretically calculated absorption spectra of TRZ1, TRZ2 and TRZ3 are 

bathochromically shifted comparing to the experimental ones (Fig. 4.2). The 

difference between the experimental and the calculated data could probably stem 
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from the solvation effects for the experimental measurements of UV/Vis spectra and 

gas-phase for the theoretical calculations [200]. 

PL spectra of the dilute THF solutions and thin films of the star-shaped 

compounds do not depend on the excitation wavelength. This observation allows to 

suggest that the excitation energy can efficiently be transferred from the electron-

donating fluorene moieties to the electron-accepting triazine core. The Stokes shifts 

(Table 4.2) deduced for the dilute THF solutions of TRZ1, TRZ2 and TRZ3 range 

from 71 nm to 87 nm, while those observed for the thin films are in the range of 45-

59 nm. The relatively large Stokes shifts of triazine-based star-shaped molecules in 

polar solvent (THF) indicates the stabilization of the ICT excited state. 

In order to investigate the effect of solvatochromism on the excited state 

properties of the triazine derivatives UV/Vis and PL spectra of 10-5 M toluene, THF 

and DMSO solutions were compared (Fig. 4.2 (a, b)). Solvatochromism is caused 

by differential solvatation of the ground state and the first excited state of the light-

absorbing molecule [201]. TRZ1-TRZ3 exhibit positive solvatochromism, 

characterized by the bathochromic shift of the emission spectra with the increase of 

solvent polarity. Thus, the fluorescence spectra of the solutions of the investigated 

compounds in polar DMSO (ε = 46.7) are red-shifted by 30-48 nm comparing to the 

spectra of the solutions in less polar THF (ε = 7.6), which are, in turn, red-shifted by 

29-42 nm relatively to the spectra of the solutions in non-polar toluene (ε = 2.3). 

This observation can be explained by the stabilization of the first excited state, 

compared to the ground state with the increase of the solvent polarity. In turn, the 

absorption spectra exhibit negligible solvent dependence. These phenomena can be 

explained by the remarkable changes of the dipole moments of the molecules upon 

photonic excitation relatively to the dipole moments of ground states, as it was 

previously shown in the work of J.-W. Wang [202], indicating the CT character of 

the lowest excited states. The fluorescence spectra of the solutions of all the three 

triazine derivatives in nonpolar toluene exhibit several low-energy (0.11-0.14 eV) 

sequence vibronic bands, indicating that emission originates from locally excited 

states.  

The synthesized compounds exhibited moderate PLQYs in the range of 

0.50−0.70 (Table 4.2). The highest value of 0.70 was observed for TRZ1, in which 

the chromophores are linked via a double bond. This result can be attributed to the 

fact that TRZ1 has a completely flat aromatic part (Fig. 4.1). The lowest value of 

PLQY was observed for TRZ2 (ηPL = 0.50) exploiting the C–C linkage. Thus, 

fluorescence efficiency of TRZ1 is higher than that of TRZ2 due to the presence of 

extended conjugation via the double bonds of the bridge. In turn, TRZ3, in which 

donor and acceptor units are linked through the ethynyl bridge, displayed the PLQY 

of 0.53.  

Fluorescence decay curves of the dilute solutions of TRZ1, TRZ2 and TRZ3 

can be adequately described by the single exponential functions with χ2 not 

exceeding 1.26. Fluorescence lifetime values (Table 4.2) were found to be rather 

short and range from 0.91 to 1.02 ns. 
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4.1.5. Electrochemical properties 

In order to investigate the redox properties of the compounds synthesized CV 

measurements were performed (Fig. 4.3, Table 4.3). 

All the compounds under consideration undergo irreversible oxidation. The 

solid state ionization potential energy was estimated from the onset oxidation 

potential by using the relationship IPSS = |e|(4.8 + Eox
onset) [203], where the potential 

is related to that of ferrocenium/ferrocene. The IPSS values are relatively high and 

range from 5.54 to 6.10 eV. The optical band gap Eopt
g values were determined from 

the onset of S0→S1 absorption band. The electron affinity EASS values were obtained 

by subtraction of the optical band gap from the IPSS using the crude approximation 

EASS = IPSS - E
opt

g [203]. They were found to be 2.68, 2.35 and 3.00 eV for TRZ1, 

TRZ2 and TRZ3, respectively. The optical band gaps of TRZ1 and TRZ3 are 

smaller, than that of TRZ2. These observations are consistent with the geometry 

optimization data. 

 

Fig. 4.3. CV curves of TRZ1-3 measured in dilute CH2Cl2 solutions 

The values of EHOMO, ELUMO, Ecalc
g = │EHOMO – ELUMO│, vertical electron 

affinities (EAcalc) and ionization potentials (IPcalc), calculated by the DFT B3LYP/6-

311G(d,p) approach for the CH2Cl2 solution (Table 4.1), correlate with the 

experimentally determined values of IPSS and EASS (Table 4.3). 

Table 4.3. Electrochemical characteristics of TRZ1-3.  

Compound Eox-Fc+/Fc
onset a [eV] IPSS b[eV] Eopt

g
 c[eV] EASS

 d[eV] 

TRZ1 0.74 5.54 2.86 2.68 

TRZ2 1.30 6.10 3.75 2.35 

TRZ3 1.23 6.03 3.03 3.00 
a Determined by CV in dilute CH2Cl2 solutions. b Estimated from the onset oxidation potential by using 

the relationship IPSS = |e|(4.8 + Eox Fc+/Fc
onset). c Determined from the onset of λabs. d Estimated using 

the approximation EASS = IPSS - Eopt
g. 

4.1.6. Charge-transporting properties 

Charge-transporting properties of the derivatives of TRZ and fluorene were 

estimated by XTOF and CELIV techniques. XTOF is a non-destructive technique 

characterized by the absence of the top contact influence and allowing to obtain 

charge carrier mobility at ethe lectric fields as high as 5·105 V/cm [204]. Since the 
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synthesized materials are promising for the two-electrode device application, we 

used the CELIV technique for additional investigation of the materials based on the 

diode structure. In air only the ability to transport holes was detected for the layers 

of TRZ1-TRZ3. The layers of the compounds TRZ1-TRZ3 are characterized by 

dispersive hole transport (Fig. 4.4). The functional dependence of hole mobility on 

electric field is defined as µ=µ0·exp(α·E1/2), where µ0 is zero field mobility, α is the 

field dependence parameter, and E is the electric field. The zero field hole mobilities 

for the layers of TRZ1, TRZ2 and TRZ3 are 8.8±2.3·10-6, 2.3±0.2·10-4, and 

1.2±0.4·10-8 cm2/V respectively, and the field dependence parameters obtained are 

4.9±0.3·10-3, 2±0.2·10-3 and 9.2±0.3·10-3 cm/V, respectively. Hole drift mobilities in 

the layers of TRZ1 and TRZ2 well exceed 10-4 cm2/V·s and approach 10-3 cm2/V·s 

at high electric fields (>1·106 V/cm). 

From the data of the dark CELIV signals the charge carrier mobilities were 

calculated by formula μ=2d2/Atmax
2, where A=U(t)/t is the voltage rise rate, d is the 

sample thickness. The values of charge carrier mobility, derived from the dark 

CELIV experiments, were obtained at electric field E1/2=(U·tmax/t·d)1/2 (Fig. 4.4). 

The hole mobility values obtained by the dark CELIV technique are in good 

agreement with the results deduced from XTOF.  
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Fig. 4.4. Electric field dependencies of the XTOF and CELIV hole mobility for the layers of 

TRZ1-3 

Despite the similarities of the structures of TRZ1-TRZ3, the hole mobility 

values and the field dependencies exhibited differences in the accessible electric 

field range. The hole mobility values are lower and the field dependence is stronger 

for TRZ3 (Fig. 4.4). At high electric fields the hole mobility values of TRZ3 

approach those of TRZ1 and TRZ2. The hole mobilities of TRZ1-TRZ3 are 

strongly field-dependent. Many recent studies of charge-transporting properties of 

organic disordered materials were described by a formalism based on disorder, due 

to the theory of Borsenberger [205]. The formalism is premised on the argument that 

charge transport occurs by hopping through a manifold of localized states that are 

distributed in energy. From the point of view of this formalism the field dependence 

of charge mobility is caused by the difference between the energetic disorder σ and 

the positional disorder Σ dependent terms. The presence of different linking bridges 

in TRZ1, TRZ2 and TRZ3 containing single, double, and triple bonds apparently 
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affects energetic disorder σ and leads to the differences in hole mobility values and 

the field dependences. Free volume effects due to the different bridges containing 

single, double, and triple bonds in TRZ1-TRZ3 might also be a possible a reason of 

the difference in charge-transporting properties. 

To conclude, three star-shaped triazine-based molecules with fluorene side 

arms, linked through the linkages containing double, single, and triple bonds, were 

designed and synthesized. The obtained compounds show high thermal stability with 

values of TID reaching 402 °C. The nature of linking topology exerts minor influence 

on the thermal stability of the triazine derivatives. PL spectra of D–A compounds 

significantly depend on the solvent polarity, indicating the CT character of the 

lowest excited states, with the more pronounced character for the molecules with 

extended conjugation. The dilute solutions of the synthesized compounds are 

characterized by the single-exponential fluorescence decay transients, short 

fluorescence lifetimes (0.91-1.02 ns) and relatively high PLQY values (0.50-0.70). 

The highest PL efficiency was exhibited by the material with ethenyl linkage. 

Deduced from the CV IPSS values are rather high due to the strong electron 

accepting nature of the triazine moiety. DFT calculations revealed flat geometry for 

the molecules with double and triple bond bridges, and twisted geometry for the 

compound with the C–C linkage. Charge-transporting properties of the triazine 

derivatives were estimated by the XTOF and CELIV techniques. They are 

characterized by dispersive hole transport with the values of hole mobility 1.9×10-3, 

1.6×10-3 and 4.4×10-4 cm2/V·s, respectively, at the electric field of 1.15×106 V/cm. 

The data obtained by XTOF method are in good agreement with those recorded by 

CELIV method. As they possessing such characteristics, the compounds may find 

application as emitters in the solution-processable fluorescent blue and white 

OLEDs. 

4.2. Star-shaped fluorenyl-substituted triphenylbenzene derivatives 

In recent years, the development of  blue emitters with high colour purity, high 

efficiency and a long lifetime has been an extremely challenging research topic 

[206,207]. Molecules having 1,3,5-triphenylbenzene as a core have been gathering 

considerable interest because of their high thermal stability, interesting optical and 

electrochemical properties [208,209]. TPB unit possesses structural C3 symmetry, as 

well as a twisted molecular skeleton [210], which makes it an excellent building 

block for the preparation of dendritic molecules with a wide energy gap and a high 

triplet energy level [11]. The above mentioned parameters are necessary for the 

achievement of the efficient blue emission. Apparently, the incorporation of the 

fluorene moiety also facilitates blue emission [3], since it is known that fluorene-

based conjugated oligomers can emit deep blue light with high efficiencies of both 

solutions and films [4,211].  

In this work the synthesis of three star-shaped TPB–based molecules end-

capped with alkylated fluorene moieties is presented. The fluorophores in each 

molecule are connected via various linkages containing single, double and triple 

bonds. The results of optical, photophysical, electrochemical and computational 
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studies, which were carried out for the sake of superior understanding of the 

structure−property relationship of the synthesized compounds, are discussed.  

4.2.1. Synthesis 

The chemical structures of the synthesized dendritic molecules are presented 

in Scheme 4.2. All the synthesized compounds possess C3 symmetry achieved by 

the usage of the TPB core linked to dialkyl fluorene moieties through various 

linkages. 

 

Scheme 4.2. Chemical structures of the star-shaped TPB derivatives 

The synthetic approaches to the star-shaped conjugated compounds can 

comprise convergent and divergent strategies, protecting group techniques and 

orthogonal techniques [212,213,214]. In our case the divergent strategy for the 

construction of the dendritic molecules was used (Scheme 4.3).  

 

Scheme 4.3. Synthetic routes towards the star-shaped TPB derivatives 

The core 2g was prepared by the acid catalyzed cyclization of the 

commercially available 1-(4-iodophenyl)ethanone. The functional groups such as 

4,4,5,5-tetramethyl-1,3,2-dioxaborolanyl, vinyl and ethynyl present in the 
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intermediates 2b, 2d and 2f allow the further conversion. Thus, Suzuki-Miyaura 

reaction of 2b and 2g resulted in the formation of star-shaped molecule TPB1. Heck 

cross coupling of the vinyl derivative 2d and 1,3,5-tris(4-iodophenyl)benzene 

afforded the desirable compound TPB2. Sonogashira reaction of the terminal alkyne 

2f with the iodinated star-shaped core produced the compound TPB3.  

All the dendritic molecules exhibit the characteristic singlet signal at 7.88 – 7.97 

ppm, corresponding to the protons at C-2, C-4 and C-6 positions of TPB core. It is 

known, that the signals of the protons of the trans- vinylene groups for the TPB 

derivatives can be observed in the region of 7.12 – 7.35 ppm in the 1H NMR spectra 

[215,216]. In the case of TPB2 the signals of protons of the ethenyl groups can 

probably appear in the interval of 7.29-7.39 ppm, however they are overlapped with 

the signals of the protons of the fluorene moiety. The presence of E-isomer can be 

proven by the evident trans-vinylene C−H vibrational peak located at 961 cm-1 in 

the IR spectrum [217]. The values of 91.59 and 89.20 ppm in the 13C NMR spectrum 

of TPB3 correspond to the carbon atoms of ethynyl groups linking the 

chromophores of this compound.  

4.2.2. Theoretical investigation 

In order to get insight into the structural differences of the TPB derivatives, 

ground-state geometries of the molecular structures were optimized at the DFT 

B3LYP/6-31G (d) level of theory (Fig. 4.5). 

 

Fig. 4.5. (a) The view on the DFT B3LYP/6-31G(d) optimal structures; (b and c) DFT 

B3LYP/6-31G(d) frontier orbitals of TPB1-3  

The molecular structure of the dendritic TPB derivatives is determined by the 

steric interaction between the ortho- hydrogen atoms of the peripheral ring and the 

hydrogen atoms of the central benzene ring. Therefore, these molecules are found to 

be propeller-shaped, with dihedral angles between 7 and 49°, depending on the 

substitution and the packing in the crystal structure [210,218]. All the three 

synthesized star-shaped molecules possess a propeller-like molecular skeleton with 

the dihedral angle between benzene rings of the core moiety having the values in the 
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range of 36.80−36.95° (Fig. 4.5). Apparently, DFT calculations revealed that the 

compounds under consideration exhibit different degree of conjugation, which can 

be characterized by the dihedral angle between the fluorene and TPB. Thus, it was 

found out, that the values of dihedral angles are 35.80°, 0.35° and 1.64° for TPB1, 

TPB2 and TPB3, respectively, pointing at the most efficient conjugation in the 

dendritic molecule with the ethenyl bridge. 
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Fig. 4.6. Theoretical UV/Vis spectra of TPB1-3 with the corresponding oscillator strengths 

The frontier molecular orbitals were studied in order to understand the 

electronic transitions and charge delocalizations within the synthesized star-shaped 

derivatives (Fig. 4.5 (b,c)). The HOMOs and LUMOs of all the compounds are 

delocalized over TPB and fluorene moieties due to the nonorthogonal orientation of 

the subunits, indicating the efficient charge transport through the molecules. 

Delocalization of electrons from the electron-rich fluorene moieties to the core can 

occur due to the weak accepting strength of TPB and due to the presence of 

unsaturated bridges, enhancing conjugation. More pronounced electron density 

separation was observed for the electron-accepting TRZ core [198], where the 

HOMOs were dominated by the electron-rich fluorene moieties and the LUMOs 

were located mainly on the central triazine moiety. 

Table 4.4. Theoretically calculated, electrochemical and photoelectrical 

characteristics TPB1-3 

Compound 
EHOMO 

a 

[eV] 

ELUMO 
a 

[eV] 

IPvert b 

[eV] 

Eox vs Fc
+

/Fc
 c 

[eV] 

IPSS
 d 

[eV] 

Eg
opt e 

[eV] 

IPEP f 

[eV] 

TPB1 -5.46 -1.26 6.38 0.85 5.65 3.08 5.89 

TPB2 -5.17 -1.63 6.05 0.68 5.48 2.50 5.78 

TPB3 -5.34 -1.59 6.22 0.87 5.67 2.99 5.83 
a Calculated by the DFT B3LYP/6-311G(d,p) approach for the CH2Cl2 solution. b Calculated by the 

DFT B3LYP/6-311G(d,p) approach in vacuum. c Determined by CV in dilute CH2Cl2 solutions. d 

Estimated from the onset oxidation potential by using the relationship IPSS = |e|(4.8 + Eox vs Fc+/Fc
onset). e 

Determined from the onset of λabs . f Determined by the EP method in air. 
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Theoretical UV/Vis spectra for compounds TPB1-TPB3 (Fig. 4.6) indicate 

that the absorption maxima at 325, 385 and 367 nm, respectively, are dominated by 

S0→S1 electronic transitions. Apparently, the influence of higher excited states on 

the λmax values is negligible. Evidently, the absorption spectra of TPB2 and TPB3 

are bathochromically shifted comparing to that of TPB1. This observation along 

with higher oscillator strength values of TPB2 and TPB3 indicate the facilitated 

absorption in the compounds with unsaturated bridges.  

For the deeper insight into the energy of electronic levels of the 1,3,5-

triphenylbenzene derivatives, the HOMO/LUMO energies were calculated (Table 

4.4). At the Hartree-Fock (HF) level, Koopmans’ theorem suggests that the energy 

of the HOMO is a good approximation to the negative experimental IP [219]. The 

trends of EHOMO are in good agreement with the geometry optimization results: the 

value of HOMO energy increases in the range of TPB1<TPB3<TPB2. The 

calculated ELUMO values are expected to be much more sensitive to the basis set than 

the corresponding EHOMO values [220]. However, we found that the calculated ELUMO 

values depend on the nature of the linkage between the chromophores of TPB1, 

TPB2 and TPB3 decreasing with the increase of the conjugation length. 

The IPvert were found to depend on the structural differences between the 

molecules, as well. The lowest value was observed for TPB2 with the most efficient 

conjugation, while the molecules with single and triple bonds in the linking bridges 

(TPB1 and TPB3) exhibit higher values of IPvert, indicative of the more difficult 

hole injection process in these compounds.  

4.2.3. Thermal properties 

The TIDs of the compounds are rather high and fairly comparable (422–434 oC) 

(Table 4.5). Compounds TPB2 and TPB3, in which TPB core and fluorene side 

arms are linked through either a double bond or a triple bond, exhibit higher TID as 

compared to that of TPB1. This observation can apparently be explained by the 

restriction of the intermolecular rotations in the star-shaped compounds with ethenyl 

and ethynyl-containing linkages, which leads to better π-π stacking of the molecules 

and, hence, to the increase of the thermal decomposition temperature. 

Table 4.5. Thermal, optical and photophysical characteristics of TPB1-3 

Compound 
Tg 

a 

[oC] 

TID 
b 

[oC] 

Stokes  

shift c [nm] 

Stokes  

shift d [nm] ηPL 
e τ1 

f 

[ns] χ2 g 

TPB1 55 422 57 61 0.40 0.67 1.12 

TPB2 74 434 36 30 0.54 0.72 1.08 

TPB3 75 424 53 61 0.46 0.54 1.13 

a Determined by DSC. b Determined by TGA. c Dilute (10-5 M) solutions in THF. d Thin layers. e PLQY 

determined for 10-5M toluene solutions with a 0.5M NaOH solution of fluorescein (10-5M, ηPL=0.92) as 

reference. f PL decay lifetimes determined for 10-5 M toluene solutions. g Chi-square values.  

All the samples were isolated after the synthesis as amorphous powders and 

showed Tg in the range of 55 and 75 °C. The dependence of Tg on the nature of the 

bridge, linking the chromophores of the molecules, shows a similar tendency as the 

temperature of the onset of thermal degradation: more efficient π-π stacking tends to 
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hinder translational, rotational, and vibrational motions of the molecules and results 

in the enhancement of Tg [221].  

4.2.4. Optical and photophysical properties 

All the prepared TPB derivatives show transparency in across wide range of 

the visible region and intense absorption in the near UV range (Fig. 4.7 (a)).  
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Fig. 4.7. (a) UV/Vis and PL (λex = 310 nm) spectra recorded for 10-5 M THF solutions and 

thin films; (b) UV/Vis and PL spectra recorded for 10-5 M toluene, THF and DMSO 

solutions of TPB1-3 

The UV region (<300 nm) of the absorption spectra does not contain any 

bands that can be attributed to the local excitation of fluorene [222] and TPB [223] 

units. New unstructured bands present on the longer wavelength side (>300 nm) can 

be associated with the excited states delocalized over two molecular fragments. The 

absorption maxima depend mainly on the length of the conjugated arms. As 

expected, a red shift of the absorption band is observed with the incorporation of the 

π-conjugated bridges in TPB2 and TPB3 [214]. Thus, absorption spectra of the 

above mentioned molecules are by 36 and 11 nm (for 10-5 M THF solutions) and by 

48 and 11 nm (for thin films), respectively, red-shifted when compared to TPB1. 

Moreover, the absorption maxima of the spectra of TPB2 exhibit bathochromic 

shifts compared to those of TPB3 (by 25 and 37 nm for the THF solutions and thin 

films, respectively) indicative of more efficient conjugation in the dendritic 

molecule with the ethenyl-containing linking bridge. UV/Vis spectra of the solid 

films are broader and only slightly red-shifted (by 0-12 nm) if compared to the 

corresponding spectra of the THF solutions suggesting that there is only a little 

change in molecular conformation in the solid state. Comparing to the 

experimentally obtained absorption spectra, theoretically calculated ones are slightly 

red-shifted and lack the vibronic structure. These differences could probably result 
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from the solvation effects for the experimental measurements of UV/Vis spectra and 

gas-phase for the theoretical calculations [200].  

TPB1, TPB2 and TPB3 emit light in the deep blue region with the intensity 

maxima at 385, 400, 392 nm (for THF solutions) and 389, 406, 412 nm (for the thin 

films), respectively. The dependence of the PL maxima on the nature of the linking 

bridge shows a similar tendency as that of the absorption maxima: more efficient 

conjugation leads to the bathochromic shift of the emission spectra. Interestingly, 

the PL spectrum of TPB2 THF solution exhibits a clear vibrational structure with 

the maxima at 400 nm and 421 nm and a shoulder at 443 nm in contrast to the broad 

spectra of the solutions of TPB1 (shoulders at 369 nm and 404 nm) and TPB3. This 

difference in the vibrational structure may arise from the difference in conjugation 

between the moieties of the star-shaped molecules. TPB1 and TPB3, which possess 

less efficient conjugation comparing to TPB2 may have a larger number of possible 

conformations. In contrast, the arrangement of the 2-styryl-9-dihexylfluorenyl units 

around the central core means that to the first approximation 2-styryl-9-

dihexylfluorenyl units act as three individual chromophores, thus reducing the 

potential for conformational disorder [171]. In comparison to the spectra of dilute 

solutions, the PL spectra of the solid films are broader and have a large tail at longer 

wavelengths, which can apparently be attributed to the emission from excimers that 

arise from aggregation of chromophores. 

All the TPB derivatives under consideration exhibit relatively small values of 

Stokes shifts both in THF solutions (36 – 57 nm) and thin films (30 – 61 nm) (Table 

4.5). Interestingly, TPB2 is characterized by the smallest Stokes shift (36 and 30 nm 

for the THF solution and thin film, respectively), probably, due to the more rigid 

skeleton, resulting in the suppressed non-radiative decay process from the excited 

state and more dominant radiative process [224].  

The solvent dependency of the UV/Vis and PL spectra of the synthesized star-

shaped compounds was also accessed (Fig. 4.7 (b)). Evidently, the absorption 

intensity of all the three TPB derivatives is the highest in THF (dielectric constant εr 

= 7.6), indicating that the ground state is more stabilized in this solvent [225]. The 

lowest absorption intensity was observed for the solution in polar DMSO (εr = 46.7), 

due to the large difference in dipole moments of the ground states of TPB1, TPB2 

and TPB3 and the above mentioned solvent. The positions of the absorption bands 

do not depend on the solvent polarity. Interestingly, the emission shows a drastically 

different response to the solvent polarity, e.g. the emission intensity of TPB1 and 

TPB3 was found to be the highest in non-polar toluene (εr = 2.3) remaining high 

enough in polar DMSO, as well, indicating the stabilization of the first excited state 

in these solvents. Apparently, the emission of the compounds with single and triple 

bonds is quenched in THF. In turn, for TPB2 only moderate changes of the PL 

intensity depending on the nature of the solvent were observed, which can be 

attributed to the CT feature [226]. The PL band shape remains the same. The PL 

spectra of the solutions of all the three TPB derivatives in nonpolar toluene exhibit 

several low-energy (0.13-0.17 eV) sequence vibronic bands due to the locally 

excited states origin of emission. The position of the PL maxima is only slightly 

affected by the solvent polarity (Δλ in the range of 1 – 16 nm). This can be 
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explained by the small lifetimes of the excited molecules (Table 4.5), which are 

responsible for the obstructed reorientation of the solvent molecules preventing the 

formation of the relaxed excited state with a solvent shell in equilibrium [227].  

The star-shaped derivatives showed moderately high PLQYs (0.40, 0.54, 0.46 

for TPB1, TPB2, TPB3, respectively) in dilute toluene solutions (Table 4.5). The 

highest value of ηPL was observed for TPB2, while the lowest value of PLQY (0.40) 

was observed for TPB1, utilizing C–C linkage. Obviously, the increase of the PL 

efficiency in the range of TPB1<TPB3<TPB2 can be attributed to the enhancement 

of conjugation between the fluorene and TPB moieties.  

In order to get an insight into the excited state relaxation processes of the 

fluorene-end-capped compounds with the TPB core and to determine the governing 

relaxation pathway, fluorescence decay transients of TPB1, TPB2 and TPB3 were 

investigated. Excited state relaxation of the compounds in 10-5 M toluene solutions 

was found to follow the single exponential decay profile with the estimated τ of 

0.54−0.72 ns with the values of χ2 not exceeding 1.13 (Table 4.5). The estimated 

lifetimes are 2 orders of magnitude shorter than that of the unsubstituted TPB [209], 

indicating the permission of the lowest S1→S0 transition. 

4.2.5. Electrochemical and photoelectrical properties 

The redox behaviour of the synthesized TPB based dendritic molecules was 

examined in 10-3M CH2Cl2 solutions by using the CV method (Fig. 4.8, Table 4.4).  
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Fig. 4.8. CV curves of TPB1, TPB2 and TPB3 measured in 10-3 M CH2Cl2 solutions 

TPB1 exhibits quasi-reversible first oxidation potential, while compounds 

with the prolonged conjugation (TPB2 and TPB3) can be characterized by the 

irreversible oxidation processes. All the first oxidation potential values fall into the 

range of 0.68 – 0.87 eV. Evidently, all the synthesized fluorene-end-capped 

derivatives have a tendency for electropolymerization due to the presence of the 

unsubstituted C-7 position of the fluorene moieties [228]. The difference in the 

electrochemical behaviour of the TPB derivatives with various linkages can possibly 

be attributed to the presence of inclined to oxidation ethenyl and ethynyl bridges 

[229] in TPB2 and TPB3. The above mentioned linkages can be characterized by 
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the tense electronic clouds in the bonding orbitals upon oxidation (See section 

4.2.2), which, consequently, is responsible for the destabilization of the molecule.  

The IPSS (Table 4.6) values, estimated by using the relationship IPSS = |e|(4.8 

+ Eox
onset) [203], are relatively high and fall in the range of 5.48 – 5.67 eV. As 

expected, the lowest value of 5.48 eV was found for TPB2, utilizing ethenyl π-

bridge, due to more efficient conjugation between the fragments of this molecule. In 

the first and the following CV scans of the TPB derivatives no reduction was 

observed, which rendered impossible the determination of the EA [230]. The optical 

gap Eopt
g values of TPB2 and TPB3 (2.50 and 2.99 eV, respectively) were found to 

be smaller than that of TPB1 (3.08 eV), indicating the facilitated 0-0 electronic 

transition between the energy levels of the compounds having the linkages with 

expanded π-conjugation [231].  

Ionization potentials (IPEP) of the solid layers of the synthesized compounds 

were also estimated by the EP method (Table 4.4). IPEP values were found to be 

rather close and ranged from 5.78 eV to 5.89 eV. Similarly to the results, deduced 

from CV, the lowest IPEP was observed for TPB2, in which the chromophores are 

linked through the linkages containing double bonds. A small difference observed in 

the values of ionization potentials obtained by EP and electrochemical studies can be 

attributed to the difference in molecular interactions and molecular arrangements in 

thin solid layers and in dilute solutions of these derivatives [232].  

The comparison of experimental and theoretical results revealed, that the 

absolute values of the estimated from CV IPSS and EHOMO are close and comparable. 
In turn, the ionization potentials IPEP of the solid layers were compared with vertical 

ionization potentials, theoretically calculated in the framework of the DFT 

B3LYP/6-311G (d, p) approach. Evidently, the trends of the vertical ionization 

potentials are similar to those estimated by EP, as well as to the solid state ionization 

potentials estimated by CV. 

4.2.6. Charge-transporting properties 

The layers of TPB1, TPB2 and TPB3 demonstrate low dispersion hole 

transport and possess the expected scaling of the transit time. The most dispersive 

hole transport was observed for TPB3 having utilizing ethynyl linkage. TPB1-3 

showed high hole mobilities as for the low-molar-mass organic semiconductors. Fig. 

4.9 shows the hole mobility plotted versus the square root of the electric field (E1/2) 

at room temperature for the layers of TPB1, TPB2 and TPB3. The functional 

dependence of hole mobility on the electric field is defined as µ=µ0·exp(α·E1/2) (1), 

where µ0 is the zero field mobility, α is the field dependence parameter, and E is the 

electric field. The values of µ0 and α values are presented in the insert of Fig. 4.9. 

The field dependencies of the hole mobility for TPB1, TPB2 and TPB3 can be 

adequately described by Eq (1). For the layers of the compounds clear Poole–

Frenkel-type electric field dependent hole mobility was observed. The field 

dependence parameter was in the range of 0.0037 – 0.0043 (cm/V)1/2. For the layers 

of compounds TPB1, TPB2 and TPB3 the values of hole mobility were found to be 

2.3·10-3, 2.4·10-3 and 4.9·10-4 cm2/V·s at an electric field of 1·105 V/cm, respectively, 

with the lowest hole mobility values observed for TPB3. Such differencies in the 
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hole mobility values and in the dispersivity of charge transport can be caused by the 

different intermolecular interactions, such as the π-orbital overlap and/or variation of 

the relative orientation of the molecules. The hole mobility values were found to be 

comparable for the layers of TPB1 and TPB2 (of the order of 10-3 cm2/V·s) 

containing the linking bridges with single and double bonds. The samples of these 

compounds also displayed similar electric field dependencies, suggesting that the 

hole transport environment was similar for both materials. 
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Fig. 4.9. The electric field dependencies of the TOF hole mobilities for the layers of TPB1, 

TPB2 and TPB3. The inserted table shows zero field mobility (µ0 [cm2/V·s]) and the field 

dependence parameter (α [cm1/2/V1/2]) 

To conclude, three star-shaped TPB-based compounds with fluorene side arms 

were synthesized and investigated. All the three derivatives are characterized by 

high values of TID (422−434°C) and moderately high Tg (55−75°C). The difference 

in the thermal characteristics of the synthesized compounds is explained by the 

restriction of the intermolecular rotations in the star-shaped compounds with ethenyl 

and ethynyl linkages, which leads to the enhancement of the intermolecular 

interaction, being in agreement with the results of geometry optimization. The star-

shaped compounds emit light in the deep blue region and exhibit moderately high 

PLQYs (0.40 to 0.54). The synthesized molecules undergo irreversible oxidation 

and are characterized by relatively wide optical gaps (2.50-3.08 eV). The IPEP values 

(5.8-5.98 eV) are in good agreement with those estimated by CV. All the three 

dendritic derivatives demonstrate low-dispersion hole transport and high hole 

mobilities reaching 2.4×10-3 cm2/V·s at the electric field of 1×105 V/cm. DFT 

calculations revealed the differences in geometry of the synthesized compounds. The 

analysis of UV/Vis spectra and oscillation strengths proved that the absorption 

maxima are dominated by S0→S1 electronic transitions. The comparison of the 

experimentally estimated IP with the calculated values and HOMO/LUMO energies 

revealed small differences and confirmed the similar dependencies of these 

parameters on the nature of the linkage between chromophores. Owing to the 

emission in the deep-blue region, appropriate energy levels, superior thermal 

characteristics and good charge mobility, the investigated TPB derivatives may be 

applied to the solution-processable blue fluorescent OLEDs as emitting materials.  
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4.3. Boomerang-shaped compounds containing bicarbazolyl moieties 

It is known, that for the fabrication of efficient optoelectronic devices either 

fluorescent emitters with high PLQY or phosphorescent noble metal based emitters 

are desirable. However, in the conventional fluorescent OLEDs light emission 

originates from the radiative decay of only singlet excitons [86]. According to the 

spin statistics rule, the maximum IQE of such OLEDs is limited by ca. 25%. 

Therefore, PhOLEDs, which can efficiently utilize both singlets and triplets, giving 

an opportunity to realize IQEs up to 100%, have received considerable attention 

since the pioneering work of Forrest et al. [233,234]. For the sake of higher device 

efficiency, phosphorescent emitters are generally doped into an organic host matrix. 

Suitable host materials should possess thermal and electrochemical stability, 

balanced electron and hole (or ambipolar) charge mobility, high triplet energy 

relative to emissive phosphors for exciton confinement within the emissive layer and 

appropriate energy levels matching to cathode/anode for easy charge injection [83]. 

The requirements of stability, morphology and suitable energy levels should be 

fulfilled in the development of fluorescent emitters as well. Since homogeneity of 

the films is of great importance, the choice of compounds with suitable thermal and 

morphological properties is a challenge for material scientists. Thus, layers based on 

the small molecules are prone for crystallization, while many conjugated polymers 

lack a well-defined and monodisperse molecular structure [235]. On the contrary, 

the properties of dendritic compounds may be controlled through the selection of the 

core and attached arms. The type of core, in conjunction with the nature and amount 

of arms, determines the possible symmetry of the resultant compound and, 

consequently, the resulting characteristics. Thus, by simple variation of the core unit 

either a fluorescent emitter with high PLQY, or a stable host compound can be 

obtained. 

In the present work the design, synthesis and a wide range of properties of the 

dendritic boomerang-shaped compounds with bicarbazolyl side arms is discussed. 

The usage of the novel bicarbazolyl fragment is the reason for the superior thermal 

and electrochemical stability of the materials, as well as lowering of the ionization 

potential. The variation of the central nucleus is responsible for the differences in 

optical and photophysical characteristics. Theoretical computations were carried out 

in order to gain better understanding of the structure−property relationship of the 

synthesized compounds. 

4.3.1. Synthesis 

The chemical structures of the synthesized boomerang-shaped compounds are 

presented in Scheme 4.4. Compounds TRZ-BCz and TPB-BCz, comprising TRZ 

and TPB fragments as core, respectively, possess C3 symmetry, while C2 symmetry 

of PCz-BCz was achieved by the usage of the PCz moiety. 
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Scheme 4.4. Chemical structures of the boomerang-shaped bicarbazolyl derivatives 

 

Scheme 4.5. Synthetic routes towards the boomerang-shaped bicarbazolyl derivatives 

The divergent strategy was employed for the construction of the boomerang-

shaped molecules [212] (Scheme 4.5). Firstly, the bicarbazolyl moiety 3c was 

constructed from the alkylated carbazole derivatives 3a and 3b by using the copper-

catalyzed Ullmann reaction conditions [72]. The trimethylsilylethynyl group of 

precursor 3d, deprotected in the basic conditions to afford the ethynyl functional 

group (3e), allows the further conversion. The core fragments 1h and 2g were 

obtained by the electrophilic cyclization of the corresponding nitrile and 

phenylethanone, while the usage of Ullmann reaction followed by the iodination 

reaction resulted in the central unit 3f. Hagihara-Sonogashira reaction of the 

terminal alkyne 3e with the appropriate iodinated branched core units produced the 

desirable compounds TRZ-BCz, TPB-BCz and PCz-BCz.  

All the boomerang-shaped molecules exhibit the characteristic triplet signal at 

4.39-4.42 ppm, corresponding to the protons of the N−CH2 group of the carbazole 
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moiety. The values in the range of 89.1−93.8 and 83.3−87.9 ppm in the 13C NMR 

spectra correspond to the carbon atoms of ethynyl groups linking the chromophores 

of the compounds. The presence of the triple bond can be proved by the evident 

C≡C vibrational peaks located at 2204−2206 cm-1 in the IR spectra.13C NMR 

spectrum of TRZ-BCz contains a characteristic signal at 171.1 ppm indicating the 

carbons of the triazine core. A singlet peak at 7.85 ppm, corresponding to the 

protons at C-2, C-4 and C-6 positions of TPB core, can be observed in the 1H NMR 

spectrum of TPB-BCz. 

4.3.2. Theoretical investigation 

Fig. 4.10 depicts the DFT B3LYP/6-31G(d) optimized geometries of the 

synthesized target molecules, along with some geometrical parameters. 

 

Fig. 4.10. The view on the DFT B3LYP/6-31G(d) optimal structures of TRZ-BCz, TPB-

BCz and PCz-BCz 

The molecular architectures of the bicarbazolyl derivatives differ considerably 

due to the usage of various central subunits. Thus, owing to the strong electron 

accepting nature of the TRZ moiety [236], the central part of TRZ-BCz is planar 

and can be characterized by the small dihedral angle of 0.17o between phenyl rings 

and the triazine nucleus. In turn, the molecular structure of the dendritic TPB 

derivatives is controlled by the steric interaction between the ortho- hydrogen atoms 

of the peripheral ring and the hydrogen atoms of the central benzene ring, ensuring 

the propeller shape [210,237]. In the case of TPB-BCz the value of the torsion angle 

between the benzene rings of the core moiety reaches 37.5°. As for PCz-BCz, its 

molecular skeleton is divided into two parts due to the twisting by 43.0o of the 

phenyl ring linked to the 9th position of the central carbazole unit. However, because 

of the additional substituents, causing sterical hindrance, this value of the torsion 

angle is smaller than that reported for the “naked” PCz (ca 60o) [238]. DFT 

calculations revealed very small dihedral angles (0.08−0.35o) between the 
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bicarbazolyl side arms and central cores, reached by the usage of ethynyl moieties, 

indicating the efficient conjugation between the chromophores. 

The differences in the molecular architecture and the nature of the core unit are 

responsible for the diversity of the electron wave function overlap within the 

molecule, which can be visualized by the calculation of molecular orbitals. In the 

case of TRZ-BCz HOMO is mainly localized on the bicarbazolyl side arm, while 

LUMO is located on the electron deficient triazine center (Fig. 4.11). A slight 

overlap of the orbitals can be attributed to the efficient conjugation between the 

chromophores, achieved due to the usage of the ethynyl spacer. For TPB-BCz, 

containing a weaker electron acceptor, the HOMO orbital is still mainly localized on 

the side arms, though including ethynyl π-bridge, while LUMO is delocalized 

through the core and inner carbazole units due to the nonorthogonal orientation of 

the chromophores. HOMO of PCz-BCz, containing the electron-rich PCz moiety, is 

delocalized through the bicarbazolyl arms and central carbazole moiety, linked by 

the triple bond, while the electron clouds of LUMO cover the other part of the 

molecule, twisted by 43o. 

A comparison of the theoretically calculated IPvert and HOMO/LUMO energies 

was performed (Fig. 4.12 (a)) for the better understanding of the electronic energy 

levels of the bicarbazolyl derivatives.  

 

Fig. 4.11. DFT B3LYP/6-31G(d) frontier orbitals of TRZ-BCz, TPB-BCz and PCz-BCz  

The absolute values of HOMO energies EHOMO of the compounds were found 

to be comparable, clearly depending on the nature of the central unit. Thus, TRZ-

BCz can be characterized by the low laying HOMO at -5.82 eV due to the presence 

of the electron-withdrawing triazine moiety. However, the usage of the bicarbazolyl 

fragment raises EHOMO comparing to the fluorenyl-substituted analogue of TRZ-BCz 

[198] owing to the enhancement of the electron-donating ability implying higher 

electronic delocalization [239]. The values of EHOMO grow with the increase of the 

donating strength of the core unit in the range TRZ-BCz<TPB-BCz<PCz-BCz, 

consistently with the analysis of frontier orbitals. The calculated LUMO energy 

values show a similar trend to those of HOMO. However, the calculation of the 

ELUMO requires much more complex computational resources (the basis set) than the 

corresponding EHOMO values [220], therefore some discrepancy with the 

experimentally estimated electron affinity can be expected. The EHOMO proves to be 

a good approximation to the negative experimental ionization potential (-IP) on the 

basis of the Koopmans’ theorem (HF level) [219]. The values of the calculated 

vertical ionization potentials IPvert are in good agreement with those of HOMO 

energy. The lower IPvert values were observed for compounds TPB-BCz and PCz-
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BCz exploiting stronger electron donors than triazine indicative of the more 

facilitated hole injection process in these compounds.  

The theoretical UV/Vis spectra of the compounds TRZ-BCz, TPB-BCz and 

PCz-BCz (Fig. 4.12 (b)) indicate that the absorption region contains bands, typical 

for molecular fragments forming the multichromophore molecules. 
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Fig. 4.12. (a) Energy diagram (DFT B3LYP/6-311G(d,p) method); (b) theoretical UV/Vis 

spectra of TRZ-BCz, TPB-BCz and PCz-BCz with the corresponding oscillator strengths 

calculated by the TD-DFT B3LYP/6-31G(d) method in vacuum 

Higher energy bands (in the range of 309–330 nm) in the spectra of all the 

compounds under consideration with the moderate values of oscillator strength can 

be attributed to the local excitation of the carbazole moiety [222,240]. Strongly 

optically allowed transitions at 347 and 364 nm for TPB-BCz and PCz-BCz, 

respectively, can occur, probably, due to the excited states delocalized over the 

bicarbazolyl moiety. Apparently, this transition is pronounced only as a shoulder at 

352 nm in the UV spectrum of TRZ-BCz. However, the probability of the low 

energy transitions varies significantly among the boomerang-shaped compounds 

with different cores. Transitions from HOMO to LUMO with the high value of 

oscillator strength (0.95-1.03) contribute mainly to the S0→S1 excitation of TPB-

BCz and PCz-BCz. In turn, the absorption spectrum of TRZ-BCz contains two 

unstructured bands at 458 and 415 nm, attributed to S0→S1 and S0→S3 transitions, 

respectively. The first broad low-intensity band with the oscillator strength of 0.47 

can occur due to the CT states, originating from the electron transfer between the 

carbazole and triazine moiety [241]. However, mainly HOMO→LUMO+1 and 

HOMO-1→LUMO processes are involved in this transition, whereas 

HOMO→LUMO provides only minor contribution of 22%. This observation can 

probably be explained by the degenerate nature [242] of HOMO, HOMO-1, HOMO-

2, on the one hand, and LUMO, LUMO+1, LUMO+2 orbitals, on the other hand, of 

TRZ-BCz. The transition involves outer 3,6-di-tert-butyl-carbazole and TRZ 

fragments, being facilitated by the conjugated 6-ethynyl-9-hexyl-carbazole bridge. 

Strongly allowed (f = 1.41) transition at 415 nm is contributed by the HOMO-
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3→LUMO and HOMO-3→LUMO+1 excitation proving the role of the extended π-

delocalization through the inner carbazole moiety and triple bond in the charge 

transfer process [243]. 

The influence of the central fragment on the optical properties of the studied 

compounds can be observed from the location of spectral bands. Thus, the UV 

spectrum of TRZ-BCz is remarkably red-shifted due to the charge transfer when 

compared to TPB-BCz, containing weak acceptor TPB, and donating PCz-BCz. In 

turn, red shift can be observed when comparing the spectra of TPB-BCz and PCz-

BCz, owing to the facilitated n−π* transition in carbazole-based PCz-BCz [244]. 

4.3.3. Thermal properties 

All the three synthesized compounds of the series can be characterized by high 

TID ranging from 461 to 475o (Table 4.6) demonstrating superior thermal stability, 

which is common in carbazole-based materials [245]. A slight difference in the 

values of the TID can be attributed to the variety in the geometry and molecular 

architecture (see Fig. 4.10). Thus, the restriction of the intermolecular rotations in 

TRZ-BCz leads to better π-π stacking of the molecules and, hence, to the increase of 

the thermal decomposition temperature [246].  

Table 4.6. Thermal, electrochemical and photoelectrical characteristics of TRZ-

BCz, TPB-BCz and PCZ-BCz 

Compound 
Tg 

a 

[oC] 

TID 
b 

[oC] 

E 1/2
ox vs Fc

+
/Fc 

 c 

[V] 

IPSS 
d 

[eV] 

Eg
opt e 

[eV] 

IPEP
 g 

[eV] 

TRZ-BCz 96 472 0.55 5.35 2.74 5.48 

TPB-BCz 92 461 0.57 5.36 3.18 5.50 

PCz-BCz 95 465 0.65 5.45 3.15 5.45 
aDetermined by DSC. bDetermined by TGA. cDetermined by CV in dilute CH2Cl2 solutions. dEstimated 

from the halfwave oxidation potential by using the relationship IPSS = |e|(4.8 + Eox
1/2). eDetermined 

from the onset of λabs. gDetermined from EP spectra. 

The DSC analysis revealed only glass transition (92−96 oC) in the first and the 

following heating scans of the isolated as amorphous solids samples of the 

bicarbazolyl derivatives (Table 4.6). The variation of the central core was found to 

affect Tg in the similar way as it was observed for TID: the enhancement of Tg is 

caused by more efficient π-π stacking hindering translational, rotational, and 

vibrational motions of the molecules [237]. 

4.3.4. Optical and photophysical properties 

The shape and peak positions of the UV spectra of liquid and solid solutions 

and of the neat films of TRZ-BCz, TPB-BCz and PCz-BCz are similar (Fig. 4.13 

(a)). The high energy region contains strongly optically allowed bands assigned to 

π−π* excitations within the molecules. In turn, well-expressed shoulder-like peaks at 

298 nm can be attributed to the local excitation of carbazole moiety [247]. New 

unstructured lower energy bands occur due to the excited state delocalization over 

the whole molecule. Thus, pronounced as shoulder peaks at 332–336 nm for TPB-

BCz and PCz-BCz, and 349–354 nm for TRZ-BCz, respectively, can be assigned to 

the transitions within the bicarbazolyl fragment. The influence of the core nature on 
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the absorption of the target materials can be observed in the most red-shifted part of 

the spectra. In the case of TPB-BCz and PCz-BCz, the absorption bands at 403 nm 

(hexane solution) can be attributed to the HOMO→LUMO transition contributing 

mainly to the S0→S1 excitation, which is consistent with the DFT calculation results 

(Fig. 4.15). TRZ-BCz can be characterized by a very broad low intensity band 

peaked at 429 nm (hexane solution). Due to the electron donating nature of the 

bicarbazolyl fragment, and, in turn, electron deficient character of triazine, we 

attribute the long-wavelength band to the CT [241]. The slight red shift of the 

absorption bands of the neat films can be assigned to the intermolecular interactions 

[248], which are weaker for TPB-BCz and PCz-BCz due to the non-planar 

conformations of the bicarbazolyl fragments preventing close packing of the 

molecules in films, and stronger for TRZ-BCz owing to the incorporation of the 

TRZ core. 
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Fig. 4.13. (a) UV/Vis (solid lines) and PL (dashed lines) (λex = 330 nm) spectra; (b) PL 

decay curves of TRZ-BCz, TPB-BCz and PCz-BCz and the instrument response function 

(IRF(t)), recorded for 10-5 M hexane solutions (green), neat films (cyan) and solid solutions 

in polystyrene (0.25 wt.% of compound) (yellow) and phosphorescence recorded for solid 

solution in Zeonex (1 wt. % of compound) at 77K (dark cyan solid lines), respectively 

In order to eliminate the influence of intermolecular interactions and 

conformation changes the behaviour of the studied materials upon excitation was 

investigated in the rigid polymer matrix. However, it was observed that the shape 

and position of the absorption spectra of the solid PS solutions are similar to those of 

the liquid ones. Theoretical absorption spectra of TRZ-BCz, TPB-BCz and PCz-

BCz are bathochromically shifted comparing to the experimental ones. The 

difference between the experimental and calculated data probably stems from the 

solvation effects for the experimental measurements of UV/Vis spectra and the gas-

phase for the theoretical calculations [200]. 

Excitation at 330 nm of the 10-5 hexane solutions of the target derivatives 

resulted in intense blue PL with the intensity maxima peaked at 403−429 nm (Fig. 
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4.13 (a)). Clearly resolved vibronic mode of the PL proves that emission in non-

polar hexane originates from locally excited states. Since carbazole and TPB emit in 

the region below 360 nm [223,249] and TRZ without a D–A structure is not 

photoluminescent [192], the observed PL bands at 406 and 429 nm for TRZ-BCz, 

384 and 403 nm for TPB-BCz and PCz-BCz, respectively, can be attributed to the 

excitation delocalization over the entire molecules. The PL spectra of compounds 

TPB-BCz and PCz-BCz, molecularly dispersed in liquid hexane and solid in PS 

solutions, are nearly identical. Interestingly, the PL spectrum of TRZ-BCz in PS is 

represented only by a broad unstructured band with no vibronic structure, and is red-

shifted comparing to the spectrum of the liquid solution. This observation can 

probably be explained by the stabilization in the PS medium of the TRZ-BCz 

conformation, facilitating CT from the outer 3,6-di-tert-butyl-carbazolyl fragments 

through the conjugated 6-ethynyl-9-hexyl-carbazolyl bridge to the electron deficient 

triazine. This phenomenon was not noticed for TPB-BCz and PCz-BCz due to the 

stronger donating ability of core moieties in these compounds, which induces more 

efficient charge delocalization through the molecule. PL spectra of the neat films are 

remarkably red-shifted and broadened, when compared to those of dilute liquid and 

solid solutions. A large tail at lower energies can be assigned to the emission from 

excimers arising from the aggregation of chromophores. 

Evaluation of the PLQY revealed the differences between the bicarbazolyl 

derivatives (Fig. 4.13 (a)). Thus, TRZ-BCz exhibited the highest PL efficiency of 

0.78 in 10-5M hexane solution due to the facilitated by the ethynyl π-bridge CT from 

carbazole to triazine. In turn, TPB-BCz and PCz-BCz, showed three-fold lower ηPL 

values (0.24 and 0.27) than triazine-based compound. The quenching of 

fluorescence of TPB-BCz and PCz-BCz in the non-polar hexane solution can be 

attributed to the fast change of conformations due to the twists of the molecular 

skeleton. Incorporation of the molecules into the rigid PS matrix efficiently 

suppresses intramolecular rotations in the excited state, hence, providing the 

possibility of radiative pathways. PLQY for the solid solutions of TRZ-BCz, TPB-

BCz and PCz-BCz in PS were found to be enhanced until 0.86, 0.48 and 0.43, 

respectively. PL efficiency appeared to be remarkably decreased in the neat films of 

the dendritic compounds, suggesting that non-radiative sites are significantly 

contributed by the exciton migration and migration-assisted exciton quenching 

[222]. The strongest PL quenching was observed for TRZ-BCz (η = 0.10) with the 

planar central aromatic part inclined to intermolecular interactions and aggregations 

through π−π stacking, while the weakest PL quenching effect was exhibited by the 

propeller-shaped TPB-BCz (η = 0.22).  

The excited state relaxation of 10-5 M solutions of bicarbazolyl-armed 

compounds in hexane was found to follow single exponential decay profiles with the 

estimated PL lifetimes of 1.16, 3.93 and 3.91 ns for TRZ-BCz, TPB-BCz and PCz-

BCz, respectively (Fig. 4.13 (b)). A threefold shorter τ of the TRZ-BCz solution, as 

well as the prominently higher PLQY (Fig. 4.13 (a)), relative to those of TPB-BCz 

and PCz-BCz, indicates the efficient CT and shows that S1→S0 transition is 

dominant for TRZ-BCz. Radiative and non-radiative decay rate constants [250], Γ 

and kNR [251], respectively, were evaluated in order to determine the contribution of 
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radiative and non-radiative processes. Thus, TRZ-BCz features the longest Γ of 0.67 

ns-1, which is 9.5 times larger than those estimated for TPB-BCz and PCz-BCz. 

However, the non-radiative decay rate constants kNR were found to be relatively 

close for all the studied materials. These observations are consistent with the 

obtained PL quantum yields for the hexane solutions. The PL transients of the neat 

films exhibit non-exponential behaviour, pointing out several various origins of the 

radiative transitions. The decay curves were fairly well described by the triple 

exponential model in the case of TRZ-BCz and double exponential fits for TPB-

BCz and PCz-BCz. This observation, accompanied by the strong bathochromic shift 

of the PL bands and the reduction of the PL quantum yields, is a clear sign of energy 

transfer taking place via exciton hopping through the localized states in disordered 

media such as neat films [252,253]. The neat films of all the investigated 

compounds feature fast initial excited state decay, which is mainly determined by 

the migration of the excitation energy in the solid phase facilitating quenching at 

non-radiative decay sites [254]. Interestingly, the compounds bearing the 

molecularly twisted weak acceptor and strong donor, i.e. TPB-BCz and PCz-BCz, 

respectively, can be characterized by the sub-nanosecond τ1, the intensity of which 

well exceeds 70%. On the contrary, the fast decay component of TRZ-BCz 

compiles only 20%. The PL decays of the solid solutions of bicarbazolyl derivatives 

in PS are best described by the biexponential fits (Fig. 4.13 (b)). TRZ-BCz features 

a dominant (95%) fast decay component which has τ by 26% longer than that of the 

dilute hexane solution. This fact, combined with the high PLQY (0.86) in PS, 

provides the evidence of the more planar and favourable for emission conformation 

in the excited state. In turn, TPB-BCz and PCz-BCz, doped in PS, exhibit a small 

short-lived component (14-23%) and strong contribution from the longer-lived 

component, what is consistent with the twofold increase of PLQYs of the solid 

solutions in PS of the above mentioned compounds. 

The investigation of solvatochromic behaviour in the solvents of various 

polarity, i.e. hexane (ε = 1.88), toluene (ε = 2.3), chloroform (ε = 4.81), 

tetrahydrofuran (ε = 7.6), dichloromethane (ε = 8.93) and acetone (ε = 20.7), 

showed, that all the three bicarbazolyl derivatives exhibit only minor changes in 

their UV spectra, while the emitting behaviour differs for the molecules with various 

cores. Thus, well-expressed positive solvatochromism was observed for the D-A 

TRZ-BCz due to the strong ICT character, while only slight bathochromic shifts 

were observed in the PL spectra of TPB-BCz and PCz-BCz. Solvent polarity 

dependent CT properties of TRZ-BCz can be more precisely described by the 

Lippert-Mataga equation [255,256]. As it is expected for the compound with D-A 

architecture, Stokes shift linearly increases with the enhancement of the solvent 

orientation polarizability Δf (Fig. 4.14 (a)), noting the strong solute−solvent 

interactions. On the contrary, PLQY of the solutions of TRZ-BCz did not show the 

linear trend with the increase of the solvent orientation polarizability. TRZ-BCz 

displayed very high QY values (0.78−0.93) in non-polar solvents, and drastic drop 

of PL efficiency with the rise of the solvent polarity. We can attribute these 

observations to the existence of the more planar emissive ICT state of the molecule 

in the solvents with smaller Δf and the appearance of twisted ICT in more polar 
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solvents, leading to the radiationless decay [227]. The dependencies of Γ and kNR 

constants on solvent orientation polarizability Δf (Fig. 4.14 (b)) can be described by 

the corresponding decreasing and increasing exponential trends, which is in 

agreement with the enhancement of non-radiative processes and sharp regression of 

PLQY in polar solvents. 
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Fig. 4.14. Dependencies (a) of PLQY and of Stokes shift and (b) of radiative and 

nonradiative decay rate on the solvent orientation polarizability Δf of TRZ-BCz 

All the three compounds exhibited broad well-resolved phosphorescence 

spectra peaked at 523, 514 and 481 nm for TRZ-BCz, TPB-BCz and PCz-BCz 

(Fig. 4.13 (a)), respectively, consistently with the results reported for the other 

carbazole-based materials [257]. The values of ET were estimated from the half blue-

edge onset of the phosphorescence spectra and found to be 2.44, 2.50 and 2.68 eV 

for TRZ-BCz, TPB-BCz and PCz-BCz, respectively. Noteworthy, the triplet level 

of PCz-BCz is by ca. 0.18-0.24 eV higher, than those of triazine and 

triphenylbenzene derivatives, due to the multichromophore D–A molecular 

architecture in the latter. Interestingly, the comparison of the characteristics of the 

boomerang-shaped compounds confirms that the lowest T1 state involves a 3ππ* 

transition with the contribution from donor bicarbazolyl moiety. Two vibronic peaks 

with equal energy separation of 0.15-0.16 eV (Fig. 4.13 (a)), are clearly indentified 

in the phosphorescence spectra, confirming the carbazole involvement in the 3ππ* 

triplet T1 state of these molecules [44]. 

4.3.5. Electrochemical and photoelectrical properties 

CV measurements revealed that TRZ-BCz, TPB-BCz and PCz-BCz undergo 

one-electron reversible oxidation processes which are principally related to the 

oxidation of the carbazolyl groups, which follows from the shape and localization of 

the HOMO orbitals. The reversibility of the process in the first and the following 

CV scans indicates the stability of the formed carbazole radical cation [203]. 

Evidently, protection of C-3 and C-6 positions of the outer carbazole moieties by the 

introduction of the tert-butyl groups prevents the C-C coupling at these positions, 

ensuring electrochemical stability of the compounds [257]. The first excited state 

oxidation potentials (E 1/2
ox vs Fc

+
/Fc) were observed at 0.55, 0.57 and 0.65 V for TRZ-

BCz, TPB-BCz and PCz-BCz, respectively (Table 4.6). The solid state ionization 

potentials IPSS [203] were found to be relatively low and fall within the range of 
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5.35−5.45 eV. Similarity of the IPSS values of TRZ-BCz and TPB-BCz is consistent 

with the mainly localized at the outer carbazole nature of HOMO, while in the case 

of PCz-BCz the HOMO orbital is delocalized over the side arm and part of the core, 

raising consequently the IPSS. Interestingly, the best agreement between the 

experimentally obtained results from CV and EHOMO calculation was demonstrated 

by TPB-BCz (5.36 and -5.38 eV, respectively). The exploitation of the stronger 

acceptor (TRZ-BCz) or donor (PCz-BCz) as a core is responsible for some 

discrepancy in the results. In the first and the following CV scans of the boomerang-

shaped compounds no reduction was observed. This made impossible the 

determination of the electron affinity [230]. The optical gap Eopt
g value of TRZ-BCz 

with the D-A molecular architecture (2.74 eV) was found to be smaller than those of 

TPB-BCz and PCz-BCz (3.18 and 3.15 eV), indicative of the facilitated 0-0 

electronic transition between the energy levels of this compound owing to the CT 

(Table 4.6).  

The IPEP were found to be comparable, falling into the range of 5.45−5.50 eV. 

Analogically with the CV data, close values of IPEP of TRZ-BCz and TPB-BCz 

(5.48 and 5.50 eV, respectively) are consistent with the similar space-distribution of 

the HOMO orbitals. A small difference observed between IPSS and IPEP can be 

attributed to the diversity of molecular interactions and arrangements in the neat 

films and dilute solutions. Noteworthy, the values of IPEP show the same trend as 

those of the theoretically calculated IPvert (Fig. 4.12 (a)).  

4.3.6. Charge-transporting properties 

In order to confirm the potential organic electronic device applications of 

TRZ-BCz, TPB-BCz and PCz-BCz, their charge-transporting properties were 

investigated by the TOF technique in a broad electric field range (Fig. 4.18).  
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Fig. 4.15. Electric field dependencies of hole-drift mobility of TRZ-BCz, TPB-BCz and 

PCz-BCz measured by the TOF method at room temperature 

The hole mobility values of the new boomerang-shaped compounds were 

found to fall within a range from 10-5 to 10-3 cm2 V-1 s-1 at the electric field 5.8×105 

Vcm-1. The Poole–Frenkel field dependence parameters were estimated to be 

6.62×10-3, 7.35×10-3 and 5.78×10-3 cm0.5V-0.5 for TRZ-BCz, TPB-BCz and PCz-

BCz, respectively. All the compounds under consideration demonstrate dispersive 

hole transport. Slightly higher hole mobility values of TPB-BCz comparing to those 
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of the other compounds of the series are apparently caused by the volume effects of 

the solid states layer. The hole mobility of TPB-BCz reaches a value of 2.1×10-3 

cm2 V-1 s-1 at the electric field 5.8×105 Vcm-1.  

To conclude, three boomerang-shaped molecules with various core moieties 

and bicarbazolyl side arms were designed and synthesized. Bicarbazolyl group 

proved to be a stronger donor than a single carbazole fragment, providing lower 

ionization potential and superior thermal and electrochemical stability. 

Photophysical properties were found to be dependent on the polarity and rigidity of 

the surrounding medium due to the conformational changes. The D–A architecture 

of the triazine-centered compound with the well-expressed ICT character is 

responsible for high PLQY (up to 0.93) in the non-polar media and non-monotonous 

variation of quantum efficiency with the increase in solvent polarity. The usage of 

the weaker acceptor and the stronger donor with a twisted molecular skeleton causes 

the enhancement of singlet and triplet energies, as well as changes in molecular 

packing, resulting in higher PLQY of the solid samples. All three compounds 

possess hole-transporting properties. As the final benchmark, high PLQY, 

appropriate IP and good hole mobility make the TRZ-based compound a promising 

candidate for the emitting layer in doped blue OLEDs, while the derivatives of TPB 

and PCz may be used as host compounds in green PhOLEDs.  

4.4. Branched multichromophore fluorenone-based compounds 

Development of new materials with advanced characteristics is evidently one 

of the vital goals in the constantly evolving field of organic optoelectronics. 

Conjugated compounds with advanced properties find their applications in efficient 

OLEDs [258], OSCc [259] and OFETs [260]. Recently, much attention has been 

addressed to the molecules exhibiting the TADF phenomenon [14,44,48,112], AIE 

behavior [50,55], non-linear optical (NLO) characteristics [261,262] and ambipolar 

charge transport [263,264]. The usage of multichromophore molecular architecture 

leads to great diversity in the optical, photophysical, charge-transporting 

characteristics of the compounds. Thus, exploitation of the strongly electron-

accepting rigid fluorenone moiety results in efficient electron mobility [265]. 

Moreover, fluorenone containing systems have been found to exhibit enhanced 

emission due to intermolecular hydrogen bonding [12]. In turn, involving donating 

carbazole fragment provides high thermal stability, remarkable hole mobility and 

considerably high triplet level [5]. Triphenylamine unit not only exhibits excellent 

charge-transporting behaviour [6], but due to its propeller shape proves to be a good 

building block for AIE luminogenes [7,8]. Because of its twisted skeleton and C3 

symmetry 1,3,5-triphenylbenzene finds application in  the preparation of wide 

energy gap materials [11]. 

The above-mentioned peculiarities encouraged us to design and prepare a 

series of fluorenone-centered multichromophore compounds, exhibiting superior 

thermal properties, balanced ambipolar charge transport, AIE features and unusual 

temperature-dependent emissive characteristics. The observed traits are supported by 

theoretical calculations.  
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4.4.1. Synthesis 

Multichromophore compounds FN-TPA, FN-TPB and FN-PCz possess C2 

symmetry achieved by the usage of a symmetrical 2,7-functionalized fluorenone 

moiety (Scheme 4.6). The molecules comprise donating carbazolyl groups, linked to 

the accepting core by various branched spacer fragments – TPA, TPB and PCz. The 

ethynyl π-bridge is employed to achieve more efficient conjugation between the core 

and the side arms. 

 

Scheme 4.6. Chemical structures of the branched multichromophore fluorenone-based 

compounds 

Scheme 4.7 presents the synthetic routes, involving the divergent strategy 

[212], towards the multichromophore fluorenone adducts. On the first step, star-

shaped spacer nuclei were obtained: halogenated derivatives 4a and 4b were 

prepared by Ullmann reaction [72] followed by the iodination reaction in Tucker’s 

conditions [175], while 2g was synthesized by the electrophilic cyclization catalyzed 

by SiCl4 [174]. Further N–C coupling with 3b in Ullmann conditions [72] yielded 

branched precursors 4c, 4d, 4e. Introduction of the trimethylsilylethynyl group 

[168], producing the intermediates 4f, 4g, 4h, followed by the deprotection reaction 

[169], resulted in the functionalized branched fragments 4i, 4j, 4k. Hagihara-

Sonogashira reaction [168] of the latter terminal alkynes with 2,7-diiodofluorenone 

4l gave rise to the target compounds FN-TPA, FN-TPB and FN-PCz.  
13C NMR spectra of all the target compounds contain characteristic signals at 

192 ppm, corresponding to the carbon atom of C=O group, as well as attributed to 

the C≡C fragment peaks at 78-92 ppm. Moreover, the evidence of the keto and 

ethynyl groups can be proved by the presence of the appropriate bands in the IR 

spectra: 1741-1748 and 2211-2240 cm-1, respectively. A characteristic singlet at ca. 

1.40 ppm of the CH3- group can be observed in the proton NMR spectra of the 

studied derivatives.  
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Scheme 4.7. Synthetic routes towards the branched multichromophore fluorenone-based 

compounds 

4.4.2. Theoretical investigation 

The coplanar conformation of the central part of the new compounds is 

sufficiently maintained by the usage of the 2,7-ethynyl substituted fluorenone core 

(Fig. 4.16) [262]. Small dihedral angles (0.5−2o) between the core and the branched 

arms indicate efficient conjugation between the chromophores. In the case of FN-

TPA, the involvement of TPA moieties generates the propeller shape of the arms 

[266]. The dihedral angle between the phenyl units and the nitrogen atom is of 37o, 

in agreement with the previously reported calculations on the TPA derivatives 

[267,268]. The molecule of FN-TPB possesses propeller shape as well, [210,237], 

with the twisted by 38o outer phenyl groups. The PCz moiety, introduced to the 

branched part of FN-PCz, divides the molecular skeleton into two parts twisted by 

an angle of 53o, which is slightly smaller than the torsion angle reported for the 

“naked” PCz (ca 60o) [238]. In the molecules of all the target compounds the 

peripheral carbazole moieties are twisted by 51-56o.  

The frontier orbitals of the three compounds are shown in Fig. 4.16. Similarly 

to previous calculations [269], the LUMOs of the three compounds are localized on 

the electron-deficient fluorenone fragment, involving additionally the ethynyl π-

bridge, whereas the LUMO+1 is delocalized over the whole FN-di(CCPh) bridge. 

As expected, the HOMOs are localized on the donor part of each molecule. Thus, in 

case of FN-TPA, HOMO exhibits the contributions from TPA and ethynyl moieties, 

whereas the HOMO of FN-TPB is mainly localized at the peripheral carbazole 

units, slightly involving the phenyl rings of TPB. An intermediate situation is found 

in the case of FN-PCz exhibiting partial HOMO delocalization through the inner 

carbazoles spacer. These differences are consequently reflected in the HOMO 

energy trend, increasing in the order FN-TPB<FN-PCz<FN-TPA (Fig. 4.16). 
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Fig. 4.16. Geometries and frontier orbitals of FN-TPA, FN-TPB and FN-PCz obtained at 

the B3LYP/6-31G level in gas phase. The HOMO and LUMO energy values were calculated 

at the BMK/6-31G level of theory (gas phase)  

The origin of these different HOMO distributions and energies can be traced 

back to the energy ordering between local HOMOs of the central FN-di(CC) 

fragment, the spacer, and the peripheral di-carbazole fragment, in the order TPB (-

6.85 eV) < FN-di(CC) (-6.28 eV) < Cz (-6.24 eV) < TPA (-5.67 eV) (calculated by 

TD-DFT BMK/6-31 G method in the gas phase). The bridging between the 

peripheral di-Cz fragment and the central FN-di(CC) one is consequently very poor 

in the case of FN-TPB, and the most efficient in the case of FN-TPA. Due to these 

particularities, FN-TPB and FN-PCz possess clear space separation between 

HOMO and LUMO, whereas less pronounced separation is found in the case of FN-

TPA (Fig. 4.16).  
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Fig. 4.17. (a) Theoretically calculated absorption spectra (BMK/6-31G level in gas phase); 

(b) energy diagram corresponding to the evolution of n-π*, π-π*CT, π-π*, and D–A transitions 

(TD-BMK/6-31G level in gas phase) with the corresponding oscillator strengths of the 

isolated FN-PCz, FN-TPA, and FN-TPB 
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Theoretically calculated absorption spectra (Fig. 4.17 (a)) display the high 

intensity high-energy region (>400 nm), corresponding to the excitations within the 

branched side arms, and a weak and broad low energy band (LEB) of π-π*CT nature, 

involving the FN-di(CCPh) bridge. The energy diagram, corresponding to the 

evolution of various transitions, is presented in Fig. 4.17 (b). Noteworthy, the low 

energy band of FN-TPB almost overlaps with that of FN-PCz, while the spectrum 

of FN-TPA shows a general red shift. This difference can be explained by the 

additional contributions to the HOMO-1 of FN-TPA, coming from the TPA 

moieties, resulting in the decreased gap with LUMO and the bathochromical shift of 

the high energy bands of FN-TPA. 

4.4.3. Thermal properties 

Due to the increased molecular weight (ca. 1900 g/mol) and the employment 

of thermally stable chromophores all the target materials exhibited outstanding 

thermal stability (Table 4.7). Thus, TGA experiments revealed TID exceeding 481 
oC. Although three target fluorenone adducts demonstrated similar values of TID in 

the range 481 – 500 oC, the highest stability was displayed by FN-TPB, bearing the 

TPB spacer. Remarkable thermal stability was previously reported for the TPB 

derivatives [223,237], however, in our case the improvement of FN-TPB TID can be 

additionally explained by the smaller amount of prominent to degradation C–N 

bonds, comparing to FN-TPA and FN-PCz. 

Table 4.7. Thermal, electrochemical and photoelectrical characteristics of FN-TPA, 

FN-TPB and FN-PCz 

Compound 
Tg 

a 

[oC] 

TID 
b 

[oC] 

E1/2
ox vs Fc+/Fc 

 c 

[V] 

E1/2
red vs Fc+/Fc

 c 

[V] 

IPSS
 d 

[eV] 

EASS
 e 

[eV] 

Eg(CV)
f 

[eV] 

IPEP
 g 

[eV] 

FN-TPA 238 494 0.58 -1.40 5.38 3.40 1.98 5.45 

FN-TPB 265 500 0.83 -1.36 5.63 3.44 2.19 5.53 

FN-PCz 293 481 0.52 -1.53 5.32 3.27 2.06 5.46 
aDetermined by DSC. b Determined by TGA. c Determined by CV in dilute CH2Cl2 solutions. d 

Estimated from the halfwave oxidation potential by using the relationship IPCV = |e|(4.8 + Eox vs 

Fc+Fc
1/2). e  Estimated from the halfwave reduction potential by using the relationship EACV = |e|(4.8 – 

Ered vs Fc+/Fc
1/2). f Determined from the onset of λabs

max . g Determined from EP spectra. 

Owing to the involvement of the branched side arms with the alkylated outer 

carbazole groups, the target fluorenones were obtained as amorphous powders. 

Therefore, as expected, only glass transitions were revealed by the DSC analysis. 

The variety of Tg values of fluorenone adducts can be assigned to different rigidity 

of the spacer units (Table 4.7). Thus, propeller-shaped labile TPA and TPB groups 

with twisted phenyls reduce Tg of FN-TPA and FN-TPB (238 and 265 oC, 

respectively). In turn, the condensed rigid carbazole unit [245] is responsible for the 

significant improvement of Tg (293 oC for FN-PCz) by inhibiting rotational and 

vibrational molecular motions. 

4.4.4. Optical and photophysical properties 

The UV/Vis spectra of the butterfly-shaped molecules extend to the lower 

energies beyond the absorption bands of single carbazole [270], fluorenone [271], 



 

116 

 

 

TPA [272] and TPB [223] fragments involved, indicating the enhanced conjugation 

within the molecules (Fig. 4.18 (a)). The profiles and peak positions of the UV/Vis 

spectra, recorded in different media, are similar. The strongly allowed high energy 

bands can be assigned to the π−π* excitations. The involvement of the carbazole unit 

is responsible for the appearance of sharp peaks at ca. 300 nm [247], while bands in 

the 310-400 nm region can be attributed to the excitations due to charge 

delocalization through the branched side arms and the central fluorenone fragment. 

The UV/Vis spectra of all the target compounds feature a broad, structureless, low-

intensity S0→S1 bands peaked at 447-463 nm, occurring due to the intrabridge FN-

di(CCPh) excitations of π-π*CT nature, according to the theoretically obtained 

results. Interestingly, the LEB bands of FN-TPB and FN-PCz have similar position 

and intensity, while that of FN-TPA is by ca. 13 nm red-shifted and more expressed 

due to the additional contributions of TPA units [238]. Noteworthy, the UV spectra 

of hexane solutions show a similar tendency to the theoretical ones. Incorporation of 

the molecularly dispersed compounds into Zeonex only negligibly affected the shape 

and position of the absorption spectra. The UV/Vis spectra of the neat films of FN-

TPA, FN-TPB and FN-PCz are slightly red-shifted featuring more pronounced 

LEB comparing to solid and liquid solutions, which can be assigned to the 

intermolecular interactions [248]. Indeed, ground state aggregation was observed in 

the media of various polarity and viscosity for the fluorenone derivatives, due to the 

presence of C=O unit [273]. 

Upon the excitation at 350 nm all the fluorenone derivatives under 

consideration emit light in the yellow spectral region (Fig. 4.18 (a)). The PL spectra 

of FN-TPB and FN-PCz in hexane and zeonex solutions feature clearly resolved 

vibronic structure and are less broad as could be expected for a typical excimeric 

emission profile. This property clearly points to the intramolecular origin for the 

emission in non-polar solvents. The analysis of the intensity ratio between the 0-0 

and 0-1 transitions, which is very sensitive to the H- or J-aggregation [143,144], 

comforts the above assignment.  

The intramolecular origin of the yellow emission of the compounds also seems 

to be comforted by the governing relaxation pathway (Table 4.8). The PL decays of 

the hexane and solid zeonex solutions are found to be best fitted by a 

monoexponential mode exhibiting PL lifetimes ranging 5.71-9.53 ns. Evidently, 

monoexponential lifetimes along with a well resolved vibronic structure of the 

emission profiles confirm the single intramolecular origin and the absence of 

excimeric contribution in non-polar media. 

The new fluorenone derivatives demonstrated a significant difference in 

PLQY. Thus, FN-TPA and FN-PCz exhibited much higher PLQY of 0.76 and 0.82 

in dilute hexane when compared to FN-TPB (0.31). In turn, two-fold increase in PL 

efficiency of FN-TPB is observed in the rigid Zeonex matrix, while only 

insignificant enhancement of ηPL was observed for FN-TPA and FN-PCz. While the 

lowest excited state in the case of all compounds is the π-π*CT transition, which is 

totally localized on the central part of the FN-di(CCPh) bridge [274], similar PLQY 

in hexane should consequently be expected for the three compounds. While this 

assumption seems to be verified by the similar PLQY of 0.76 and 0.82 in the case of 
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FN-TPA and FN-PCz, respectively (Table 4.8), much smaller PLQY of 0.31 is 

deduced for FN-TPB. This particular behavior of FN-TPB seems to stem from the 

intra- and/or intermolecular PL quenching, which is expected to be larger as 

compared to FN-TPA and FN-PCz due to the enhanced disorder induced by the free 

rotations on the donor moieties.  
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Fig. 4.18. (a) UV/Vis absorption (solid lines) and PL (dashed lines) (λex = 350 nm) spectra of 

FN-TPA, FN-TPB and FN-PCz recorded for 10-5 M hexane solutions, solid solutions in 

Zeonex (1 wt.% of compound), neat films and phosphorescence spectra recorded for the 

solid solutions in Zeonex at 77K (delay 10 ms, integration time 10 ms); (b) PL spectra of 

FN-TPA in different THF/water (v/v) mixtures; (c) the dependence of PL intensity of FN-

TPA on the fraction of water 

In turn, the PL spectra of the neat films are bathochromically shifted 

comparing to the non-polar media, featuring the loss of the vibronic structure. 

Importantly, the PLQYs ranging from 0.14 to 0.22 are much smaller than in hexane 

or zeonex solutions. We hypothesize that the strongly radiative π-π*CT and the very 

weakly radiative D–A emissive states are close enough in energy in the neat films, 

that an equilibrium between different emissive species may exist, thus reducing the 

PLQY and de-structuring the PL profiles. This hypothesis seems to be supported by 

the PL decay measurements. Indeed, two exponential modes are necessary to fit the 

PL decay profiles in the case of FN-TPA and FN-TPB, with one fast component 

(2.55 ns and 2.65 ns, respectively), and one slower component (7.75 ns and 6.26 ns, 

respectively) (Table 4.8). The third exponential mode is necessary to fit the FN-PCz 

PL decay profile with an extremely long lifetime of 27.18 ns, most probably 

corresponding to the excimer formation or to energy transfer via exciton migration 

through the localized states in disordered media such as neat amorphous films 

[222,253]. However, this third component constitutes roughly 41% of the total 

radiation, the dominant radiation channel being again the intramolecular one. 
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Table 4.8. Photoluminescence quantum yields and decay lifetimes of FN-TPA, FN-

TPB and FN-PCz 

Compound 10-5 Hexane 

solution 

10-5 THF 

solution 

Zeonex film Neat film 

η a τ b [ns] η a τ b [ns] η a τ b [ns] η a τ b [ns] 

FN-TPA 0.76 5.71 0.01 2.78 0.85 7.13 0.14 2.55 [66.56%] 

7.75 [33.44%] 

FN-TPB 0.31 8.31 0.56 7.79 0.66 9.53 0.22 2.65 [37.58%] 

6.26 [62.42%] 

FN-PCz 0.82 8.24 0.01 1.68 0.90 9.20 0.16 1.47 [17.31%] 

7.27 [41.82%] 

26.18 [40.87%] 
a PLQY estimated with the usage of the integrating sphere. b PL decay lifetimes (χ2 = 1.00-1.13).  

Interestingly, different PLQYs were observed in THF for the fluorenone 

derivatives. While the PLQYs of FN-TPA and FN-PCz drastically drop to 0.01, the 

PLQY of FN-TPB increases from 0.31 in hexane to 0.56 in THF. This intriguing 

difference can be explained by the assumption, that the D–A state in THF is more 

stabilized than π-π*CT, thus lowering in energy and becoming the emissive state 

[274]. Due to the involvement of strong TPA and PCz units, such switching of the 

D–A and π-π*CT can be valid for FN-TPA and FN-PCz. However, in the case of 

FN-TPB the solvent effect is not strong enough to produce switching of the energy 

order between D–A and π-π*CT states, assumedly resulting in the latter one being the 

emissive state responsible for the non-zero PLQY (0.56). Important support to this 

hypothesis comes from two additional measurements pointing to the role of the 

increasing polarity: (1) the PL intensity of the solution drops on the TLC plates is 

almost zero in the case of all the investigated compounds, which could be explained 

by the larger polarity of the TLC plate as compared to THF and the stabilization of 

the D–A state of FN-TPB below the π-π*CT. (2) The PL intensity of FN-TPB in 

THF/water mixtures [274] decreases by one order of magnitude, due to the strong 

increase in solvent polarity and additional stabilization of the D–A state. As for the 

increase of PLQY of FN-TPB from 0.31 (hexane) to 0.56 (THF), the decreased 

intermolecular interactions due to the charge stabilization in polar solvents can be 

supposed, resulting in turn in the decreased PL quenching. Such scenario is also 

supported by the analysis of the differences in the PL decay modes. Indeed, 

monoexponential decay modes were found for the three compounds in THF 

solutions, yet much smaller PL lifetimes of 1.68 ns and 2.78 ns were found for FN-

PCz and FN-TPA, respectively, as compared to 7.79 ns for FN-TPB. While the PL 

lifetime of FN-TPB is similar to that in hexane (8.31 ns), thus suggesting similar 

nature of the emissive state (π-π*CT), the PL lifetimes of FN-PCz and FN-TPA are 

2-4 times smaller as compared to the hexane ones (Table 4.8), suggesting a change 

in the nature of the emissive state, assumedly from π-π*CT to D–A.  

While the intramolecular origin and the absence of excimer contribution of the 

FN-TPB PL can be safely deduced from the vibrational structure and 

monoexponental decay mode, in the case of FN-PCz and FN-TPA several 

observations seem to exclude efficient excimer contribution: (1) if π-stacking 

aggregation and excimeric emission were to be efficient, it would have been stronger 
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in hexane as compared to THF, due to the weaker electrostatic stabilization in 

hexane. The intramolecular origin of the PL in hexane thus suggests the absence of 

excimeric emission in hexane and in THF. (2) The intense intramolecular emission 

in hexane, disappearing in turn in THF, indicates that aggregation-induced 

quenching of the intramolecular emission (AIQ) instead of AIE could be observed in 

THF if excimers were involved. (3) While easy aggregation could happen in smaller 

size fluorenone-based compounds [8,126,275], the H- and J- aggregation is 

sterically hindered in FN-TPA, FN-TPB and FN-PCz. Based on these observations, 

it can be concluded that the PL in THF has the intramolecular origin for the three 

compounds. 

In order to further support the above mechanism, a solvent/non-solvent PL test 

was conducted [276,277]. Fig. 4.18 (b) presents the PL spectra of the 10-5 M 

solutions of FN-TPA in THF/water mixtures with the different volume ratios. With 

the addition of first water fractions (up to 60% for FN-TPA and FN-PCz, and 40% 

for FN-TPB), extreme PL quenching was observed for all the compounds. Further 

addition of water led to the boost of PL intensities for 45 times for FN-TPA, 11 for 

FN-TPB (20 to 95 v.v. % of water) and 26 for FN-PCz (20 to 90 v.v. % of water) 

(Fig. 4.18 (c)). Since the butterfly-shaped molecules under consideration are 

insoluble in water, the observed enhancement of emission was apparently due to the 

aggregates formation [8]. As it was shown previously for the fluorenone luminogens 

[8,126], AIEE phenomena for these compounds seems to originate from the 

planarization of the molecules and the decreasing rotational degrees of freedom. 

Indeed, the decreasing AIEE efficiency in the order FN-TPA (45 times) > FN-PCz 

(26 times) > FN-TPB (11 times) is consistent with the decreasing contribution of the 

bridging moieties in the HOMO in the same order. 

ET of the butterfly-shaped molecules (Fig. 4.18 (a)) were found to be sensitive 

to the molecular structure [44]. From the profiles and position of the spectra it can 

be concluded, that triplet emission is manifested by the phosphorescence of the 

carbazole fragment [257]. While FN-TPA and FN-TPB exhibit at 77K only weak 

broad phosphorescence, peaked at 518-528 nm, FN-PCz with larger share of 

carbazole units, revealed well-resolved blue-shifted phosphorescence with the 

maximum at 498 nm. Three vibronic peaks with equal energy separation of 0.14-

0.16 eV can be clearly indentified in the phosphorescence spectrum of FN-PCz, 

confirming the carbazole involvement in the 3ππ* triplet T1 state of this molecule 

[44]. The accessed ET values were found to be close and comparable (2.62 eV for 

FN-TPA and FN-TPB, 2.68 eV for FN-PCz). The absence of the triplet emission 

originating from fluorenone moiety can be explained by “linear” 2,7-substitution of 

the ketone [269]. 

4.4.5. Electrochemical and photoelectrical properties 

All the synthesized fluorenone adducts exhibit reversible oxidation and 

reduction in the CV traces proving the electrochemical stability of the compounds 

(Fig. 4.19 (a)). Similar values of the half-wave reduction potential (Ered
1/2) suggest 

the formation of fluorenone radical anion [278], in agreement with the exclusively 

fluorenone-localized LUMOs. In turn, the effect of the branched spacer on the 
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electrochemical behaviour is revealed in the positive scale (oxidation) of CV 

measurements. Thus, FN-TPA exhibits three oxidation peaks, FN-PCz – two, while 

FN-TPB shows only one. Apparently, the shape of HOMO orbitals can be involved 

for the explanation of the oxidation signal positions. Since FN-TPB HOMO is 

mainly located on the outer alkylated carbazole, E 1/2
ox at 0.83 V can be attributed to 

the electron withdrawal from above mentioned fragment. The second oxidation 

potentials of FN-TPA and FN-PCz at a similar position as that of FN-TPB prove 

this assignment. Delocalized through the two types of carbazole nature of FN-PCz 

HOMO indicates the occurrence of an additional oxidation peak at a lower potential 

(0.52 V) involving inner carbazole [203], located closer to the electron-accepting 

core. Similarly, peak at 0.58 V of  the TPA derivative can be ascribed to the 

oxidation of TPA unit [229]. Interestingly, FN-TPA shows third oxidation peak as 

well. As far as FN-TPA is the only material of the series, the HOMO of which is 

expanded to the phenylethynyl group, we can explain E 1/2
ox at 1.38 V by electron 

withdrawal from this fragment [229]. 
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Fig. 4.19. (a) CV curves recorded for 10-3M CH2Cl2 solutions and (b) electric field 

dependencies of hole and electron drift mobilities measured by the TOF method at room 

temperature of FN-TPA, FN-TPB and FN-PCz 

As expected, since FN-TPA and FN-PCz exploit strongly donating spacer 

parts, TPA and PCz [238], the values of IPSS are quite similar (5.38 and 5.32 eV) 

(Table 4.7). On the contrary, FN-TPB possesses a higher ionization potential (5.63 

eV). It should be noted, that IPSS values are slightly lower than the absolute EHOMO 

values. High values of electron affinity, falling in the range 3.27-3.44 eV, indicate 

the strong electron accepting ability of fluorenone. According to the IPSS and EASS 

values, the target multichromophore compounds are good candidates for both hole 

and electron injection and transport. Calculated electrochemical gaps (Eg(CV)) show 

similar trends as IPSS. Small Eg(CV) values (1.98-2.19 eV) point out the facilitated 0-0 

electronic transition between the energy levels.  

Electron photoemission was employed for the determination of solid layer 

ionization potentials (IPEP) [239] (Table 4.7). Three fluorenone derivatives 

exhibited similar IPEP values falling in the range 5.45-5.53 eV. Similarly to the data 

deduced from CV the highest value of 5.53 eV was displayed by FN-TPB, 

indicating that molecular packing forces do not alter the intramolecular electronic 

structure significantly.  
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4.4.6. Charge-transporting properties 

Both hole and electron transport of FN-TPA, FN-TPB and FN-PCz molecules 

were estimated by using the TOF method. The current transients corresponded to the 

dispersive hole and electron transports. Electric field dependencies of hole and 

electron drift mobilities of spin-coated layers of FN-TPA, FN-TPB and FN-PCz are 

illustrated in Fig. 4.19 (b). Practically, hole and electron mobilities of the 

compounds are proportional to 10-4 cm2/Vs indicating good ambipolar transport, 

whereas the values of electron mobility are only slightly higher than those of hole 

mobility. Mobilities of FN-TPB with the TPB fragment reached values of 1.6×10-3 

cm2/Vs (for holes) and 2.8×10-3 cm2/Vs (for electrons) at electric field higher than 

3.5×105 V/cm. The hole and electron mobilities for FN-TPB were found to be 

higher than those of FN-TPA and FN-PCz with TPA and PCz fragments as spacers. 

Remarkably higher charge mobility of TPB derivatives was previously observed in 

our works [237] [250]. 

In conclusion, a series of three multichromophore fluorenone-based 

compounds was modelled and prepared. Theoretical investigation revealed 

differences in geometry and electronic levels of the molecules. FN-TPA, FN-TPB 

and FN-PCz exhibit superior thermal stability (TID up to 500 oC) and high Tg (up to 

293 oC). Optical and photophysical properties were thoroughly investigated in the 

media of different polarity and rigidity. Compounds with a strongly donating spacer, 

FN-TPA and FN-PCz, show high PLQY (up to 0.9) in non-polar media. The yellow 

colour emission in these compounds in solution and neat films was found to 

originate from single molecule transitions, with only minor contribution from the 

excimer emissions. The emission behaviour and differences between the compounds 

are explained on the basis of the energy difference and the order of two excited 

states, the D–A state exhibiting a strong CT character, and the π-π* one exhibiting 

some degree of CT character. AIEE features were observed owing to the 

planarization of the molecules and the decreasing rotational degrees of freedom. 

Moderately low IPSS were manifested by the CV method (5.32-5.63 eV), showing 

the same trends as those deduced from EP measurements (5.45-5.53 eV). All three 

multichromophore compounds demonstrate ambipolar charge transport behavior 

with balanced hole and electron mobility. Thus, the compounds under consideration 

may find application as emitters in non-doped and doped OLEDs with reduced 

amount of layers. Moreover, using studied fluorenone derivatives as yellow-emitting 

component, noble-metal-free white OLEDs can be achieved. 

4.5. Differently carbazolyl and cyano-substituted 1,3,5-triphenylbenzene 

derivatives 

The development of the highly efficient and stable deep-blue phosphorescent 

materials has proved to be a big challenge during the last decades [279]. Moreover, 

continuous efforts have been contributed to evolve blue-light emitters with good 

colour purity [234,280]. Noteworthy, deep-blue emitters can not only be a major 

constituent in full-colour displays, but also be used as the key element for generating 

white light in combination with its complementary colour [281]. A suitable blue 

emitter should comprise such features, as pure colour, high photoluminescence 
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quantum efficiency, long lifetime, remarkable thermal and electrochemical stability, 

as well as high triplet energy and ambipolar charge transport behaviour, which can 

make a promising candidate not only for blue OLEDs, but also serve as a desirable 

host for PhOLEDs. For the achievements of these goals a combination of donating 

and accepting building blocks can be used. Thus, efficient blue-emitting materials 

bearing anthracene [224], spyrofluorene [282], pyridine [87] were reported.  

In the current work, the design and synthesis of new bipolar carbazole 

derivatives with 1,3,5-triphenylbenzene backbone is presented. The influence of the 

substituent orientation on the photophysical, thermal, charge-transporting properties 

of the compounds was investigated. Theoretical approach was employed for the 

clarification of the characteristics of the bipolar derivatives. 

4.5.1. Synthesis 

Various combinations of carbazolyl and cyano-substituents orientated in para- 

and meta- positions were involved for the preparation of target compounds (Scheme 

4.8). These orientational differences were expected to affect significantly the 

properties of the materials. 

The preparation of the bipolar adducts with exclusively para- or meta- 

substitution included a facile Ullmann reaction [72] of core fragments 2g and 5b, 

respectively, with 3,6-tert-butyl-carbazole 3b yielding mono- and disubstituted 

products 5a, 4d and 5c, 5d in one pot. High-yielding cyanation of the above 

mentioned halogenated adducts in Rosenmund-von Braun [283] conditions resulted 

in the target compounds p-TPB-Cz, p-TPB-2Cz, m-TPB-Cz and m-TPB-2Cz. In 

turn, the synthetic pathway towards the molecule exploiting both para- and meta- 

substituents was more complex. Firstly, organotin derivative 5f was prepared, which 

was used for the mono-substitution of 1,3,5-tribromobenzene in Stille conditions 

[284]. Suzuki-Miyaura palladium catalyzed coupling of thus obtained aromatic 

precursor 5g with 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzonitrile 

resulted in the target compound p-TPB-m-Cz. 
1H NMR spectra of the cyano-substituted TPB derivatives contain 

characteristic signals at ca. 8.20 ppm, assigned to hydrogens at the 4th and 5th 

positions of the carbazole moiety, as well as attributed to the protons at C-2, C-4, C-

6 positions of 1,3,5-triphenylbenzene peaks at 7.80-7.96 ppm. A distinctive singlet 

at 1.50 ppm can be observed due to the protons of CH3- group. Furthermore, 

characteristic signals at 34.8 and 32 ppm in the 13C NMR of the compounds indicate 

the presence of a tert-butyl fragment. In addition, the evidence of C≡N group can be 

manifested by the peaks at 2224-2239 cm-1 of IR spectra. 
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Scheme 4.8. Synthetic routes towards the carbazolyl and cyano-substituted TPB derivatives 

4.5.2. Theoretical investigation 

The geometry of the synthesized compounds is determined by the propeller 

shape of the TPB moiety and the orientation of the substituents. In case of the 

molecules under consideration the value of the torsion angle reaches 51-53o (Fig. 

4.20). Evidently, the accepting nitrile moieties, compiling a triple bond between the 

carbon and nitrogen atoms, are located in the same plane with the adjacent phenyl 

ring. Despite the values of dihedral angles between the core and carbazolyl 

substituents are very similar for all the studied derivatives, the meta- and para-

orientation of the substituents obviously affects the molecular profiles and, hence, 

may influence intermolecular packing. Thus, p-TPB-Cz and p-TPB-2Cz, due to 

more efficient conjugation, may form more planar structures, compared to m-TPB-

Cz, m-TPB-2Cz and p-TPB-m-Cz. 

The analysis of frontier orbitals (Fig. 4.20) shows that HOMOs of all 

differently carbazolyl and cyano-substituted TPB derivatives are located exclusively 

on the PCz fragments, while LUMOs are delocalized through accepting nitrile 

groups involving neighbouring phenyl rings. Noteworthy, HOMO and LUMO of p-

TPB-Cz and p-TPB-2Cz possess a slight overlapping area, which is crucial for 

good optical characteristics. Evidently, all the synthesized molecules possess good 

charge separation between HOMO and LUMO, suggesting the significant ICT 

character. HOMO and LUMO energies of the D–A TPB derivatives were accessed 

in order to gain better understanding of the electronic energy levels (Fig. 4.20). The 

absolute EHOMO values are very close (-5.28 – -5.33 eV) and are not affected by the 

differences in the amount and orientation of substituents. However, LUMO energies 

of the para-cyano-substituted compounds (p-TPB-Cz, p-TPB-2Cz and p-TPB-m-

Cz) are by ca. 0.3 eV lower than those of meta-analogues, giving a hint about the 

more pronounced accepting strength of the C≡N fragment in para-positions. 
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Fig. 4.20. DFT B3LYP/6-31G(d) optimal structures and profiles along with some 

geometrical parameters and the frontier orbitals along with the corresponding values (DFT 

rB3LYP/6-31G(d) for the THF solution) of the carbazolyl and cyano-substituted TPB 

derivatives 

The view on theoretically calculated absorption spectra of the differently 

carbazolyl and cyano-substituted TPB derivatives (Fig. 4.21 (a)) indicates, that all 

the compounds under consideration absorb light in the UV and near UV region. 

Thus, the high energy region contains bands, which can be assigned to strongly 

allowed π–π* transitions within benzonitrile [285] and carbazole units. In turn, 

bands at ca. 277 and 315 nm occur due to the local excitation of the carbazole 

fragment [222] and can be attributed to S0→S4-15 transitions. Apparently, the low 

energy spectral region displays the differences, caused by the variety in substituents 

orientation. The compounds exploiting meta-substitution, i.e. m-TPB-Cz, m-TPB-

2Cz, p-TPB-m-Cz, show very low intensity S0→S1 excitation manifested by 

HOMO→LUMO transition at 380-410 nm, which can occur due to ICT. On the 

contrary, theoretical UV/Vis spectra of p-TPB-Cz and p-TPB-2Cz exhibit broad 

low energy bands assigned to S0→S2-4 transitions, maintaining weak S0→S1 

excitations (HOMO→LUMO) as well. However, mainly HOMO→LUMO+1 and 

HOMO-1→LUMO+1 processes are involved in S0→S2-4 transition. But due to the 

fact of HOMO, HOMO-1 and LUMO, LUMO+1, respectively, being of degenerate 

nature [242] , the above mentioned transitions, involving the donating 3,6-di-tert-

butyl-carbazolyl and accepting benzonitrile fragments, can be attributed to ICT as 

well. The absorption of para-substituted compounds is obviously more 

bathochromically shifted than that of meta-compounds, owing to the efficient 

conjugation between the chromophores. 
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4.5.3. Thermal properties 

All the bipolar derivatives exhibit remarkably high TID (401-480 oC) due to the 

exploitation of thermally stable TPB [237,250] fragment and the rigid carbazole 

[245] unit (Table 4.9). Moreover, di-carbazolyl-substituted compounds, p-TPB-2Cz 

and m-TPB-2Cz, display significantly higher TID (480 and 442 oC, respectively) 

comparing to their mono-substituted analogues. Interestingly, para-substituted TPB 

derivatives display TID at higher temperatures, than the meta-substituted ones. This 

observation can be attributed to the more efficient para-conjugation, which can 

stabilize more planar structures and inhibit intramolecular rotations, leading to 

higher TID. 

Table 4.9. Thermal characteristics of the carbazolyl and cyano-substituted TPB 

derivatives 

Compound TID 
a [oC] Tg 

b [oC] Tcr 
b [oC] Tm 

b [oC] 

p-TPB-Cz 419 228 274 326 

p-TPB-2Cz 480 210 320 382 

m-TPB-Cz 401 128 235 247 

m-TPB-2Cz 442 158 - - 

p-TPB-m-Cz 422 152 205 290 
a Determined by TGA. b Determined by DSC. 

As the investigated compounds contain a prone to crystallization TPB 

fragment and bulky, but short tert-butyl groups, all of them, except for di-

carbazolyl-substituted m-TPB-2Cz, were obtained after purification as white needle-

like crystals. The absence of the crystalline form in m-TPB-2Cz can be explained by 

the sterical screening of the TPB core by two twisted carbazolyl fragments (see 

geometry optimization, Fig. 4.20), which results in the prevention of molecular 

packing. The glass-forming capabilities of the studied D-A molecules were assessed 

by performing DSC measurements (Table 4.9). The melting (Tm) in the first heating 

of DSC traces of p-TPB-Cz and p-TPB-2Cz was followed by the appearance of Tg / 

Tcr and Tg in cooling and Tg / Tm and Tg / Tcr /Tm during the second heating, proving 

the coexistence of amorphous and crystalline phases. In turn, the first heating scans 

of m-TPB-Cz and p-TPB-m-Cz indicated only endothermic melting peaks, whereas 

cooling resulted in the complete phase transformation to the glassy state (can be 

evidenced by the absence of Tcr and Tm, as well as the appearance of characteristic 

glass transition signals in the second heating scans). m-TPB-2Cz exhibited only Tg. 

All the target compounds displayed remarkably high Tg values ranging from 128 to 

228 °C. A similar trend, compared to TID, can be observed for the glass transition 

temperatures: compounds featuring para-substitution show 52-100 oC higher Tg, 

than the meta-substituted ones. To conclude, the involvement of meta-conjugation 

leads to the formation of stable molecular glasses. 

4.5.4. Optical and photophysical properties 

UV/Vis and PL spectra of the compounds under consideration were accessed 

in the media of different rigidity, i.e. 10-5 M hexane solution, solid solution in 

Zeonex polymer and neat film, providing an opportunity to investigate the effect of 
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molecular conformations and packing on the optical characteristics (Fig. 4.21 (b)). 

The absorption spectra (hexane solutions) of the bipolar TPB derivatives range to ca. 

360 nm, clearly featuring bands originating from the strongly allowed π–π* 

transitions of the benzonitrile fragment [285] (250-280 nm) and the sharp peaks at 

ca. 300 nm assigned to carbazole monomer excitations [222]. As expected, the bands 

at 300 nm are more expressed in p-TPB-2Cz and m-TPB-2Cz, comprising two 

carbazolyl units. The differences between the molecules with various substituent 

positions can be observed in the lower energy region. Well-resolved S0→S1 bands 

occur in the absorption of substituted TPBs due to the n–π* transitions within the 

carbazole units, being better expressed in para-conjugated molecules. This 

observation can be attributed to good electronic coupling and, hence, a certain 

degree of the CT character [286] between the donating and accepting parts of the 

molecule, in agreement with the slight HOMO/LUMO overlap (see section 4.5.2). 

The absorption of the neat films and solid solutions in polymer matrix maintains the 

features of solutions’ spectra, though the bands were found to be less resolved in the 

solid state. Apparently, experimentally obtained UV/Vis spectra show some 

discrepancy with the calculated ones. Thus, no well-expressed ICT bands were 

observed in the experimental absorption, indicating that donating 3,6-di-tert-butyl-

carbazolyl and accepting nitrile moieties are spatially separated by the twisted core 

TPB fragment. 
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Fig. 4.21. a) Theoretically calculated UV/Vis spectra (TD-DFT B3LYP/6-31G(d) method in 

vacuum) and b) UV/Vis and PL (λex = 310 nm) spectra of the carbazolyl and cyano-

substituted TPB derivatives recorded for 10-5 M hexane solutions, solid solutions in Zeonex 

(1 wt.% of compound), deposited films and phosphorescence spectra recorded for the solid 

solution in Zeonex at 77K (delay 10 ms, integration time 50 ms), respectively 

Upon the excitation at 310 nm all the differently carbazolyl and cyano-

substituted TPB derivatives exhibited deep violet PL (λmax = 368 nm) featuring 

vibronic structure both in solid and liquid solutions (Fig. 4.21 (b)). Maintenance of 
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vibronic mode in PL spectra of Zeonex solutions suggests, that intramolecular 

motions are restricted in the rigid medium. Interestingly, meta-carbazolyl-substituted 

derivatives, i.e. m-TPB-Cz, m-TPB-2Cz and p-TPB-m-Cz, display an additional 

band at 351 nm (more expressed in solid solutions PL), comparing to para-

carbazolyl-substituted analogues. Evidently, this band appears due to the poor 

electronic coupling of the carbazole unit with the substituted core, which is caused 

by interrupted conjugation. While peaks at 351 and 368 nm can be assigned to the 

PL of locally excited carbazole unit [222], pronounced as a shoulder band at 387 nm 

clearly originates from the CT emission. In turn, PL of the deposited films of the 

TPB derivatives is by 32-56 nm red-shifted comparing to those of liquid and solid 

solutions. Broad profile, smeared out vibronic mode and long tail at lower energies 

indicate, that molecules in the thin layer are packed both in twisted and planar 

conformations, suggesting the possibility of long-living excited species formation as 

well. 

Compounds with para-linkages, p-TPB-Cz and p-TPB-2Cz, exhibited 

remarkably high PLQYs (0.96 and 0.90, respectively) in hexane solutions, owing to 

efficient conjugation and slight HOMO/LUMO overlap, while the PL efficiency of 

m-TPB-Cz, m-TPB-2Cz and p-TPB-m-Cz is drastically quenched (η = 0.13-0.19), 

consistently with the theoretically calculated data (Table 4.10). While the PLQY of 

para-substituted compounds remained similar upon the incorporation into the rigid 

polymer matrix, PLQY of meta-substituted derivatives enhanced 2.5 times due to 

the restriction of intramolecular rotations. Interestingly, while PL efficiency of para-

substituted molecules reduced significantly due to the π-π stacking in the neat films, 

comparing to hexane solutions, two-fold increase was observed for m-TPB-Cz and 

p-TPB-m-Cz, giving a hint of the possibility of the AIEE phenomenon. We can 

explain this observation by the restriction of intramolecular rotations [50] without 

the planarization of the molecular structure. 

PL decay transients were accessed for the determination of the major 

relaxation pathways of the carbazolyl and cyano-substituted TPB derivatives in 

various media. The hexane solutions of all the compounds under consideration were 

found to follow single exponential decay with τ 2.44–4.39 ns (Table 4.10). 

Consistently with high PLQY values, para-substituted compounds p-TPB-Cz and p-

TPB-2Cz exhibited shorter τ indicative of the facilitated S1→S0 transition, while 

their meta-substituted analogues displayed by ca. 1.5 ns longer decays. In turn, 

molecular suspensions in zeonex matrix can be best described by the biexponential 

mode. The decays of all the D–A TPB derivatives feature dominant long component, 

which could occur due to the triplet excited states contribution, which is consistent 

with the phosphorescence observed even at room temperature. Noteworthy, the 

deposited films of the target compounds can be described by the triple-exponential 

model with remarkably high values of the long component (up to 66 ns), giving a 

hint of the triplet state assistance as well.  

All the differently carbazolyl and cyano-substituted TPB derivatives exhibited 

intense phosphorescence even at room temperature. For the sake of obtaining better 

resolved spectra phosphorescence was recorded at 77K as well (Fig. 4.21 (b)). The 

position and profile of the spectra suggest, that the triplet emission originates from 
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the carbazole locally excited states [257]. Three vibronic peaks with equal energy 

separation of 0.14-0.17 eV confirm the carbazole involvement in the 3ππ* triplet T1 

state of this molecule [44]. The triplet energy values (Table 4.10) were found to be 

moderately high (2.68-2.82 eV). Noteworthy, m-TPB-Cz and m-TPB-2Cz, 

employing carbazole units in meta-positions, display by ca. 0.13 eV higher triplet 

energy, than other materials of the series, which can be attributed to the poorer 

electronic coupling of meta-linked carbazole to the central chromophore comparing 

to the para-connection [286]. 

Table 4.10. Photophysical characteristics of the carbazolyl and cyano-substituted 

TPB derivatives 

Compound 10-5 Hexane 

solution 

Neat film Zeonex film 

ηa τb ηa τb ηa τb ET
c [eV] 

p-TPB-Cz 0.96 2.44 0.30 2.51 [17.3%], 

12.95 [43.05%], 

44.48 [39.7%] 

0.92 3.15 [28.6%], 

6.44 [71.4%] 

2.68 

p-TPB-2Cz 0.90 3.20 0.25 2.36 [40.6%], 

8.40 [30.5%], 

26.06 [28.9%] 

0.97 1.96 [25.5%], 

3.82 [74.5%] 

2.68 

m-TPB-Cz 0.15 4.39 0.31 0.92 [18.6%], 

5.31 [36.1%], 

18.22 [45.3%] 

0.36 2.49 [10.3%], 

7.32 [89.7%] 

2.81 

m-TPB-2Cz 0.19 4.29 0.22 2.33 [6.5%], 

21.99 [28.3%], 

66.11 [65.2%] 

0.46 2.53 [4.0%], 

6.95 [96.0%] 

2.82 

p-TPB-m-Cz 0.13 4.06 0.29 1.49 [21.5%], 

11.56 [21.3%], 

50.37 [57.2%] 

0.32 0.87 [3.20%], 

7.09 [96.8%] 

2.72 

a PLQY estimated with the usage of the integrating sphere. b PL decay lifetimes (χ2 in the range 1.00-

1.20). c Determined from the half blue-edge onset of the phosphorescence spectra measured in Zeonex 

matrix at 77K. 

Such advantages, as the D–A molecular architecture, well spatially separated 

HOMO and LUMO and the observation of phosphorescence in the synthesized 

compounds, give a hint of the possibility of DF occurance. There are two major 

mechanisms of the DF – TADF [48] and TTA [287] – which can take place 

depending on the peculiarities of the emitting molecule and the surrounding 

medium. Both of these mechanisms allow to convert triplet into emissive singlet 

states, and, hence, to enhance the quantum efficiency of the target devices. For the 

upconversion by the TADF mechanism to arise, a small splitting between the 1CT 

and 3LE, is desirable [44]. Since the position of phosphorescence is only slightly 

affected by the solvent polarity and the singlet emission of all the compounds under 

consideration in hexane solutions is peaked at ca. 367 nm and lacks the CT mode 

(Fig. 4.21 (b)), the necessity of investigating the solvatochromism [227] arose. For 

the sake of convenience, the investigation of DF only for p-TPB-2Cz is presented.  
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Fig. 4.22. (a) PL spectra of p-TPB-2Cz in various solvents; (b) SS PL spectra of oxygenated 

and degassed Me-THF solutions; (c) SS and time-resolved (Nd-YAG laser, λex = 355 nm) PL 

spectra (d) PL decay lifetime curve; (e, f) dependence of the PL intensity on the excitation 

laser fluence (degassed solutions in Me-THF) 

The PL spectra of the dilute solutions of p-TPB-2Cz in various solvents 

clearly bathochromically shift and gain a broad CT mode with the enhancement of 

solvent polarity (Fig. 4.22 (a)). As the PL intensity is drastically quenched in 

ethanol solutions, and THF lacks the ability to form transparent glass at low 

temperatures, Me-THF was chosen as the solvent for the further investigation. The 

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

comparing the PL intensity in oxygen-saturated and degassed Me-THF solutions 

(Fig. 4.22 (b)). The 2.77-fold enhancement of CT emission upon the degassing, as 

well as a good match of the spectra obtained in non-degassed and degassed 
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solutions, prove that triplet excited states participate in the emission [46]. In turn, 

intense DF was observed in the time-resolved measurements of the degassed Me-

THF solution (delay 9 μs, integration time 100 μs). The comparison of the steady-

state (SS) and time-resolved (Fig. 4.22 (c)) spectra shows, that PF, recorded with 

short delay of 2 ns, as well as the DF, are by 17 nm bathochromically shifted, 

comparing to the SS emission, confirming the stabilization of the CT emission. The 

Me-THF solution of p-TPB-2Cz did not exhibit phosphorescence at room 

temperature, therefore phosphorescence of Zeonex film at 77K is presented for the 

calculation of ΔEST. Hence, the estimated ΔEST was found to be 0.36 eV. The PL 

decay transient (Fig. 4.22 (d)) shows that PF and DF follow clear exponential decay 

laws with the estimated lifetimes of 5.41 ns and 183 μs, respectively. Finally, for the 

determination of the mechanism of delayed emission the dependence of the p-TPB-

2Cz PL intensity on the excitation laser fluence was recorded (Fig. 4.22 (e, f)). As 

expected, the PL intensity drops with the reduction of the laser fluence. The linear fit 

of the DF intensity dependence on the excitation dose characterized by slope 2 

indicates the bimolecular origin of delayed emission, i.e. the triplet-triplet 

annihilation [44,251]. 

Similar experiments, as the one described above, were performed for all the 

materials of the series. Interestingly, only the compounds, bearing the accepting CN-

groups in para-positions, i.e. p-TPB-Cz, p-TPB-2Cz and p-TPB-m-Cz, exhibited 

delayed emission via the TTA mechanism. The absence of DF in exclusively meta-

substituted compounds, m-TPB-Cz and m-TPB-2Cz, originates from the poor 

electronic coupling between the chromophores, leading to the weak CT character. 

As the final benchmark, ΔEST is a medium-dependent parameter, and it is known, 

that in some molecules TADF and TTA mechanisms may coexist [44,46,288]. 

Therefore, the investigation of DF in other media, except for Me-THF, may prove 

successful. 

4.5.5. Electrochemical and photoelectrical properties 

All the investigated D–A compounds exhibit reversible oxidation and 

reduction processes in their CV scans regardless of the substituents’ position, 

presenting proof of the electrochemical stability of the molecules (Fig. 4.23 (a), 

Table 4.11). Similar values of half-wave oxidation (E 1/2
ox  0.71 – 0.90 V) and 

reduction (E 1/2
red  -2.18 – -2.40 V) potentials suggest that carbazole [257] and 

benzonitrile [289] fragments are involved in anodic and cathodic processes, 

respectively. This observation is in agreement with the PCz localized HOMO and 

concentrated on cyano-biphenyl (for p-TPB-2Cz and m-TPB-2Cz) or dicyano-

terphenyl (for p-TPB-Cz, m-TPB-Cz, p-TPB-m-Cz) fragments LUMO (see Fig. 

4.20). 

The approximations IPSS = |e|(4.8 + Eox
1/2) and EASS = |e|(4.8 - Ered

1/2) were 

involved for the elucidation of solid state IP and EA, respectively [203] (Table 

4.11). The IPSS values are moderately low for all the compounds of the series (5.51-

5.70 eV). Evidently, involving para-conjugation p-TPB-Cz and p-TPB-2Cz display 

lower IPSS, than meta-analogues, due to the more facilitated CT from HOMO to 

LUMO. EASS values are close (2.40-2.62 eV) for all the studied materials. Low EASS 
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indicates the weak electron-accepting strength of benzonitrile derivatives, which, 

however, proves to be advantageous for the blue-emitters design. 
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Fig. 4.23. (a) CV curves recorded for 10-3M THF solutions and (b) electric field 

dependencies of the hole and electron drift mobility, measured by the TOF method at room 

temperature, of the carbazolyl and cyano-substituted TPB derivatives 

Noteworthy, the experimentally estimated IPs and EAs are by ca. 0.4-0.7 eV 

higher, than the absolute values of EHOMO and ELUMO, obtained from DFT 

calculations. Obviously, the discrepancy between the theoretical and electrochemical 

data is a result of performing calculations lacking medium-related factors [266]. 

Table 4.11. Electrochemical and photoelectrical characteristics of the carbazolyl and 

cyano-substituted TPB derivatives 

Compound E1/2
ox Fc+/Fc 

 a 

[V] 

E 1/2
red Fc+/Fc 

 a 

[V] 

IPSS
 b 

[eV] 

EASS
 c 

[eV] 

Eg(CV)
d 

[eV] 

IPEP
 e 

[eV] 

p-TPB-Cz 0.71 -2.27 5.51 2.53 2.98 5.47 

p-TPB-2Cz 0.80 -2.24 5.60 2.56 3.04 5.36 

m-TPB-Cz 0.85 -2.38 5.65 2.42 3.23 5.51 

m-TPB-2Cz 0.90 -2.40 5.70 2.40 3.20 5.58 

p-TPB-m-Cz 0.90 -2.18 5.70 2.62 3.08 5.58 
a Determined by CV in dilute THF solutions. b Estimated from the halfwave oxidation potential by 

using the relationship IPSS = |e|(4.8 + Eox Fc+/Fc
1/2). c Estimated from the halfwave reduction potential 

by using the relationship EASS = |e|(4.8 - Ered Fc+/Fc
1/2). d Calculated by using the equation Eg (CV) = IPSS 

– EASS. e Determined from EP spectra. 

The values of ionization potentials of solid layers IPEP (Table 4.11) are 

slightly lower than those elucidated from CV, but, evidently, show the same 

tendency: para-conjugation leads to the lower IP and, hence, to the more facilitated 

hole injection. 

4.5.6. Charge-transporting properties 

In order to study the charge transporting properties of synthesized compounds, 

the TOF technique was used. In the m-TPB-Cz layer, the transit times for both holes 

and electrons were observed in the log-log scale indicating the ambipolar charge 

transport of this compound. A similar behaviour was observed for m-TPB-2Cz and 

p-TPB-m-Cz, however, only hole-transporting properties were obtained for p-TPB-

Cz and p-TPB-2Cz (Fig. 4.23(b)). The shapes of the TOF current transients for 

holes and electrons were very similar for all the studied materials. In addition, the 
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transit times were not observed in the linear scale, showing dispersive charge 

transport of either holes or electrons. The hole and electron mobilities for p-TPB-

2Cz  and m-TPB-2Cz  were found to be in the range from 7.8∙10-5 to 3.15∙10-3 

cm2/Vs at electric fields from 3.9∙105 to 7.4∙105 V/cm, while those for the other 

compounds were found to be lower approximately by one order of magnitude, 

falling in the range from 1.1∙10-6 to 1.4∙10-4 cm2/Vs at electric fields from 1.1∙105 to 

5.6∙105 V/cm. Relatively similar values for the electron and hole mobilities of m-

TPB-Cz, m-TPB-2Cz and p-TPB-m-Cz were observed, leading to the balance of 

holes and electrons. The linear dependencies of hole and electron mobilities of the 

derivatives versus the square root of the electric field (E1/2) with good agreement to 

Poole–Frenkel relationship µ=µ0∙exp(α∙E1/2) were obtained, as it had previously 

been observed for other organic amorphous semiconductors [290,291]. In turn, the 

field dependence of electron mobility for m-TPB-Cz, m-TPB-2Cz and p-TPB-m-

Cz was found to be lower than that of the hole mobility. Apparently, the energetic 

disorder parameters could be different for holes and electrons in the molecular 

layers; yet, such differences lead to the differences in hole and electron mobility 

values as well as in the hole and electron field dependences [205]. 

4.5.7. Performance in organic light emitting diodes 

In order to demonstrate the potential of the para-substituted compounds as 

emitters and the meta-substituted derivatives as hosts, fluorescent OLEDs with the 

architecture of ITO/CuI (8 nm)/TPD (10 nm)/host: p-TPB-2Cz (20%) (60 nm)/PBD 

(10 nm)/Ca (50 nm)/Al (200 nm) were prepared. In device A, commercially 

available hole-transporting mCP was used as the host matrix for the blue-emitting 

compound p-TPB-2Cz, while in device B the performance of newly synthesized m-

TPB-2Cz was tested (Fig. 4.24). The electroluminescent spectra of devices A and B 

are peaked at the same position, as the PL of p-TPB-2Cz thin film. However, the EL 

spectrum of the device A contains a long-wavelength tail, which can probably be 

attributed to the excimers formation. Better energy levels matching in device B leads 

to the shifted to deeper blue region CIE coordinates of the device (Table 4.12). 

Current density–voltage–luminance curves of the blue OLEDs are shown in Fig. 

4.24 (e, f). The current density was increased threefold, while the turn-on voltage 

was decreased ca. 1.5 times by using m-TPB-2Cz as a host. However, the maximum 

brightness of device A was found to be higher than that of device B. 

As the final benchmark, device B, utilizing m-TPB-2Cz as the host matrix for 

p-TPB-2Cz, demonstrated astonishingly high maximum EQE of 14.1 %, which can 

be assigned to the improved HOMO/LUMO and triplet energy levels of the host and 

the guest, the ambipolar charge transport of the host and the involvement of the 

triplet levels of emitter to the overall emission. 
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Fig. 4.24. (a, b) The energy levels of the materials; (c, d) electroluminescence spectra; 

(e, f) current density-voltage-luminance curves of devices A and B 

 

Table 4.12. Electroluminescent properties of blue fluorescent devices A and B  

Device host 
Von

 a 

[V] 

Max. brightness b 

[cd m-2] 

ηC
 c 

 [cd A-1] 

ηP
d  

[lm W-1] 

EQEmax
 e 

[%] 

CIEf 

[x, y] 

A mCP 8.4 11450 3.7 0.85 3.5 0.25, 0.23 

B m-TPB-2Cz 5.8 5500 11.1 4.20 14.1 0.22, 0.19 
a Turn-on voltage. b Maximum brightness. c Maximum current efficiency. d Maximum power 

efficiency. e Maximum external quantum efficiency. f Color coordinates.  

In conclusion, a series of bipolar TPB-based compounds, bearing carbazolyl 

and cyano-substituents in para- and meta-positions, was synthesized and 

characterized. The orientation of the substituents was found to affect greatly the 

properties of the compounds. Thus, the compounds involving para-conjugation, 

show higher TID and Tg, lower IP, exclusively hole transport and higher quantum 

efficiencies in non-polar media; while molecules with meta-linkage display an 

ability to form stable molecular glasses upon thermal annealing, ambipolar charge 
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transport, higher ET and higher PLQY in the solid state. Interestingly, the 

compounds comprising accepting nitrile groups in the para-position, exhibit strong 

delayed fluorescence via triplet-triplet annihilation upconversion mechanism. A 

derivative with exclusively para-conjugation displayed good performance in OLED 

as a blue fluorescent emitter, while a compound with meta-linkages proved to be a 

successful host matrix in combination with a para-substituted guest. Thus, by 

varying the amount and position of electron donating and accepting substituents it is 

possible to construct promising emitters (para-substituted derivatives) and hosts 

(meta-substituted derivatives) for blue DF OLEDs and PhOLEDs, respectively. 

4.6. Symmetrical and asymmetrical 1,4,5,8-naphthalenetetracarboxylic acid 

dianhydride derivatives 

Currently, the main photovoltaic technologies are based on inorganic 

materials. OSCs are a promising source of alternative energy [292]. Lately, they 

have attracted much attention due to their advantages such as light weight, potential 

low cost, feasibility of large area fabrication [293,294] on flexible substrates [295]. 

According to their working principle, organic solar cells can be divided into two 

major classes: dye sensitized solar cells (DSSCs) [296] and heterojunction solar 

cells (HSCs) [297]. HSCs can be further differentiated by the production process: 

either solution processing or vacuum deposition. Vacuum processed small molecules 

are especially attractive for solar cells due to the well-defined molecular structure 

and monodisperse molecular weight as well as superior chemical purity via thermal 

gradient sublimation, and the possibility to easily deposit multilayer devices [298]. 

Recently, considerable efforts have been dedicated to the enhancement of the power 

conversion efficiencies of small molecule OSCs, involving the development of new 

electron donor materials [299] and improving the collection of charge carriers [300]. 

Another approach towards the improvement of OSC performance is design and 

preparation of prospective ETM. The standard material here is C60, which has the 

disadvantage of parasitic absorption and does not allow a variation of the LUMO 

energy to fine tune the open circuit voltage of the cells. Various ETMs, such as BCP 

[301], TPBi [302] and Bphen [303] have been integrated into small molecule OSCs 

[304]. However, BCP, which found wide usage as an ETL in OLEDs [35] and OSCs 

[305], is denoted by such disadvantages, as thermal instability, and easy 

crystallization in the presence of moisture and at high temperatures [306]. The 

derivatives of naphthalenetetracarboxilic dianhydride are good candidates for the 

electron transporting layer in OPVs due to their high electron affinity, planar 

configuration, excellent electron transport and tunable optical and electrochemical 

properties [15]. 

In this chapter synthesis and the results of optical, electrochemical, 

photophysical, and computational studies of the two groups of 1,4,5,8-

naphthalenetetracarboxylic dianhydride derivatives employing symmetrical and 

asymmetrical molecular architecture, are presented. The charge transport 

investigation and the performance of the compounds as ETMs in HJCs is reported as 

well. The materials presented here are denoted by excellent properties and some 

prove to be superior to the reference material C60. 
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4.6.1. Synthesis 

The chemical structures and the synthetic routes towards the symmetrical 

derivatives ND1–ND4 are presented in Schemes 4.9 and 4.10. The synthesis of 

symmetric electron accepting compounds is a simple and efficient one-step 

procedure in which the commercially available 1,4,5,8-naphthalenetetracarboxylic 

dianhydride (NTCDA) is condensed with the appropriate primary aryl-amine in the 

presence of basic and high boiling pyridine. This method is clean and high yielding 

[307]. All the compounds ND1−ND4 were obtained with yields of 79−97%. 

Compounds ND1 [187], ND2 and ND3 [188] are prepared as model compounds for 

the direct comparison of the properties with other molecules of the series. 

 

Scheme 4.9. Chemical structures of symmetrical and asymmetrical NTCDA derivatives 

The synthetic strategy for obtaining the asymmetrical target materials 

ND5−ND10 includes several steps (Scheme 4.10).  

 

Scheme 4.10. Synthetic routes towards symmetrical and asymmetrical NTCDA derivatives 

Intermediates 6a and 6b are prepared by the high-yield monofunctionalization 

through pH-controlled reaction of the primary amine with NTCDA [308]. The 
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further reaction with acetic anhydride generates the dissymmetric molecular 

components 6c and 6d. Compound 6e was synthesized employing a similar 

condensation reaction as the symmetrical derivatives, since pH-controlled 

monofunctionalization of NTCDA by 4-aminopyridine resulted in a small yield of 

the target intermediate compound (unlike in the case of 6a and 6b). The final step of 

the asymmetric compounds synthesis involves the condensation reaction of the 

monosubstituted intermediates with the appropriate 1,2-diamine containing pyridinyl 

or pyrimidinyl moieties. 

The synthesized compounds were purified by the two-step vacuum 

temperature gradient sublimation. All the molecules exhibit characteristic signals at 

8.69–8.87 ppm in their 1H NMR spectra, corresponding to the core protons of 

NTCDA derivatives [309], as well as the peaks in the range of 160.1–162.9 in 13C 

spectra, characteristic for the carbons of the anhydride group. The signals in the 

weak field (9.12 –10.10 ppm) of the proton spectra of the asymmetric derivatives 

can be attributed to the protons of the pyridinyl and pyrimidinyl moieties condensed 

with the imidazole ring. The formation of the imidazole ring can also be proven by 

the presence of 181 ppm peaks in the carbon spectra of semiperinones, 

corresponding to the carbon of the amide group. 

4.6.2. Theoretical investigation 

The molecular structure of the NTCDA derivatives is determined by the rigid 

planar condensed core part [310] and the aromatic substituents located in the other 

plane. In case of symmetrical compounds ND1−ND4, the substituents of the imide 

part are attached almost orthogonally to the plane of the NTCDA core (Fig. 4.25).  

 

Fig. 4.25. The view on the DFT B3LYP/6-31G(d) optimal structures of NTCDA derivatives 

in vacuum 
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Exact perpendicular displacement of molecular parts is observed for ND3, 

containing a pyridin-4-yl fragment. What concerns the 1,3,4-thiadiazol-2-amine-

substituted compound, ND4, the dihedral angle of 89.30o can be attributed to the 

carbonyl–sulfur repulsive interactions. The large angle between the core and the side 

units indicates weak conjugation between the parts of the molecules. Concerning the 

asymmetrical compounds ND5−ND10, their molecular skeleton is more planar than 

that of the symmetrical ones, due to the presence of the annulated imidazolyl ring. 

Interestingly, while comparing the pairs ND5 and ND6, ND7 and ND8, ND9 and 

ND10, respectively, monofunctionalized with an appropriate pyridinamine, it can be 

observed that the dihedral angle between the planar and twisted aromatic parts is 

larger in the case of pyrimidinyl containing molecules, which could be explained by 

the higher electron-accepting strength of the pyrimidinyl moiety additionally 

increased by the carbonyl–nitrogen interactions. 

Table 4.13. The theoretically calculated HOMO/LUMO energies, thermal and 

electrochemical characteristics of NTCDA derivatives 

Compound 
EHOMO a 

[eV] 

ELUMO a 

[eV] 

Ered Fc+/Fc
1/2 b 

[V] 

EASS c 

[eV] 

Tm 
d 

[oC] 

TID 
e 

[oC] 

ND1 -7.19 -3.59 -0.96 3.84 475 493 

ND2 -7.21 -3.62 -0.93 3.87 442 470 

ND3 -7.22 -3.63 -0.90 3.90 457 466 

ND4 -7.37 -3.78 -0.65 4.15 – 415 

ND5 -6.69 -3.67 -0.85 3.95 490 507 

ND6 -6.85 -3.70 -0.70 4.10 442 449 

ND7 -6.70 -3.68 -0.89 3.91 495 499 

ND8 -6.86 -3.71 -0.76 4.04 458 461 

ND9 -6.71 -3.69 -0.82 3.98 503 506 

ND10 -6.87 -3.72 -0.82 3.98 403 413 
a Calculated by DFT B3LYP/6-311G(d,p) approach for the DMF solution. b Determined by CV in 10-3 

M DMF solutions from the first reduction wave. c Estimated from the half-wave potential Ered
1/2 by 

using the relation EASS = |e|(4.8 + Ered
1/2). d Determined by DSC. e Determined by TGA. 

The values of theoretically calculated LUMO and HOMO energies of the 

studied molecules (Table 4.13) fall quite low in the energy scale indicative of the 

facilitated electron injection process in the compounds under consideration [311]. 

ELUMO of ND1−ND3 are close and comparable, while the ELUMO of ND4 is 

positioned much lower (-3.78 eV) due to the presence of 1,3,4-thiadiazolyl moiety, 

which is characterized by the higher accepting strength than the pyridinyl fragments. 

Apparently, asymmetrical compounds exhibit similar LUMO energies with the 

slightly lower ones found for ND6, ND8 and ND10, bearing a pyrimidinyl unit in 

the condensed part. 

4.6.3. Thermal properties 

DSC scans, recorded for the NTCDA derivatives, revealed only melting points 

(except for ND4), indicating the crystalline state of the compounds upon the 

sublimation. The TID of the compounds ND1−ND10 are rather high and range from 

413 to 507 oC (Table 4.13). Symmetrical compounds ND1−ND3, containing a 

pyridinyl moiety, exhibit remarkably high TID with the highest value (493 oC) found 
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for ND1. The lowest TID of 415 oC was observed for ND4, probably, due to the 

decomposition of the thiadiazolyl unit. In turn, asymmetrical NTCDA derivatives, 

bearing a more thermally stable pyridinyl fragment in the condensed part, ND5, 

ND7, ND9, can be characterized by the higher values of the initial destruction 

temperature when compared to pyrimidinyl-containing members of the series. 

Interestingly, compounds ND1 and ND5, derived from pyridin-2-amine, exhibit 

higher TID, when compared to other molecules under consideration, which can be 

explained by the additional stabilization of the –C=N− bond in the pyridine-2-yl 

fragment by the electron withdrawing NTCDA core. 

4.6.4. Optical properties 

All molecules exhibit good transparency in a wide range of the visible region 

and absorption in the near UV blue visible range. 

 

Fig. 4.26. UV/Vis spectra of 50 nm thin films and 10-5 M DMF solutions of (a) symmetrical; 

(b) asymmetric NTCDA derivatives  

 The symmetrical derivatives ND1−ND4 (Figure 4.26 (a)) exhibit shapes of 

the spectra as it is common for NTCDA [312], showing a remarkably narrow 

absorption range. Evidently, the absorption of the symmetrical compounds does not 

depend strongly on the nature of the electron accepting moiety in the non-planar 

aromatic part. The dissymmetrical materials, i.e. ND5−ND10, absorb light at lower 

energies compared to the symmetrical molecules (Fig. 4.26 (b)). Thus, the rigid 

condensed imidazole part is responsible for the more efficient conjugation leading to 

the enhanced intermolecular interactions due to the π-stacking. All the 

semiperinones exhibit characteristic bands for the locally excited pyridine moiety in 

the non-planar part at 304 nm [313], as well as the located at the longer wavelengths 

(413−436 nm) peaks, which can be attributed to the n−π* transitions within the 

molecule [314]. The intensity of the n−π* transition bands is higher in the UV/Vis 

spectra of compounds having the pyrimidine moiety, ND6, ND8 and ND10, due to 

the presence of additional nitrogen atom in the annulated part. These compounds 

show a remarkable blue shift in absorption spectra compared to those exploiting 
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pyridine in the condensed aromatic part, indicating a stronger electron accepting 

ability of the pyrimidine fragment. The occurrence of the peaks at 550 nm in the 

DMF solutions of ND6, ND8 and ND10 is observed, what can be attributed to the 

radical anions, which are stabilized in the solution, in contrast to the thin film [309]. 

The absorption spectra of the asymmetrical compounds show similar trends to those 

of symmetrical molecules: the red shift can be observed when comparing the spectra 

measured in thin films to those of DMF solutions, due to the aggregation effects. 

Moreover, only slight changes in the shape of the spectra and the position of bands 

is observed with the variation of linking topology (substitution through 2-, 3-, 4th 

position) of the twisted pyridinyl part. 

As C60, frequently used as an ETL in solar cells, exhibits parasitic absorption, 

referring to an optical absorption process not generating an electron/hole pair and 

competing with band-to-band absorption to decrease the photocurrent [15], it is 

useful to compare the absorptivity of the latter with that of the investigated NTCDA 

derivatives. A suitable electron transport material with a larger absorption onset aids 

to reduce the absorption in the doped layer to a higher density of the optical field in 

the photo-active layers hindering as well the exciton transfer from undoped C60 by 

the step in the energy gap width and reducing the quenching of excitons from the 

photo-active C60 layer. The absorption strength of the synthesized NTCDA 

derivatives is remarkably smaller than that of C60. Thus, the intensity of the 

absorption bands of the symmetrical materials and ND9 is by far lower than that of 

ND10 and, moreover, C60. However, the absorption onsets of ND9 and ND10 are 

higher than that of C60. These observations suggest that ND compounds may show 

superior performance as ETLs in solar cells comparing to C60. 

4.6.5. Electrochemical properties 

The redox behaviour of the compounds is examined in 10-3 M DMF solutions 

by using the CV method (Table 4.13). It should be noted that compounds 

ND1−ND3 and ND5−ND10, containing pyridinyl moieties, linked through various 

topologies, show very similar behaviour when voltage is applied. All these 

molecules undergo two reversible one electron reductions, the first of which is the 

reduction of the neutral compound to a radical anion and the second one corresponds 

to the formation of a dianion, as it is common for many derivatives of NTCDA.  On 

the contrary, the compound with the 1,3,4-thiadiazolyl moiety ND4 shows multiple 

reversible reduction process, probably, due to the reduction of sulfur in 1,3,4-

thiadiazolyl moiety [315]. 

The electron affinity is estimated by using the relationship EASS =|e|(4.8 + 

Ered
1/2) [203] (Table 4.13). The values of EASS fall in the range of 3.84 to 4.15 eV. 

These values make the compounds well suitable for the use in highly efficient 

fullerene based OSCs. The symmetrical derivatives of NTCDA substituted by 

various pyridine-amines, ND1−ND3, exhibit similar EASS values in the range of 3.84 

to 3.90 eV, while the compound with the 1,3,4-thiadiazolyl fragment ND4 shows the 

highest EA of 4.15 eV in this series, indicating a high accepting strength of this 

molecule. As for the dissymmetric target materials, those containing a pyridinyl 

fragment condensed with the imidazole ring (ND5, ND7, ND9) show similar EASS 
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values, while the molecules exploiting pyrimidine moiety (ND6, ND8), exhibit 

slightly higher values. Interestingly, the latter can be characterized by the highest 

EASS values of 4.10 and 4.04 eV, indicating the higher accepting ability of these 

molecules when compared to the one containing the pyridin-4-yl moiety (ND10). 

Moreover, it can be noted that compounds ND9 and ND10 exhibit similar values of 

EASS, irrespectively of their structural differences. In the CV scans no oxidation is 

observed, thus the ionization energy cannot be determined [230]. 

4.6.6. Charge-transporting and conducting properties 

The electron mobility µ of the six selected compounds was determined by 

“potential mapping” (POEM) by thickness variation [154] in n-i-n electron-only 

devices (Fig. 4.27 (a)). The obtained mobility values range from 10-3 cm² Vs-1 for 

ND7 and ND9 down to 10-7 cm² Vs-1 in the case of ND2 and ND3. In all the 

compounds, a pronounced field activation is observed, which is fitted to the Poole-

Frenkel relation µ = µ0 · exp(γ · F1/2 ) [316], yielding field activation coefficients in 

the range γ = (0.0043 .. 0.0098) (cm V-1)1/2. In the case of ND9, the field dependence 

is only poorly resolved and cannot be directly fitted. From comparison to the other 

compounds, however, it is assumed that the Poole-Frenkel behaviour also applies to 

this material, provided that the physics of charge transport is similar in all the 

investigated compounds. Substituting the pyridinyl by the thiadiazolyl moiety in the 

symmetrical compounds has a strong positive effect on µ: the mobility in ND4 is 

nearly two orders of magnitude higher than that in ND2 and ND3.  

 

Fig. 4.27. (a) Electron mobility determined by POEM in electron-only devices, well 

resolving the absolute μ values and the Poole-Frenkel field activation coefficients γ (fits 

shown as lines) and (b) lateral conductivity σ of n-doped layers of NTCDA derivatives with 

varying doping concentration c. The data from ND4−ND8 is fitted by power-law σ α cγ 

(dashed lines) with the resulting value for γ given next to each fit 

An even stronger improvement of µ is achieved by annulating one pyridinyl 

ring, leading to asymmetric molecular structures: in compounds ND7 and ND9, the 

highest electron mobilities in the range of 10-3 cm² Vs-1 are obtained which might 
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originate from an alternating brick-type [317]. The position of the nitrogen atom in 

the rotating pyridinyl ring does not have any significant influence on µ, as is can be 

seen when comparing ND7 with ND9, ND8 with ND10, or ND2 with ND3. An 

additional nitrogen atom converting the annulated pyridinyl ring into pyrimidinyl, 

however, drastically reduces µ by three orders of magnitude, as observed in ND8 

compared to ND7. The additional nitrogen atom seems to largely inhibit the good 

orbital overlap in the stacking, leading to a mobility which is only slightly above the 

symmetrical pyridinyl substituted compounds ND2 and ND3. 

The conductivity of the investigated materials can be substantially enhanced 

by electrical n-doping (Fig. 4.27 (b)). Doping is tested with the established 

molecular dopants Cr2(hpp)4 and W2(hpp)4 in a concentration of 5 mol %. In 

compounds ND1−ND8, conductivity of 5·10-8 S cm-1 (ND6) up to 4·10-5 S cm-1 

(ND7) can be achieved. The conductivity roughly scales with the mobility, 

suggesting the high-mobility materials as the most suitable candidates for the low-

Ohmic doped transport layers in optoelectronic devices like solar cells. 

4.6.7. Performance in bulk-heterojunction solar cells 

Since the electrical properties of compounds with an asymmetrical molecular 

architecture prove to be more advantageous comparing to the symmetrical ones, the 

most promising materials ND7 and ND9, as well as ND10, were tested as ETMs in 

the ETL of organic solar cells. For the device architecture, an n-i-p type [318] 

structure, based on a C60/DCV5T-Me:C60 hybrid planar-bulk heterojunction, was 

chosen [319] (Fig. 4.28 (a)). The ETM is n-doped with 5 wt % and 10 wt % 

W2(hpp)4 and compared to the reference ETM C60 n-doped with 1 wt % and 5 wt % 

W2(hpp)4. The ETL has a thickness of 5 nm and is placed as the first layer on ITO, 

i.e. between the transparent bottom electrode and the C60 acceptor layer. The key 

parameters of the solar cells are summarized in Fig. 4.28 (b) and Table 4.14, 

showing that ND9 outperforms C60 as an ETM for both doping concentrations. It is 

remarkable that it is the only material in this series, for which the increased doping 

concentration does not improve the device efficiency, indicating good transport 

properties and optimized energy levels at the same time. ND7, in comparison, is on 

a par with C60, whereas ND10 exhibits inferior performance. These differences can 

mainly be attributed to the lower mobility and conductivity of the latter two 

compounds leading to a reduced fill factor FF. The open-circuit voltage VOC is 

approximately the same in all devices, confirming the general suitability of the 

transport levels. Comparing different doping concentrations, a higher cn generally 

leads to a higher jSC, which might be attributed to a higher built-in field in the 

intrinsic layers [320]. 
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Fig. 4.28. (a) Illustration of the stack sequence of the high-performance test solar cells. (b) 

Performance of solar cells with C60, ND7, ND9, and ND10 as ETMs (columns) 

As the final benchmark, the most promising material ND9 is tested in 

comparison to n-C60 in a high performance device stack with a substrate-heated 

DCV5T-Me:C60 blend layer with the thickness of 40 nm. For both devices, the 

ETMs n-doped with 5 wt % W2(hpp)4 are used. The key parameters (Table 4.14) 

show that the solar cell with ND9 has the power conversion efficiency of 7.9 % and 

outperforms the device with C60 (7.7 %) due to the improved fill factor (65.7 % vs 

64.1 %). The short-circuit current density jSC remains constant, indicating that the 

parasitic absorption of C60 is not significantly reduced by ND9. However, significant 

effects from parasitic absorption are not expected for such low ETL thickness. 

Table 4.14. Key parameters of two solar cells with either C60 or ND9 as ETM: 

power conversion efficiency η, fill factor FF, short-circuit current density jSC, and 

opencircuit voltage VOC 

ETM η [%] FF [%] jSC [mA/cm²] VOC [V] 

C60 7.7 64.1 12.5 0.96 

ND9 7.9 65.7 12.5 0.96 

In conclusion, two series of new high performance, easy to synthesize, 

electron transport materials based on NTCDA were developed and characterized. 

The obtained small molecules exhibit high thermal stability (TID in the range of 376–

481 oC) and prove to be suitable for vacuum processed organic solar cells. The 

electrical properties are characterized by high conductivity (up to 4·10-5 S cm-1) and 

electron mobility (up to 10-3 cm² Vs-1). The obtained symmetrical and asymmetrical 

compounds are optically superior compared to C60, as they avoid parasitic 

absorption. The highest solar cell efficiency is obtained for ND9 and exceeds the 

efficiency obtained for the standard material C60. DFT calculations revealed the 

differences in geometry of the synthesized compounds. The comparison of the 

experimentally estimated electron affinities with the calculated LUMO energies 

revealed small differences and confirmed the similar dependencies of these 

parameters on the structural differences. 
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5. CONCLUSIONS 

1. A series of blue-emitting star-shaped triazine-based molecules with fluorene 

side arms, linked through the linkages containing double, single, and triple 

bonds, were synthesized.  

1.1. The compounds demonstrated excellent thermal stability (TID
 up to 402 

°C), high fluorescence quantum yield values (0.50-0.70) and significant 

dependence on the solvent polarity. 

1.2. The nature of the linking topology was found to have great influence on 

the geometry of the triazine derivatives, thus leading to the differences in optical, 

photophysical and photoelectrical characteristics. 

1.3. Charge-transporting measurements revealed dispersive hole transport 

for the investigated compounds. The highest values of hole mobility (1.9×10-3 at 

the electric field of 1.15×106 V/cm) were observed for the compound with 

ethenyl linkage.  

2. Three star-shaped 1,3,5-triphenylbenzene derivatives with fluorene side arms, 

linked through the linkages containing double, single, and triple bonds, were 

synthesized.  

2.1. The materials were found to emit light in the deep blue region with 

photoluminescence quantum efficiencies ranging from 0.40 to 0.54.  

2.2. The compounds demonstrated high thermal stability (TID
 422−434°C; Tg 

55−75°C).  

2.3. The derivatives demonstrated low dispersion hole transport and high 

hole mobilities. The highest hole mobility (2.4×10-3 cm2/V·s at the electric field 

of 1×105 V/cm) was observed for the ethenyl-bridged compound.  

2.4. The variety in the characteristics was explained by the restriction of the 

intermolecular rotations in the star-shaped compounds, resulting from the 

differences in geometry.  

3. Three boomerang-shaped compounds with various central units and 

bicarbazolyl side arms were designed and synthesized.  

3.1. The bicarbazolyl group proved to be a stronger donor than the single 

carbazole fragment, by providing not only the lower ionization potential, but also 

the superior thermal and electrochemical stability.  

3.2. Intense blue emission with the photoluminescence quantum yields 

reaching 0.93 and the triplet energies ranging from 2.44 to 2.68 eV were 

detected.  

3.3. The highest hole mobility of 2.1×10-3 cm2 V-1 s-1 at the electric field of 

5.8×105 Vcm-1 was exhibited by the derivative of 1,3,5-triphenylbenzene. 

3.4. The compounds demonstrated moderately low IP values (5.45-5.50 eV). 

4. Three donor-acceptor multichromophore fluorenone-based compounds were 

modelled and prepared.  

4.1. The materials demonstrated superior thermal stability (TID up to 500 oC) 

and high glass transition temperatures (Tg up to 293 oC).  
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4.2. The compounds displayed ambipolar charge transport behaviour with 

balanced hole and electron mobility; the best results were determined for the 

1,3,5-triphenylbenzene derivative (1.6×10-3 cm2/Vs for holes and 2.8×10-3 

cm2/Vs for electrons at the electric field higher than 3.5×105 V/cm).  

4.3. Dendritic fluorenone derivatives displayed high photoluminescence 

quantum yield (up to 0.90) in the non-polar media, quenched emission in the 

polar media and the AIEE feature. On the basis of experimental and theoretical 

results the mechanism of emission in the investigated materials was suggested. 

5. Five bipolar 1,3,5-triphenylbenzene-based compounds, utilizing various 

substitution patterns (para- and meta-conjugation) to combine the carbazolyl 

donor and the nitrile acceptor were designed, characterized by theoretical 

approach and synthesized.  

5.1. The materials revealed superior thermal characteristics (TID 401-480 oC; 

Tg 128-228 oC).  

5.2. Moderately low ionization potential values (5.36-5.58 eV) were 

deduced for the compounds.  

5.3. The orientation of the substituents was found to affect greatly the 

properties of the compounds. Para-conjugation resulted in higher TID and Tg, 

lower IP, exclusively hole transport and appearance of delayed fluorescence; the 

compounds with meta-linkage displayed ambipolar charge transport and higher 

triplet energies. 

5.4. A derivative with exclusively para-conjugation displayed high 

performance in OLED as a blue fluorescent emitter, while a compound with 

meta-linkages proved to be a successful host matrix in combination with a para-

substituted guest. 

6. Two series of symmetrical and asymmetrical electron transport materials based 

on 1,4,5,8-naphthalenetetracarboxylic dianhydride were prepared.  

6.1. High thermal stability (TID 413–507 oC) proved the materials to be 

suitable for vacuum processed organic solar cells.  

6.2. Due to the reduction of parasitic absorption, the obtained symmetrical 

and asymmetrical compounds were shown to be optically superior compared to 

the standard electron transporting compound C60.  

6.3. Higher conductivity (up to 4 · 10-5 S cm-1) and electron mobility (up to 

10-3 cm² Vs-1) was demonstrated by the asymmetrical derivatives. 

6.4. High electron affinity values (3.84-4.15 eV) were discovered in the 

compounds. 

6.5. The most promising asymmetric compound, tested in a solar cell, 

showed a power conversion efficiency of 7.9 %, thus outperforming the device 

with C60 (7.7 %) due to an improved fill factor (65.7 % vs 64.1 %). 
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