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Abstract 

This Thesis deals with the design, synthesis and study of properties of novel 4,5-diazafluorene 

based material for application in electronic devices. Organic conjugated polymers with 

semiconducting properties offer many exciting prospects in material science and 

nanoelectronics and attract tremendous interest from both academia and hi-tech industry. 

Over the last decade, polyfluorenes (PF) have emerged as leading electroluminescent 

materials with bright blue emission, good thermal and electrochemical stability, high charge 

mobility and easily tunable properties through chemical modifications and co­

polymerisations. 4,5-diazafluorene is topologically similar to fluorene, however, due to 

presence of electron deficient nitrogen atoms it possess much lower LUMO energy level. 

Moreover, the two nitrogen atoms of 4,5-diazafluorene provides the binding site to form metal 

complexes similar to well-known ligands 1,10-phenanthroline and 2,2'-bipyridine. These 

advantages makes 4,5-diazafluorene an attractive object for design of novel electron deficient 

conjugated oligomers, polymers and metal complexes for optoelectronics applications such as 

organic light-emitting diodes (OLED), light-emitting electrochemical cells (LEC), 

photovoltaics (OPV), field-effect transistors (FET) and sensors . The Thesis is presented in the 

form of five chapters. In the first chapter, a brief introduction about organic electronic is 

described. Chapter 2 deals with the development of synthetic method for key starting material 

2,7-dibromo-4,5-diazafluorene. Chapter 3 exclusively discussed 4,5-diazafluorene based 

iridium complexes for light emitting electrochemical cells. In chapters 4 and 5, 4,5-

diazafluorene based oligomers and polymers are discussed, respectively. 

/(N~-t \ t ~ !Synthesis > 

4,5-Diazafluorene 

Vlll 
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Chapter 1 

An Introduction to Organic Electronics 

1.1 Background of conjugated polymer for organic electronics 

A foremost criterion of materials for electronic applications is to be electrically conductive or 

semiconductive in nature . The majority of organic materials are insulators, i.e. bad conductors 

of electricity. The first organic material having metallic type of conductivity was the charge 

transfer complex between electron donor tetrathiafulvalene (TTF) and the electron acceptor 

tetracyano-p-quinodimethane (TCNQ) reported by Ferraris' group in 1973.1 

s s [ >=< J s s 
TTF 

NC~CN 

NC~-CN 

TCNQ PA 

The story of breakthrough research of discovering metallic conductivity in a simple polymer, 

polyacetylene (PA) when doped by halogens, by Heeger, MacDiarmid and Shirakawa 

appeared in a Chemical Communication paper in 1977.2 Their findings are considered to be 

the starting point of a new field in chemistry and technology. They have demonstrated that 

upon doping polyacetylene with halogens, the conductivity has been increased up to seven 

orders of magnitude (up to 100 S cm- 1
) becoming comparable to metals, e.g. copper. The 

story of this breakthrough discovery in the field of organic conducting material is very 

exciting to learn, in the sense that scientists of different background, that is Heeger, a 

physicist, MacDiarmid, a polymer scientist, and Shirakova, an inorganic chemist, have 

discovered and developed the new field of electrically conductive organic materials that 

became a key point of the hi-tech field of 21 th century now known as polymer electronics (or 

more broadly, organic electronics). After their combined breakthrough discovery there has 

been tremendous development into this new area of research with the set up of the new 

interdisciplinary field of organic electronics involving thousands of scientists in chemistry, 

physics, polymer science and engineering, both in academia and in industry. This resulted in 

1 



many fascinating materials based on conjugated polymers with unique electronic properties 

and opened the door for their wide range of innovative technological applications including 

organic light emitting diodes (OLED), organic field effect transistors (OFET), photovoltaic 

cells (PVC), electrochromics and sensors. In recognition of their work, Profs. Reeger, 

McDiarmid and Shirakawa have been awarded with Nobel Prize in Chemistry (2000) for their 

breakthrough discovery and development of conducting polymers.3
•
4

•
5

•
6 

In 1990, for the first time, the research group of Prof. Sir Richard Friend at the Cavendish 

Laboratory in Cambridge reported an electroluminescence (EL) from thin films of poly(p­

phenylene vinylene) sandwiched between two electrodes 7 that has been quickly recognised as 

a potential new technology for polymer organic light-emitting devices (OLED). 8 This 

discovery is considered to be another breakthrough research in the field of organic electronics. 

A huge number of soluble and solution-processable electroluminescent polymers have been 

reported since then with tunable emission wavelengths through structural variations in 

polymers, high brightness, power efficiency and lifetime suitable for their applications in full 

colour displays and other OLED technologies.9
•
10 Some examples of conjugated polymers that 

have been successfully used in organic devices in recent times are polythiophenes, 

polycarbazoles, polyfluorenes and poly(p-phenylene vinylene) (Fig. 1.1) and their derivatives. 

Other well studied polymers include polypyrrole, polyaniline, poly(p-phenylene) and trans­

polyacetylene (Fig. 1.1) and their derivatives.5
•
15

•
21 

,n.., 
~s?-tn ~ 

N 
H 

Polythiophene Polycarbazole Polyfluorene 

~ N n 
H 

-tQ-NH7n 

Poly(paraphenylene vinylene) Polypyrrole Poly aniline 

H H 

~ 
H H 

Polyparaphenylene Trans-polyacetylene 

Fig. 1.1 Examples of some well known conjugated polymers. 

2 



An important criterion to develop and improve the performance of polymers in practical 

device is to look for optimum energies associated with the HOMO and LUMO orbital 

together with their ability for charge carrier mobility. Combination of electron-rich (D) and 

electron-deficient (A) building blocks by synthesis to construct conjugated organic polymers 

is the most common means of controlling or tuning the optoelectronic properties for particular 

application. As a result, wide range of copolymers containing D and A building blocks has 

been repo1ted. Other important common strategies to improve performance of conjugated 

polymers include variation of substituents attached to the polymers building blocks 

themselves. 11
•
12

•
13 

1.2 Application of conjugated polymers in electronic device 

The last two decades have witnessed tremendous progress in development of conjugated 

polymers for using in electronic devices. The main advantages associated with conjugated 

polymers lie in their flexibility, light-weight, low cost and easy processing. Conjugated 

polymers-based electronic devices may prove to be cost-effective, next generation alternatives 

to conventional widely used silicon based material. The conjugated polymer based 

optoelectronic devices can be fabricated by easy processing technologies, such as spin coating 

and inkjet printing onto flexible substrates. Driven by robust research both from academia and 

industry, OLEDs based devices have already found a place in the market, the latest example 

being the display screen of a smart mobile phone made of OLED introduced by Samsung. 

Organic photovoltaic cells (OPV s) and organic field-effect transistors (OFETs) based on 

conjugated polymers are likely to enter the market in the near future. 14 It has been predicted 

that efficient solid state lighting (SSL) based on OLEDs will be the next generation lighting 

source replacing conventional incandescence bulb and fluorescent lamps, that will not only 

reduce total electricity consumption but also prove to be environmental friendly.15 

The development of white OLED, with focus on applications such as large space display 

backlight and illumination (Fig. 1.2) is a very rapidly growing field of research. 16
•
17

•
18 The 

discovery of conducting polymers offer unique combination of properties which are not 

available in any other known materials.5 From trend of market data, it is predicted that the 

global market for organic electronics is destined to rise from the current level estimated to be 

£ 9 billion in 2014 to £ 44 billion in 2023 .19 Research activities both in academia and 

industries to unearth the potential of organic compounds for application in various kinds of 

electronic devices are expected to increase many fold in the near future with an increase in 

3 



collaborative effort of interdisciplinary science involving chemists, physicists, engineers and 

others . 

Fig. 1.2 Examples of white OLED, regarded as future replacement to incandescent light bulbs 

(Fig. taken from Ref. 16). 

1.3 Organic light emitting diodes, OLEDs: basic principles 

A typical organic light-emitting device consisting of a juxtaposed structure of light-emitting 

polymer between a transparent indium-tin oxide (ITO) anode and metallic cathode (such as 

Al, Mg or Ba) is shown on Fig. 1.3; it can also include additional hole/electron transporting 

and blocking layers to improve the OLED performance.20
•
2 1

•
22 Under the influence of applied 

voltages across the OLED, electrons tend to move from the cathode (negative charge) toward 

the anode (positive charge). In this process, electrons are diffused into the HOMO of the 

organic material and escape from the LUMO creating holes as illustrated in Fig. 1.3. As a 

consequence, the electrons and the holes are pulled toward each other and when they combine 

the excitons (excited state) are formed . The excitons formed undergo a relaxation process 

resulting in the emission of light (ho), which is the observed illumination of OLEDs. The 

additional hole/electron transporting and blocking layers facilitates the recombination process 

of electrons and holes to form excitons. 
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Electron Transporting 
Layer(ETL)and/or 

Hole Blocking Layer (HBL) 

Hole Injection Layer (HIL) 
and/or 

Hole Transporting Layer (HTL) 

Anode HTL 

Metal cathode 

Light output 

HOMO , 

2-lOVDC 

Indium Tin Oxide 
(ITO) anode 

Glass or plastics 

EMl ETL LWE 

Fig. 1.3 Schematic diagram of OLED (top) and energy level diagram of a multilayer OLED 

(bottom). Low work function electrode (LWE), electron transport/emissive layer (ETL/EL), 

and hole transport layer (HTL). (Fig. taken from ref 15) 

The frequency of emitted light from exciton relaxation is governed largely by the band gap or 

the difference in energy between the HOMO and LUMO of the organic material used. The 

electrons and holes are of half integer spin. As such, when an exciton is formed the spin 

multiplicity may either be in a singlet state or a triplet state, governed by how the spins of the 

electron and hole are combined. In terms of statistic, three triplet excitons will result for each 

singlet exciton when an electron and hole have been combined. Therefore, the maximum 

internal quantum yield (the number of emitted photons per injected holes/electrons) is 

theoretically limited to 25% because the emission from the triplet states is spm­

forbidden.8·22·23 Phosphorescent organic light-emitting diodes based on transition metal 

complexes make use of spin-orbit interactions to facilitate intersystem crossing between 

singlet and triplet states, thus obtaining emission from both singlet and triplet states and 

improving the internal efficiency up to theoretical limit of 100%.24 
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1.4 Light-emitting electrochemical cells, LECs: basic principles 

In general, LECs consist of a single material with ionic charges sandwiched between two 

electrodes (Fig. 1.4a).25 A representative mechanism of operation in LECs is depicted in Fig. 

1.4.26
·
27 Under the applied voltages, ions moves towards electrodes and a strong interfacial 

electric field is generated. The separated ions undergo oxidation and reduction processes (also 

called doping) near the electrodes. The p-type region is formed near the anode and n-type 

region near the cathode. These doping regions facilitate Ohmic contacts with the electrodes 

which promotes the injection of electrons and holes. Ohmic contact makes the device 

operation to be independent on the used electrodes and as such, low work function electrodes 

(such as Ag, Au) can be used in LECs and the device can operate at very low voltages. The 

electrons and holes recombine at junction between p-type and n-type region, forming exciton 

(in chemistry also called excited state) which upon relaxation emit light. 
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Fig. 1.4 Operating mechanism of LEC. (a) The cell before applying voltage. (b) Doping 

opposite sides as n-type and p-type regions near electrodes. (c) Redistribution of ions to create 

electric field and facilitate charge injection to form excitons. 
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Chapter 2 

4,5-Diazafluorene Derivatives as Materials 

for Optoelectronic Applications 

2.1 Introduction 

2.1.1 4,5-Diazafluorenes: structural aspects and applications 

Fluorene (2.1) as its name suggests, is known for its intense fluorescence behaviour and is a 

common polycyclic aromatic compound. Facile reactions take place at the 2 and 7 position of 

fluorene (2.1), which allows construction of rigid-rod type polymers and co-polymers chain, 

whereas substitution at the 9-position provides scope to increase the solubility without 

altering the electronic properties of the backbone. 1
•
2

•
3 The fluorene-based conjugated 

oligomers are especially known to emit deep blue light with high efficiency both in the 

solution and in the solid state (film), which is not the common spectral region and therefore is 

considered to be a good candidate for blue OLED.4 4,5-Diazafluorene (2.2) is topologically 

similar to fluorene, however, presence of the electron deficient nitrogen atoms causes 

lowering of the LUMO energy level and in addition provides the chelating site to form 

complexes with metal. Therefore, 4,5-diazafluorene (2.2) (DAF) represents an attractive 

building block for design of novel electron deficient conjugated oligomers, polymers and 

metal complexes for optoelectronics such as OLED, OPV, OFET and sensors. 

5 4 

/( N~N \ 3 

7~2 
8 1 

9 

2.2 

Unlike fluorene, DAF (2.2) is less reactive towards the electrophilic aromatic substitution 

reaction at 2,7-positions (of its pyridine rings) due to the presence of electron deficient 

nitrogen atoms, which makes it difficult for using as a building block for synthesising 

conjugating systems. This is, perhaps, one of the reasons why DAF-based oligomers and 

polymers are not widely investigated to date (another one is that DAF 2.2 itself is less 

accessible starting building block compared to cheap commercially available fluorene). As a 
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part of my Thesis work we tried to address this issue and were able to develop a new efficient 

method for synthesis of the halogen-substituted DAF derivatives, which will be discussed in 

the results and discussion section. On the other hand, substitution reactions at the C-9 position 

is as facile as fluorene (or even more), which offers scope in design and synthesis; similar to 

those of the existing fluorene moieties. 

There has been a tremendous amount of work done on fluorene and its derivatives over the 

last two decades as materials for optoelectronics and other applications. Indeed, there are over 

14,400 hits for the topic "fluorene OR fluoren" while only about 270 hits for the topic "4,5-

diazafluorene OR 4,5-diazafluoren" on Web of Science database as of 31/07/2014. In the 

meantime, according to Web of Science database, there is growing number of citations on the 

research articles published with the topic "4,5-diazafluorene OR 4,5-diazafluoren" (Fig. 2.1). 
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Fig. 2.1 Citations in each year with the topic "4,5-diazafluorene OR 4,5-diazafluoren" on 

Web of Science TM (Thomson Reuters™) as of 31 July 2014 .. 

Therefore, it can be stated that DAF derivatives in comparison to fluorene derivatives are less 

studied and represent an emerging new class of material for research. Most of the published 

literature data on DAF derivatives are toward their transition metal complexes. DAF (2.2) is a 
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bidentate ligand similar to well studied 2,2'-bipyridine (2.3) and 1,10-phenanthroline (2.4) 

ligands. A review article by One and Saito in 2008 describes some of the chemistry and 

applications of DAFs.5 Effect of annelation on aromaticity of 2,2'-bipyridine (2.3) was 

reported by Thummel group in 1985.6 They also reported the preparation and properties of 

variety of 3,3-anealated derivatives of 2,2'-bipyridine including DAF (2.2). 

0-0 ctp 
2.3 2.4 

In terms of geometry, the binding site angle between the two nitrogen atoms of DAF is wider 

compared to 2,2'-bipyridine (2.3) and 1,10-phenanthroline (2.4) due to the central five 

membered ring. Also, there are two binding sites available for DAF that is one at C-9 and 

other at nitrogen atoms. Such subtle differences bring unique properties associated with the 

metal complexes of DAF derivatives which will be discussed in Section 2.1.3. 

Potentially, different positions of DAF (2.2) can be functionalised for synthesis of new 

derivatives, offering wide range of novel materials for research and application in electronics. 

At the starting time of my PhD study, there were no reports on oligomers and polymers based 

on DAF (2.2) moiety. One of the aims of my PhD work was to elaborate suitable methods of 

synthesis of conjugated oligomers and polymers based on DAF (2.2) and to study there 

physical properties for potential applications of these materials in organic electronics and 

photonics (few examples of such materials had been appeared in the literature when our work 

was in progress). In the following section of this Chapter, synthesis of DAF (2.2) and its 

derivatives along with their properties are discussed from recent articles . 

2.1.2 4,5-Diazafluorene: synthesis and properties 

Unsubstituted DAF (2.2) can be synthesised in good yields from 1, 10-phenanthroline (2.4) in 

two steps. The first step involves oxidation of 1,10-phenanthroline with potassium 

permanganate in basic conditions (aqueous potassium hydroxide) at room temperature to 

afford 4,5-diazafluoren-9-one (DAFone, 2.9)7·8 and in the second step, reduction of DAFone 

by Wolff-Kishner reaction with hydrazine hydrate yield DAF (2.2)9 (Scheme 2.1). The major 

side product reported during the oxidation step was 2,2'-bipyridyl-3,3'-dicarboxylic acid (2.8), 

which was formed via oxidation of 1,10-phenanthrolin-5,6-quinone (2.5). The reaction 

pathway is believed to be through rapid benzil-benzilic acid ring contraction of 1,10-

phenanthrolin-5,6-quinone (2.5-2.6). Improvements in yield for the synthesis of DAFone 



(2.9) was carried out by Plater's group as a one pot synthesis from 1,10-phenanthroline (2.4). 

The modified procedure involved an increased amount of alkali with the addition of dilute 

solution of KMnO4 slowly to favour ring contraction which results in an improvement of 

yield from a previously known procedure of 20% to nearly 60%. 10 
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KOH aq. 

Oxidation 

Q-0 
COOH 
2.8 

i 

r
~-
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~ 
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Or;P 
0 

2.9 

Scheme 2.1 Synthesis of 4,5-diazafluorene (2.2).7•9 

2.1.2.1 Reactions at C-9 position of 4,5-diazafluorene 

2.7 

N2H4·H20 

Reduction 

2.2 

Reactions at the C-9 position of DAF (2.2) can be performed in similar fashion as that of 

fluorene chemistry that is well known and studied. The reactions that use DAF (2.2) and 

DAFone (2.9) as starting materials to synthesise variety of DAF derivatives at the C-9 

position along with their properties are described in this section. 

The synthesis and properties of tetradentate bridging DAF-based ligand 2.12 were studied by 

Connor et al. 11 This ligand (2.12) was used to prepare the dendritic complexes with metal ions 

to study the intermolecular energy transfer and electron transfer properties. They also reported 

the 1:1 charge transfer complex of compound 2.12 with 7,7,8,8-tetracyanoquinodimethane 

(TCNQ) and their molecular structure by X-ray crystallographic study. Tetradentate bridging 

ligand 2.12 was synthesised in good yield from DAF (2.2) as well as from DAFone (2.9) as 

starting materials as depicted in Scheme 2.2. Bromination of 2.2 with N-bromosuccinimide 

afford product 2.10 with ca. 60% yield, which was dehydrobrominated with t-BuOK in t­

BuOH to afford compound 2.12 with the yield of 90%. Another method involves Wolff­

Kishner reduction of DAFone 2.9 to afford 2.11 in good yield followed by either 
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dehydrogenation of 2.11 with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in 

bromobenzene to afford 2.12 in 85% yield, or the reaction of 2.11 with NBS in the presence 

of a catalytic amount of dibenzoyl peroxide in chloroform to produce product 2.12 in 86% 

yield. 

r::):j:) NBS v:fJ ~ ~ ~ H ,-.... Benzene ,-.... 

2.2 Br 

2.10 

DDQ, 

v:;P N2H4·H20 PhBr 

~ -,-.... Reduction or 
NBS, 

0 (PhC00)2, 

2.9 2.11 
CHCl3 

2.12 

Scheme 2.2 Synthesis of a 4,5-diazafluorene-based tetradentate ligand 2.12. 11 

Due to the presence of electron deficient nitrogen atoms, DAF-based coordination ligands are 

in general used as electron acceptor ligands. However, the ease of substitution at the 9-

position of DAFone (2.9) made it possible to tune the electronic property. For example, the 

molecules 2.14 12 and 2.16 13 (Scheme 2.3) act as n conjugated donor and n conjugated 

acceptor ligands. Here, the DAF units were used for metal complexation while the substituent 

at C-9 position act as electron donating and electron withdrawing moieties in 2.14 and 2.16 

respectively, reported by Sako et al. 12
·
13 
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Scheme 2.3 Synthesis of a DAF-based conjugated donor (2.14) and acceptor ligands 

(2.16)_ 12,13 
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The conjugated acceptor ligand 2.16 was synthesised by Knoevenagel condensation of 

DAFone (2.9) and active methylene compounds 2.15 in presence of a base in two different 

ways. First method employed condensation with piperidine or ammonium acetate-piperidine 

as bases within 5-40 minutes. Second method was based on thermal reaction using 

ammonium acetate as base in refluxing benzene-acetic acid for 12-18 hours . The first method 

was found to give better yields (10 to 14%) and required less reaction time. According to the 

authors, the conjugated acceptor 2.16a is a promising electrochromic material. 13 They have 

demonstrated an existence of three different stable coloured redox states (neutral 2.16a, 

radical cation 2.16a·-, and dication 2.16a2-) as confirmed by spectroelectrochemical visible 

absorption measurements (Fig. 2.2a). The cyclic voltammetry measurements for molecule 

2.16a showed that the two single electron transfer reduction processes were completely 

reversible and can be cycled between the two redox states in solution for at least few hours 

(Fig. 2.2b) .13 
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Fig. 2.2 Spectroelectrochemical experiments ( a) and cyclic voltammogram (b) of 9-

dicyanomethylene-4,5-diazafluorene (2.16a) in dichloromethane. Black line: 0 V (2.16a), red 

line: -1 V (2.16a•-), blue line: -1.7 V (2.16a2-). 13 

The condensation reactions of DAFone (2.9) with aromatic amines and hydrazines were 

studied by Rilema et al. 14 A series of compounds such as 2.17, 2.18 and 2.19 were 

synthesised and characterised by photophysical methods . Some of these compounds, 

including DAFone (2.9) , were used as building blocks for synthesis and studies of ruthenium 

complexes reported by Rilema et al.15
•
16 
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Study of photoinduced energy and electron transfer processes in supramolecular assemblies is 

an important field of research with many applications including light harvesting, sensors, and 

charge separation. When the active units for the energy transfer process are metal complexes, 

the connectors or spacers have to be bridging ligands. Belser et al. reported bis-chelating 

bridging ligand 2.22 based on two DAF units connected by adamantane spacer. 17 9-Diazo-4,5-

diazafluorene (2.20), synthesised from DAFone (2.9), served as a synthon for many such 

DAF-based bridged ligands for electron and energy transfer studies (Scheme 2.4). 18 

op 1. tosylhydrazide op 
s~ s 

E!OH, rt, 8 h 2.21 
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2. aq. NaOH, 
// 

P(CsHsh 

0 
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Scheme 2.4 Synthesis of a bis(bidentate) bridged ligand based on 4,5-diazafluorene, ligand 

2.22. 17 

The alkylation of DAF (2.2) at the C-9 position can be performed in a way similar to that of 

known for fluorene (2.1) chemistry. In general, 4,5-diazafluoren-9-yl anion is generated by 

action of strong base and then involved as a nucleophile in nucleophilic substitution reaction 

with an alkyl halide. Wong et al. 19 reported synthesis of C-9 dialkylated compounds 2.23 and 

2.24 by alkylation of 4,5-diazafluoren-9-yl anion, generated on deprotonation by NaH with 1-

bromohexane and 1,6-dibromohexane, respectively (Scheme 2.5). An alkylation occurs 

selectively at the C-9 position and not on the pyridine nitrogen atom suggesting much higher 

reactivity of the carbanion. The dibromo compound 2.24 suffers from self-polymerisation 

with 43 % yield, so could not be purified. Compound 2.25 was prepared in situ by treating 

generated dibromo compound 2.24 with neat 1-methylimidazole, followed by ion-exchange 
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with potassium hexafluorophosphate to afford ionic compound 2.25. Compounds 2.23 and 

2.25 have been used as ligands to prepare iridium complexes, which were served as emissive 

materials in light emitting electrochemical cells (LEC) device studies19 (more details on 

iridium complexes will be discussed in section 2.1.3.4). Recently, 9,9-dialkyl-4,5-

diazafluorene was reported to be useful in the medicinal chemistry field as an antitumor 

agent. 20 The authors emphasised that the chelating properties of the nitrogen atoms played an 

important role as an antitumor agent. They demonstrated that the hexyl substituted compound 

2.23 shows maximum cellular uptake and cytotoxicity in this class of compounds having 

different alkyl chain lengths at the C-9 position of DAF (2.2) . These findings indicate the 

potential usefulness of DAF derivatives in therapeutic applications. 

2.2 

1-CsH11 Br, j 
NaH, THF, 
92% 

2.23 

1,6-CsH10Br2, 
NaH, THF 

Br 

2.24 

neat then KPF6 

1-methylimidazole 

Br 

2.25 

Scheme 2.5 Alkylation of DAF (2.2) at the C-9 position and further side-chain 

functionalisation . 19 

Friedel-Crafts reaction of DAFone (2.9) with phenols and their alkyl ethers in the presence of 

an acid is an efficient method of introducing p-hydroxyaryl- and p-alkoxyaryl substituents at 

the C-9 position of DAF (2.26-2.27) (Scheme 2.6). Saito et al. 21 studied the Friedel-Crafts 

reactions of DAFone (2.9 - 2.26) with anisole and phenol in presence of sulphuric acid and 

obtained products 2.26a-c in good yields of 70-90%. Li et al. 22 reported similar reaction of 

DAFone (2.9 - 2.27) with phenol in presence of hydrochloric acid with somewhat lower 

yield of 40%. Wong et al. 23 reported intramolecular Friedel-Crafts reaction (2.28 - 2.29) in 

presence of catalytic amount of sulphuric acid to synthesise spiro-4,5-diazabifluorene 

compound 2.29 with yield of 75 % (Scheme 2.6). As a part of current thesis work, we report 

similar Friedel-Crafts reaction of bromo-substituted DAFone with phenol in the presence of 

sulphuric acid to synthesis 2,7-dibromo substituted compound similar to 2.26a (with octyl 

groups instead of methyl) discussed in Chapter 3 in the Result and Discussion Section. 
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Scheme 2.6 An arylation at the C-9 position of OAF by Grignard and Friedel-Crafts type 

reactions. 2 1
•
22

•
23 

9,9'-Diaryl-4,5-diazafluorenes 2.26a-c were reported as a new type of electron-transporting 

and hole-blocking materials in electroluminescent devices.21 Electron transporting materials 

are applied to the organic electroluminescent devices for the effective recombination between 

the electrons and the holes in the emitting layer to afford high efficiency and longer lifetime 

of OLED.24•25 One of the best electron transporting material is 2,9-dimethyl-4,7-diphenyl-

1, 10-phenanthroline (BCP), it is also used as a hole-blocking layer in the electroluminescence 

devices to achieve high quantum efficiency of the devices. Saito et al.21 have demonstrated 

that phosphorescent electroluminescence devices that uses compound 2.26c showed superior 

hole-blocking ability compared to BCP. 

BCP 

16 



:: h ,,, They also reported the molecular structure and molecular pacbng of c0mpound 2.26c in the 

solid state from single crystal X-ray crystallographic anaiysis.26 The compound 2.26c showed 

good electron transporting properties in electroluminescence devices due to its high electron 

affinity. This property was extended when this compound was used as a ligand for metal 

complexes. The compound 2.27 was reacted with the alkyl halides to affords 2.26c and 2.30 

(Scheme 2.7), both in good yield of ca. 70%.21 The europium complexes of compound 2.26c 

and 2.30 were reported to be red-emitters with good electron-transporting properties in 

OLED.22 A ruthenium complex of compound 2.26c was also investigated as a dye-sensitising 

in solar cells by Saito et al. 27 

Mel 

NaOH, ,y =--THF /, ::---. ~ 
MeO OMe 

2.26c 

HO OH RI 

2.27 

RO OR 
2.30 

Scheme 2.7 Synthesis of 9,9'-diaryl-4,5-diazafluorene derivatives.21 

Ter(9,9-diarylfluorene) 2.31 is known as one of the most efficient emitters material for blue 

OLEDs amongst oligofluorenes, however, due to its low electron affinity causes difficulty in 

electron injection from common cathode electrodes.28 Wong et al. in 2005 demonstrated that 

incorporation of higher electron affinity DAF moiety into ter(9,9-di-p-tolylfluorene) to form 

2.32 results in more efficient OLED performance. Compound 2.32 showed an enhanced 

electron injection ability from metal cathode compared to the parent compound 2.31 without 

altering its characteristic blue emission properties.23 Similar studies on terfluorene analogue 

2.33 reported to have significantly altered physical properties compared to parent terfluorene 

2.31.29 
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·2.31 

2.32 

2.33 

As mentioned before, DAF has the chelating ability toward transition metal ions and 

undergoes changes in physical properties upon coordination with metal ions. Therefore, 

design of donor-acceptor (D-A) systems containing DAF units allows new chromophores to 

be used as metal ion sensors. Design of D-A systems which facilitate processes of 

intramolecular charge transfer (ICT) and photo induced electron transfer (PET) is a common 

strategy for fluorescence probe sensors.30
·
31

·
32 Following similar strategy, in year 2006, 

synthesis and photophysical properties of spirobridge bipolar chromophore donor-acceptor 

(D-A) type molecules such as 2.34, 2.35 and 2.36, also reported by Wong's group in a 

separate publication. Incorporating the DAF unit as an electron acceptor and aryl amino 

groups as an electron donor moiety, the compounds 2.34, 2.35 and 2.36 show different 

photoluminescence behaviour in its complexed and uncomplexed states suggesting a potential 

for sensing metal ions.33 
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They studied the photophysical properties of the vanous metal ions binding with the 

compound 2.34, 2.35 and 2.36. In particular, the authors has demonstrated that complexation 

of compound 2.35 with Sr2
+ ions led to a significant change in the emission wavelength (Fig. 

2.3)_33 
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Fig. 2.3 Normalised fluorescence-spectra of compound 2.35 (50 µM) in the presence of metal 

ions (500 µM) upon excitaion at 380 nm in THF. Inset: fluorescence responses (I/lo) of 

compound 2.35 at emission maxima after adding metal ions; Io is referred to the fluorescence 

intensity of ion-free state.33 

2.1.2.2 Substitution at the 3,6-position of 4,5-diazafluorene 

In general, two methods can be best described for the introduction of aryl substituents at the 

3,6-position of DAF. First method utilises the intermediate N,N'-dioxide of DAF (Schemes 

2.8-2.9)36·37 while the other method is based on direct arylation of DAF using aryllithium 

(Scheme 2.10).34 

N,N'-dioxide of DAF derivative 2.38 was obtained in good yield by oxidation of compound 

2.37 with meta-chloroperbenzoic acid (m-CPBA) in chloroform (Scheme 2.8).36 As a part of 

this Thesis work, we also exploited similar approach utilising hydrogen peroxide as the 

oxidising agent to obtain N,N'-dioxide compound 3.25 with 74% yield (described in Chapter 

3, under the Results and Discussion Section). Rozen et al. reported synthesis of compound 

2.38 from compound 2.37 using HOF•CH3CN as the oxidising agent in DCM with 90% 

yield.35 Compound 2.38 was treated with trichlorophosphate at 97-98 °C, followed by basic 

work up with NaHCO3 to afford dichloro-substituted compound 2.39. Halide substituted 

product 2.39 was then subjected to Suzuki-type coupling reaction with aryl boronic acid to 

obtain aryl substituted products 2.40a,b. In this Thesis work, we prepared similar product 
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(3.26) together with a mono chloro-substituted product 3.27 as a side product under similar 

reaction condition (Chapter 3, under the Results and Discussion Section). 

m-CPBA 

-o o­
+N ~t 

~ /1/ 

H3C CH3 
2.38 

2.40a, A,a ~ 2.40b, A,a 

Scheme 2.8 Arylation at 3,6-position of DAF. 36 
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Yen et al. reported the oxadiazolyl substituent at the 3,6-position of DAF using N,N' -dioxide-

4,5-diazafluorene intermediate 2.41 (Scheme 2.9).36•37 Compound 2.41 was treated with 

potassium cyanide in water followed by benzoyl chloride to afford 2.42 with 70% yield. 

Isolated product 2.42 was then refluxed with sodium azide in presence of ammonium chloride 

and lithium chloride in dimethylformamide to afford 2.43 with 53% yield. Finally, compound 

2.43 was reacted with benzoyl chloride in pyridine to afford desired product 2.44 with 61 % 

yield. 
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Scheme 2.9 Introduction of aryl oxadiazole group at 3,6-position of DAF.37 
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A second method, reported by One et al. 34 involved direct arylation with aryllithium (Scheme 

2.10). Compound 2.26c was reacted with 3.5 equivalent of phenyllithium (PhLi) in toluene to 

afford compound 2.45 and compound 2.46 with 43% and 3% yields, respectively. Compound 

2.45 was further treated with PhLi to afford compound 2.46 with 55% yield. In order to 

improve the electron transporting properties of compound 2.26c, n-extended products (2.45a­

d and 2.46a-d) were synthesised as an extension of their previous work. The reported 

electroluminescent device based on compound 2.46d showed an improved hole blocking 

properties compared to their previously reported best device performance based on compound 

2.26c. It was demostrated that this compound possesed a high glass transition temperature of 

over 100 °C and improved electroluminescence due to increasing electron-transporting ability 

arising from an extension of then electron system.34 

Ar Ar 

i) Arli i) Arli 

ii) Mn02 ii) Mn02 

Meo OMe Meo OMe Meo OMe 

2.26c 2.45a-d 2.46a-d 

Ar= a •-0 
Scheme 2.10 Direct arylation at 3,6-position of DAF.34 

In 2007, researchers at Luminescence Technology Corporation have patented some 

spiro(fluorene/diazafluorene) derivatives , e.g. compounds (2.47, 2.48), primarily for use as 

electron-transporting and/or hole-blocking materials or phosphorous hosts in organic 

electro luminescence devices. 36 
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In 2008, researchers at Canon Kabushiki Kaisha patented alkylated diazafluorene derivatives 

such as compounds ( 40a, 40b) claiming them to be useful as a charge transporting materials 

for electrophotographic photosensitive members, an organic electroluminescence devices, 

photoelectric transducers, an organic semiconductors and an organic solar cells.37 

2.40a 2.40b 

Huang et al. reported synthesis of compounds 2.49 and 2.50, which were used as ligands for 

preparing iridium complexes that have been studied as materials for LEC. 38 Compounds 2.49 

and 2.50 were prepared by direct arylation of spiro-compound 2.26c with phenyllithium in 

diethyl ether followed by an oxidation reaction with MnO2 with 93 % and 88% yields, 

respectively. They have demonstrated that LEC devices based on iridium complexes of n­

extended compounds 2.49 and 2.50 showed longer device lifetime and higher stability 

compared to unsubstituted compound 2.26c based iridium complex. 

2.49 2.50 

2.1.2.3 Functionalisation at the 2, 7-position of 4,5-diazafluorene 

It is evident from the examples of the previous Section (2.1 .2.2) that functionalisation at the 

3,6 positions of DAF (2.2) can be successfully exploited for potential applications in organic 

electronics. However, the 2,7 position of DAF 2.2 have not been functionalised until recently 
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to make derivatives of DAF due to synthetic difficulties. Earlier the methods of 

functionalisation at the 2,7-position achieved through direct bromination to DAFone (2.9) into 

dibromoDAFone (2.9 - 2.53) was reported by Mlochoski et at.70 in 1980 (Scheme 2.11). 

The procedure involved very harsh acidic conditions (60% oleum + bromine), high pressure 

and temperature, and long reaction time of four days. Moreover, the yield of the reaction was 

low; and therefore the method is not suitable for large-scale reactions. As part of the current 

Thesis work, one of the aims was to address this issue and to develop an efficient and milder 

set of conditions to synthesise 2,7-dibromodafone 2.53 avoiding these harsh conditions (more 

details are in the Result and Discussion section of this Chapter). Subsequently, several novel 

derivatives of DAF substituted at the 2,7-position are synthesised and their physical properties 

have been studied (Chapters 3-5). 

In 2011, Huang et al. have reported one pot synthesis of 2-bromo-4,5-diazafluor-9-one (2.52) 

(bromoDAFone) from 1,10-phenanthroline (2.4) (Scheme 2.11). 39 1,10-Phenanthroline (2.4) 

was treated with mixture of H2SO4/HNO3/KBr followed by treatment with solid sodium 

hydroxide to afford compound 2.52 with 50% yield. The reaction proceeded through dione 

intermediate 2.51, which underwent rearrangement to form bromoDAFone 2.52. Later on 

2012, Huang's group reported synthesis of dibromoDAFone 2.53 from 3,8-dibromo-1,10-

phenanthroline (2.54) using similar conditions with 50% yield.40 At the same time, our own 

research using similar reaction scheme (Scheme 2.11) was underway, we attempted to follow 

the same procedure as reported by Huang et al. and found that the reactions (2.4-2.52 and 

2.44-2.53) did not give reproducible yields and cannot be scaled up to large amounts (above 

500 mg) . 

In the procedure, that we have developed the dione intermediate 2.55 was isolated first and 

then in separate reaction treated with a 6.2% NaOH aqueous solution in a large volume of 

water to afford compound 2.53 with 51 % yield. The improved method was found to be 

suitable for large-scale syntheses (more details are in the Results and Discussion Section of 

this Chapter). 
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Scheme 2.11 Synthesis of 2-bromoDAFone 2.52 and 2,7-dibromoDAFone 2.53.39.4° 

Huang et al. 38 reported the synthesis of series of donor-acceptor type molecules based on 

monobromoDAFone 2.52 and dibromoDAFone 2.53 (Schemes 2.12 and 2.13) and studied 

their photophysical properties. Among the series of donor-acceptor molecules (such as 2.59, 

2.61 and 2.62) , DAF unit acted as acceptor while carbazole or thiophene units as donors . 

Compound 2.57 was prepared by the Ulmann reaction using Cul, 18-crown ether and K2CO3 

to afford 70% yield and further Friedel-Crafts reaction of compound 2.57 with 2.60 afforded 

2.61 with 68 % yield. Treatment of compound 2.57 with malonitrile (2.58) yielded donor­

acceptor compound 2.59 with 66% yield. The synthesised compounds 2.59, 2.61 and 2.62 

reported to exhibit solvent-dependent fluorescence and low band gap materials, suitable for 

optoelectronic applications. 
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Scheme 2.12 Donor-acceptor type molecules between DAF and carbazole derivatives.38 

The D-A type systems such as 2.64, 2.66 and 2.67 were synthesised by Stille coupling 

reactions between thiophene derivatives and bromoDAFone 2.52 in DMF catalysed by 

Pd(PPh3)2Ch. Compounds 2.64, 2.66 and 2.67 exhibited solvent-dependent fluorescence and 

are reported to be low energy gap materials and, therefore, can be consider as potential 

materials for optoelectronic applications. 
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Scheme 2.13 Donor-acceptor type molecules 2.64, 2.66, and 2.67 between DAFone and 

thiophene derivatives.39 

Recently, in 2013, when our work was in progress, Huang et al. (also working on DAF 

derivatives) have reported the synthesis of some co-oligomers and co-polymers of DAF with 

fluorene units and studied their photophysical properties.41 The co-oligomers (2.68-2.70) 

were synthesised by Pd catalysed Suzuki couplings reaction in good yields. The copolymer 

2.71 containing the DAFone unit was synthesised by Ni-mediated Yamamoto coupling 

reaction while the copolymers with the different ratio of DAF and fluorene units were 

synthesised via Pd catalysed Suzuki coupling polymerisation reaction. All the 9,9-dioctyl­

substituted DAF-based copolymers (2.72a-c) exhibit good solubility in common organic 

solvents, high quantum efficiency in solution (58-77% in solution) and good thermal stability 

(decomposition temperature ca. 385 °C), similar to polyfluorenes. These authors have also 

presented photoluminescent properties of copolymers 2.72 when coordinating with different 

metal ions and their pH response. The authors highlighted the potential of poly( 4,5-

diazafluorene) based materials for supramolecular functional materials for thin film devices 

such as pH and metal ions sensors.41 
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2.1.3 4,5-Diazafluorenes as ligands for complex formation with transition metals 

Bidentate nitrogen-contained ligands, as 2,2'-bipyridine (bpy, 2.3) and 1, 10-phenanthroline 

(phen, 2.4) are known to form wide range of metal complexes.42·43·44 DAF (2.2) has similar 

binding site as bpy (2.3) and phen (2.4) to serve as ligand to form metal complexes. The 

methylene bridge in DAF changes the angle of the bipyridine portion of the molecule, which 

reduces the nitrogen-metal overlap, and therefore DAF (2.2) lies lower than bpy (2.3) in the 

spetrochemical series . This fact was supported by the study of emissive properties of Ru and 

Ni complexes with DAF by Cherry's group in 1984.45 The presence of five membered ring 

results in larger chelate bite for DAFone (2.9) in comparison to those with structurally similar 

bpy (2.3) and phen (2.4) [N· · -N distances: 3.00 A (DAFone), 2.62 A (bpy), 2.64 A (phen)]. 

As a result, chelating of DAFone with metals is known to be highly unsymmetrical, forming 

one normal and one long bond.46 As an example, the single crystal X-ray structure of 

Co(DAFone)(3,6-di(tBu)semiquinone)2 reported by Peirpont's group established this fact.47 

Over the last two decades, a large number of DAF-based metal complexes involving Pd, Co, 

Cu, Ni, Cd, Mn, Ir, Ru, Re, Ag, Zn, Eu and Pt metal cations have been reported.5·46·47·48·49 

In the following section, widely investigated metal complexes (Ru, Ir) of DAF for 

optoelectronic applications, as well as Pd and Rh complexes of DAF as catalysts are 

discussed. 
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2,1.3.1 Complexes of 4,5-diazafluorene with Ru 

In 1984, Cherry et al. 7 reported synthesis of Ru(II) complexes 2.74, 2.75, 2.76 containing 

OAF derivatives as ligands and investigated their photophysical properties. The photophysical 

properties of Ru complexes were compared with well known [Ru(bpy)3]'2PF6 (2.77). The 

quantum yield of complex 2.74 was reported to be 0.56 at 77 K, which was higher than the 

complexes 2.75 (0.23), 2.76 (low) and 2.77 (0.33). The emission lifetimes of the complexes 

2.74, 2.75 and 2.77 were measured to be 0.59, 4.3 and 5.2 µs, respectively. While the 

emission lifetime of the complex 2.76 was too low to be measured. The absorption maximum 

of 2.74 (574 nm) was found to be slightly red shifted compared to Ru(bpy)3-2PF6 (2.77) (578 

nm). A noted difference in emission intensity of 2.76 is about 50 fold larger than that of 2.74 

at 298 K. The complex 2.75 was found to be not emissive at 298 K. 

2.74 2.75 2.76 2.77 

Rillema et a!. 50 in 1988 reported the synthesis of series of bimetallic Ru(II) complexes (2.78-

2.82) based on DAF derived ligands (such as 2.17, 2.18, 2.19) and studied their photophysical 

properties. The absorption maxima ( ca. 444 nm, 285 nm, 240 nm) were found to be similar 

for each of these complexes (2.78-2.82) in acetonitrile at 298 K. Compared to [Ru(bpy)3]'2PF6 

complex 2.77, the MLCT transitions (dn--tn*) of these complexes (2.78-2.82) a.re blue-shifted 

(by ca. 10 nm). The oxidation and reduction processes of all these complexes were found to 

occur at less negative potentials compared to [Ru(bpy)3]'2PF6. All of these complexes were 

found to be non-emissive at room temperature. However, at low temperature (77 K) green­

yellow emission with maxima at 566-568 nm were observed, similar to the vibrational 

component reported for [Ru(bpy)3]'2PF6 (578 nm) with a small blue shift of ca. 10 nm. The 

emission lifetimes of these complexes were reported to be between 4 to 6 µs at 77 K. 
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A dye-sensitized solar cell (DSSC) using Ru complex 2.83 containing DAF ligand 2.26c was 

investigated by One et al. in 2007.27 The properties of complex 2.83 was compared with the 

well-known sensitizer for DSSC, cis-bis(thiocyanato-N)bis(4,4'-tetrabutylammonium 

hydrogen dicaroxylato-2,2'-bipyridine-K2N)ruthenium(II) dye (red dye N719). The conversion 

efficiency of solar cell made of complex 2.83 was found to be slightly higher (7.3%) 

compared to complex N719 (7%). The photocurrent-voltage curves for the respective solar 

cells are shown in Fig. 2.4. 
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Fig. 2.4 The photocurrent-voltage curves for the DSSC with dye 2.83 (1) and dye N719 (2). 27 
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The tertapodal ligand derived from DAF and their corresponding Ru(II) complexes was 

recently reported by Cheng's group, displayed somewhat different spectroscopic and 

electrochromic properties than those of Ru(bpy3)2+ and Ru(phen)l+ complexes.51 The same 

group also reported synthesis a similar derivatives from DAF and their corresponding 

polynuclear Ru(II) complexes with different linkers and their photophysical properties.52·53 

2.1.3.2 Complexes of DAF with Pd 

DAF (2.2) when subjected to deprotonation at the C-9 position (Scheme 2.13) results in 4,5-

diazafluorenyl anion 2.84 which has two types of metal binding sites, namely the two nitrogen 

atoms and the methylene anion site at the C-9 position. These interesting features of having 

two binding sites gave rise to the possibility of accommodating two metal centres such as the 

complex 2.85 with new properties. Song's group has investigated these aspects54 in 2008 and 

the palladium and rhodium chemistries of DAF anion ligand were reported. The structure and 

the synthesis of the respected metal ions complexes are shown in Scheme 2.14. This research 

has particularly demonstrated that complex 2.86 shows catalytic activity toward olefin 

hydrogenation. 
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Scheme 2.14 Reactions at different sites of DAF to form metal complexes.54 

The multiple coordination sites m a given ligand facilitate formation of macrocyclic 

complexes.55·56 As mentioned above, DAF has a multiple coordination sites. This feature has 
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been utilised in synthesis of ligand 9-(2-( diphenylphosphino )ethyl-4,5-diazafluorene (DAFp) 

for the ligand transfer reaction from the complex [Cu(IPr)DAFp] (IPr = N,N-bis(2,6-

diisopropylphenyl)imidazol-2-ylidene) to Rh(I) and Au(I) metal centres, to form macrocyclic 

complexes.57 DAF adduct with decamethylytterbocene, (C5Me5)Yb(DAF) that slowly 

eliminate H2 to form (C5Me5)Yb(DAF-) was recently reported by Andersen groups. They 

were interested in understanding the mechanism of hydrogen elimination that was studied by 

spectroscopic and molecular modelling.58 

2.1.3.3 DAF as ancillary ligand for catalyst 

As mentioned previously, the geometry of DAF and the labile binding sites makes its 

properties different compared to structurally similar bpy and phen ligands. Stahl et al. have 

reported remarkable selectivity and high yields in specific Pd catalysed reactions when DAF 

ligand was used as ancillary ligand over structurally similar ancillary ligand59·60 In general, 

benzoquinone is used as the oxidant for Pd-catalysed allylic acetoxylation reaction.61 

Replacing benzoquinone with 02 was considered a major challenge in this area of research. 62 

Stahl et al. have demonstrated that using DAFone as ancillary ligand promotes the Pd 

catalysed allylic acetoxylation reaction at 1 atm of 02, thus enabling a replacement of 

benzoquinone with 02 as an oxidant (Scheme 2.15).59 Moreover, DAFone 2.9 was found to be 

the best ancillary ligand compared to structurally similar nitrogenous ligands in providing 

good selectivity and high yields. According to the authors, working with the same strategy in 

search of DAF derivative as potential ligand for other type of Pd catalysed reactions may 

yield new discoveries in the future. Indeed, Stahl et al. went on to discover that DAF (2.2) 

and DAFone (2.9) as an ancillary ligand for Pd(II) catalyst enable aerobic oxidative cross­

coupling of indoles and benzene, with selectivity at the C2 and C3 positions of indole to 

afford indole-arylation products.60 

v= +Ac0H+1/202 

5% Pd(0Ac)2 
5% DAFone 2.9 

80 °C, 1 atm 0 2 

81% 

Scheme 2.15 Allylic acetoxylation reaction mediated by DAFone (2.9).59 

It was reported that DAF derivative undergo a regioselective Bingle-Hirsch reactions, and 

their crude product purification was found to be easier compared to similar reaction products, 

which was attributed due to the high polarity of the adduct formed. 63·64 This led to the 
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synthesis of new hexakis-fullerene adduct with the two DAF located at trans position in high 

yields (Fig. 2.5).65 

FN}-l~ 
+2 ~ 

, _,. 

Fig. 2.5 Synthesis of fullerene adduct with DAF.65 Green balls are protecting group 

(antracene), red balls are the malonate groups. 

2.1.3.4 Complexes of Iridium with 4,5-diazafluorene 

Iridium complexes (2.87-2.91) based on the DAF ligand have been investigated by Wong's 

group as emissive materials for potential applications in light emitting electrochemical cells 

(LEC). 19
·
38

•66·
67 The cationic transition-metal complexes containing ligands with good steric 

hindrance are ideal candidate for application in electrochemical cells. In this regards, DAF 

based ligands have the potential to be useful for LEC. Complexes 2.87 and 2.88 displayed 

efficient orange-red and green emission with high quantum yield in solution as well as in neat 

film. LEC devices using complexes 2.87 and 2.88 have been reported to have highest 

efficiencies at that time, emphasising the role of sterically hindered ligands (such as 2.29,-2.49 

and 2.50) in improving the device efficiency.38
·66 LEC device based on complex 2.90 

displayed improved turn on time when compared to similar device with complex 2.89, which 

demonstrated the role of the ionic group imidazole in increasing concentration of the mobile 

ions. 19 Development of highly efficient white light emissions from electroluminescence 

materials are currently a hot area of OLED applications. The white light emission can be 

achieved by mixing two or three complementary colours from blended or stacked layers of 

different emitters in OLED structures. The development of efficient blue, green- and red­

emitting transition metal complexes are highly desirable and in particular lr(III) complexes 

are highly promising in future optoelectronic application.67
·68 Complex 2.91 exhibits blue 
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emission with high quantum yield in solution as well as in film and has been used to prepare 

first white light emitting electrochemical cell.67 As a part of this Thesis work, synthesis of Ir 

complexes with different substituted DAF and their photophysical properties for LEC 

application has been presented in Chapter 3. 
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2.2 Results and Discussion 
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2.2.1 Improved method of the synthesis of 2,7-dibromo-4,5-diazafluorenone (2.53) 

DAFone (2.9) itself can be easily obtained by oxidation of 1,10-phenanthroline (2.4) by using 

procedures shown in Scheme 2.1.7
•
8 However, its functionalisation at positions 2,7 is not 

straightforward. 2,7-Dibromo-4,5-diazafluoren-9-one (2.53) is the key building block for 

targeted synthesis of conjugated oligomers , polymers and metal complexes in our research. 

Easy access to this key starting compound was therefore very crucial for the progress of the 

work, which involved not only synthesis of the targeted molecules but also study of their 

photophysical, electrochemical and other properties. Direct bromination of fluorenone at the 2 

and 7-positions are relatively easy and can be carried out even at room temperature in good 

yield.69 However, DAFone (2.9) is very difficult to brominate because its pyridine rings are 

strongly deactivated towards electrophilic aromatic substitution due to the presence of 
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electron deficient nitrogen atoms, with additional deactivating effect of bridged carbonyl 

fragment. A method for direct brornination of DAFone (2.9) at 2 and 7-positions are described 

in the literature,70 however, it requires very harsh conditions as it uses a mixture of bromine 

with 60% oleum (60% oleum is not commercially available, so it should be prepared by 

saturation of commercial 20% oleum with gaseous SO3 at low temperatures) (Scheme 2.16). 

Heating of DAFone (2.9) in this mixture in an autoclave (or sealed ampoules) at 160 °C for 4 

days gives 2,7-dibromo-4,5-diazafluorenone (2.53) in low yield of < 30% with substantial 

amounts of unreacted starting DAFone.70 We used this method at the initial stage of our 

research to make the starting dibromo-DAFone 2.53 monomer. But due to the harsh reaction 

conditions, difficulties in synthesis, impractical work-up (required neutralisation of large 

volumes of acids before an extraction of the product), impossibilities to scale up the reaction, 

as well as safety issues, we were looking for an alternative method of synthesise compound 

2.53. 

Initially, we tried to perform direct bromination DAFone 2.9 by bromine in presence FeCb as 

Lewis acid catalyst in different solvents such as dichloromethane or nitrobenzene, and by 

NBS in sulphuric acid, the method which have been successfully used for bromination of 

electron-deficient dibezothiophene-S,S-dioxide,7 1 but failed to yield any bromination products 

in all the cases. Brornination of 1, 10-phenanthroline (2.4) in 1-chlorobenzene with sulphur 

monochloride and pyridine mixture are known to give 3,8-dibromo-1 ,10-phenanthroline 

(2.54) in good yield.72 We applied this method to the bromination of DAFone (2.9) but 

obtained only very low yield of ca. 2% of dibromo-DAFone 2.53 (Scheme 2.17). These 

results are understandable because the pyridine rings in DAFone (2.9) are strongly deactivated 

towards electrophilic aromatic substitution (compared to that in phenanthroline 2.4) by the 

carbonyl group. 

Br2 (5 eq.), 
Oleum (60% S03 + 40% H2S04) 

160 °c (autoclave), 4 d, (30%) __fN;rf)__ 
Br ~ Br 

0 

2.53 

Scheme 2.16 Direct bromination of DAFone 2.9. 

Since direct bromination of DAFone 2.9 in mild conditions failed to give the desired product, 

we decided to change the synthesis. Oxidation of 1,10-phenanthroline to DAFone 2.9 is a 
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well-known reaction generally involved action of potassium permanganate with potassium 

hydroxide in water10 or action of nitric acid and sulphuric mixture on 1,10-phenanthroline.37 

Working on a similar kind of oxidation reaction, our next attempt was to obtain dibromo­

DAFone 2.53 from 3,8-dibromo-1,10-phenanthroline (2.54). 3,8-Dibromo-1,10-

phenanthroline (2.54) was synthesised following literature procedure72 with some 

modification on scaled-up synthesis described in experimental section and also noted that 3-

bromo-1, 10-phenanthroline (2.93) was obtained as side product, yield of which varies with 

concentration of bromine and reaction time. 

QP 1-Chlorobutane 
reflux, 16 h 

2.4 

j 
KM nO4, KOH, 

H2O, 80 °C, 

0.5 h 

v:p 
0 

2.9 (40 %) 

Br 

s,---Q:P-s, • QP-s, 

0 

2.92 (15%) 

2.54 (65 %) 

j
KMnO4, KOH, 

H2O, 80 °C, 3 h 

2.93 (12%) 

Br + JNt--(t)>_ 
Br )( Br 

0 

2.53 (2%) 

Scheme 2.17 Oxidation of phenanthroline to form 2.9 and 2.53 

When dibromo-phenanthroline 2.54 was subject of oxidation using potassium permanganate 

and potassium hydroxide in water the major product obtained as 5,5'-dibromo-2,2'-bipyridyl-

3,3'-dicarboxylic acid (2.92) with only trace amounts of targeted product 2.53. Oxidation of 

dibromo-phenanthroline 2.54 with nitric acid and sulphuric acid mixture gave up to 20% of 

dibromo-DAFone 2.53 in small-scale reaction (below 500 mg scale). However, due to some 

unknown reasons, when we attempted to scale up the reaction, product yield dropped down 

drastically and sometimes we even failed to get the product 2.53. This issue forced us to look 

for an improved reaction method. 

In order to understand the mechanism of the reaction and improve the yield, we tried to isolate 

the intermediate(s) that is formed during the oxidation process. First assumption was that the 

reaction might proceed through the nitro intermediate, which can undergo rearrangement 

smoothly, similarly to the reaction known in the literature for 5-nitrophenathroline to form 

DAFone. 73 It has been reported that 5-nitro-1, 10-phenanthroline under basic conditions 

undergoes rearrangement through the keto-oxime intermediate with evolution of ammonia to 
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form DAFone (2.9) . Working towards a similar strategy, we first isolated 3,8-dibromo-5-

nitro-1 , 10-phenanthroline (2.94) and then subjected this to basic reaction conditions to form . 

dibromo-DAFone 2.53. However, it was found that the reaction, even in a small scale, gives 

variable yields of 2.53 from batch to batch (up to 15%) and the major product obtained was a­

keto-oxime salt 2.95. Nevertheless, we were able to prepare some amount (ca. 1-2 g) of 

dibromo-DAFone (2.53) through this route. As this method is not suitable for scaling up, we 

further tried different routes described in next section where the most efficient method to date 

has been developed. a-keto-oxime salt 2.95 obtained as greenish solid was found to be 

insoluble in common organic solvents and so we were unable to purify it. For characterisation 

of a-keto-oxime salt 2.95, it was first neutralised with diluted H2SO4 in water and then 

extracted with DCM followed by pmification by column chromatography to obtain pure a­

keto-oxime intermediate 2.96. 

"'--<:tP-"' 
2.54 

Cone. HNO3 

Cone. H2SO4 

150 °C, 16 h 

2.94 

Cone. HNO3 

Cone. H2SO4 

130 °C, 12 h 

Basic work Up 

12.5% NaOH 
Reflux,16 h 

__(N·1rt1-
Br )f Br 

0 
2.53 (12%) 

__(N;r/)_ + 
Br )f Br 

0 

2.53 (15%) 

B,-qy-a, 
0 NONa 

2.95 c,.-Keto-oxime salt 

l [W] .,-qy., 
0 NOH 

2.96 

Scheme 2.18 Synthesis of phenanthroline intermediate 2.94 and dibromoDAFone (2.53). 

2.2.2 Synthesis of 2, 7-dibromo 4,5-diazajluoren-9-one (2.53) through improved method 

To improve the yield further, another route was followed to synthesised compound 2.53 

through 3,8-dibromo-1,10-phenanthroline-5,6-quinone (2.55). It was found that 3,8-dibromo-

1, 10-phenanthroline (2.54) when treated with cone. nitric acid and sulphuric acid in the 

presence of potassium bromide heated to 130 °C for 4 hours, gives exclusively 3,8-dibromo-
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1,10-phenanthrolin-5,6-quinone (2.55) in good yield (85%). Suspension of 3,8-dibromo-1,10-

phenanthrolin-5,6-quinone (2.55) in water when treated with diluted NaOH (6.2%) at 55 °C to 

give the desired product 2~53, with up to 51 % yield. The yield in this reaction was found to be 

dependent on the concentration of base and the temperature. The best yield was achieved 

when suspension of 3,8-dibromo-1,10-phenanthrolin-5,6-quinone (2.55) in a large volume of 

water was heated to 55 °C, while adding 6.2% aqueous sodium hydroxide solution slowly. A 

colour change was observed during the addition of a base. A yellow suspension was observed, 

which turned to a light green and then black throughout the addition of base. After 16 hours of 

heating at 55 °C, the mixture turned back to a yellow colour suspension indicating presence of 

product 2.53, which can be easily isolated by filtration. This procedure was found to work 

well in a large scale (up to 25 g scale synthesis have been successfully performed), giving 

nearly 50% yield of the product without difficulties in separation. Moreover, isolated product 

2.53 was found to be pure enough (ca. 90% purity by 1H-NMR, without purification) to be 

used in the next reactions and therefore does not require column purification which is difficult 

due to poor solubility of 2.53 in common organic solvents. 

When our work on optimisation of the conditions of this method was in progress, similar 

approach for synthesis of compound 2.53 from compound 2.54 with cone. 

HNO3/conc.H2SO4/K.Br mixture directly without isolating compound 2.55 was reported by 

W. Huang et al.74 In contrast to our approach, the method described by W. Huang et al. 

involved treating the acidic mixture with solid sodium hydroxide, claiming a 50% yield. The 

same group also reported in their previous publication synthesis of compound 2.52 from 1, 10-

phenanthroline (2.4) as a one-pot reaction.75 However, on testing these methods showed that 

both these methods did not give reproducible results and so are not suitable for scale up. 

Cone. HN03 

----r=-N');--/~ Cone. H2S04 

Br ~ Br 130 °C,4h 

2.54 

---{')----\~)-- 6.2% NaOH 
Br ~ Br 50 °C, 16 h 

0 0 

__f'Nrl1-. 
Br 1( Br 

0 

2.55 2.53 (12%) 

__f'N/(_-t1 
Br 1( 

2.93 0 
2.52 

Scheme 2.18 Synthesis of brominated DAFone derivatives with improved yield method. 
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Our developed method gives reproducible results and works well for scaling up. Moreover, 

the isolation of the product is easy and does not require column chromatography purifications. 

This route can also be extended to synthesis of bromo-DAFone 2.52 from 3-bromo-1,10-

dibromophenanthroline (2.93). These developed procedures can be used to prepare 

brominated DAFone key building blocks in bulk amounts that opens the door for synthesis of 

a wide range of novel oligomers , polymers and copolymers based on electron deficient DAF 

structure as well as propels future research requiring functionalisation at the 2,7 position of 

DAFone 2.9. 

2.2.3 Proposed mechanism for the synthesis of 2, 7-dibromo-4,5-diazafluoren-9-one (2.53) 

The proposed mechanism for rearrangement of 3,8-dibromo-1,10-phenanthrolin-5,6-quinone 

(2.55) to dibromo-DAFone 2.53 under basic condition is depicted on Scheme 2.19. 

Nucleophilic attack by basic hydroxyl ion at the keto site of 3,8-dibromo-1,10-

phenanthroline-5,6-quinone (2.55) to form the hydroxyl anion I (greenish suspension as 

sodium salt). This then undergoes tautomerisation and subsequently undergoes rearrangement 

from six-member ring (II) to five-member ring (III) structure loosing carbon dioxide and 

water molecule to form dibromoDAFone 2.53 as yellow suspension in water. 

2.55 
Yellow suspension 

Green suspension 

2.53 
Yellow suspension 

Scheme 2.19 Plausible mechanism of ring contraction in dibromophenanthrolinequinone 2.55 

to yield dibromoDAFone 2.53. 
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2.3 Conclusion 

In this Chapter, straightforward synthesis of brominated DAFone, which is a key starting 

material for this Thesis work, is presented. The key starting material, dibromo-DAFone (2.53) 

was synthesised from commercially available 1,10-phenathroline in two steps in good yields. 

The first step involved oxidation with a HN03/H2S04/KBr mixture to obtain the intermediate 

compound 2.55 with 77% yield after column chromatography. In the second step, 

rearrangement of 2.55 takes place under mild basic conditions to afford 2.53 in good yield. A 

number of trials have been performed to optimised the conditions of the rearrangement at the 

second step. The best results have been obtained when a suspension of compound 2.53 in 

water was treated with NaOH (6.2 %) at 55 °C resulting in upto 51 % yields . 

The improved method of synthesis is reproducible, can be carried out in mild conditions, and 

works well in a large-scale reaction. Moreover, the isolated product through the developed 

method presented does not require column chromatography for purification of product 2.53, 

which simplified the procedure, saved the time and decreased cost of the overall synthesis. 

The developed method allowed the synthesis of the key starting material 2.53 in a multi-gram 

scale with ca. 51 % overall yield making subsequent work on synthesis of DAF-based 

oligomers, polymers and metal complexes containing possible. 

Comprehensive highlights of DAF chemistry and applications in orgamc electronic are 

presented and discussed along with the role of DAF as a ligand in metal complexes, 

particularly with Ru, Ir and Pd metals. Fluorene derivatives have been extensively studied as 

blue emitting electroluminescent material due to their good photophysical properties. DAF is 

topologically similar to fluorene moiety but has not been studied in depth; one of the reason, 

perhaps, is the difficulty of synthesis of halogenated DAF i.e. an accessibility of key building 

blocks for conjugated oligomers/polymers. The improve method described in this Chapter 

may serve well for future research work which might require easy excess of halogenated 

DAFone for developing new material of DAF derivatives . 
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2.4 Experimental 

All chemicals and solvents were purchased from Aldrich and Alfa Aesar chemical companies 

and were used without any further purification. All the solvents in this section of work were 

used without prior purification. Column chromatography were performed using silica ( 40- 60 

µm) . Thin layer chromatography were carried out using precoated silica gel (Merck, 20 x 20 

cm, Silica gel 60 F2s4), visualised by UV lamp (254/366 nm). 

1H NMR and 13C NMR spectra were recorded on a Bruker Avance 400 MHz, Bruker Avance 

500 MHz using deuterated solvents (CDCb or DMSO-d6) as a lock. Chemical shifts are 

reported in ppm, relative to tetramethylsilane (TMS) peak at O ppm. Following abbreviation 

were used to assing NMR spectra: s= singlet, d= doublet, t= triplet, dd= doublet of doublet, td 

= doublet of triplet. Mass spectra were recorded on GC-MS 5890 (Hewlewtt Packard Series 

II). 

Synthesis 

2, 7-Dibromo-4,5-diazafluorenone (2.53) 70 

op 
0 

2.9 

Br2, 

Oleum (60% S03 + 40% H2S04) 

140- 160 °C (autoclave) , 
3-4 d 

N N s,-CJ:;f)-s, 
0 

2.53 

60% Oleum was prepared by saturation of commercial 20% oleum with gaseous SO3 at 20 °C 

(external cooling as the process is exothermic) , the process was controlled by the weight 

added (final density d = 1.98 g mL-1). Method of bromination of DAFone is described in ref. 

[70], we have modified the procedure and two examples are given below 

Method A 

2,7-Diazafluorenone (2.9)7·8 (0.90 g, 4.84 mmol), bromine (5 mL, 194 mmol, 20 eq) and 60% 

oleum (5 mL) were placed into thick wall ampoule. The ampoule was placed into stain steel 

bomb to which some amount of methanol was added to compensate the pressure developed in 

the ampoule during the reaction (for safety reasons). The bomb was heated at 140- 145 °C for 

3 days . After cooling to room temperature, the bomd was opened, the ampoule was cooled 

down I frozen with liquid nitrogen, carefully opened (NB: cooling to low temperature is 

required because of high pressure inside the ampoule due to HBr formed in the reaction) and 

left to heat up to room temperature. Excess of bromine, SO3, and HBr were removed in vacuo 

by water jet pump, the residue was poured onto crashed ice (70 mL) and neutralised with 

ammonia until pH ~ 8. The solid was filtered off, washed with water till pH = 7 and dried to 
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afford crude dibromoDAFone 2.53 (1.16 g, 69%) as yellowish powder. According to 1H 

NMR analysis, the product contains 18% of unreacted starting DAFone (2.9) and ~5% 

monobromoDAFone (2.52) among other by-products. Crude product was recrystallized from 

acetone (120 mL) to yield pure dibromoDAFone (2.54) (0.58 g, 34.5%) as light yellow 

crystals. According to 1H NMR, the sample is of 97.5% purity (contains 1.3% DAFone 2.9 

and 1.2% bromoDAFone 2.52) and was further purified by additional recrystallisation. 

1H NMR (400 MHz, CDCb): o (ppm) 8.87 (2H, d, J = 2.2 Hz), 8.10 (2H, d, J = 2.1 Hz). 

13C NMR (100 MHz, CDCb): o (ppm) 186.72, 160.71, 156.35, 134.46, 130.28, 122.58. 

GC-MS (EI+) m/z: 337.9 (M+, 46%, 79Br, 79Br), 339.9 (M+, 100%, 79Br, 81Br), 341.9 (M+, 50%, 

81Br, 81 Br). Calcd. for C11H4Br2N2O: 337.87. 

Method B 

2,7-Diazafluorenone (2.9) (17.80 g, 0.0977 mol), bromine (50 mL, 1.94 mmol, 20 eq.) and 

60% oleum (90 mL) were placed into three thick wall ampoules. The ampoules were placed 

into stain steel autoclave to which some amount of methanol was added to compensate the 

pressure developed in the ampoule during the reaction (for safety reasons) . The autoclave was 

agitated with heating at 155-160 °C for 4 days . After cooling to room temperature, the 

autoclave was opened, the ampoules were cooled down / frozen with liquid nitrogen, carefully 

opened (NB: cooling to low temperature is required because of high pressure inside the 

ampoule due to HBr formed in the reaction) and left to heat up to room temperature. Excess 

of bromine, SO3, and HBr were removed in vacuo by water jet pump and the residue was 

poured onto crashed ice (200 mL). Precipitated salt of dibromo-DAFone was filtered off, 

transferred into cold water and basified with ammonia. The solid was filtered off, washed 

with water till pH= 7 and dried to afford dibromoDAFone (2.53) (9.70 g, 29%) as yellowish 

powder. According to 1H NMR, the purity of the sample is ~ 96-97 %, with DAFone 2.9 as 

main impurity. The acidic filtrate from separation of dibromoDAFone salt was basified with 

ammonia, the precipitated was filtered off, washed with water until pH = 7 and dried to afford 

crude product (4.80 g), which contains a mixture of mono/dibrominated DAFones (2.53:2.52 

~ 1 :2) among other by-products. 
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Method C 

Exp:SG173 

Bc~Bc 
0 0 

2.55 

6.2 % aq. NaOH 

H20 , 55 °C, 16 hr 

· N N Bc-Ctf'>-B, 
0 

2.53 

A suspension of 3,8-dibromo-1,10-phenanthrolein-5,6-dione (2.55) (4.10 g, 10.9 mmol) in 

water (300 rnL) was heated at 50 °C. Aqueous NaOH (6 .2 % w/v, 24 mL) was added slowly 

dropwise at 50 °C over a period of 15 minutes, during which colour changes from yellow 

suspension to light green and then dark black. The mixture was heated at 55 °C for 16 hours, 

after which the colour changed to yellow. The mixture was allowed to cooled down to room 

temperature and neutralize with diluted HCl (10%) and then extracted with chloroform (2 x 

100 ml). The combined organic layers were washed with water (2 x 50 mL), dried with 

MgSO4 and evaporated to afford crude product as yellow solid (2.31 g, 61 %). Crude product 

was purified by column chromatography on silica gel eluting with EA:PE= 2:8 v/v to yield 

pure product 2.53 as a light yellow solid (1.92 g, 51 %), spectroscopically identical with the 

sample previously described. 

MethodD 

Exp: SG161 

"'o/"' 
0 0 

2.55 

12.5 % aq . NaOH 

H20, reflux, 16 h 

N N Bc-(tf>-B, 
0 

2.53 

Mixture of 3,8-dibromo-1,10-phenanthrolein-5,6-dione 2.55 (501 mg, 1.30 mmol), 12.5% w/v 

aq. NaOH (0.5 mL) , and water (3.75 rnL) was reflux (100 °C, oil bath) for 16 hour. The 

mixture turns greenish suspension from yellow suspension. The mixture was allowed to cool 

down to room temperature, diluted with water (20 mL), and then extracted with 

dichloromethane (2 x 20 mL). The combined organic layers washed with water (2 x 10 mL), 

dried with MgSO4 and evaporated to afford crude product as light brownish solid (182 mg, 

39% ). Crude product was purified by column chromatography on silica gel eluting with 

EA:PE = 1:9 v/v to yield pure product 2.53 as a light yellow solid (123 mg, 27%), 

spectrscopically identical with the sample previously described. 
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Method E 

Exp: SG-097 

"'<tP-"' 
N02 

2.94 

K2(C02)2 

12.5% NaOH 

120 °C, 

reflux, 16 h 

_(NJr<t1-- + 
Br ~ Br 

0 "'-W"' 
0 NONa 

2.53 2.95 

3,8-Dibromo-5-nitro-1,10-phenanthroline (2.94) (100 mg, 0.261 mmol), potassium oxalate 

(240 mg, 1.30 mmol), NaOH (12.5%, 0.5 mL) and water (1.5 mL) were charged into 50 mL 

single necked round bottom flask. The mixture was stirred under reflux for 16 hour under 

nitrogen. After cooling, ethyl acetate (15 mL) was added resulting in greenish precipitate. It 

was stirred for 15 min and then filtered off. The filtrate containing organic-aqueous solution 

was separated, organic layer was washed with water (3 x 10 mL), dried with anhydrous 

magnesium sulphate and evaporated to afford product 2.53 (35 mg, 40 %), spectroscopically 

identical to the sample previously described. The filtered off residue was dried in vacuo to 

afford a-keto-oxime salt 2.95 (41 mg) as a greenish solid (note: this product is highly 

insoluble in common organic solvents, so Na salt was neutralised for characterisation purpose 

as described below). 

3,8-Dibromo-6-(hydroxyimino )-1,1 0-phenanthrolin-5( 6H)-one (2.96) 

"'-W"' ~ "'-W"' 
0 NONa O NOH 

2.95 2.96 

A suspension a-keto-oxime salt 2.95 (25 mg) in water (5 mL) was neutralised with diluted 

H2SO4 (10%) and then extracted with dichloromethane (2 x 5mL). The combined organic 

layers were washed with water (2 x 5mL), dried with anhydrous MgSO4, filtered off and 

evaporated to afford crude product 2.96 as a yellowish solid (9 mg, 38%). Crude product was 

not purified. Purity by 1H NMR was about 70%. 

1H NMR (400 MHz, CDCb): o (ppm) 9.50 (lH, d, J = 2.1 Hz), 9.33 (lH, d, J = 2.3 Hz), 9.10 

(lH, d, J = 2.1 Hz), 9.06 (lH, d, J = 2.3 Hz) , 2.17 (lH, s). 
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3,8-Dibromo-1,10-phenanthroline (2.54) 72 

SG176 

t,:=N>,-/~ Br2, S2Cl2 , pyridine ----t=N>,-/~ 
~ 1-Chlorobutane, reflux, 32 hr Br ~ Br 

2.4 2.54 

Procedure for the synthesis of 3,8-dibromo-1, 10-phenanthroline (2.54) was adapted from 

reference 72 with some modification and was successfully used upto 50 g scale reaction is 

described below: 

1,10-Phenanthroline (2.4) (50.03 g, 0.252 mol), sulphur monochloride (60.31 g, 0.96 mol), 

pyridine (21.01 g, 0.27 mol) and 1-chlorobutane (1.2 L) were charged in a three necked 2 L 

round bottom flask fitted with water condenser (mechanical overhead stirrer was used for 

stirring) . Bromine (133.2g, 0.83 mol) was added carefully dropwise to this mixture at room 

temperature under stirring for 15 min. The mixture was then stirred under reflux (90 °C 

internal temperature) for 32 hours and allowed to cool to room temperature, during which 

yellowish-white solid was precipitated. The yellowish solution was carefully decanted off 

(note: odious liquid should be disposed of separately) and the residue was washed with 

diethyl ether (2 x 200 mL). Water (500 mL) was added to the remaining whitish solid residue, 

stirred and basified with 50% aqueous NaOH to pH -10. The product was then extracted from 

this basic aqueous mixture with dichloromethane (3 x 500 mL). The combined organic layers 

were washed with water (2 x 800 mL), followed by washing with brine (2 x 800 mL), dried 

with anhydrous MgSO4, filtered off and evaporated to afford the crude product as brown solid 

(108.6 g). Crude product was purified by passing through silica gel column (10 x 10 cm) 

eluting initially with PE (1 L) to remove by-products and then with PE:CHCb = 1:1 v/v (3 L) 

to afford pure dibromophenathroline 2.54 as a white solid (61.2 g, 72 %). 

1H NMR (400 MHz, CDCb): 8 (ppm) 9.18 (2H, d, J = 2.2 Hz), 8.41 (2H, d, J = 2.2 Hz), 7.75 

(2H, s). 

13C NMR (100 MHz, CDCb): 8 (ppm) 151.6, 144.14, 137.54, 129.58, 126.86, 120.21 

GC-MS (EI+) m/z: 336.2 (M+, 51 %, 79Br, 79Br) , 338.1 (M+, 100%, 79Br, 8 1Br ), 340 (M+, 50%, 

81Br, 81Br). Calcd. for C12H6Br2N2: 335 .89. 
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3,8-Dibromo-1,10-phenanthrolin-5,6-dione (2.55)74 

Exp: SG166 

"'---c'tP-"' 
2.54 

Cone. HNO3 (70%), 

Cone. H2SO4 (95%), KBr 

130 °C, 3 hr "'o/"' 0 0 
2.55 

In an ice cold mixture of cone. nitric acid (12.2 mL; 70%, d = 1.41 g mL-1, 0.27 mol) and 

cone. sulphuric acid (24.1 mL; 95%, d = 1.84 g mL-1, 0.45 mol), was added to 3,8-dibromo-

1, 10-phenanthroline (2.54) (2.01 g, 1.48 mol) and KBr (2.05 g, 0.02 mol). The reaction 

mixture was stirred with reflux (130 °C, oil bath) for 3 hours, allowed to cooled down to room 

temperature and poured into ice-cold water (200 mL). 15% Aqueous NaOH was added slowly 

to the mixture with stirring to adjust pH of the solution to not more than pH ~ 1 to 3, while 

keeping the temperature of the mixture at 20-25 °C using an ice bath. The light yellow 

precipitate formed was filtered off, carefully washed with water until neutral and then dried to 

afford crude product as yellow solid (1.66 g). Filtrate (colourless) was extracted with DCM (2 

x 100 mL), dried with anhydrous MgSQ4, filtered off and solvent was evaporated to afford 

additional portion of crude product (301 mg) as yellow solid. The combined crude products 

(1.96 g) were purified by column chromatography on silica gel eluting with PE:EA = 4: 1 v/v 

to yield pure dibromophenanthroline 2.55 as a yellow solid (1.69 g, 77%). 

1H NMR (400 MHz, CDCb): 8 (ppm) 9.14 (2H, d, J = 2.3 Hz) , 8.60 (2H, d, J = 2.3 Hz). 

DEPTQ (100 MHz, CDCb): 8 (ppm) 177.12 (CO), 157.23 (CH), 150.32, 139.82(CH), 128.44, 

123.51. 

13C NMR (100 MHz, CDCb): 8 (ppm) 177.12, 157.59, 150.46, 139.52, 128.44, 123.57. 

GC-MS (Er+) m/z: 337.9 ([M - 28 (CO)J+, 46%, 79Br, 79Br), 339.9 ([M - 28 (CO)J+, 100%, 

79Br, 81Br), 340 ([M - 28 (CO)J+, 50%, 81Br, 81Br). Calcd for C1 2H4Br2N2O: 365.86. 
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2-Bromo-4,5-diazafluoren-9-one (2.52)38 

Exp: SG-019 

Qi) 
2.4 

Cone. HN03 

Cone. H2S04, KBr 
Reflux, 24 Hr 

{Nt-<t)._ )f Br 

0 
2.52 

+OjJ 
0 

2.9 

In a 50 mL two-necked round bottom flask has been charged with 1,10-phenanthroline (2.4) 

(1.12 g, 5.04 mmol), potassium bromide (720 mg, 6.04 mmol), concentrated nitric acid (6 

mL; 70%, d = 1.41 g mL-1
, 0.09 mol), and concentrated sulphuric acid (12 mL, 95%, d = 1.84 

g mL- 1
, 0.21 mol) at room temperature. The reaction mixture was then stirred under reflux 

(130 °C, oil bath) for 24 hours. The mixture was allowed to cool down to room temperature 

and poured into water (150 mL). Solid sodium hydroxide has been added to neutralize the 

acidic solution until pH = 7. The precipitated inorganic salts were filtered off and washed on 

the filter with chloroform (3 x 20 mL). The chloroform layer was separated and the aqueous 

layer was extracted with chloroform (2 x 50 mL) . The combined organic layers were washed 

with water (2 x 20 mL), dried over anhydrous MgSO4 and evaporated to afford crude product 

(800 mg, 66%) as a dark brown solid. The crude product was purified by column 

chromatography on silica gel eluting with PE:EA = 2: 1 v/v ratio initially and then with 1: 1 

ratio to isolate two products, pure monobromoDAFone 2.52 as yellow solid (150 mg, 11 %) 

and DAFone (2.9) as off-white solid (300 mg, 26% ). 

Analysis of product 2.52: 

1H NMR (500 MHz, CDCb) : 8 (ppm) 8.87 (lH, s), 8.82 (lH, d, J = 5.0 Hz) , 8.11 (lH, s), 

8.017 (lH, d, J = 7.6 Hz) , 7.40 (lH, dd, J = 7.5, 2.3 Hz) . 

13C NMR (100 MHz, CDCb): 8 (ppm) 188.11, 162.73, 161.39, 156.00, 155.54, 134.21, 

131.81, 130.46, 129.22, 124.98, 122.32. 

GC-MS (EI+) m/z: 260.0 (M+, 100%, 79Br), 262.0 (M+, 95 %, 81 Br). Calcd. for C11HsBrN2O: 

259.96. 
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3,8-Dibromo-5-nitro-1,10-phenanthroline (2.94) 

Exp: SG 115 

Br ~ Br ~rN;;-
Cone. HNO3 

Cone. H2SO4, 

NO2 

Br~ Br ~J-\Y-
2.54 

160 °C, Reflux, 16 Hr 
2.94 

500 mL Two necked round bottom flask was charged with 3,8-dibromo-1 ,10-phenanthroline 

(2.54) (5 .01 g, 14.8 mol), concentrated nitric acid (15.1 mL; 70%, d = 1.41 g mL-1 ) and 

concentrated sulphuric acid (30.2 mL; 95 %, d = 1.84 g mL- 1
). The reaction mixture was 

stirred under reflux (160 °C, oil bath) for 16 hours. The reaction mixture was allowed to 

cooled down to room temperature and poured into ice-cold water (100 mL). Saturated sodium 

hydroxide solution was added to adjust the pH of the solution to ca. 1 to 3. The formed yellow 

precipitate was filtered off, washed with water and dried in an oven at 100 °C for 1 hour to 

afford crude compound 2.94 as yellow solid (2.90 g, 51 % ). The crude product was purified by 

column chromatography on silica gel eluting with PE:EA = 1: 1 v/v ratio to afford pure 

product 2.94 as a light yellow solid (2.21 g, 39%). 

1H NMR (400 MHz, CDCb): 8 (ppm) 9.33 (lH, d, J = 2.2 Hz), 9.29 (lH, d, J = 2.0 Hz), 9.24 

(lH, d, J = 2.2 Hz), 8.67 (lH, s), 8.58 (lH, d, J = 2.2 Hz) . 

DEBTQ (100 MHz, CDCb) : 8 (ppm) 155.05 (CH), 153.95 (CH), 145.61 , 144.29, 145.61, 

139.28 (CH), 134.56 (CH), 126.43, 125.71 (CH), 122.42, 121.88, 121.62. 

13C NMR (100 MHz, CDCb): 8 (ppm) 155.04, 153.04, 145.60, 144.25, 143.89, 139.25, 

134.55, 126.43, 125.71 , 122.42, 121.92, 121.62. 

GC-MS (EI+) m/z: 382.9 (M+, 100%, 79Br, 8 1Br), 380.9 (M+, 51 %, 79Br), 384.9 (M+, 49%, 

81Br). Calcd. for C12HsBr2N3O2: 380.87. 

5,5' -Dibromo-[2,2' -bipyridine ]-3,3' -dicarboxylic acid (2.92) 

Exp: TOM 06 

2.54 

KMnO4, 
KOH, H2O 

80 °C, 3 h 
Br 

0 

0 
2.92 (15%) 

Br + 

2.53 (2%) 

3,8-Dibromo-1 ,10-phenanthroline (2.54) (2.01 g, 5.92 mmol) and KOH (0.16 g, 10.8 mmol) 

were added to water (50 mL) and brought to reflux (110 °C, oil bath). Potassium 

permanganate (2.96 g, 18.7 mmol) dissolved in water (25 mL) was dropwise added to the 

refluxing mixture and reflux was continued for 3 hours . The mixture was allowed to cool 
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down, then filtered off to remove MnO2 and the solid was washed with water (30 mL). 

Filtrate (clear aqueous solution) was stirred with dichloromethane (50 mL) for 15 minutes. 

Organic layer was separated and evaporated to afford crude product 2.53 as yellow solid (41 

mg, 2%). The filtrate (aqueous layer) was acidified with diluted HCl and then extracted with 

chloroform (2 x 50 mL). Combined organic layers were washed with water (2 x 30 mL), dried 

with MgSO4 and evaporated to afford pure product 2.92 as white solid (363 mg, 15%). 

Analysis for product 2.92: 

1H NMR (400 MHz, DMSO-d6): 8 (ppm) 8.78 (2H, d, J = 2.l Hz), 8.3 (2H, br.s). 

DEPTQ (100 MHz, DMSO-d6): 8 (ppm) 166.52 (COOR), 155.31, 150.66 (CH), 139.04 (CH), 

131.09, 119.41. 

13C NMR (100 MHz, DMSO-d6): 8 (ppm) 166.52, 155.27, 150.65, 139.03, 131.09, 119.41. 
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Chapter 3 

Cationic Iridium Complexes as Emissive 

Materials for Light-Emitting 

Electrochemical Cells 

3.1 Introduction 

3.1.1 Transition metal complexes for application in light-emitting electrochemical cells 

Phosphorescent transition metal complexes are a major focus of research as highly efficient 

emissive materials for electroluminescent devices such as organic light-emitting diodes 

(OLED),1
•
2

•
3 light-emitting electrochemical cells (LEC)2

•
10

•
12 as well as for other applications 

such as organic photovoltaics (OPV),4
•
5 chemical sensors6·

7 and bio-imaging.7•8•9 In this 

regard, the most studied phosphorescent transition metal complexes during the last decade are 

in this regard based on Cu(I), Cu(II), Cr(III), Re(I), Re(III), Ru(II) , Os(II), lr(III), Pt(II), 

Pd(II), Au(I) and Au(III) metal cations. 10
·
11 In recent years, ionic transition metal complexes 

(iTMCs) have been extensively investigated as materials for the next generation electronic 

displays and light-emitting devices. Among them, the cationic iridium complexes have 

emerged as one of the best candidates for LEC owing to their superior properties such as high 

quantum yields of emission and facile colour tuning through chemical modification of the 

ligands. 10
•
11 

•
12 Moreover, the phosphorescent nature of iridium complexes (triplet emitters), 

due to their strong spin-orbit coupling, allows harvesting of emission from both singlet and 

triplet state excitons resulting up to theoretical limits of 100% internal efficiency (i .e. the 

number of emitted photons per injected holes/electrons). In other words, the 

electroluminescent devices made of Ir complexes can reach up to four times the efficiency 

compared to similar devices composed of purely organic singlet emitters (fluorescent 

emitter). 13
,1

4
•
15 Therefore, design of new complexes, elaboration of methods of their syntheses 

and finding new ligands for construction of cyclometalated Ir complexes are currently 

considered to be a hot and promising area of research. 
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3.1.2 Development of LEC based on ionic transition metals: a brief overview 

LEC is emerging as alternatives to OLED because of their simple architecture (Fig. 3.1), easy 

solution processing, insensitivity toward the work functions of the used electrodes, ability to 

use air-sensitive electrodes, operate at low voltage, and cost-effectiveness. As mentioned 

before, the cationic iridium complexes have been increasingly investigated as emissive 

materials for LEC. They possess several advantages over conventional LEC or polymer LEC 

because: (a) no additional ion conducting material is needed since the metal complexes are 

intrinsically ionic; (b) higher electroluminescent efficiency can be achieved due to their 

phosphorescent nature and (c) good solubility in polar organic solvents or even in aqueous 

media. Moreover, the emissive layers of LEC contain mobile ions which drift towards the 

electrode under an applied voltage, inducing doping and consequently Ohmic contacts with 

the electrodes .16
•
48 These advantages will bring down the cost of visual displays and lighting 

sources substantially. The operating mechanism of LEC has been discussed in Chapter 1 

(Section 1.4). 

Hole Injecting layer 
ITO 

Substrate 

Fig. 3.1 Device structure of OLED and LEC. 

ITO 

Substrate 

Early researches on LEC were focused on Ru(II) and Os(II) complexes and recently ionic 

Cu(I) and Ir(III) complexes are emerging as ideal materials. 12
•
25 The first iTMC based 

electroluminescent device was reported in 1996 by Rubner et al. working at MIT. 17 They 

demonstrated that a number of thin electroluminescent devices could be fabricated from 

ruthenium tris-phenanthroline complex 3.1 (the structure is shown in Fig. 3.2) by a simple 

solution processing. The ruthenium tris-phenanthroline complex 3.1 is an orange-red emitter 

and the typical light-voltage (L-V) and current-voltage (I-V) curves for a configuration 

ITO/Ru-complex/Al device are shown in Fig. 3.2. It was also demonstrated that tum-on time 

of the devices was independent of the film thickness. Further, the device efficiency has been 

improved up to 0.05 % for the ruthenium polyphenanthroline complex by using a self­

assembled bilayer of conjugated polymer poly(phenylenevinylene). 
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Fig. 3.2 Electroluminescent device based on [Ru(bpy)3]2
+ (left) and light-voltage and current­

voltage curves (right) obtained for Ru-polyphenanthroline complex in configuration ITO/Ru­

complex/ Al device utilising a spin cast film (circles) and a self-assembled film (triangle) of 

Ru-complex 3.1 (structure is shown as inset). 17 

Gong et al. 18 reported neutral rhenium (I) (Re1
) bipyridine complex for the first time as a 

light-emitting material. They used the rhenium complex blended in polycarbonate and the 

ruthenium complex blended in poly(vinyl alcohol) for the fabrication of devices, and the 

reported device efficiency was about 0.1 %. It may be noted that this rhenium complex based 

device (as it is neutral) represents typical device characteristics of OLED. 

The use of different cathode metals such as Al, Ag and Pt resulted in similar device tum-on 

voltages for ruthenium complex reported by Lyons et al. 19 They demonstrated that LEC based 

on iTMC are independent of electrode work function. Lyons' group also investigated the use 

of solid electrolyte (CF3SO3Li) for increasing the device performance of the ruthenium 

complex. It was demonstrated that device efficiency up to 3% could be achieved using Ru 

complex.20 Active research followed to increase the performance of Ru complex highlighted 

in the review article by Malliaras et al. in 2003.21 

Bernhard et al. reported electroluminescent devices with efficiencies of -1 % based on 

osmium complexes that emitted in red-orange region.22 As Ru and Os complexes suffered 

from the low luminescence efficiency, which limits their practical applications in LEC, 

further works in search of novel emitters have been shifted to the other transition (and non­

transition) metals complexes that can achieve higher device performance. Thus, ionic copper 

complexes were later studied for LEC, in which case an external quantum efficiency of up to 
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16% was achieved with Al as cathode, but they suffer from the low ligand field stabilisation 

energies (LFSE) and emit in the long wavelength region of the visible-spectrum, which is not 

favourable for their practical applications in LEC.23 The era of Ir complexes as emissive 

materials began in 2004 when Malliaras' group reported for the first t~me the use of Ir 

complexes in LEC.24 According to the authors, Ir complexes have an ip_creased LFSE, which 

leads to high photo-stability compared to its Ru counterpart. Since then, there have been 

widespread researches on Ir complexes as the emissive materials for LEC, as is evident from 

several review articles. 25·26·27 

3.1.3 General method of the synthesis ofiridium(III) complexes and their properties 

A wide range of iridium complexes including mono-, bis- and tris-cyclometalated complexes 

have been synthesised from commercial iridium(III) chloride salt (IrCbxH2O). Depending on 

the electron donating ability of the ligand to the central metal, these complexes can be 

classified in two categories. First, anionic ligand (chloride, cyclometalating ligand) which 

donate electron density to the metal centre and so the emitting excited states undergoes metal­

to-ligand charge transfer (MLCT) and thus oxidation of the metal centre is observed. Second, 

neutral ligand, which donates less charge density to the metal centre and undergoes emission 

from the ligand centre, in which case no oxidation of the metal centre is observed. The 

reduction process for all such complexes are ligand-centred.28·29·30·31 

Scheme 3.1 represents the most common strategy for design of various types of Ir(III) 

complexes. Reaction of an appropriate ligand with IrCbxH2O produces a µ-dichloro bridged 

dimer, [Ir(CAN)2· µClh , which plays a significant role in the coordination chemistry of such 

complexes.32 The arc represents the cyclometalating ligand which is abbreviated as CAN. The 

chloro-bridged dimer, [Ir(CAN)2· µClh , can be splitted into a neutral complex or a charged bis­

cyclometalated complex by reacting with chelating ligand LAX (such as ~-diketonates, 

salicylanilide etc .) or NAN (such as phen, bpy) with a trans-N,N configuration to the CAN 

ligand. Tris-cyclometalating complexes can be obtained by the addition of third 

cyclometalating ligand (CAN) (Scheme 3.1 , path b). By careful selection of the reaction 

conditions, pure meridional complex can be obtained, including both homoleptic (one type of 

CAN ligand)33 and heteroleptic tris-complexes (different types of CAN ligands).34·35 A number 

of meridional complexes mer-Ir(CAN)3 have been reported to isomerise to facial complexes 

fac-Ir(CAN)3 by photolysis or thermal processes (Scheme 3.1, path c). This isomerisation 

indicates that the meridional complexes are kinetically controlled products whereas the facial 

complexes are thermodynamically controlled products. To the best of our knowledge, such 
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isomerisation for cationic iridium complexes [lr(C"N)(L"X)t has not been reported. The 

thermodynamically controlled facial complexes have been obtained directly for some Ir 

complexes and are well known for the thermal reaction between ppy and its derivatives ligand 

with lr(acac) precursor (acac = acetylacetonate) (path d). 30•31 

path a 

hvorD.. 

path c 

mer-Ir (C"N)3 Jae -Ir (C"N)3 

HC"N,6. 

path d 
lr(acac)J or 

IrCI3·xH20 

Scheme 3.1 Common synthetic routes to various types of cyclometalated lr(III) complexes. 

Several research groups have demonstrated that the luminescence of iridium complexes 

originates from the lowest excited state, that is as ligand centred triplet (3LC) with singlet and 

triplet metal-to-ligand charge transfer (1MLCT, 3MLCT) character mixed in through spin­

orbit coupling.36•37 While both 1MLCT and 3MLCT states are mixed with 3LC states in the 

emissive state, but it is the 1MLCT component which provides the predominant change on the 

physical properties of the Ir complexes.29 Molecular orbital (MO) calculations by density 

functional theory (DFf) method also predict mixed nature of the excited state for these 

complexes. DFf calculations provide good predictions of the bond length, angles (often 

similar to those detertermined by X-ray crystallography) and photophysical properties such as 

absorption and emission spectra and HOMO-LUMO energies of Ir complexes. There are 

instances when time-dependent density functional theory (TD-DFf) calculations provide 

values that are very close to experimental emission energies. Thus, DFT calculation is an 

important tool for chemists (not necessarily theoretical scientists) in providing assistance in 

design of new complexes with desired emission properties of electroluminescent materials. 

For instance, Yoon et al. recently reported the use of DFf calculations for the rational design 

of deep blue phosphorescent lr(III) complexes containing ( 4'-disubstituted-2'-pyridyl)-1,2,4-
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tetrazole ancillary ligand, which was then synthesised and characterised for using them to 

make OLED devices.38 

3.1.3.1 Synthesis of neutral iridium(III) complexes 

Neutral Ir(III) complexes are mostly used as dopant in OLED. They can be categorised into 

two groups, namely bis-cyclometalated iridium complexes and tris-cyclometalated iridium 

complexes. Synthesis of neutral bis-cyclometalated acetoacetonate and picolinate complexes, 

normally involves the chloro-bridged dimer 3.2, the ligand (e.g. acetylactonate), weak base 

(such as Na2CO3) and high boiling alcohols (such as 2-ethylethanol) reflux for several hours 

affording desired products with good yields and purity. For example, synthesis of bis­

cyclometalated iridium(III) complexes [(ppy)2lr(acac)] reported by Thompson et al. 39 is 

shown in Scheme 3.2. 

3.2 

Acetylacetonate, 
Na2CO3, 2-ethylethanol, 
reflux 

Scheme 3.2 Preparation of a neutral Ir complex, bis-cylometallated iridium complex, 

[(ppy)2Ir(acac)] 3.3.39 

Single crystal X-ray crystallography of the complex [(ppy)2lr(acac)] showed that iridium has 

an octahedral configuration, chelated with two ppy and acac in such a fashion that pyridyl 

groups are in trans positions. The quantum yield of emission of the complex 3.3 in solution 

was reported to be 34% and the luminescence lifetime of 1.6 µs, which is consistent with the 

emission from a triplet excited state.39 Milder conditions for the synthesis of bis­

cyclometalated iridium complexes have been developed by various groups, which prevented 

formation of side products and facilitate an introduction of sensitive functional ligand.40,41 For 

instance, Tsuzuki et al. 41 reported a number of bis-cyclometalated iridium(III) 

acetoacetonates, which were synthesised by reacting the respective precursor and 

acetoacetonate in a mixture with ethanol and N a2CO3 at 50 °C for 2-6 h. 

In general, the methods for the synthesis of tris-cyclometalated iridium complexes follow the 

procedure first introduced by Watt et al. 42 where a tris-cyclometalated iridium complex,jac-
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Ir(ppy)3, was prepared m high yield by refluxing Ir(acac)3 and phenylpyridine (ppy) m 

glycerol (Scheme 3.3). 

lc(acacl, • Q 
0 

glycerol 

reflux 

ppy 

3.4 

Scheme 3.3 First synthesis of a neutral Ir complex, tris-cyclometalated iridium complex, fac ­

Ir(ppy)3 3.4.42 

Since then, numerous scientific publications and patents have been published on tris­

cyclometalated iridium complexes (both homoleptic and heteroleptic) with the variations of 

ligands in basic structure of Ir(ppy)3. 2
•
3·10

•
11

•
12 The variation on 2-phenylpyridine ligand of 

tris-cyclometalated iridium complexes results in interesting change in electronic properties. 

For example, fac-Ir(dfl-ppy) 3, containing electron-withdrawing fluorine atoms at 4,6-position 

on ppy moiety, emit at 392 nm (at 77K in DCM, lifetime of 27 µs) which is about 100 nm 

blue shifted compared to fac-Ir(ppy)3which emit at 492 (at 77K in DCM, lifetime of 3.6 µs) 

reported by Thompson et al.33 

fac-lr(m-ppyb 

The facial and meridional tris-cyclometalated iridium complexes, which are configurational 

isomers, show notable differences in their physical properties. For example, mer-Ir(m-ppy)3 

[m-ppy = 2-(p-tolyl)pyridyl] shows the oxidation potential E112 = 0.18 V, whereas for fac­

Ir(tpy)3 the oxidation potential E112= 0.30 V.33 Their differences on physical properties stems 

largely from strong trans- influence of the phenyl group in the meridional isomer, leading in 

general easier to oxidation, exhibit broader or red shifted emission, shorter luminescence 

lifetime and lower quantum yields of emission, compared to the facial isomers.33·43 
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3.1.3.2 Synthesis of charged iridium(Ill) complexes 

A common method of synthesis for the charged iridium(III) complexes involves the splitting 

of chloro-bridged dimer complexes (such as 3.2) under mild conditions, followed by cation 

exchange, as was introduced by Nave and co-workers.43·44 For example, synthesis of 

[Ir(ppy)2(dma-bpy)]PF5 [ dma-bpy = 4,4°-(dimethylamino)-2,2'-bipyrine is shown in Scheme 

3.4_48 

l~~ / Cl '\., B: I j 
Ir'---- /I r 

1/" I Cl I '::::: 
:::,..__ 2 ,✓,::: 2 

i)DCM 

ii) NH6PF6 

3.2 

Scheme 3.4 An example of synthesis of the cationic iridium complex, [Ir(ppy)2(dma-bpy)]PF5 

3.5.48 

Similar to the neutral iridium complexes, the electronic properties of the charged iridium 

complexes show a strong dependence on the type of substituent on the cyclometalated ligand 

and ancillary ligand. 12·14·29·31 In the following section, the development of cationic iridium 

complexes for application in LEC is described towards colour tuning, stability as well as 

possibilities to produce white light emission from these materials. 

3.1.3.3 Cationic iridium complexes: Colour tuning 

Colour tuning to achieve red, green, and blue emission is an important aspect of material 

developments to be considered for lighting and/or display applications. The colour tuning of 

Ir complexes found to be possible by deliberate chemical synthesis. Also, selection of proper 

ligand proved to be a vital tool to modulate colour tuning, because the n * -orbital in Ir(III) 

complexes are localised on the ligand. For example, yellow emission O"PL = 560 nm) was 

found for [Ir(ppy)2(dtb-bpy)](PF5) 3.6 (reported for the first time),45 while green emission (A-PL 

= 542 nm) was achieved with [Ir(fm-ppy)2(dtb-bpy)](PF5) 3.7.46 This blue shift of 18 nm was 

attributed to the strong inductive and mesomeric effect of the fluoro substituent on the 

phenylpyridine ligand, which was supported by DFT calculation results . To understand the 

origin of colour tuning in such complexes, Malliaras group carried out DFT calculations 

modelled for a series of Ir complexes with increasing fluorine content on 2-phenylpyridine 
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ligand. The DFf calculations clearly indicated that the metal-centred HOMO is highly 

stabilised by the fluorine atom.46 

3.6 APL = 560 nm 
Yellow 

3.8 APL= 492 nm 
Blue-gree n 

3.7 APL= 542 nm 
Green 

3.9 APL= 491 nm, 520 nm 
Blue-green 

Blue-green emission (A,PL = 492 nm) was observed for the Ir complexes 3.8 based on the 

cyclometalated ligand 1-phenylpyrazole reported by Tamaya et al.47 They demonstrated that 

emission can be tuned through significant part of the visible spectrum by varying the ligands 

structure. The Nazeeruddin's group also found a similar trend of colour tuning in the Ir 

complex 3.9. The absorption and emission spectra, and CV traces of Ir complex 3.9 reported 

by Nazeerrudin's group is shown in Fig. 3.3. 
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Fig. 3.3 Absorption-emission spectra (left) and cyclic voltammogram (right) spectra of Ir 

complex 3.9.48 
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Basing on a photophysical and electrochemical studies of 3.9 they have demonstrated that the 

destabilization of the ligand-based LUMO orbital results in more than offsets the 

destabilization of the metal-based HOMO orbitals , both caused by the donor ligand 4,4'­

(dimethylamino)-2,2'-bipyridine. This in consequence causes an increase in the gap between 

the HOMO and LUMO of 3.9 compare to the HOMO-LUMO gap of 3.6 ([Ir (ppy) 2 (dtb­

bpy)] PF6). This effect was also supported by their DFT calculations performed at the 

B3LYP/LANL2DZ level of theory (Fig. 3.4). 
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Fig. 3.4 Energy level diagram and character of the frontier MOs of Ir complexes 3.6 and 3.9. 

On the right, isodensity of selected MOs is also shown.48 

3.1.3.4 Cationic iridium complexes: stability and response time 

It has been found that during the operation of iTMC-based LEC, severe excited-state self­

quenching always occurs, which causes in decreasing the efficiency. This is attributed to the 

fact that the complexes in the active layers of LEC are closely packed.48
·
49 To control the 

excited-state-quenching problem and consequently to improve the EL efficiency of LECs, a 

common approach is to introduce steric hindrance or a bulky side groups in the ancillary 

ligand of iTMCs. This minimises the non-radiative pathways by forcing an increased 

intermolecular distance and by inhibiting the non-radiative pathways through rigidification of 

the complex as a whole. Moreover, bulky groups enhance the hydrophobicity; therefore, 

hinder the attack of small molecules such as water, which promotes the degradation pathways 

through the formation of quenchers in the excited states. 
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Another approach has been to introduce extended n- n stacking interactions, which can 

stabilise iTMC. Bolink et al. followed the strategy of introducing a bulky group, and their Ir 

complex 3.11-based device showed an improved efficiency to a great extent. A device based 

on Ir complex 3.11 showed the highest efficiency at that time. 50 The same group has also 

demonstrated that the position of the bulky substituents in the ancillary ligand plays an 

important role in increasing the device stability and they have reported a highly stable iTMC 

device based on the Ir complex 3.14, which contains a bulky group phenyl at the 6 position of 

bpy.52a 

A number of research groups to increase the EL efficiency of iTMCs-based LECs has 

successfully implemented the approach of utilising bulky ligand, as a result the external 

efficiency up to 10%51 and the lifetime of over 1000 h have been reported.52 Recently, 

Slinker' s group have demonstrated a similar approach while focusing on the stability of the 

single layer device based on IT0/3.10/Au and compared its performance with the LEC 

fabricated under the same condition using 3.6 as the emissive layer.53 

3.10 

They have demonstrated an outstanding stability of the emissive material 3.10 of over 15-fold 

compared to the similar bulky-group substituted stable emissive material 3.6. The authors 

highlighted the important aspect in terms of designing new materials for LECs, emphasising 

on the position of the bulky substituent of Ir complexes, which can influence on their device 

stability remarkably. The reported stability test is shown in Fig. 3.5, where the radian flux 

versus time of maximum radiant flux for the two Ir complexes (3.6 and 3.10) based LECs 

biased at -4V is plotted. 
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Fig. 3.5 Radiant flux versus time for ITO/3.10/Au and ITO/3.6/Au devices biased at -4V.53 

Su et al. have reported 4,5-Diazafluorene based Ir complex 3.1254 as a green emitting 

complex. They also demonstrated the effect of increasing steric hindrance of the ancillary 

ligand (spirodiazafluorene) on enhancing the EL efficiency. 
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Earlier, Bryce et al. reported the Ir complexes based on the fluorenyl group substituted phen 

ligands, fluorenyl groups at the meta positions such as complex 3.15. Fluorenyl groups caused 

extensions of n-conjugation to the phen ligand. It was demonstrated that the increased ligand 

conjugation length as in 3.15 led to increased phosphorescence lifetime (2.57 µs). A two-layer 

LEC was formed with the configuration ITO/PEDOT:PSS/Ir complex 3.15/Al, or Ba capped 

with Al, which attained a maximum brightness efficiency of 9 cdA-1 at a large bias of 9 V and 

the turned-on time of 40 min. 55 It was observed that the electro luminescence maximum of the 

complex 3.15 is red-shifted (ca. 40 meV) compared to its photoluminescence maximum (Fig. 

3.6). 
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Fig. 3.6 The photoluminescence and electroluminescence spectra of 3.15.55 

A useful strategy for tuning the emission colour or to improve the emission efficiency of 

OLED is to use host-guest approach (also called doping), which involves dispersing the 

emitting complex (guest) into the matrix of another emitting material (host) .56·57 Su et al 

recently demonstrated introduction of host-guest approach as a strategy to improve efficiency 

for LEC.58 They reported a highly efficient LEC utilising cationic iridium complex [Ir(df­

ppy)2(SB)J(PF6) 3.12 as the host and a fluorescent cationic dye R6G as the guest. 

R6G 

The response time is defined as the time required to reach the maximum brightness ( or 

luminescent intensity) at constant bias voltage. The response time for LEC based on iTMC is 

known to be varied in a wide range, from a few minutes to several hours . For practical 

applications, response time should be as short as possible. Modification of the iTMC (using 

short counter ion such as BF4-) and its surrounding environment (by adding ionic liquid) to 

improve conductivity has been a useful strategy to shorten the response time. However, a 

higher applied voltage is usually required for LEC to shorten the response time and as a result, 

the electroluminescent material starts to degrade faster, and hence the stability becomes 

lower. Therefore, a balance has to be found out, which would compensate the trade-off 

between the response time and the stability. 
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3.1.3.5 Cationic iridium complexes: White light LECs 

The white OLEDs based on polymers and small molecules have been extensively studied for 

their applications in flat panel and solid state lighting sources. Strategy for the white light 

emission is achieved either by mixing red, green and blue emitting materials or by mixing two 

complementary colour emitters, such as blue-green and red emitter materials .59 This strategy 

has been widely used in polymer-based OLEO to achieve white light emission.6° First 

polymer-based white LEC was reported in 1997.61 However, it took a long time to achieve a 

white LEC based on the iTMC, reported for the first time by Su and co-workers in 2008,62 

largely due to the limited availability of the iTMC with good colour purity21 ·22 and because of 

difficulties to stabilise the mixed colour complexes in device.58 LECs based on iTMCs have 

an advantage over polymers based LECs because of the higher EL efficiencies promoted by 

the phosphorescent nature of iTMCs.63·64 

Su's group has achieved the white light by doping a small amount of the red-emitting complex 

3.13 into the blue-green-emitting complex 2.91.62 The reported configuration of the LEC was 

ITO/emissive layer (100 nm)/Ag (150 nm), where the emissive layer contains host 2.91 (80.5 

wt%), guest 3.13 (0.4 wt%), and an additional electrolyte BMIMPF6 (19.1 wt%). It was also 

reported that the presence of ionic liquid BMIMPF6 induced longer excited-state lifetimes for 

both the host and the guest, and the PLQY s are slightly raised, which according to the authors 

indicates the role of BMIMPF6 in suppressing the intermolecular interactions.513 

Blue Emitter 
(01.211 0.40} 

2-.. !>I ~ Apl -= 49l! 'DIil 

Red Emitte•r 
,0,.61 , 0.3&) 

:3.13~ Al)) =: 672 IJUl 

+ 

Fig. 3.7 Single doped mixing of two Ir based iTMC 2.91 and 3.13 to achieve white light 

emission.62 
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They also demonstrated that with an increase amount of the guest (blue emitter 2.91) 

concentrations from 0.2 % to 0.4% the PL intensity of the host emission (red emitter 3.13) 

increases, thus effectively enhances the host-to-guest energy transfer, which is accompanied 

by the shorter lifetimes of the host emission (Fig 3.8, left).62 However, the relative intensity of 

the red emission with respect to the blue emission is larger in EL when compared to PL. In 

addition, the relative intensity of the host emission increases as the bias decreases (Fig 3.8, 

right). According to the authors' explanation, lower biases favour charge carrier injection and 

trapping on the smaller HOMO-LUMO energy gap of guest 2.91, resulting in a direct carrier 

recombination/exciton formation on the guest (rather than host-guest energy transfer) so the 

larger fractions of guest emission are observed. 
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Fig. 3.8 PL spectra of host-guest (3.13-2.91) films containing different guest concentrations 

of 13 (0.4 and 0.2 wt%) without and with BMIMPF6 (left). The bias-dependent EL spectra of 

the white LECs made of host-guest (3.13-2.91) compared with their PL spectra (right).62 

Following the similar single-doped strategy to achieve white LEC, He et al. in 2009 reported 

a white LEC with improved power efficiency.65 They used imidazole-type ancillary ligand 

based iTMC, and a white LEC was realised by doping the red emitting complex 3.16 into the 

blue-green complex 3.17 matrix. 
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The doping concentration of complex 3.16 was selected so that the energy-transfer from 

complex 3.17 (guest) to complex 3.16 (host) was incomplete and the blue-green light and red 

light were thus mixed to form white light emission (Fig. 3.9). The device structure of this 

white-light LEC was ITO/PEDOT:PSS/[complex 3.16: complex 3.17: BMIMPF6 (molar ratio 

1:0.02:0.35)](100 nm) /Al (120 nm). 
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Fig. 3.9 EL spectra of white LECs based on 3.16- 3.17 (biased at 4.0 V) and corresponding 

PL spectra of the light-emitting layers. The inset shows the energy levels diagram of the white 

LECs (the dashed lines represent the energy levels of complex 3.18).65 
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They have demonstrated that, compared with the blue-green LECs based on the complex 3.17, 

the white LECs based on the mixed complexes 3.16-3.17 showed a shortened response time, 

an increased efficiency as well as increased brightness under similar bias of 4.0 Y. According 

to the authors, the charge-trapping mechanism played an important role in the operation of the 

white LECs, the electrons and holes can be directly injected into the low energy gap between 

LUMO and HOMO of complex 3.17 and then trapped there. As a result, the injection barriers 

at the electrode interfaces are largely reduced and excitons formed directly on the molecules 

of complex 3.17, which lead to the shortened response time and increased efficiency and 

brightness of the white LECs. The same group have reported in 2010 a white LECs utilising 

doping approach. The reported white LEC was based on a bulky group substituted Ir 

complexes 3.18 mixed with the complex 3.16.66 The effect of bulky group 4-tritylphenyl (TP) 

was found to suppress the excited-state self-quenching in the solid state and increases the 

film-forming ability of the complex. However, at 3.2 V the white LEC based on the mixed 

complexes 3.16-3.18 showed a lower brightness and efficiency, compared to the blue-green 

LEC based on the single layer complex 3.18. As per authors' explanation, the charge-trapping 

of the red-emitting complex 3.16 played against on the performance of the white LEC, 

suggesting that charge recombination balance significantly influenced the performances of 

white LECs. 

In the year 2011, Su's group67 introduced a double-doped system white LEC with an 

improved device efficiency. The improved efficiency was attributed to an improved balance 

of the carrier mobility of the double-doped emissive layer. An efficient blue-emitting host 

(complex 3.8) was mixed with a double-doped emissive layer comprising of a red-emitting 

guest (complex 3.13) and an orange-emitting guest (complex 3.19) to prepare the emissive 

layer of the LEC to achieve white light-emission. The photoluminescence spectra of the Ir 

complexes 3.8, 3.13 and 3.19 in DCM solution and in films are shown in Fig. 3.10, depicting 

that the blue emission properties of the complex 3.8 retain in film, whereas the complex 3.13 

and 3.19 undergoes a slight red shift in the film compared to the solution. 
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Fig. 3.10 Photoluminescence spectra of Ir complexes 3.8 (blue), 3.19 (orange-red), and 3.13 

(red) in dichloromethane and in neat films.67 

The reported double-doped white LEC showed a peak power efficiency of 15 lmw- 1, which is 

the highest efficiency of white LECs base on iTMC so far. They also demonstrated that the 

single-doped (3.13) and the double-doped (3.13 and 3.19) host-guest films exhibits similar 

PL spectra and comparable PLQY s, while the device efficiencies of the double-doped white 

LECs are two-fold higher than those of the single-doped white LECs. 

Equally, for the evaluation of any other electroluminescent device performance, LEC 

performance is considered broadly on four categories, namely (1) colour emission, (2) 

efficiency, (3) stability and (4) response time. The iTMCs based LECs have addressed more 

or less of these category quite well, which are equivalent to the best known 

electroluminescent device performance. However, the main drawbacks associated with 

iTMCs based LECs is the trade-off between the stability and the response time. In other 

words, when trying to improve the stability of LEC, the response time increases and vice-
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versa. This trade-off between response time and stability is the central focus for improving 

performance of LEC and has been highlighted by a number of groups working on LECs.24
,48,53 

Efficient LECs need to have short response time without compromising the stability. Design 

and synthesis of new materials and understanding the structure-property relationship might 

resolve the crucial issue that is debarring iTMC based LECs to be applied in practical 

applications. Future works of research are toward to resolve the issue that seems just a matter 

of time to come. Most of the cationic iridium complexes based LEC reported so far has been 

with bpy and phen ligands while only a few DAF based Ir complexes used for LEC are 

reported so far. As a part of this Thesis work, series of cationic Ir complexes based on DAF 

ligands have been prepared and their photophysical properties studied in order to understand 

the structure-property relationship is presented in result and discussion section. 

3.2 Results and discussion 

3.2.1 Scope and rationale for synthesis of lr(III) complexes with DAF 

Most of the metal complexes with DAF based ligands that are known m literature are 

discussed in Chapter 2 where the role of iridium complexes with DAF based ligands have 

been highlighted (Section 2.1.3.4). It can be inferred that DAF containing iridium complexes 

represent an exciting materials for light-emitting devices. Still, not many literatures are 

reported for iridium complexes with DAF based ligands to be used for making LECs 

compared to well-studied bidentate ligand such as bpy and phen. Therefore, this represents an 

exciting and substantially underdeveloped area of research to synthesis different substituted 

DAF containing cationic Ir(III) complexes and study their structure-prope1ty relationship for 

using them as emissive materials particularly for LECs. It is apparent from the above 

discussion of the development of light-emitting electrochemical cell (Sections 3.1.3.3-3.1.3.4) 

that the substitution of an electron-withdrawing group and/or a bulky group on the ancillary 

ligands of cationic Ir(III) complexes does have a substantial influence on their device 

performance such as colour tuning and stability. The major issue has been that the device 

lifetime of iTMC based LEC at present is low, largely due to their degradation under applied 

voltage, which prevents them from their pragmatic purpose. In this context, the influence of 

steric hindrance in improving the device life time of the iTMC based LEC is a matter of much 

more study and discernment. In our work, we strained to understand this core burning issue 

by examining the essence of different substituted DAF based iridium complexes to be 

employed for making LEC, which has the potential to be the next generation lighting source. 
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Herein, we present the synthesis of a series of new Ir(III) complexes, [(ppy)2lr(DAF)]PF6 

(3.36-3.48) and [(dflm-ppy)Ir(DAF)PF6 (3.49) where ppy = 2-phenylpyridine, dflm-ppy = 
2-(2,4-difluorophenyl)-3-methylpyridine, and DAF = substituted 4,5-diazafluorene, and 

studied their photophysical, electrochemical properties together with DFf calculations. All of 

the complexes exhibit a strong absorption band (ca. 240-300 nm, Fig. 3.13-3.14) in the 

UV region in ace ton i tr i 1 e (AC N) assigned to spin-allowed ligand-centred (LC) 
1rc-rc* transitions and a weak band (ca. 300-450 nm) attributed to MLCT. The 

photoluminescence spectra of most complexes in ACN are characterised by a broad 

structureless band, which is assigned to a combination of 3MLCT and 3LC states. They emit 

green-red light (513-653 nm, Fig. 3.15-3.16) with high quantum yields (8-43%) in ACN. 

Cyclic voltammetry (CV) measurement of these complexes show reversible or quasi­

reversible oxidation peaks and reversible or irreversible reduction peaks with an 

electrochemical gap, Eg = E112°x1 - EprectI, of 1.88-3.03 eV (Fig. 3.17-3.19, Table 3.3). DFf 

and TD-DFf calculations performed at the B3LYP/LANL2DZ level of theory provided 

deeper knowledge about the electronic properties of the DAF-based Ir complexes. The DFf 

calculated results of emission properties of complexes are in good agreement with the 

experimental results of emission energies (deviations of only 2-10 nm, Table 3.6), and 

HOMO-LUMO gap (linear regression R2 > 95, Fig. 3.26-3.27). The TD-DFT calculations 

for both the singlet ground state (So) and the first triplet state (T 1) have been performed, 

which concluded that in the singlet ground state (So) the HOMO of the complexes is 

spread between the Ir atom and benzene rings of the 2-phenylpyridine ligand, whereas the 

LUMO is mainly located on the D AF ligands. One of the Ir complex we have fabricated 

the device with the configuration ITO/Ir complex 3.45/ Al and was successfully tested as the 

iTMC based LEC and exhibited a green electroluminescence (576 nm) with a luminescent 

intensity of 90 cd m-2. 

In the next sections, synthesis of DAF-based ligands, their charged iridium(III) complexes 

(3.36-3.49) and the electronic and steric effects of substituent (R-R4) in ancillary DAF ligands 

on electrochemical and spectroscopic properties of their Ir complexes are described in the 

context of their potential use as emissive materials in LEC devices. 
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3.2.2 Synthesis of DAF-based ligands 

Synthesis of DAF based ancillary ligands (NAN) for iridium complexes of the form 

(CAN) Ir (NAN) is shown in Schemes 3.5-3.6. 4,5-Dizafluoren-9-one (2.9), 2-bromo-4,5-

diazafluoren-9-one (2.52) and 2,7-dibromo-4,5-diazafluoren-9-one (2.53) were synthesised by 

procedure described in Chapter 2. They were subjected to reduction reactions with hydrazine 

hydrate in ethylene glycol to afford corresponding 4,5-diazafluorenes 2.2, 3.20, and 3.21 in 

good yields, similar to reactions reported in the literature for fluorene derivatives.68 These 4,5-

diazafluorenes (2.2, 3.20, 3.21) were then alkylated at 9 position with n-octyl iodide in 

DMSO using a phase-transfer catalyst to obtain 9,9-dioctyl-4,5-diazafluorene 3.22;3.23, and 

3.24 in excellent yields after column purification on silica gel. No alkylation at the pyridine 

ring was observed in these conditions, suggesting much higher reactivity of the carbanion 

generated by the action of base on DAF. As mentioned in Chapter 2 (Section 2.1.2.1 ), 

alkylation reactions at the C-9 position of DAF are known in literature with the use of 

different bases such as NaH and t-BuOK. 69 Our reaction condition with NaOH as a base was 

found to work well and relatively easy to perform; without the need to perform the reaction in 

anhydrous condition with pre dried solvent and reagents. 

The n-octyl-DAF 3.22 was used for introduction of chlorine substituents at its 3,6 positions 

and subsequently chlorinated DAF was used for introduction of phenyl groups (3.26-+3.28). 

The chlorine atoms were introduced at 3- and 3,6- positions of DAF by a two-step synthesis 

process. This involve oxidation of pyridine nitrogen atoms to form N-oxide-DAF 3.25 using 

hydrogen peroxide in acetic acid followed by chlorination with phosphorous oxychloride to 

afford 3,6-dichloroDAF 3.26 as major product in moderate yield (42%) and 3-chloroDAF 

3.27 as minor product in low yield (10%), which were separated by column chromatography. 

Similar reaction with alkyl substituted DAF known in literature has been discussed in Chapter 

2 (Section 2.1.2.2).70 Here, we also isolated the mono-chlorinated product 3.27 from the crude 

reaction product. As mentioned before, the effect of electron withdrawing groups on Ir 

complexes is known to perturb their HOMO- LUMO energies and do tune the colour of the 

emission. The halogen substituted DAF derivatives (3.23, 3.24, 3.26, 3.27) were therefore 

used as ancillary ligands for iridium complexes (synthesis in next section) in order to see their 

effect on colour tuning. On the other hand, these halogenated DAF compounds were quite 

useful for further structural modification and for making oligomers and polymers described in 

Chapter 4 and 5. 
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N N N2H4H20 -Ctf:J--N" N_ n-C8H171, 
R R' C2H4(OH)2 R 1/ ....- ~ /1/ R' BzN(C2HshCI, 

Reflux, 17-23h 5% aq. NaOH, 
O DMSO, 21-23 h 

2.9 (R = R'= H) 2.2 (R = R' = H, 86% ) 
2.52 (R = H, R' = Br) 3.20 (R =H, R'= Br, 66%) 
2.53 (R = R' = Br) 3.21 (R = R' = Br, 71%) 

35% H2O2 

AcOH 
70 °C, 16h 

f Nh NJ--
R ~ R' 

C8H17 C8H17 

3.22 (R = R' = H, 75%) 
3.23 (R =H, R'= Br, 72%) 
3.24 (R = R' = Br, 75%) 

3.22 3.25 (74%) 3.26 (42%) 3.27 (10%) 

Scheme 3.5 Synthesis of halogenated DAF compounds. 

To investigate the effect of steric hindrances and an extended conjugation in DAF ligands on 

device properties of their iridium complexes, we synthesised DAF derivatives with phenyl 

groups at the positions 3,6- and 2,7- (3.28 and 3.29). For this purpose, synthesised 

halogenated DAF derivatives 3.24 and 3.26 were reacted separately with phenyl boronic acid 

in Pd catalysed Suzuki coupling reactions. The 3,6- substitution reaction (3.26--t3.28) was 

carried out at conventional heating taking 24 hours, while 2,7 substitution reaction 

(3.24--t3.29) was performed in microwave-assisted conditions taking only 30 min of reaction 

time. Both conditions gave good yields of target diphenyl-substituted DAF products 3.28 and 

3.29 after column chromatography purification (Scheme 3.6). The shorter reaction time of 

microwave-assisted reaction was attributed to the instantaneous and elevated heating resulting 

from the microwave coupling directly with the reactive molecules.71 

Cl'Ct;PN_CI 
1/ " ~ 
-- /1/ 

CaH11 CaH17 

3.26 

N N 
" Br Br 

CaH17 C8H17 

3.24 

PhB(OHh 
Pd(PPh3)4 

10% aq. K2CO3 
PhCH3-EIOH 
Reflux, 24 Hr 

PhB(OH)2, 

CaH11 CaH17 

3.28 (84%) 

Pd(PPh3)4, ~N /1/ 
10% aq. K2CO3 sol. 
PhCH3-EtOH 
M.W = 150 W, CaH17 C8H17 
150 °C, 30 min 3.29 (55%) 

Scheme 3.6 Synthesis of phenyl-substituted DAF derivatives 3.28 and 3.29. 
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DFf calculations, performed in parallel to the experimental work of synthesis of novel DAF 

ligands revealed that an introduction of strong electron-withdrawing cyano group(s) at 2- / 

2,7-positions of DAF moiety should result in red-shifted emission spectra of its iridium 

complexes. Based on these theoretical predictions (see Section 3.2.5 on DFf calculations) we 

decided to synthesise compounds 3.30 and 3.31. There syntheses were performed by 

substitution of halogen atoms in 3.23 and 3.24 with zinc cyanide in presence of catalytic 

amount of Pd(PPh3)4 as catalyst in dimethylformamide under microwave irradiation for just 

5-10 minutes, and gave the desired products 3.30 and 3.31 in excellent yields of 88% and 

71 %, respectively, after column purification on silica gel (Scheme 3.7). 

{Nr--<t)-
~ Br 

C8H17 CaH17 

3.23 

N N s,-0:J?.-B, 
CaH11 CaH11 

3.24 

Pd(PPh3)4, Zn(CN)i 

DMF, M.W = 60 W, 

175 °c, 5 min 

Pd(PPh3)4, Zn(CN)i, 

DMF, M.W = 60 W, 

175°C, 10 min 

( N)--(t)_ 
~ CN 

CaH17 C8H17 

3.30 (88%) 

N N 

NC~CN 

CaH11 C8H17 

3.31 (71%) 

Scheme 3.7 Synthesis of cyano-substituted DAF compounds 3.30 and 3.31. 

Another functionalisation of DAF moiety to expand the library of DAF ligands for Ir 

complexes included variation of substituents at the C-9 carbon atom. Previous DAF 

compounds were 9,9-dioctyl derivatives (to make the complexes soluble, and on the other 

hand to use some of them as monomers for synthesis of DAF-based oligomers and polymers, 

- Chapters 4 and 5). In this case we used described method of transfo1mation of fluorenone 

into 9,9-di(p-hydroxyphenylfluorenones), which was successfully exploited previously in 

synthesis of poly[9,9-di(4-alkoxyphenyl)fluorenes].72 Thus, DAFone (2.9) or dibromo­

DAFone (2.53) reacted with phenol at 100 °C in presence of concentrated sulphuric acid and 

catalytic amount of 3-marcaptopropanoic acid to give 9,9-bis(4-hydroxyphenyl)-DAF 2.27 

and 2,7-dibromo-9,9-bis(4-hydroxyphenyl)-DAF 3.32, respectively. The literature methods of 

synthesis of compound 2.27 was discussed in Chapter 2.73·74 Compounds 2.27 and 3.32 were 

then alkylated at hydoxy groups with n-iodooctane in DMSO at room temperature in presence 

of aqueous KOH and phase transfer catalyst (benzyltriethylammonium chloride) to afford 

bis(octyloxyphenyl)-DAF products 3.33 and 3.34 in good yields (65% and 73%, respectively) 

(Scheme 3.8). 
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N N 
PhOH 

R R-----R 
HSC2H4COOH, 

o Cone. H2S04, 

100 °C, 4h 
2.9 (R = H) 
2.53 (R = Br) HO 

2.27 (R = H, 43%) 
3.32 (R = Br, 86%) 

Scheme 3.8 Synthesis of aryl substituted DAF 

3.2.3 Synthesis of iridium complexes 

n-CaH17I , 

BzN(C2HshCI, 

5w%aq NaOH, 
DMSO, rt , 23h 

R 

CaH170 OCaH17 

3.33 (R = H, 55%) 
3.34 (R = Br, 73%) 

~t-Dichloro-bridged cyclometalated Ir(III) dimers 3.2 and 3.35 of general formula 

(C"N)2Ir({-Cl)zlr(C"N)2, where C"N represents a cyclometalating ligand were synthesised 

according to a literature procedure (Scheme 3.9).75 Cyclometalating ligand 2-phenylpyridine 

is a commercial product, whereas 2-(2,4-difluorophenyl)-5-methlypyridine was prepared by 

literature procedure.76 It was found that the purity of starting ligands is important and freshly 

distilled 2-phenylpyridine gave more pure dimer (3.2) with better yields (70% compared to 

42% for commercial unpurified 2-phenypyridine). 

a-(] r~/',{gl Ir"-- / Ir 
~ 

N 
1/" I Cl I "" 
~ 2 ✓,::; 2 

lrCl3·nH20 2-Ethoxyethanol 3.2 
Reflux, 30 h 

F% rF l ~ I "" / Cl '\.._ 
I Ir"-- / Ir N ✓,::; Cl 

2 

F F 
3.35 

Scheme 3.9 Synthesis of µ-dichloro-bridged cyclometalated Ir(III) dimer 3.2 and 3.35. 

The Ir complexes of general formula (C"N)2Ir(N"N), where N"N represents ancillary ligand 

and C"N represent cyclometalating ligands were synthesised by refluxing the DAF ligands 

with µ-dichloro-bridged cyclometalated Ir(III) dimers 3.2 and 3.35 for 24 hours in DCM­

methanol solution followed by the anion exchange using ammonium hexafluorophosphate 

(NH4PF6) according to literature procedure (more details discussion in Section 3.2.3.2).43·44·48 

All the complexes prepared were purified by column chromatography on silica gel affording 

good to excellent yields (50-97%). Schemes 3.10-3.13 depict the syntheses of cationic iridium 
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complexes 3.36-3.49 containing cyclometalating ligands 2-phenylpyridine/2-(2,4-

difluorophenyl)-5-methlypyridine and substituted 4,5-diazafluorenes as ancillary ligands. The 

Ir complexes with electron withdrawing group (Cl, Br) at ortho- and meta- position to the N 

atom of DAF (3.37, 3.38, 3.40, 3.41) allowed to investigate the electronic effects on tuning 

the colour of emission. The phenyl group substituted at ortho- and meta- to the nitrogen (3.39, 

3.42) served as bulky group to see the effect of steric hindrance on their photophysical and 

electrochemical properties. In addition, phenyl group provides extended conjugation, which 

could well change the electronic properties. 

3.22, 3.25, 3.26, 3.27 

i) CH2Cl2, MeOH, 
reflux, 24 h 
ii) NH4PFe, rt , 1 h 

0 ~=--fi 7@PF: 

o~~-·::1r\-N:- /4 

R,~R, 

CsH11 C8H17 

3.36. [lr(ppy)i(doDAF}i+PF6·, R1 = H, R2 = H, (97%) (SG-0918) 

3.37. [lr(ppy)i(o-cldoDAF)]'PF6·, R1 = Cl, R2 = H, (55%) (SG-082C) 

3.38. [lr(ppy)i(o-dcldoDAF)tPF6· R1 = Cl, R2= Cl, (59%) (SG-0778) 
3.39. [[lr(ppy)i(o-phdoDAF)]'PF6· , R1 = Ph, R2 = Ph, (50%) (SG-083D) 

Scheme 3.10 Synthesis of 3,6-disubstituted DAF-based cationic Ir(III) complexes. 

3.2 

_(N'j;-{t)>_ 
R3 ~ R4 

CaH17 CaH17 

3.23, 3.24, 3.28, 3.29 

i) CH2C1 2, MeOH, 
reflux, 24 h 

ii) NH4PFe, rt, 1 h 

3.40. [lr(ppyh(m-brdoDAF)]PF6 , R3 = Br, R4 = H, (93%) (SG-089B) 

3.41. [lr(ppyh(m-dbrdoDAF)]PF6 , R3 = Br, R4 = Br, (91 %) (SG-080B) 

3.42. [lr(ppyh(m-phdoDAF]PF6 , R3 = Ph, R4 = Ph, (86%) (SG-114B) 

3.43. [lr(ppyh(m-cndoDAF)]PF6 , R3 = CN, R4 = H, (62%) (SG-134B) 

3.44. [lr(ppyh(m-dicndoDAF)]PF6, R3 = CN, R4 = CN, (77%) (SG-127C) 

Scheme 3.11 Synthesis of 2,7-substituted DAF-based cationic Ir(III) complexes. 

Further variations of the structure of complexes was done by modification of substituents at 

the C-9 position of DAF ligands, namely by using 9,9-bis(4-octyloxyphenyl)-DAF (3.32 and 

3.34) in synthesis of Ir complexes 3.45, 3.46, as shown in Scheme 3.12. This variation at the 
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C-9 position of DAF was carried out to increase the steric environment in the Ir complexes, 

which might enhance their photoluminescence quantum yields and stability. 

i) CH2C12, MeOH, 
reflux, 24 h 
ii) NH4PF6 , rt, 1 h 

3.45. lr(ppy)2'dphoDAF)]PF6 , R = H, (85%) (SG-088B) 
3.46 . [lr(ppyh(m-dbrdphoDAF)]PF6, R = Br, (62%) (SG-086C) 

Scheme 3.12 Synthesis of cationic Ir(l11) complexes with 9,9-dioctyloxyphenyl-DAF ligands. 

Scheme 3.13 depicts the synthesis of cationic Ir complexes (3.47, 3.48) containing DAFone 

2.9 and dibromo-DAFone 2.53 as ancillary ligands. While carbonyl group increases the 

electron withdrawing properties of DAF ligand that might effect on spectral properties of 

Ir(III) complexes (as predicted by our DFf calculations, Section 3.2.5), compounds 3.47 and 

3.48 have been found to be non-emitting materials. 

--f NMN1-

R ~ R 

0 
2.9, 2.53 

i) CH2Cl2, MeOH, 
reflux, 24 h 
ii) NH4PF5, rt , 1 h 

3.47. [lr(ppyh(DAFone)]PF6, R = H (55%) (SG-079C) 

3.48. [lr(ppyh(m-dbrDAFone)]PF6, R = Br (59%) (SG-90C) 

Scheme 3.13 Synthesis of DAFone-based cationic lr(l11) complexes. 

As mentioned before, fluoro-substituted 2-phenylpyridine as cyclometalated ligand is known 

to impart blue shifted emission (Section 3.1.3.3). In this study, we have also synthesised a 

cationic Ir complex 3.49 (Scheme 3.14) containing the same ancillary ligand DAF as in 

complex 3.36 but different cyclometalating ligands 2-(2,4-difluorophenyl)-5-methylpyridine 

aiming to obtain complex with blue shifted emission. 
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F F 
3.35 

i) CH2Cl2, MeOH, 
reflux, 24 h 
ii) NH4PFs, rt, 1 h 

3.49. [lr(dflmeppy12(doDAF)]PF6, (91 %) (SG-1128) 

Scheme 3.14 Formation of iridium complex 3.49 containing 2-(2,4-difluorophenyl)-5-

methylpyridine (dflm-ppy) as cyclometalating ligand and 9,9-dioctyl-4,5-diazafluorene as 

ancillary ligand. 

All synthesised Ir complexes 3.36-3.49 have been characterised by 1H NMR, 13C NMR, 19F 

NMR, 31 P NMR and MS-ESL All synthesised complexes have been purified by repeated 

column chromatography to ensure high purity of the samples prior to photophysical and 

electrochemical measurements (see next sections). The ratio between DAF and ppy in all 

these Ir complexes are 1:2 determined from integration of 1H NMR signals. It has been 

demonstrated by the sets of signals of ppy and DAF ligands of 1H NMR spectra of Ir 

complexes that some of them are non-symmetric (3.37, 3.39, 3.40, and 3.43) while the others 

have C2- symmetry (3.36, 33.38, 3.41, 3.42, 3.44, 3.45, 3.46, 3.47, 3.48, and 3.49). It is worth 

mentioning here that the two-octyl groups at the C-9 position of DAF ligand itself are 

orthogonal to the plane of the aromatic ring. As a results, the ~-CH2 at C-9 is under the 

influence of aromatic ring current and appear down shifted to about 0.7-0.6 ppm. Such shift of 

~-CH2 protons are also observed in their Ir complexes. For illustration, 1H NMR spectra of 

complex 3.36 and 3.39 are shown in Fig. 3.11 and 3.12. It may also be noted that the 

resonance signals of the ~-CH2 protons at C-9 slightly changes their shifts with the change of 

substituents at 2,7- / 3,6- positions of DAF. For instance, this effect can be clear seen in the 

1H NMR spectrum of 3,6-diphenyl substituted DAF Ir complexes 3.39 (Fig. 3.12, ~-CH2 = 

0.78-0.61 ppm) as compared to unsubstituted DAF Ir complex 3.36 (Fig. 3.11, ~-CH2 = 

1.12-0.90 ppm). 
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Fig. 3.11 1H NMR spectrum of Ir complex 3.36 in CDCb. 

Fig. 3.12 1H NMR spectrum of Ir complex 3.39 in CDCb. 
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Several attempts to grow single crystals for these complexes (3.36, 3.37, 3.38, 3.39, and 3.45) 

in different solvents and co-solvent systems had been done but none of them provided good 

quality crystals for single crystal X-ray analysis. The synthesised complexes are well soluble 

in common organic solvents and are air- and moisture stable materials. Figure 3.13 shows the 

appearance of the of different synthesised Ir complexes as coloured powder / polycrystalline 

materials. 

Fig. 3.13 Appearances of synthesised iridium complexes with 4,5-diazafluorenes 3.36-3.47 in 

the solid state. 
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To illustrate the emissive behaviour of the Ir complexes, consider an appearance of the 

solutions of about 1 mg of each of the Ir complexes dissolved in 10 mL of dichloromethane 

(colourless transparent solution). As soon as we irradiated these solution with UV light (360 

nm) the emission of colours of the samples can be observed by naked eyes (Fig. 3 .14) 

3.49 3.39 3.42. 3.45 3.36 3.37 3.40 3.46 3.38 3.41 3.43 3.44 

Fig. 3.14 An em1ss10n of iridium complexes 3.36-3.49 (except 3.47 and 3.48) in 

DCM solution under (a) sunlight (top) and (b) under UV irradiation (360 nm) 

(bottom). 

3.2.4 Photophysical studies of Ir complexes 

3.2.4.1 Absorption and emission study of Ir complexes in solution state 

The important physical data for Ir complexes (3.36-3.49) are listed m Table3.l. The 

absorption spectra of Ir complexes were measured in acetonitrile at room temperature. UV­

Vis absorption spectra show strong bands between 230 nm to 300 nm can be attributed to spin 

allowed intraligand (n-n*) transition.77 Absorption spectra of complex 3.37 to 3.48 (Fig. 3.15-

3.16) show red shift for substituted DAF compared to unsubstituted DAF (complex 3.36). 

Lower energy bands (ca. 300 to 450 nm) can be associated to metal-to-ligand-charge transfer 

(MLCT).78 Absorption spectra of complexes 3.47 and 3.48 show additional longer wavelength 
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band associated with presence of carbonyl group in the same structure (ca. 400 nm to 500 nm) 

(Fig. 3.16). 

Emission spectra of all the complexes were measured in degassed HPLC grade acetonitrile at 

room temperature (excited between 400 and 430 nm). They emit green to red light (523-647 

nm, Fig. 3.17- 3.18) in acetonitrile solution. Complexes 3.47 and 3.48 were found to be non­

emissive that was attributed to the forbidden transition of keto group. The broad and 

structureless characteristic of the emission spectra can be attributed transitions from mixed 

MLCT I n~n * states which has been proved for other iridium complexes as determined by 

high-resolution spectroscopy.29 Photoluminescent quantum yields in acetonitrile were found 

to be in the range 0.2 to 43 % ([Ru(bpy)3](PF6)2 as internal standard). Quantum yields for the 

phenyl-OAF complexes was found to be low (4% for 3.39 and 8% for 3.42) compared to 

unsubstituted-OAF complex 3.36 (23 %). As expected, the quantum yields of the rigid 

bis(octyloxyphenyl)-OAF based Ir complex 3.45 (31 %) was found to be higher that the 

flexible dioctyl-OAF based complex 3.36 (23 %). However, due to some unknown reason the 

quantum yield of similar rigid bromo substituted bis(octyloxyphenyl)-OAF Ir complex 3.46 

(3 .0%) found to be quite low much lower than expected. We have synthesised 2-cyano-OAF 

and 2,7-dicyano-OAF based Ir complexes (3.43, 3.43) based on our OFT predictions that 

emission energy should be substantially red-shifted (720.3 nm and 883.9 nm respectively) 

(Table 3.5). Interestingly, as predicted by OFT calculation, monocyano-OAF based iridium 

complex 3.43 in acetonitrile was found to emit in deep red region (653 nm, Table 3.1), but 

with low quantum yield (0.2%) while dicyano-OAF based iridium complex 3.44 was found to 

be not emissive (PL measured up to 900 nm of spectrum). As expected and supported by our 

OFT calculation the fluoro substituted ppy based Ir complex 3.49 exhibit about 90 nm blue­

shifted emission maximum ( 513 nm) compared to ppy-based Ir complex 3.36 (583 nm). 
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Fig. 3.15 Normalised absorption spectra of cationic Ir(III) complexes 3.36-3.42 m 

acetonitrile. 
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Fig. 3.16 Normalised absorption spectra of cationic lr(III) complexes 3.43-3.49 m 

acetonitrile. 
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Fig. 3.17 Normalised photoluminescence spectra of complexes 3.36-3.41 m acetonitrile 

excited between 400 to 430 nm. 
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Fig. 3.18 Normalised photoluminescence spectra of complexes 3.42, 3.43, 3.45, 3.46, and 

3.49 in acetonitrile, excited between 400 to 430 nm. 
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Table 3.1 Absorption (11,abs) and photoluminescence data (11,PL, PLQY) for iridium complexes 

in acetonitrile at room temperature. 

Ir complex 

3.36 

(SG091B) 

3.37 

(SG082C) 

3.38 

(SG077B) 

3.39 

(SG083E) 

3.40 

(SG089B) 

3.41 

(SG080B) 

3.42 

(SG114B) 
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252, 314, 384, 
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416, 468 

251, 272, 314, 

341,376,412 

247, 266, 340, 

404 

251, 290, 354, 

420 

610 
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<f>PL (%/ 
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3.43 

(SG134B) 

3.44 

(SG127C) 

3.45 

(SG088B) 

3.46 

(SG086E) 

3.47 (SG079) 

3.48 (SG090) 

3.49 (SG 112) 

O,lr 
(J( 

O,lr 
(J( 

0,1 
(J( 

O,lr 
(J( 

O,lr a 

N CsH11 

"'--
~

CsH17 

2 CN 

2 CN 

2 

Br 

Br 
2 

+ 

2 

2 Br 

+ 

+ 

+ 

+ 

+ 

254,326, 390 

261,344,393 

252, 282, 413 

248, 266, 288, 

361,419 

241, 265 , 297, 

315,383,413 

251 , 312, 327, 

372 

244, 265, 301 , 

388 

687 0.2 

597 31 

620 3.0 

513 43 

aMeasured in ACN at room temperature. bMeasured in degassed ACN at room temperature, 

exited between 400 amd 430 nm. crn degassed ACN, using [Ru(bpy)3](PF6)2 as standard (<DPL5 

= 9.5%)_ 79 
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3.2.4.2 Electrochemical studies of lr(Ill) complexes 3.36-3.49 

The redox properties of the complexes 3.36-3.49 (Fig. 3.19- 3.21, Table 3.2) were studied by 

cyclic voltammetry in anhydrous acetonitrile solutions. The oxidation process for the Ir 

complexes (usually attributed to 1rm;1rrv) exhibits quasi-reversible or irreversible waves at 

100 mV/s (except 3.49, which shows the reversible oxidation process) and becomes reversible 

at higher scan rates of 1000 mV/s confirming electrochemical reversibility. 

The half-wave oxidation potentials were in the range of 0.88 (3.45) to 1.18 V (3.49) versus 

Fe/Fe+ redox pair as an internal standard. The highest occupied molecular orbital (HOMO) of 

[Ir(ppy)2(N"N)]PF6 complexes are known as the mixture of the orbitals of iridium and the 

phenyl group of ppy ligand.54 The oxidation potentials are linked to the HOMO energies of 

the complex. Therefore, there is no straightforward correlation between the electron­

withdrawing/donating properties of the substituent in the DAF ligands (ancillary ligand) and 

the oxidation potentials. For example, the introduction of one bromine atom at 2 positions 

lowers the E½ by 0.03V, whereas two Br atoms at 2,7 positions increase it by 0.03 V. The 

modification of the cyclometalating ligands changes the oxidation potential, Ev2,0 x , 

considerably and no changes is reduction potential. As a result, the redox gap Eg, of 3.36 

(unsubstituted ppy) is low compared to 3.49 (fluoro substituted ppy) with the differences of 

their E½,ox = 0.25 V, which is responsible for blue shifted emission of the later. First 

reduction potentials of the complexes with DAF ligands occurs at -1.6 to -1.8 V, which is 

lower than for complexes with bipyridine ancillary ligands48 and similar to that reported for 

other Irm complexes with substituted diazafluorene.54
·
693 
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Fig. 3.19 Cyclic voltammogram of complexes 3.36-3.39 in ACN solutions at room 

temperature containing 0.1 M Bu4NPF6; scan rate 100 mV/s (3.36, 3.37) and 1000 mV/s 

(3.38, 3.39). 

15 -- 3.40 
3.41 

10 -- 3.42 
-- 3.45 

~ 
5 

~ 
'E 0 

~ 
:I 

(.) -5 

-10 

-15 

-2 0 -1--,------,c----,----r-----r-..----.--,------,c----,----r-----r-..----.--,---

-2 .5 -2 .0 -1 .5 -1.0 -0.5 0 .0 0 .5 1 .0 

E(vs . Fe (V) 

Fig. 3.20 Cyclic voltammogram of complexes (3.40-3.42, 3.45) in ACN solutions at room 

temperature containing 0.1 M Bu4NPF6; scan rate 100 mV/s (3.40) and 1000 mV/s (3.41, 

3.42, 3.45) . 
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Fig. 3.21 Cyclic voltammogram of complexes 3.46-3.49 in ACN solutions at room 

temperature containing 0.1 M Bu4NPF6; scan rate 100 mV/s (3.46, 3.49) and 1000 mV/s 

(3.47, 3.48). 

Introduction of phenyl substituents (3.39, 3.42, 3.45, 3.46) to the DAF ligand shift the 

reduction peaks to less negative potentials (with respect to unsubstituted DAF in 3.36), and 

similarly for substitution by electron-withdrawing halogen atoms. The first reduction peaks of 

the complexes with 4,5-diazafluorenes substituted at 2 and 7 positions, as well as with 3,6-

diphenyl-4,5-diazafluorene (3.39, Fig. 3.19) are irreversible (but for 3.45 becomes reversible 

at 1000 mV/s) . Complexes with 4,5-diazafluorenones (3.47, 3.48, Fig. 3.19) are reduced at 

much less negative potentials (due to the presence of the carbonyl group). Interestingly, the 

reduction potential of the complex with 4,5-diazafluoren-9-one is ca. 0.4 V less negative than 

that of the ligand itself (-1.06 V vs. SCE, -1.44 V vs . Fc) .80 HOMO-LUMO energy gap was 

found to be lowest for DAFone complex 3.48 (1.88 eV) while highest for fluoro-substituted 

complex 3.49 (3.03 eV) calculated from cyclic voltammogram (Table 3.2). Overall, the 

oxidation potentials are independent of the N"N ligands and depends strongly on C"N 

ligands. On the other hand, the redox potentials are found to be dependent on the N"N 

ligands . 
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Table 3.2 Redox potentials of complexes and HOMO-LUMO energies determined by cyclic 

voltammetry.3 

Ir E oxl ½ E red! 
p 

E red! ½ E red2 ½ E red3 ½ HOMO LUMO Eg 

complex (V) (V) (V) (V) (V) (eV) (eV) (eV)g 

3.36 0.92 -1.90 -1.84 - - -5.72 -2.90 2.82 

3.37 0.92 -1.76 -1 .72 - - -5.72 -3 .04 2.68 

3.38 0.96b -1.62 -1.58 - - -5.79 -3.15 2.64 

3.39 0.90b -1.68 C -1.85 - -5.70 -3.12 2.57 

3.40 0.90 -1.68 C -1.85 - -5.70 -3.12 2.58 

3.41 0.92b -1.64b -1.58b -1.74bd -1.86b -5.75 -3 .20 2.55 

3.42 0.88b -1.75b -1.71 b - - -5.68 -3.06 2.63 

3.45 0.88b -1.81 -1.76b - - -5.68 -2.98 2.70 

3.46 0.93 -1.59 C -1.59d -1.76 -5.73 -3.21 2.52 

3.47 0.93b -1.07 -1.04 -1.61 -5.79 -3.91 1.88 

-1.50 
3.48 0.99b -0.89 -0.85 -1.22 -5.73 -3.73 2.00 

-1.87e 

3.49 1.18 -1.85 -1.79 - - -5.97 -2.95 3.03 

3Measured in CH3CN solutions containing O. lM Bu4NPF6; scan rate 100 m V/s. bMeasured at 

scan rate 1 V/s, cltTeversible peak. dlrreversible peak potential E ½,red4N . fDeduced from 

equation (EttoMo = -4.8 - E½0 x
1; ELUMO = -4.8 - E/edl).81 gEg = EttoMo - ELUMO- (Note: for 

complex 3.43 and 3.44 CV measurements were not performed). 

3.2.5 Computational studies of iridium(III) complexes by DFT method 

To provide insight into the electronic structure of the obtained complexes, and to aid in the 

design of future synthetic targets, DFT and TD-DFT calculations on iridium complexes were 

carried out. All the computational studies were perfo1med in Gaussian 0982 using DFT and 

TD-DFT method as applied in that software package. For all the Ir complexes geometry was 

optimised with methyl substituted instead of octyl substituted DAF to save time of 

calculation, which normally does not affect the outcome of calculated result. The HOMO and 

LUMO energies were determined using minimised singlet geometries and used them to 

approximate the triplet geometries. The TD-DFT with hybrid density functional (LANL2DZ) 

and effective core potentials (ECP) was successfully applied to model the absorption and 

emission properties of a variety of Ir(III) complexes, most often using B3LYP functional83· 84 

but also PBE085 and Minnesota86 functional were used. It is well known that the inclusion of 
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solvent effects (by means of a solvation model, for example PCM) is necessary in order to 

obtain qualitatively correct results. 36 

The computed vertical excitation energies at the ground state geometries using B3L YP 

functional, LANL2DZ ECP as a basis set for Ir and 6-31G(d,p) as basis set for other atoms 

are compiled in Table 3.4. The Si and T1 excited states are almost pure HOMO-LUMO 

transitions, and, given the localisation of the frontier orbitals, can be classified as MLCT 

states (except T1 of 3.39, which has some intraligand character). The oscillator strengths of S1 

states are vanishingly low; therefore, their energies do not provide a good estimate of the 

absorption onset. A qualitatively good accordance with experimental absorption spectra 

observed for the complex 3.36 shown in Fig. 3.22. 

1.0 
- Experimantal (3.36) 

0.9 - Theoretical (singlet) 

0.8 
~ 

:5 0.7 .e 
Ql 0.6 
0 
C 
Cll 0.5 .c 
0 
1/) 

0.4 .c 
cl: 

0.3 
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0.0 
250 300 350 400 450 500 

Wavelength (nm) 

Fig. 3.22 Theoretical UV-Vis spectrum of complex 3.36 (SG091) superimposed with the 

experimental spectrum in acetonitrile. [Calculated using TD-DFT with B3L YP functional and 

LANL2DZ basis set with ECP for Ir, 6-31G(d,p) basis set for other atoms, IEF-PCM 

solvation model in acetonitrile (first 50 singlet transitions, FWHM 300 cm- 1
)] 
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In all the cases, the HOMO orbital is a mixture of Ir d orbitals and n orbitals of the 

cyclometalating ligands, whereas LUMO is located exclusively on the DAF ligand. For 

illustration, the frontier atomic orbital composition of complex 3.39 is shown in Fig. 3.23. 

HOMO= -5.65 eV LUMO = -2.33 eV 

Fig. 3.23 The frontier molecular orbitals of 3.39 (ground state geometry). 

[Calculated using B3L YP functional and LANL2DZ basis set with ECP for Ir, and 6-

31 G( d,p) basis set for other atoms, using IEF-PCM salvation model in acetonitrile] 

From the orbital energy level diagram (Fig.3 .24) it can be seen that, the presence of the 

electron withdrawing substituents in cyclometalating ligands (complex 3.49) stabilised the 

HOMO more than the LUMO, in contrast, the electron withdrawing substituents in ancillary 

ligand (complex 3.41) stabilised the LUMO more than the HOMO, compared to the 

unsubstituted complex 3.36. As a result, the HOMO-LUMO gap of complex 3.49 (3.50 eV) is 

higher while it is lower for the complex 3.41 (3 .04 eV), when compared to the complex 3.36 

(3.28 eV). These results support the observed experimental blue-shifted emission of complex 

3.49 (513 nm) and red-shifted emission of complex 3.41 (636 nm) with respect to the 

emission maximum of the complex 3.36 (583 nm) in acetonitrile (Table 3.1). In addition, the 

calculated results support the redox potentials of Ir complexes obtained by CV measurements 

(Table 3.2). The orbital energy level diagram for the synthesised Ir complexes 3.39-3.49 is 

shown in Fig. 3.25, which depicts the changes in HOMO-LUMO gap with the change in 

substitution of ligands. 
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Fig. 3.24 Energy level diagram and character of the frontier MOs of Ir complexes 3.49, 3.36 

and 3.41. [Calculated using B3LYP and LANL2DZ basis set with ECP for Ir, 6-31G(d,p) 

basis set for other atoms (with IEF-PCM salvation model), from -7 eV to vacuum level, 

HOMO orbitals are shown in purple, LUMO in orange On the middle isodensity of selected 

MOs for Ir complex 3.36 also shown]. 
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Fig. 3.25 Orbital energies diagram of iridium complexes 3.36-3.49 (except 3.43, 3.44). 

[Calculated by DFf method using B3L YP functional and LANL2DZ basis set with ECP for Ir 

and 6-31G(d,p) basis set for other atoms (with IEF-PCM salvation model in acetonitrile, from 

-7 eV to vacuum level, HOMO orbitals are shown in purple, LUMO are in orange.] 

The spin densities of the first triplet state (T1) of selected complexes have been plotted (Fig. 

3.26), to illustrate the localisation of the unpaired electrons. It indicates that the excitation to 

T1 implies an electron promotion from the Ir-ppy environment to the ancillary ligands (DAF). 

In the case of emissive complexes 3.36 and 3.39, the unpaired spins are located on the iridium 

d orbital, as well as the n orbitals of the DAF and ppy ligands (note that the phenyl rings of 

3.39 do not seem to contribute to delocalization of the unpaired spin). In the T1 state of 3.47, 

the complex with DAFfone, a large proportion of the unpaired spin is located around the C=O 

group, this excited state can therefore be described as a mixture of 3MLCT (typical for 

emissive Ir(III) complexes) and fluorenone-like 3IL (which usually decays non-radiative) . 

Additional evidence for the participation of the carbonyl group in the T1 states of 3.47 and 

3.49 is provided by the analysis of changes in geometry between the ground state and T1 state. 

In the case of the emissive complexes with DAF derivatives, a decrease (by 0.03- 0.09 A) in 

Ir-DAF bond lengths were observed, accompanied by a shortening of Ir-C bonds by 0.02- 0.03 
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A. In contrast, the Ir-DAFone bonds in 3.47 and 3.48 are shortened by just 0.014-0.017 A, the 

Ir-C bonds undergoes a similar decrease (0.03 A), while the C=O bonds are elongated by 0.04 

A. The calculated selected bond lengths in ground state and first triplet state of all the Ir 

complexes are compiled in Table 3.7 and their differences in Table 3.8. The Ir-N (DAF) 

distances of 3,6 substituted complexes (3.38, 3.39) are comparatively higher than the other 

complexes suggesting comparatively a distorted structure. 

3.47 (SG079 3.36 (SG091 

3.39 (SG083) 

Fig. 3.26 Spin densities in the first triplet excited state of selected complexes. 

[Calculated using B3LYP and LANL2DZ basis set with ECP for Ir, and 6-31G (d,p) basis set 

for other atoms, at Tl geometry, using IEF-PCM solvation model acetonitrile] 
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Although the DFf frontier orbital energies (especially using a moderately-sized basis set) do 

not generally represent accurate values of ionization potentials and electron affinities,87 the 

correlation of DFf calculated HOMO and LUMO energies with those of electrochemical 

redox potentials is very good (Fig. 3.27). 
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Fig. 3.27 DFf HOMO-LUMO gap (calculated using B3LYP functional , LANL2DZ basis set 

with ECP for Ir and 6-31G(d,p) basis set for other atoms, IEF-PCM solvation model) versus 

electrochemical energy gap determine by cyclic voltammetry. 

The calculated (using B3LYP functional) T1 and S1 excited states at the T1 state geometries 

have essentially the same character as in the ground state geometries, and the T1 excitation 

energies match well the experimental emission maxima (Table 4 5, Fig. 3.28), the average 

difference being 6.9 nm (0.022 eV), maximum difference (for 3.38) was 19.3 nm (0.06 eV). 

These deviations are much smaller than the average error of TD-DFf at B3L YP/fZVP level 

for singlet excited states of organic molecules (0.07 e V)88 and triplet excitations of organic 

dyes (0.44 eV)89 versus best theoretical estimates. Thus, TD-DFf calculations appear to be an 

excellent tool for prediction of the emitted energy of Ir (III) complexes with DAF. 

Interestingly, the TD-DFf calculation using B3LYP functional for the cyano-substituted 

complexes 3.43 and 3.44 predicted emission at far-red region of spectrum 720.3 nm and 883.9 

nm. These results derive us to syntheses complexes 3.43 and 3.44 and measure their emission. 

Experimentally, the complex 3.43 found to weakly emitting at 687 nm, which is highest red­

shifted emitting complex among the Ir-complexes 3.36-3.49. However, the complex 3.44 
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found to be not emitting upto 900 nm of spectrum. A better value of emission maximum 

predicted with MO6 functional instead of B3L YP functional for some of the complexes are 

listed in Table 3.6. 
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Fig. 3.28 Experimental versus theoretical emission wavelengths (with linear fit line), 

calculated using TD-DFf with B3LYP functional, LANL2DZ basis set with ECP for Ir and 6-

31 G( d,p) basis set for other atoms. 
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Table 3.4 Absorption maxima of Ir(III) complexes calculated at ground state geometries for 

first singlet and triplet excited states, S 1 and T,. a 

s, T, 

No A.abs (nm) f 
dominant 

Character A.abs dominant 
Character 

excitations (nm) excitations 
HOMO➔ 

HOMO➔ 
3.36 473.4 0.0004 LUMO 1MLCT 477.6 3MLCT 

(99%) 
LUMO (97%) 

HOMO➔ 
HOMO➔ 

3.37 489.1 0.0006 LUMO 1MLCT 493 .2 3MLCT 
(99%) 

LUMO (98%) 

HOMO➔ 
HOMO➔ 

3.38 502.8 0.0002 LUMO 1MLCT 506.1 3MLCT 
(99%) 

LUMO (98%) 

HOMO➔ 
HOMO➔ 

3.39 466.2 0.001 LUMO 1MLCT 472.6 
LUMO (92%), 3MLCT!3IL 

(99%) 
H-5➔LUMO 

(3 %) 
HOMO➔ 

HOMO➔ 
3.40 498.3 0.0003 LUMO 1MLCT 502.7 3MLCT 

(99%) 
LUMO (98%) 

HOMO➔ 
HOMO➔ 

3.41 521.1 0.0002 LUMO 1MLCT 525.8 3MLCT 
(99%) 

LUMO (98%) 

HOMO➔ 
HOMO➔ 

3.43 569.6 0.0002 LUMO 1MLCT 573.8 3MLCT 
(99%) 

LUMO (98%) 

HOMO➔ 
HOMO➔ 

3.44 668.7 0.0001 LUMO 1MLCT 673.7 3MLCT 
(99%) 

LUMO (98%) 

HOMO➔ 
HOMO➔ 

3.42 499.2 0.0002 LUMO 1MLCT 501.3 3MLCT 
(99%) 

LUMO (98%) 

HOMO➔ 
HOMO➔ 

3.45 484.0 0.0003 LUMO 1MLCT 488.1 3MLCT 
(99%) 

LUMO (98%) 

HOMO➔ 
HOMO➔ 

3.46 527.8 0.0002 LUMO 1MLCT 532.6 3MLCT 
(99%) 

LUMO (98%) 

HOMO➔ 
HOMO➔ 

3.47 657.6 0.0002 LUMO 1MLCT 658 .7 3MLCT 
(99%) 

LUMO (99%) 

HOMO➔ 
HOMO➔ 

3.48 724.1 0.0002 LUMO 1MLCT 725.3 3MLCT 
(99%) 

LUMO (99%) 

HOMO➔ 
HOMO➔ 

3.49 436.9 0.0003 LUMO 1MLCT 441.7 3MLCT 
(99%) 

LUMO (91 %) 

ac alculated using TD-DFT with B3LYP functional, LANL2DZ basis and ECP for Ir, 6-3 lG(d,p) basis for other 
atoms, for the ground state geometries optimized at the same level , using IEF-PCM solvent model in ACN. 
(Note: for complexes 3.43, 3.44 calculations were not performed). 
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Table 3.5 Emission maxima data calculated at first triplet excited state geometry of studied 

iridium complexes .a 

T1, 

No APL/ nm Dominant excitations Character APL(exp) / nm Difference 

3.36 587.2 HOMO➔LUMO (98%) 3MLCT 583 4.2 

3.37 614.8 HOMO➔ LUMO (99%) 3MLCT 608 6.8 

3.38 639.3 HOMO➔ LUMO (99%) 3MLCT 620 19.3 

3.39 599.2 HOMO➔LUMO (98%) 3MLCT 604 6.0 

3.40 618.3 HOMO➔ LUMO (99%) 3MLCT 610 8.3 

3.41 649.0 HOMO➔ LUMO (99%) 3MLCT 636 13.0 

3.42 604.8 HOMO➔LUMO (87%) 3MLCT 600 4.8 

3.43 720.3 HOMO➔ LUMO (99%) 3MLCT 687 32.3 

3.44 883.9 HOMO➔ LUMO (99%) 3MLCT - -

3.45 597.5 HOMO➔ LUMO (99%) 3MLCT 597 0.5 

3.46 659.3 HOMO➔ LUMO (99%) 3MLCT 647 12.3 

3.47 929.4 HOMO➔ LUMO (99%) 3MLCT - -

3.48 1054.1 HOMO➔LUMO (100%) 3MLCT - -

3.49 527.2 HOMO➔LUMO (94%) 3MLCT 523 4.2 

acalculated using TDD FT with B3L YP functional, LANL2DZ basis and ECP for Ir, 6-

31 G( d,p) basis for other atoms, at T1 state geometries optimized (with UKS) at the same level, 

using IEF-PCM solvent model. 
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Table 3.6 Emission maximum calculated at first triplet excited state geometry, comparison of 

B3L YP and M06.a,b 

No B3LYP, T1 M06, Tl APL L'-./1.,pL ~APL(calc-

APL(calc) (nm) APL (exp, nm) (calc-exp) exp) I nm 

(calc, nm) (nm) (M06) 

(B3LYP) 

3.36 587.2 576.6 583 +4.2 -4.4 

3.37 614.8 600.2 608 +6.8 -7.8 

3.38 639.3 614.7 620 +19.3 -5.3 

3.39 599.2 596.8 604 -4.8 +7.2 

3.40 618.3 606.9 610 +8.3 -3.1 

3.41 649.0 638.4 636 +13.0 +2.4 

3.42 604.8 600 +4.8 - -

3.43 720.3 - 687 -32.3 -

3.44 883.9 - - - -

3.45 597.5 586.6 597 +0.5 -10.4 

3.46 659.3 647 +12.3 - -

3.47 929.4 - - - -

3.48 1054.1 -- - -

3.49 527.2 518.4 523 +4.2 -4.6 

a Calculated using TD-DFT with B3L YP or M06 functional, LANL2DZ basis and ECP for Ir, 

6-31G(d,p) basis for other atoms, at T1 state geometries optimized (with UKS) at the same 

level, using IEF-PCM solvent (acetonitrile) model. b PBE0/6-31G(d,p) results: 3.38 (SG077): 

emission at 589.4 nm (error -36.4 nm); SG091: emission at 548.1 nm (error -38.9 nm). 

B3LYP/6-311G(2d,p) results:3.38 (SG077): emission at 644.7 nm (error 24.7 nm);3.36 

(SG091): emission at 596.6 nm (error 13.6 nm). 
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Table 3.7 Selected bond lengths in ground state and first triplet excited state.a 

Ir- N (DAF) Ir- N (ppy) Ir- C (ppy) C=O 
No. 

So T, So T, So T, So T1 

3.36 2.287 2.252 2.082 2.078 2.014 1.991 

3.37 2.257 2.244 2.079 2.077 2.005 1.982 

3.38 2.382 2.329 2.081 2.079 2.010 1.985 

3.39 2.375 2.321 2.082 2.072 2.016 1.990 

3.40 2.296 2.259 2.081 2.079 2.014 1.990 

3.41 2.298 2.263 2.082 2.080 2.013 1.987 

3.42 2.291 2.259 2.081 2.078 2.014 1.991 

3.43 2.254 2.227 2.072 2.081 1.974 1.986 

3.44 2.303 2.277 2.083 2.082 2.013 1.984 

3.45 2.290 2.254 2.080 2.079 2.014 1.989 

3.46 2.301 2.266 2.082 2.080 2.012 1.986 

3.47 2.307 2.290 2.082 2.081 2.012 1.984 1.212 1.256 

3.48 2.317 2.303 2.083 2.082 2.011 1.981 1.210 1.253 

3.49 2.276 2.237 2.080 2.076 2.011 1.992 

acalculated using RB3LYP (So state) or UB3LYP (T1 state), using LANL2DZ basis set with 

ECP for Ir, 6-31G(d,p) basis set for other atoms, and IEF-PCM salvation model. 
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Table 3.8 Selected differences in bond lengths between the T 1 and So geometries .. a, b . 

Ir Ir- N (DAF) Ir-N (ppy) Ir- C (ppy) C=O 

complex T1- So T1- So T1-So T1 - So 

3.36 -0.035 -0.004 -0.023 

3.37 -0.012 -0.002 -0.022 

3.38 -0.054 -0.002 -0.025 

3.39 -0.054 -0.010 -0.027 

3.40 -0.037 -0.002 -0.024 

3.41 -0.034 -0.002 -0.026 

3.42 -0.032 -0.003 -0.023 

3.43 -0.032 -0.009 -0.012 

3.44 -0.026 -0.001 -0.029 

3.45 -0.036 -0.002 -0.024 

3.46 -0.035 -0.002 -0.026 

3.47 -0.01 7 -0.001 -0.029 0.043 

3.48 -0.014 -0.001 -0.030 0.043 

3.49 -0.039 -0.004 -0.019 

acalculated using RB3LYP (SO state) or UB3LYP (T, state), using LANL2DZ basis set with 

ECP for Ir, 6-31 G( d,p) basis set for other atoms, and IEF-PCM sol vation model. bDihedral 

angles between DAF and Ph rind of complex 137 (SG083) are 68.3 (in the ground state So) 

and 58.4 (in the first triplet excited state T,). 

3.2.6 Device test for a LEC based on the iridium(Ill) complex 

Initial test of synthesised Ir complexes for using as electroluminescent material for LEC 

devices was performed at the School of Electronic Engineering of Bangor University. LEC 

was prepared by spin coating of solution of iridium complex in acetonitrile on ITO clean 

surface and then aluminium (100 nm) contact was deposited by thermal evaporation in 

vacuum. The first successful LEC device was made for the Ir complex 3.45 (emit yellow light 

in acetonitrile, APL= 597 nm) in a simple device configuration ITO/3.45/Al (100 nm), which 

exhibited green electroluminescence (EL) with a maximum of AEL = 567 nm, i.e. the EL 

maximum is blue-shifted (by 30 nm) with respect to its PL emission maximum. Luminance 

intensity was measured at three different potentials of 3V, 3.5 V and 4 V respectively (Fig. 

3.31). It was found that device with complex 3.45 shows maximum luminance of around 90 

cd/m2 at 4 V. The response time for the simple device in this configuration ITO/3.45/Al (100 
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nm) was found to be ca. 18 minutes (Fig 3.31). In order to improve the response time, ionic 

liquid l-butyl-3-methylimidazolium hexafluorophosphate (BMIM·PF6) was added into the 

electroluminescent material 3.45 and a LEC device with the configuration ITO/complex 

3.45:BMIMPF6 (0.2%)/Al(l00 nm) was tested. However, the prepared LEC device with ionic 

liquid failed to give EL emission. The more detailed studies will be carried out in 

collaboration with physicist experts in the LEC devices. 

l l 
Al Voltage Al 

Tr Complexes Tr Complexes 

ITO ITO 

LEC 

Fig. 3.29 Simplified diagram depicting operation of Light-emitting electrochemical cells. 

Al ITO 

Fig. 3.30 LEC prepared with the configuration ITO/3.45/ Al. 
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Fig. 3.31 Luminance intensity versus time at bias voltage +3, +3.5 and 4 V for LEC base on 

lr(ppy)2(dphoDAF)]PF6 (3.45) complex. 
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Fig. 3.32 Electroluminescence spectrum for lr(ppy)2(dphodaf)]+PF6· (3.45) 
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Fig. 3.33 Current density versus time at bias voltage of +3, +3.5 and 4 V for 

Ir(ppy)2(dphodaf)]+PF6- (3.45). 

3.3 Conclusion 

Structural variations on basic structure of 4,5-diazafluorene have been performed to prepare 

different substituted DAF based ligands, which were used for synthesising lr(III) complexes. 

Structural variation at 2,3,6,7 and 9 positions of DAF was achieved by introducing halogens, 

alkyl, and aryl groups. DAFone derivatives (2.9, 2.52, 2.53), they have been reduced with 

hydrazine hydrate and then have been subjected to alkylation at 9-position using n-iodooctane 

to obtained 9,9-dioctyl substituted DAF ligands (3.22, 3.23, 3.24) in good yields (> 75 %). 

Octyl substituted DAF ligand 3.22 was oxidised with hydrogen peroxide and then treated with 

phosphorous oxychloride to introduce chlorine groups at the 3,6-position (3.26, 3.27). Chloro­

substituted DAF ligand 3.26 was reacted with phenyl boronic acid in the presence of a Pd 

catalyst to introduce phenyl groups at 3,6-positions. Similarly, phenyl groups was introduced 

by substitutions at the 2,7-positions to afford ligand 3.29 using bromo-substituted DAF ligand 

3.24. Cyano groups were also introduced in 2,7-positions using bromo-substituted DAF 

ligand (3.23, 3.24) with zinc cyanide and Pd catalyst in microwave-assisted reaction to obtain 

cyano substituted DAF ligands 3.30 and 3.31 respectively in good yields (> 70%). Aryl 

groups were introduced at 9 position of DAF in two steps respectively. First, DAFones 2.9/ or 

2.53 were treated with phenol in concentrated sulphuric acid with catalytic amount of 

mercaptopropionic acid to afford hydoxyphenyls substituted DAF 2.27 and 3.32. Then, these 
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derivatives were alkylated with n-iodooctane to afford 4-n-octylphenyl substituted DAF 

ligands 3.33 and 3.34 respectively. Series of novel iridium complexes of general formula 

[(ppy)2lr(DAF)]PF6 (14 compounds in total) based on various substituted 4,5-diazafluorenes 

as ancillary ligands 3.36-3.44 have been successfully synthesised. Cationic Ir complexes 

3.36-3.44 were prepared by refluxing DAF ligands with µ-dichloro-bridged cyclometalated 

lr(III) dimers (3.2 or 3.35) in dichloromethane and methanol solution followed by anion 

exchange with NH4PF6. All the synthesised ligands and iridium complexes have been purified 

by flash column chromatography on silica gel and fully characterised by 1HNMR, 13C NMR, 
19F, 31 P and MS (ESI) techniques . 

The photophysical properties of Ir complexes 3.36-3.44 have been studied by absorption and 

emission spectroscopy and their electrochemical properties have been studied by cyclic 

voltammetry. The particular emphasis on to the studied was to understand the effect of 

structural variations in the DAF ligand (ancillary ligand) on the photophysical and 

electrochemical properties of their lr(III) complex. For instance, the effect of phenyl 

substituted at 2,7-positions of DAF lr(Ill) complex (3.42) was to provided extended 

conjugation, while similar substitutions at 3,7- positions 3.39 caused both steric effect and 

extended conjugation. Compared to unsubstituted DAF Ir complex (3.36), phenyl substituted 

DAF Ir complex 3.39 and 3.41 showed blue-shifted emission (ca. 15 nm and 3 nm, 

respectively) and about two-three fold lower photoluminescence quantum yields in 

acetonitrile. Similarly, by introducing an electron withdrawing groups (Cl, Br, and CN) 

resulted in perturbation of electronic energy levels of Ir complexes and influenced on the 

photophysical properties, i.e. colour tuning of their emissions. Bathochromic shift ( -60 nm) 

observed assigned to electronic effect of the halides on the ancillary ligand while 

hypsochromic shift (-50 nm) was assigned to electronic effect of the halides on the 

cyclometalating ligand. The absorption spectra of all Ir complexes in acetonitrile showed a 

strong band between 230 nm to 300 nm which were assigned to intraligand (n-n*) transition, 

and weaker band between 300 to 450 nm assign to metal-to-ligand charge transfer transitions. 

The Ir complexes showed emission from green light, APL = 513 nm (3.49) to red light, APL = 
620 nm (3.46) of visible spectrum in acetonitrile and thus provided a range of different colour 

emitting materials for use as electroluminescent active layers in LECs. The 

photoluminescence spectra of Ir complexes in acetonitrile are characterised by structureless 

broad band assigned to combination of 3MLCT and 3LLCT (3n-n *). Cyano-substituted Ir 

complex 3.43 (CN is at 2 position of DAF) was found to have extremely low PLQY of only 

0.2 % and emit at extreme red region (APL = 687 nm) while dicyano substituted DAF Ir 
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complex at 2,7-position 3.44 was found to be not emissive material (PL measurement 

performed up to 900 nm). DAFone Ir complexes (3.47 and 3.48) having keto-group at C-9 

were found to be non-emitting materials as well. The photoluminescence quantum yields for 

the rest of Ir complexes in solution were in the range 4-31 %. 

The redox properties of Ir complexes have been investigated by cyclic voltammetry (CV) in 

acetonitrile under inert atmosphere. For all the complexes 3.36-3.49 the half wave potential 

for oxidation processes were assigned to metal centred 1rm;1rrv couple showing reversible or 

quasi-reversible oxidation waves [E112,0 x1 = +0.88V (3.45) to + 1.18V (3.49), versus Fe/Fe+ in 

CH3CN]. The reduction processes of Ir complexes in acetonitrile were characterised 

predominantly by quasi-reversible or irreversible waves [Ep,rectI = - 1.07V (3.47) to 1.90V 

(3.36)]. The HOMO-LUMO energy gap determined from the oxidation and the reduction 

potential of Ir complexes are in the range of 3.03-1.88 eV. 

To understand more deeply, the electronic structure of the synthesised Ir complexes 3.36-

3.49, the DFT and TD-DFT calculation studies were carried out. Both DFT and TD-DFT 

calculations were performed at B3L YP/LANL2DZ level of theory provides triplet energies 

that match well with the experimental energies for most of the synthesised Ir complexes 

(deviations are ~ 2-10 nm). Excellent correlation were observed between computational 

HOMO/LUMO energies and experimental estimations from CV measurements . TD-DFT 

calculation determined that the singlet ground state (So) implies that, the HOMO orbitals in 

the complexes spread between the Ir atom and the phenylpyridine ligand, whereas the LUMO 

is dominantly located on DAF ligand. The presented method using TDDFT with B3LYP 

functional and LANL2DZ basis set with ECP for Ir, 6-310 (d, p) basis set for other atoms 

may be used to design and predicting prope1ties of unknown complex. A LEC device using Ir 

complex 3.45 with the configuration IT0/3.45/ Al was tested. The tested LEC device showed 

electroluminescence at 567 nm, which is about 30 nm blue-shifted from the 

photoluminescence in acetonitrile. The response time was about 18 minutes with 90 cd/m2 

luminescence intensity at bias voltage 4V. The LEC study for the other emitting complexes 

will be carried out in the near future in collaboration with the physicist. 
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3.4 Experimental 

Chemicals 

Chemical purchased were used without further purification except 2-phenylpyridine which 

was redistilled before use. All the reaction involving IrCb- H2O or any other Ir(Ill) species 

were carried out in an inert atmosphere. Cyclometalated lr(III) dichloro-bridged dimer of the 

general formula (C"N)2lr({-Cl)2lr(C"N)2 (where C"N represents a cyclometalating ligand) 

were synthesized by a literature procedure.75 All the solvents such as THF, toluene and 

dioxane were dried with appropriate drying agents, and then redistilled before use. The 

catalyst tetrakis(triphenylphosphine)palladium(0) was synthesised according to the literature 

procedure.90 

Instrumentation 

NMR details given in Chapter 2. Electron spray ionisation (ESI+) mass spectra of synthesised 

Ir complexes were recorded on microTOF LC Bruker Daltronics mass spectrometer. Electron 

impact (EI+) mass spectra were recorded on Thermo Scientific Trace1300 with positive mode 

ionisation. 

UV-Vis electron absorption and emission spectra were measured in 10 mm path length quartz 

cells at room temperature, in HPLC grade solvents using Shimadzu UV-3600 

spectrophotometer and Horiba Yvon Fluromax-4 spectrofluorometer, respectively. 

Photoluminescence quantum yields (PLQY) were determined in acetonitrile using 

[Ru(bpy)3](PF6)2 as reference standard; each solution was freshly prepared and carefully 

degassed prior to measurement. 

Cyclic voltammetry experiments were carried out using Metrohm Autolab PGSTAT302N 

potentiostat-galvanostat, in acetonitrile solutions containing 0.1 M Bu4NPF6 as supporting 

electrolyte, under argon or nitrogen atmosphere. Platinum disc (d = 2 mm) and platinum wire 

(d = 0.2 mm) served as the working and counter electrodes, respectively. The reference 

electrode (Ag/Ag+) was use as silver wire immersed in mixture of 0.0lM AgNO3 + 0.1 M 

Bu4NPF6 in acetonitrile, separated from the solution by a Vycor frit. After CV measurements 

of each iridium complexes, a calibration scan was run with small amount of ferrocene in 

electrolyte. 
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Fabrication and Characterization of LEC Devices 

LEC device was fabricated by spin-coating at 1 krpm for 60 sec the complex 3.45 dissolved in 

acetonitrile (20 mg/mL) on indium tin oxide (ITO, anode) coated glass substrates to form a 

100 nm thick film, solvent removed in vacuo without annealing, followed by thermal 

evaporation of a 100 nm Al top contact (cathode), the device was encapsulated in the glove 

box. The electrical and emission characteristics of LEC were measured under constant bias 

voltages of +3V, +3.5V and + 4V. The device was driven by a source-measurement unit 

(SMU) and the emission intensity was measured using a Si photodiode calibrated with Photo 

Research PR650. EL spectra of the devices were measured by a calibrated Ocean Optic 

spectrometer with a CCD array detector 

Determination of Photoluminescence Quantum Yields 

All samples were prepared in HPLC grade acetonitrile. Samples were carefully degassed prior 

to measurement. A solution of [Ru(bpy)3](PF6)2 in degassed acetonitrile was used as reference 

standard for calculating quantum yields . A stock solution of ca. 0.1 absorbance was prepared 

and then diluted to prepare four solutions of absorbance close to 0.05, 0.04, 0.03 and 0.01. 

The linearity between absorption and emission for each sample was verified and the Pearson 

regression factor (R2) for the linear fit of each sample set of data was registered repeated until 

at least at 0.9. The photoluminescence quantum yields of the samples (<I>x) were calculated by 

equation: 91 

Where the Is and Ix are the integrated emission intensities of the standard and the sample 

solution under identical conditions. <I>s is the quantum yields of the standard {for 

[Ru(bpy)3](PF6)2, <I>s = 9.5 %79
}, nx and ns denote refractive indexes of solvents used in 

measurements of studied compounds and standard, respectively. Fx and Fs indicates fraction 

of light absorbed for sample and reference standard. 
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The gradient for each sample is proportional to that sample's fluorescence quantum yields.92 

Conversion into absolute quantum yield is achieved through the equation given below: 

<Dx = <Ds X (Gradx/Grads) X (nxlns)2 

Where Grad is the gradient from the plot of integrated fluorescence intensity vs. absorbance. 

The experimental uncertainty in the PL quantum yield is in order of 10%. For example, a plot 

of integrated area intensity of emission of each solution of a sample (141) versus absorbance 

of same set of solution is shown in Fig. 3.34. 
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Fig. 3.34 Linear plot of integrated intensity of PL spectra versus intensity of absorbance 

spectra for sample 3.45 (SG088b), used for calculating photoluminescent quantum yield (R2 = 

0.99, PLQY <px = 31 %). 
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Synthesis of DAF based ligands 

4,5-Diazafluorene (2.2) 

Exp: SG-013 

Ct/) N2H4H2O, CtSJ ~ C2H4(OHh, ~ ;1/ ;1/ 
AcOH, 

0 Reflux, 20h 
2.2 

2.9 

A suspension of 4,5-diazafluoren-9-one (2.9) (5.11 g, 0.028 mmol) in hydrazine hydrate (116 

mL), ethylene glycol (130 mL) and acetic acid (2.5 mL) was heated at reflux (T = 140-150 °C, 

oil bath) for 20 hours. The reaction mixture was cooled down to room temperature and water 

(200 mL) was added. The product was extracted with chloroform (200 mL), washed with 

water (3 x 100 mL), dried over anhydrous MgSQ4, evaporated to afford the crude product 2.2 

as a white solid. The crude product was recrystalised with petroleum ether (15 mL) to yield 

product 2.2 (4.10 g, 86%) as an off-white solid. 

1H NMR (500 MHz, CDCb): o (ppm) 8.74 (2H, d, J = 4.7 Hz), 7.88 (2H, d, J = 7.6 Hz), 7.30 

(2H, dd, J = 7.6, 4.8 Hz), 3.88 (2H, s) . 

13C NMR (126 MHz, CDCb): o (ppm) 158.57, 149.47, 136.82, 132.65, 122.70, 31.91. 

MS (GCTOF, EI+) m/z: 168.07 ([M]+, 100%). Calcd. for C11HsN2: 168.06. 

3-Bromo-4,5-diazafluorene (3.20) 

Exp: SG-026 

{NHN~ 
~Br 

0 

2.52 

N2H4H2O, 

C2H4(OH)2, 
AcOH , 

Reflux, 17h 
3.20 

A suspension of 2-bromo-4,5-diazafluoren-9-one 2.52 (1.31 g, 5.06 mmol) in a solution of 

hydrazine hydrate (15 mL), ethylene glycol (24 mL) and acetic acid (0.75mL) were reflux (oil 

bath, T = 135-140 °C) for 17 hours. The reaction mixture was allowed to cool down to room 

temperature. The precipitate was filtered, washed with water (3 x 15 mL) and dried in vacuo 

to yield pure product 3.20 (800 mg, 66%) as an off-white solid. 

1H NMR (500 MHz, CDCb) : o (ppm) 8.80 (lH, d, J = 1.9 Hz), 8.75 (lH, d, J = 4.8 Hz), 8.02 

(lH, d, J = 1.0), 7.89 (lH, d, J = 8.3 Hz), 7.32 (lH, dd, J = 7.6, 4.8 Hz), 3.80 (2H, s). 

13CNMR (126 MHz, CDCb): o (ppm) 157.67, 157.24, 150.90, 149.54, 138.93, 137.32, 

135.71 , 133.17, 123.00, 120.29, 31.73. 
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2,7-Dibromo-4,5-diazafluorene (3.21) 

Exp: SG-001 

_(N'7-(/;;_ 
Br ~ Br 

0 

2.53 

N2H4-H20, 
C2H4(0H)i, 
AcOH, 

Reflux, 20h 3.21 

A suspension of 2,7-dibromo-4,5-diazafluoren-9-one (2.53) (500 mg , 1.46 mmol) in a 

mixture of hydrazine hydrate (6 mL, 192 mmol), ethylene glycol (8 mL) and acetic acid (0.25 

mL) was heated under reflux (oil bath, T = 135-140 °C) for 20 hours, during which complete 

dissolution was observed. The reaction mixture was allowed to cooled down to room 

temperature and the solid was collected by filtration, washed with water (20 mL) and dried in 

vacuo to afford pure product 3.21 (345 mg, 71 %) as light brown solid. 

1H NMR (400 MHz, CDCb): 8 (ppm) 8.78 (2H, d, J = 1.1 Hz), 8.02 (2H, J = 1.2 Hz), 3.86 

(2H, s) . 

13C NMR (126 MHz, CDCb): o (ppm) 156.43, 150.92, 138.71, 135.72, 120.31, 31.73. 

MS (ESJ+) m/z: 346.87 ([M+Na]+, 49%, 79Br, 79Br), 348.87 ([M+Na]+, 100%, 79Br, 81Br ), 

350.87 ([M+Nat, 49%, 81Br, 81Br). Calcd. for C11H6Br2N2: 323.89. 

9,9-Dioctyl-4,5-diazafluorene (3.22) 

Exp: SG-014 

N N ~N N_ n-C8H171 1/ ~ 
BzN(C2H5)JCI, • ..-c ~ ~ 
5w% aq. NaOH 

2.2 DMSO rt 21 h CsH 17 CaH 17 
' ' 3.22 

Mixture of 4,5-diazafluorene (2.2) (3 .10 g, 0.018 mol), benzyltriethylammonium chloride (10 

mg, 0.02 mmol) in 50 mL of dimethyl sulfoxide was stined for 10 minutes and then 50% 

aqueous NaOH (12 mL) was added resulting in a deep orange coloration of a solution. In this 

mixture, n-iodooctane (11.04 g, 0.046 mol) was added drop wise over a period of 10 minutes 

and then the mixture was stined at room temperature for 21 hours. After completion of 

reaction time, 5% aqueous NaCl (100 mL) was added and then extracted with 

dichloromethane (2 x 50 mL). The combined organic layer was washed with water (3 x 100 

mL), dried over anhydrous MgSO4, filtered off and evaporated to afford crude product (6.21 

g, 88%) as brown semi solid. The crude product was purified by column chromatography on 

silica gel eluting with PE:EA = 1:1 v/v to yield pure compound 3.22 (3.10 g, 44.2%) as light 
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brown solid together with somewhat less pure product 3.22 (2.1 g, 30.4%) as brown solid. 

The combined yield of dioctyl-DAF 3.22 was 74.6%. 

1H NMR (400 MHz, CDCb): 8 (ppm) 8.69 (2H, dd, J = 4.8, 1.4 Hz), 7.70 (2H, dd, J = 7.7, 1.4 

Hz), 7.28 (2H, dd, J = 7.7, 4.9 Hz), 2.03-1.94 (4H, m), 1.77-1.62 (2H, m), 1.30- 0.94 (22H, 

m), 0.82 (6H, t, J = 7.1 Hz), 0.70- 0.59 (4H, m). 

13C NMR (101 MHz, CDCb): 8 (ppm) 158.49, 149.46, 144.98, 130.63, 122.93, 51.33, 39.20, 

31.72, 29.87, 29.14, 29.09, 24.00, 22.56, 14.05. 

DEPTO NMR (101 MHz, CDCb): 8 (ppm) 158.58, 149.53 (CH), 144.91, 130.56 (CH), 

122.90 (CH), 51.33 (C-9) , 39.22, 31.73, 29.89, 29.15, 29.10, 24.01, 22.56, 14.05 (CH3). 

MS (Er+) mlz: 392.31 ([M]+, 100%). Calcd for C21H40N2: 392.32 

2-Bromo-9,9-dioctyl-4,5-diazafluorene (3.23) 

Exp: SG-040 

N N 
n-C8H171 ~ 

BzN(C2H5)3CI, ' Br 

3.20 

5w% aq. NaOH 
DMSO rt 23 h CaH17 CaH17 

' ' 3.23 

In a 50 mL single necked round bottom flask charged with 2-bromo-4,5-diazaflourene (3.20) 

(800 mg, 3.23 mmol), benzyltriethylammonium chloride (5 mg, 0.01 mmol), and dimethyl 

sulfoxide (15 rnL) was stirred for 10 min at room temperature and then 50 w% aqueous 

solution of NaOH (4 rnL) was added, resulting in a deep blue colouration of mixture. Into this 

mixture, n-iodooctane (1.94 g, 8.09 mmol) was added drop wise within 10 minutes and then 

stirred for 23 hours at room temperature. After completion of reaction time, 5 wt% aqueous 

NaCl (100 mL) was added and then extracted with dichloromethane (2 x 100 ml). The 

combined organic layers were washed with water (3 x 50 mL), dried over anhydrous MgSO4, 

and the solvent was evaporated to afford the crude product (1.21 g, 78%) as a brown oil. The 

crude product was purified by flash chromatography on silica gel column (10 cm x 4 cm) 

eluting with PE: EA mixture with gradual increase in amount of EA from 10% to 30% to 

yield pure product 3.23 (1.12 g, 72%) as a brown solid. 

1H NMR (500 MHz, CDCb): 8 (ppm) 8.74 (lH, d, J = 2.0 Hz), 8.69 (lH, dd, J = 4.8, 1.3 Hz) , 

7.83 (lH, d, J = 2.0 Hz), 7.70 (lH, dd, J = 7.6, 1.3 Hz ), 7.31 (lH, dd, J = 7.6, 4.8 Hz), 

2.02-1.90 (4H, m), 1.25-1.04 (20H, m), 0.81 (6H, t, J = 7.2 Hz) , 0.69-0.60 (4H, m). 
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13C NMR (126 MHz, CDCb): o (ppm) 157.40, 157.01, 150.62, 149.67, 146.82, 144.95, 

133.43, 130.86, 123.32, 120.48, 51.59, 39.08, 31.71, 29.81, 29.10, 29.08, 24.01, 22.56, 14.04. 

MS (GC-TOF, EI+) m/z: 470.22 ([M]+, 100%, 79Br,), 472.22 ([Mt, 80%, 81Br). Calcd for 

C21H39BrN2: 470.22. 

3,7-Dibromo-9,9-dioctyl-4,5-diazafluorene (3.24) 

Exp: SG-011 

N N 

Br--Cr:f)--Br 
3.21 

n-lodooctane 

BzN(C2H5)JCI, DMSO, 
5% aq. NaOH 

rt, 23h 

N N .,~., 
C8H17 C8H17 

3.24 

A single necked round bottom flask charged with 2,7-dibromo-4,5-diazafluorene (3.21) (500 

mg, 1.53 mmol), benzyltriethylammonium chloride (3 mg, 0.01 mmol), in dimethyl sulfoxide 

(9 mL) was stirred for 10 min then 50 w% aqueous solution of NaOH (2 mL) was added 

resulting in a deep blue colouration of the mixture. Into this blue mixture, n-iodooctane (923 

mg, 3.84 mmol) was added drop wise and was stirred for 23 hours at room temperature. The 

resulting mixture was diluted with 5% aqueous NaCl solution (50 mL) and then extracted 

with dichloromethane (2 x 50 mL). The combined organic layers were washed with water (2 

x 20 mL), dried over anhydrous MgSO4 and evaporated to yield a crude product (780 mg) as 

dark brown oil. The crude product was purified by column chromatography on silica gel 

eluting with PE:EA = 2:8 v/v to afford pure product 3.24 (630 mg, 75 %) as light brown solid. 

1H NMR (400 MHz, CDCb) 8 8.75 (2H, d, J = 2.0 Hz), 7.83 (2H, d, J = 2.0 Hz), 2.02-1.88 

(4H, m), 1.30-0.99 (20H, m,), 0.83 (6H, t, J = 7.1 Hz,), 0.69-0.61 (4H, m). 

13C NMR (101 MHz, CDCb): 8 (ppm) 156.05, 150.94, 1469.60, 133.51 , 120.80, 51.71, 38.99, 

31.70, 29.76, 29.10, 29.08, 24.01, 22.57, 14.05. 

DEPTO NMR (101 MHz, CDCb) 8 156.10, 150.99 (CH), 146.64, 133.55 (CH), 120.84, 

51.75(C-9), 39.04, 31.75, 29.80, 29.14, 29.13, 24.05, 22.62, 14.10 (CH3). 

MS (ESr+) m/z: 549.14 ([M+H]+, 50%, 79Br, 79Br), 551.14 ([M+H]+, 100%, 79Br, 81 Br), 553.14 

([M+H]+, 51 %, 81Br, 81Br). Calcd. for C21H3sBr2N2: 548.14. 
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9,9-Dioctyl-4,5-diazafluorne-N,N-dioxide (3.25) 

Exp: SG-067 

0 0 
I \ 

N N 35% H202 N N 
~ ,1 AcOH ~ /1/ 

70 °C, 16h 
C8H17 C8H17 CaH17 CaH17 

3.22 3.25 

Under nitrogen, in a two-neck flask charged with 9,9-dioctyl-4,5-diazafluorene (3.22) (500 

mg, 1.25 mmol), 35 % v/v aqueous solution of hydrogen peroxide (145 mg, 7.64 mmol) and 

acetic acid (3 mL) was stirred at 70 °C for 16 hours. After cooling, the mixture was 

concentrated into a small volume under reduced pressure on rotavapour and then dilute with 

water (50 mL), extracted with dichloromethane (2 x 50 mL). The combined organic layers 

were washed with water (2 x 10 ml), dried over anhydrous MgSO4, filtered off and the 

solvent was evaporated under reduced pressure on rotavapor to afford crude product 3.25 (450 

mg, 83%) as brown oil. The crude compound 3.25 was used in the next step without further 

purification. 

3,6-Dichloro-9,9-dioctyl-4,5-diazafluorene 

diazafluorene (3.27) 

Exp: SG-068 

0 0 
I \ 

N N 

~ /1/ 
POCl3 

135 °C, 32 h 

CaH17 CaH1 7 

3.25 3.26 

(3.26) and 3-chloro-9,9-dioctyl-4,5-

3.27 

Under nitrogen, in a two-necked flask charge with 9,9-dioctyl-4,5-diazafluorene-N,N-dioxide 

(3.25) (1.50 g, 3.54 mmol) and phosphoryl trichloride (POCb) (10 mL, 0.106 mol) were 

heated at 135 °C (oil bath) for 32 hours. The mixture was cooled down to room temperature 

and concentrated at reduced pressure to remove excess POCb. The residue was basified with 

4 M NaOH aqueous solution and then extracted with dichloromethane (3 x 50 mL). The 

combined organic layers were washed with water (3 x 30 mL), dried over anhydrous 

MgSO4and the solvent was evaporated to afford the crude product (2.01 g) as brown oil, 

which was purified by column chromatography on silica gel eluting with PE:EA mixture with 

gradual increase of the EA amount from 5% to 10% to yield product 3.26 (550 mg, 34%) as a 

white solid, somewhat pure product 3.26 (100 mg, 6%) as a white solid and pure by-product 

3.27 (150 mg, 10%) as a light brown oil. 
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Analytical data for dichloro-DAF 3.26: 
1H NMR (500 MHz, CDCb ): 8 (ppm) 7.66 (2H, d, J = 8.0 Hz), 7.35 (2, d, J = 8.0 Hz,), 2.02-

1.90 (4H, m), 1.30-0.96 (20H, m), 0.82 (6H, t, J = 7.2 Hz), 0.71- 0.57 (4H, m). 

13C NMR (126 MHz, CDCb): 8 (ppm) 157.73, 152.15, 144.29, 133.21, 124.10, 51.27, 38.92, 

31.83, 29.92, 29.24, 29.20, 24.15, 22.68, 14.16. 

MS (El+) m/z: 460.24 ([M]+, 100%, 35Cl, 37Cl ), 459.23 ([Mt, 50%, 35Cl, 35Cl), 461.23 ([M]+ 

51 %, 37Cl, 37Cl). Calcd. for C21H3sChN2: 460.24. 

Analytical data for monochloro-DAF 3.27: 

1H NMR (500 MHz, CDCb): 8 (ppm) 8.66 (lH, d, J = 4.5 Hz), 7.70 (lH, d, J = 7.6 Hz), 7.61 

(lH, d, J = 8.0 Hz), 7.30-7.26 (2H, m), 1.93 (4H, m), 1.14-0.98 (20H, m), 0.75 (6H, m), 0.56 

(4H, m). 

13C NMR (500 MHz, CDCb): 8 (ppm) 158.72, 157.58, 156.90, 151.86, 149.38, 145.61, 

144.16, 143.69, 133 .97, 133.05, 130.99, 123.93, 123.45, 51.13, 38.76, 31.55, 29.98, 29.80, 

29.68, 29.06, 25.90, 24.01, 23 .85, 22.53. 

MS (EI+) m/z: 426.26 ([M]+, 100%, 35Cl ), 427.26 ([M]+, 30%, 37Cl). Calcd. for C21H39ClN2: 

426.28. 

9,9-Dioctyl-3,6-diphenyl-4,5-diazafluorene (3.28) 

Exp: SG-041 

ClttpCI N N_ 
1/ ~ ~ 
-- /j' 

CaH17 CaH17 

3.25 

PhB(OHh 
Pd(PPh3}4 

10% K2C03, 
toluene-EtOH, 
Reflux, 24 h CaH17 CaH17 

3.28 (84%) 

Under argon, three-necked Schlenk flask (50 mL) charge with 3,6-dichloro-9,9-dioctyl-4,5-

diazafluorene (3.26) (101 mg, 0.216 mmol) , phenylboronic acid (66 mg, 0.541 mmol) and 

Pd(PPh3)4 (12 mg, 5 mol%) were three times evacuating and back filled with argon and then 

degassed toluene (3 mL), ethanol (1 mL) and 10% aqueous K2CO3 solution (1 mL) was added 

via septum. The resulting mixture was degassed with argon for 15 minutes and then reflux (oil 

bath, T = 110 °C) for 24 hours under argon atmosphere. After cooling, water (20 mL) was 

added and extracted with ethyl acetate (2 x 20 mL). The combined organic layers were 

washed with water (3 x 20 mL), dried over anhydrous MgSO4 and the solvent was evaporated 

to afford the crude product (110 mg, 93%) as brown oil, which was purified by column 

chromatography on silica gel eluting with PE:EA= 9: 1 v/v ratio to yield pure product 3.28 

(103 mg, 84%) as an off-yellow solid. 
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1H NMR (500 MHz, CDCb): 8 (ppm) 8.25 (4H, d, J = 7.6 Hz), 7.83 (4H, q, J = 8.0 Hz), 7.52 

(4H, t, J = 7.6 Hz), 7.44 (2H, t, J = 7.3 Hz), 2.12-1.96 (4H, m), 1.41-0.95 (20H, m), 0.81 

(6H, t, J = 7.1 Hz), 0.75-0.60 (4H, m). 

13C NMR (101 MHz, CDCb): 8 (ppm) 158.48, 157.37, 144.25, 139.20, 131.38, 128.96, 

128.63 (x 2C), 127.38 (x 2C), 120.21, 50.91 , 39.38, 31.74, 29.96, 29.19, 29.13, 24.14, 22.57, 

14.06. 

MS (EI+) m/z: 544.37 (M+, 100%). Calcd. for C39H4sN2: 544.38. 

9,9-Dioctyl-2, 7-diphenyl-4,5-diazafluorene (3.29) 

Exp: 110 

N N 

s,~s, 

CaH17 CaH17 

3.24 

PhB(OHb, 

Pd(PPh3}4, 

10% K,C03 • 

toluene-EtOH, 

M.W=150W, 

150 °C, 30 min 

a-AA-a 
CaH17 CaH17 

3.29 (55%) 

A dried heavy-walled pyrex tube (25 mL) charged with 9,9-dioctyl-2,7-dibromo-4,5-

diazafluorene (3.24) (100 mg, 0.182 mmol), phenyl boronic acid (56 mg, 0.456 mmol) and 

Pd(PPh3)4 (11 mg, 5 mol%) was three times evacuating and back filled with argon and then 

degassed 10% K2CO3 (1 rnL), toluene (8 rnL) and ethanol (1 mL) were added via septum. The 

mixture was degassed with argon for 15 minutes and then irradiate with microwaves (150 

watt) in a microwave reactor at 150 °C for 30 minutes. After cooling, the mixture was 

partition between ethyl acetate (20 mL) and water (20 mL). The organic layer was separated, 

washed with water (3 x 10 mL), dried with anhydrous MgSO4 and evaporated to afford the 

crude product (150 mg) as blackish semi solid. The crude product was purified by column 

chromatography eluting with PE:EA in the ratio 4: 1 to afford the product 3.29 (55 mg, 55.5 

%) as a brown oil and an impure mixture (60 mg) as blackish oil. 

1H NMR (500 MHz, CDCb): 8 (ppm) 8.95 (2H, d, J = 2.06 Hz), 7.88 (2H, d, J = 2.36 Hz), 

7.69 (4H, dd, J = 8.2, 1.5 Hz), 7.52 (4H, t, J = 7.50 Hz), 7.43 (2H, t, J = 7.5 Hz), 2.09 (4H, 

m), 1.28-1.03 (20H, m), 0.83-0.74 (l0H, m). 

13C NMR (101 MHz, CDCb): 8 (ppm) 157.42, 148.71, 145.61, 138.43, 136.20, 129.24, 

128.98 (x 2C), 128.26, 127.51 (x 2C), 51.59, 39.42, 31.83, 30.01, 29.23 (x 2C), 24.24, 22.68, 

14.15. 

MS (EI+) m/z: 544.36 (M+, 100%). Calcd. for C39H4sN2: 544.38. 
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2-Cyano-9,9-dioctyl-4,5-diazafluorene (3.30) 

Ex.SG132 

(N';-(t)-
~ Br 

C8H17 CaH17 

3.23 

Pd(PPh3}4, Zn(~Nb , 
DMF, M.W = 60 W, 
175 °C, 5 min 

rNr<tJ>-
~ CN 

CaH17 C8H17 

3.30 

A dried heavy-walled 10 mL Pyrex tube was charged with 2-bromo-9,9-dioctyl-4,5-

diazafluorene 3.23 (201 mg, 0.424 mmol), Zn(CN)2 (49 mg, 0.424 mmol) and Pd(PPh3)4 (20 

mg, 4 mol%) in DMF (2 mL). The mixture was degassed with nitrogen for 15 min before 

exposed to microwave irradiation (60 W) in a microwave reactor at 175 °C for 5 minutes. The 

mixture (brown colour) allowed to cool down to room temperature, then diluted with ethyl 

acetate (25 mL) and brine (10 mL). The organic phase was separated followed by washing 

with water (2 x 10 mL), dried with anhydrous MgSQ4 and then evaporated to afford a crude 

product as brown oil (292 mg). The crude product was purified by column chromatography 

using silica gel eluting with PE:EA in the ratio 9:1 to afford the product 3.30 (152 mg, 88%) 

as a brown oil. 

1H NMR (400 MHz, CDCb): 8 (ppm) 8.9 (lH, d, J = 1.8 Hz), 8.77 (lH, dd, J = 4.8. 1.3 Hz) 

7.95 (lH, d, J = 1.8 Hz), 7.78 (lH, dd, J = 4.8, 1.3 Hz) , 7.41 (lH, m), 2.04-1.95 (4H, m), 

1.25-1.06 (20H, m), 0.82 (6H, t, J = 6.7 Hz), 0.66-0.60 (4H, m). 

13C NMR (100 MHz, CDCb): o (ppm) 161.90, 156.49, 152.69, 150.45, 146.40, 144.83, 

133.46, 131.06, 124.52, 108.30, 51.88, 38.89, 31.66, 29.74, 29.08, 29.04, 24.07, 22.52, 14.02. 

2,7-Dicyano-9,9-dioctyl-4,5-diazafluorene (3.31) 

Ex.SG126 

N N 

Bc~B, 

C8H17 CaH17 

3.24 

Pd(PPh3}4, Zn(CN)2, 
DMF, M.W = 60 W, 
175°C, 10 min 

N N 

NC~CN 

CaH17 C8H17 

3.31 

In a dried 10 mL Pyrex tube was charged with 2,7-dibromo-9,9-dioctyl-4,5-diazafluorene 

(3.24) (100 mg, 0.0912 mmol), Zn(CN)2 (42 mg, 0.364 mmol) and Pd(PPh3)4 (12 mg, 6 mol 
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%) in DMF (2 rnL). The mixture was degassed with nitrogen for 15 minutes before exposed 

to microwave irradiation (60 W) in microwave reactor at 175 °C for 10 minutes. The mixture 

(brown colour) was allowed to cool down to room temperature before diluting with ethyl 

acetate (20 rnL) . The organic phase was separated, washed with water (3 x 10 rnL), dried with 

anhydrous MgSO4 and evaporated to afford a crude product as brown oil (140 mg). The crude 

product was purified by column chromatography using silica gel eluting with PE:EA in the 

ratio 9:1 to afford pure product 3.31 (58 mg, 71 %). 
1H NMR (400 MHz, CDCb) 8 (ppm) 9.04 (2H, d, J = 1.1 Hz), 8.03 (2H, d, J = 1.1 Hz), 2.07-

2.03 (4H, m), 1.25-1.08 (20H, m), 0.84 (6H, t, J = 6.9 Hz), 0.66- 0.60 (4H, m) 

DEPTO (100 MHz, CDCb): 8 (ppm) 159.39, 153.20 (CH), 146.00, 134.15(CH), 116.65, 

109.78, 52.51(C-9), 38.79, 31.76, 29.66, 29.06, 29.04, 24.21, 22.52, 13.79 (CH3) . 

MS (ESJ+) m/z: 465 .39 ([M+Nat). Calcd. for C29H3sN4: 442.31. 

9,9-Bis( 4-hydroxyphenyl)-4,5-diazafluorene(2.27) 73.14 

Exp: SG-069 

op 
0 

2.9 

PhOH, Cone. H2SO4, 

HSC2H4COOH, 

100 °C, 4h 

HO 
OH 

2.27 

Under nitrogen, a two-necked flask was charged with 2,7-dibromo-4,5-diazafluoren-9-one 

(2.9) (1.01 g, 5.493 mmol) and phenol (3.00 g, 31.9 mmol) were heated to 100 °C (oil bath). 

3-Mercaptopropionic acid (50 µL, 0.573 mmol) has been added to the stirring melt, then cone. 

H2SO4 (2.0 rnL, 37.55 mmol, 95%, 1.84 g/mL) slowly added drop wise via syringe for over 

30 min under vigorous stirring. The reaction mixture was stirred at 100 °C for 4 hours. 

Heating has been stopped and methanol (6 mL) has been added. The mixture was neutralized 

with 8 M NaOH solution and the precipitate was filtered off, washed with water (2 x 5 mL) 

dried under vacuum to afford a crude product (1.54 g) as whitish solid. The crude product was 

purified by recrystallisation with DCM (20 rnL) to afford compound 2.27 (0.876 g, 43 .2%) as 

an off-white solid. 

1H NMR (500 MHz, DMSO-d6): 8 (ppm) 9.41 (2H, s, 2OH), 8.67 (2H, dd, J = 1.4 Hz, J = 4.8 

Hz), 7.92 (2H, dd, J = 7.8, 1.5 Hz), 7.42- 7.40 (2H, m ), 6.91 (4H, dd, J = 8.5, 2.1 Hz), 6.65 

(4H, dd, J = 8.5 , 1.7 Hz) . 
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13CNMR (100 MHz, DMSO-d6): 8 (ppm) 156.48, 156.35, 146.59, 134.15, 133.81, 128.58, 

123.82, 115.27, 59.56. 

MS (GC-TOF, EI+) m/z: 352.12 (M+, 100%). Cald. for C23H16N2O2: 352.12. 

2, 7-Dibromo-9,9-bis( 4-hydroxyphenyl)-4,5-diazafluorene (3.32) 

Exp: SG-071 

PhOH, Cone. H2S04 

HSC2H4COOH 
100 °C, 4h 

Br 

3.32 

Under nitrogen, a two necked flask was charged with 2,7-dibromo-4,5-diazafluoren-9-one 

(2.53) (1.01 g, 2.96 mmol) and phenol (1.67 g, 17.71 mmol) and heated to 100 °C (oil bath) . 

In this stirring melt, 3-mercaptopropionic acid (50 µL, 0.573 mmol) was added and then cone. 

H2SO4 (892 µL, 32.7 mmol) was slowly added drop wise via syringe over a period of 30 min. 

The mixture was then stirred at 100 °C for 4 hours. After heating has been stopped, methanol 

(6 mL) was added. The mixture was neutralised with 8 M NaOH aqueous solution resulting in 

precipitation. The precipitate was filtered off, washed with water (2 x 5 mL) and dried in 

vacuo to afford a crude product (1.8 g) as a white solid. The crude product was purified by 

recrytalisation with DCM (20 mL) to afford compound 3.32 (1.31 g, 86%) as an off-white 

solid. 

1H NMR (500 MHz, DMSO-d6): 8 (ppm) 9.54-9.44 (2H, broad, 2OH), 8.81 (2H, d, J = 2.1 

Hz), 8.12 (2H, d, J = 2.1 Hz), 6.97-7.94 (4H, m), 6.68-6.65 (4H, m). 

13CNMR (100 MHz, DMSO-d6) : 8 (ppm) 156.77, 154.30, 148.37, 136.35, 132.59, 128.73 , 

120.70, 120.30, 115.47, 59.69. 

MS (ESr+) m/z: 508.97 [M + HJ+ (49%, 79Br, 79Br) , 510.97 [M + Ht (100%, 79Br, 81Br ), 

512.96 [M+Ht (51 %, 81Br, 81 Br). 

MS (GC-TOF, Er+) m/z: 507.95 (M+, 49%, 79Br, 79Br), 509.93 (M+, 100%, 79Br, 81Br ), 511.94 

(M+, 51 %, 81 Br, 81Br). Calcd. for C23H14Br2N2O2: 509.94. 
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9,9-Bis(4-octyloxyphenyl)-4,5-diazafluorene (3.33) 

Exp: SG-087 

HO 2.27 

n-lodooctane 

BzN(C2H5)3CI, DMSO, . 

50 w% aq . NaOH 
rt, 23h 

OH 
3.33 

In a single necked round bottom flask charged 9,9-bis(4-hydroxyphenyl)-4,5-diazafluorene 

(2.27) (200 mg, 0.567 mmol) , benzyltriethylammonium chloride (3 mg, 0.011 mmol), in 

dimethyl sulfoxide (5 rnL) and the mixture was stirred for 10 min. 50 %w/v NaOH aqueous 

solution (1 mL) was added and the mixture was stirred for 15 minutes. Then n-iodooctane 

(286 mg, 1.19 mmol) was added drop wise and the mixture was stirred for 23 hours at room 

temperature. 5 %w/v NaCl aqueous solution (10 rnL) and dichloromethane (25 rnL) were 

added to the reaction mixture, stirred for 15 minutes and the organic layer was separated, 

washed with water (3 x 10 mL), dried over anhydrous magnesium sulphate and evaporated to 

yield a crude product (380 mg) as dark brown oil. The crude product was purified by column 

chromatography on silica gel eluting with DCM:MeOH = 99: 1 v/v to yield compound 3.33 

(180 mg, 55%) as a light brown solid. 

1H NMR (500 MHz, CDCb): 8 (ppm) 8.72 (2H, dd, J = 5.10, 1.48 Hz), 7.76 (2H, d, J = 1.23 

Hz, ), 7.29 - 7.27 (2H, m), 7.09 - 7.06 (4H, m), 6.78 - 6.76 (4H, m) , 3.90 (4H, t, J = 6.24 

Hz), 1.78 - 1.72 (4H, m), 1.45 - 1.40 (4H, bm), 1.33 - 1.28 (16H, bm), 0.89 (6H, t, J = 6.9 

Hz) . 

13C NMR (101 MHz, CDCb): 8 (ppm) 158.39 (C), 157.42 (C), 150.00, 146.33(C), 135.48(C), 

133.57, 128.86, 123.44, 114.37, 67.98 (OCH2), 60.29 (C-9) , 31.80, 29.33, 29.24, 29.23 , 26.04, 

22.65, 14.10 (CH3). 

MS (GC-TOF, EI+) m/z: 576.41 (M+, 100 %). Calcd. for C39H4sN2O2: 576.37. 
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2, 7-Dibromo-9,9-bis( 4-octyloxyphenyl)-4,5-diazafluorene (3.34) 

Exp: SG-072 

Br Br 
CH3(CH2hl 

Br Br 

BzN(C2H5}3CI, DMSO, 
50 w% aq. NaOH 

rt, 23h 

HO CaH170 OCaH1 7 
3.32 3.34 

In a single necked round bottom flask was charged with 2,7-dibromo-9,9-bis(4-

hydroxyphenyl)-4,5-diazafluorene (3.32) (1.01 g, 1.99 mmol) and benzyltriethylammonium 

chloride (3 mg, 0.011 mmol) in dimethyl sulfoxide (5 mL), and the mixture was stirred for 10 

min. 50 wt% NaOH aqueous solution (1 mL) was added and the mixture was stirred for 15 

minutes. Then n-iodooctane (789 µL, 4.374 mmol) was added drop wise and the mixture was 

stirred for 23 hours at room temperature. 5 w% NaCl aqueous solution (20 mL) and 

dichloromethane (80 mL) were added to the reaction mixture, stirred for 15 minutes and then 

the organic layer was separated, washed with water (2 x 20 mL), dried over anhydrous 

magnesium sulphate and evaporated to yield a crude product (2.0 g) as dark brown oil. The 

crude product was purified by column chromatography on silica gel eluting with PE:DCM = 

4:1 , v/v to yield compound 3.34 (1.03g, 73 %) as a light brown solid. 

1H NMR (500 MHz, CDCb): 8 (ppm) 8.75 (2H, d, J = 2.0 Hz), 7.82 (2H, d, J = 2.0 Hz), 7.02 

(4H, dd, J = 6.7, 2.1 Hz), (4H, dd, J = 6.8, 2.1 Hz), 3.90 (4H, t, J = 6.42 Hz), 1.77-1.72 (4H, 

m) , 1.45-1.39 (4H, m), 1.34-1.13 (16H, m), 0.87 (6H, t, J = 6.25 Hz). 

13C NMR (126 MHz, CDCb): 8 (ppm) 158.94, 155.09, 151.60, 148.11, 136.46, 134.13, 

128.92, 121.17, 114.92, 68.22, 60.44, 31.96, 29.48, 29.38, 26.20, 22.81, 14.26. 

MS (GC-TOF, EI+) m/z: 732.20 (35%, 79Br, 79Br), 734.21 (100%, 79Br, 81Br ), 736.19 (35%, 

81 Br, 81Br). Calcd. for C39H46Br2N2O2: 734.19 (M+, 100.0%), 732.19 (51.4%), 736.19 (48.6%). 
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3.4.2 Synthesis of µ-dichloro-bridged cyclometalated Ir (III) dimer 

Bis-(µ )-chlorotetrakis(2-phenyl pyri dinato-C2 ,N)diiridium(III) (3.2) 75 

Exp: SG-055 

0--0 
2-Methoxythanol 
Reflux, 20 h r ~

: /Cl'- ~: I 1 
Ir'-.. / Ir 

~ I Cl I "-:: 
:::,__ 2 '° 2 

3.2 

Under argon, iridium(III) chloride hydrate (131 mg, 0.371 mmol), 2-phenylpyridine (240 µL, 

1.67 mmol), 2-methoxyethanol (8 .0 mL) and water (2.5 mL) were charged in a 50 mL round 

bottom flask. The mixture was reflux (130 °C, oil bath) for 20 hours (light green colour 

suspension turns yellow after 30-40 minutes of heating). After cooling to room temperature, 

the yellow precipitate was filtered out on a glass frit. The precipitate was washed with 95% 

ethanol (10 mL) followed by acetone (10 mL) and then dissolved in DCM (15 mL) and 

filtered. Toluene (1.5 mL) and hexane (1.5 mL) were added to the filtrate, which was then 

reduced in volume by evaporation at reducing pressure to 5 mL, and cooled to afford yellow 

crystals which was collected by filtration, washed with hexane (5 mL) and dried in vacuo to 

afford product 3.2 as a yellow solid (84 mg, 42.2%). 

Note: 1H NMR showed some unknown impurity. 

Dimer, bis-(µ)-chlorotetrakis(2-phenylpyridinato-C 2 ,N)diiridium(III), was re-synthesised with 

redistilled 2-phenylpyridine and fresh 2-ethoxy ethanol instead of 2-methoxy ethanol with the 

following modified procedure. 

Exp: SG-62 

Under argon, iridium(Ill)chloride hydrate (1.12 g, 3.18 mmol), 2-phenylpyridine (2.24 g, 14.3 

mmol), 2-ethoxyethanol (80 mL) and water (25 mL) were charged in 250 mL round bottom 

flask. The mixture was stirred under reflux (140 °C, oil bath) for 30 hours (light green colour 

suspension turns yellow after 30-40 minutes of heating). After cooling to room temperature, 

the yellow precipitate was filtered out. The precipitate was washed with 95% ethanol (100 

mL) followed by acetone (100 mL) and then dried in vacuo to afford the product 3.2 as a 

yellow solid (1.12 g, 70.5%). 

1H NMR (500 MHz, CDCb) : 8 (ppm) 9.24 (4H, d, J = 7.3 Hz), 7.86 (4H, d, J = 7.9 Hz), 7.73 

(4H, t, J = 8.1 Hz), 7.48 (4H, d, J = 7.7 Hz) 6.78-6.72 (8H, m), 6.55 (4H, t, J = 7.1 Hz), 5.92 

(4H, d, J = 8.6 Hz). 
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Bis-(µ)-chlorotetrakis{2-(2,4-difluorophenyl)-5-methylpyridinato-C2,N}diiridium(III) 

(3.35)32,39,93 

Exp: SG-111 

2-Ethoxyethanol 
Reflux, 30 h 

F 

/Cl'-._ j, Ir-......_ / Ir 
Cl 

2 

3.35 F 

Under argon, IrCb hydrate (500 mg, 1.42 mmol), 2-(2,4-difluorophenyl)-5-methylpyridine 

(640 mg, 3.12 mmol), 2-ethoxyethanol (15 mL) and water (5 mL) were charged in 100 mL 

round bottom flask. The mixture was reflux (140 °C, oil bath) for 30 hours (light green colour 

suspension turns yellow after 30-40 minutes of heating). After cooling to room temperature, 

the yellow precipitate was filtered out. The precipitate was washed with water (30 mL) 

followed by diethyl ether (15 mL) then dried in vacuo to afford the product 3.35 (730 mg, 

80.6%) as a yellow solid. 

1H NMR (400 MHz, CDCb): 8 (ppm) 8.92 (4H, d, J = 5.8 Hz), 8.10 (4H, s), 6.60 (4H, d, J = 

6.2 Hz), 6.34-6.28 (4H, m), 5.32 (4H, dd, J = 8.0, 2.2 Hz), 2.67 (12H, s). 

3.4.3 Synthesis of Iridium Complexes 

lr(ppy)2(doDAF)]PF6 (3.36) 

Exp: SG-091 

[ 

~

: /Cl"- ~: I 1 
Ir-......_ / Ir 

1/' I Cl I "" 
~ 2 .✓,::: 2 

3.2 

N N 

~ .0 

CaH17 C8H17 
3.22 

i) CH2Cl2, MeOH, 
reflux, 24 h 

ii) NH4PFs, rt, 1 h 

+ 

o,lr a 
2 

3.36 

Under argon, bis-(~L)-chlorotetrakis(2-phenylpyridinato-C2,N)diiridium(III) (3.2) (50 mg, 

0.046 mmol) and 9,9-dioctyl-4,5-diazafluorene (3.22) (37 mg, 0.093 mmol) and a solution of 

methanol (10 mL) and dichloromethane (10 mL) were charged into a 50 mL round bottom 

flask. The mixture was reflux (70 °C, oil bath) for 24 hours under dark, during heating 

complete dissolution was observed. After cooling to room temperature, NH4PF6 (400 mg, 

2.45 mmol) was added and stirred for 1 hour at room temperature. The solvent was removed 
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by evaporation and the residue was purified by column chromatography on silica gel eluting 

with DCM:MeOH = 100:1 to afford the complex 3.36 (92 mg, 97.0 %) as a yellow solid. 

1H NMR (400 MHz, CDCb): 8 (ppm) 8.02 (2H, dd, J = 7.7, 0.8 Hz), 7.92 (2H, d, J = 8.1 Hz), 

7.76 (2H, td, J = 8.0, 1.4 Hz), 7.68-7.63 (6H, m ), 7.56-7.53 (2H, m), 7.04-6.97 (4H, m), 

6.92 (2H, td, J = 7.5, 1.2 Hz), 6.40 (2H, dd, J = 7.6, 0.6 Hz), 2.15-2.07 (4H, m), 1.25-1.07 

(20H, m), 0.83 (6H, t, J = 6.9 Hz), 0.78-0.61 (4H, m). 

13C NMR (100 MHz, CDCb): 8 (ppm) 167.95, 160.83, 148.89, 147.74, 145.17, 144.79, 

143.85, 138.31, 134.48, 132.02, 130.56, 127.62, 124.52, 123.16, 122.88, 119.57, 59.61, 37.38 , 

31.70, 29.56, 29.26, 29.05, 24.57, 22.57, 14.04. 

MS (ESr+) m/z: 893.47 ([M-PF6]+, 100%). Calcd. for C49Hs6lrN4: 893.41. 

[Ir(ppy)2(o-cldoDAF)]PF6 (3.37) 

Exp: SG-082 

i) CH2Cl2, MeOH, 
reflux, 24 h 
ii) NH4PFs, rt , 1 h 

+ 

"ir ;g: I CaH17 

N 1/ \ CaH17 I PFsr 
:::,.._ 

Cl 
2 

3.37 

Under argon, bis-(µ)-chlorotetrakis(2-phenylpyridinato-C2,N)diiridium(III) (3.2) (50 mg, 

0.046 mmol) and 3-chloro-9,9-dioctyl-4,5-diazafluorene (3.27) (43 mg, 0.093 mmol) and a 

solution of methanol (10 mL) and dichloromethane (10 mL) were charged into a 50 mL round 

bottom flask. The mixture was reflux (70 °C, oil bath) for 24 hours under dark, during heating 

complete dissolution was observed. After cooling to room temperature, NH4PF6 ( 400 mg, 

2.451 mmol) was added and stirred for 1 hour at room temperature. The solvent was removed 

by evaporation and the residue was purified by column chromatography on silica gel eluting 

with DCM to afford the complex 3.37 (55 mg, 55%) as a yellow solid. 

1H NMR (400 MHz, CDCb): 8 (ppm) 8.05-8.01 (2H, m), 7.95-7.92 (3H, m), 7.81-7.75 (2H, 

m), 7.63 (2H, td, J = 7.3, 1.2 Hz) , 7.56-7.47 (4H, m), 7.09 (lH, td, J = 6.6, 1.4 Hz), 7.01 (lH, 

td, J = 7.1, 1.1 Hz), 6.98-6.92 (2H, m), 6.87 (lH, td, J = 7.5, 1.2 Hz), 6.83 (lH, td, J = 7.5, 

1.3 Hz), 6.30 (lH, dd, J = 7.6, 0.9 Hz), 6.22 (lH, dd, J = 8.0, 0.9 Hz) 2.14-2.06 (4H, m), 

1.23-1.07 (20H, m), 0.85-0.81 (6H, m), 0.77-0.67 (4H, m). 

13C NMR (100 MHz, CDCb): 8 (ppm) 168.82, 167.10, 161.02, 160.39, 153.63, 150.04, 

148.37, 147.59, 147.08, 146.04, 143.98, 143.84, 143.41, 140.58, 138.50, 138.35, 136.79, 
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134.42, 132.52, 131.29, 130.70, 130.11, 128.24, 127.97, 124.53, 124.30, 123.57, 123.19, 

122.87, 122.63, 119.71, 119.54, 58.18, (37.33, 37.21), (31.71, 31.70 ), (29.55, 29.54), ( 29.32, 

29.23), (29.09, 29.07), (24.59, 24.56), 22.57, 14.08. 

DEPTO NMR (100 MHz, CDCh): 8 (ppm) 168.83, 167.10, 161.05, 160.38, 153.63, 150.15 

(CH), 148.46 (CH),147.56 (CH), 147.09, 143.96, 143.90, 143.39, 140.61, 139.79, 138.43 

(CH), 138.27 (CH), 136.74 (CH), 134.45 (CH), 132.52 (CH), 131.31 (CH), 130.72 (CH), 

130.14 (CH), 128.18 (CH), 127.95 (CH), 124.50 (CH), 124.28 (CH), 123.59 (CH), 123.19 

(CH), 122.87 (CH), 122.65 (CH), 119.63 (CH), 119.48 (CH), 58.47, (37.29, 37.17), (31.73, 

31.71), (29.56, 29.55), (29.35, 29.26), (29.10, 29.08), 24.62, 22.59. 14.08. 

31P NMR (162 MHz, CDCb): 8 (ppm) -144.4 (sept, 11rF= 713 Hz, PF6)-

19F NMR (377 MHz, CDCb): 8 (ppm) -73 .2 (d, 11rF = 713 Hz, PF6) . 

MS (ESJ+) m/z~ 927.41 ([M-PF6t, 100%, 35Cl), 929.4059 ([M-PF6t, 30%, 37Cl). Calcd. for 

C49HssCllrN4: 927.37. 

[lr(ppy)2(o-dcldoDAF)]PF6 (3.38) 

Exp: SG-077 

i) CH2Cl2, MeOH, 
reflux, 24 h 
ii) NH4PFs, rt, 1 h 

2 

3.38 

Under argon, bis-(µ)-chlorotetrakis(2-phenylpyridinato-C 2 ,N)diiridium(III) (3.2) (51 mg, 

0.047 mmol) and 3,6-dichloro-9,9-dioctyl-4,5-diazafluorene (3.26) (44 mg, 0.095 mmol) and 

a solution of methanol (10 mL) and dichloromethane (10 mL) were charged into a 50 mL 

round bottom flask. The mixture was reflux (70 °C, oil bath) for 24 hours under dark, during 

heating complete dissolution was observed. After cooling to room temperature, NH4PF6 (400 

mg, 2.45 mmol) was added and stirred for 1 hour at room temperature. The solvent was 

removed by evaporation and the residue was purified by column chromatography on silica gel 

eluting with DCM to afford the complex 3.38 (62 mg, 62.3%) as a yellow solid. 

1H NMR (400 MHz, CDCb): 8 (ppm) 8.05 (2H, d, J = 8.16 Hz), 7.93 (2H, d, J = 8.2 Hz), 

7.82-7.79 (4H, m), 7.57 (2H, d, J = 7.3 Hz), 7.50 (2H, d, J = 8.1 Hz), 7.06 (2H, t, J = 6.5 Hz), 

6.93 (2H, t, J = 7.3 Hz), 6.77 (2H, t, J = 7.4 Hz), 6.11 (2H, d, J = 7.7 Hz), 2.11 (4H, t, 8.1 

Hz), 1.25-1.05 (20H, m), 0.83 (6H, t, J = 6.8), 0.72-0.66 (4H, m). 

124 



. : ' , ; 3C i•;l1v1R (100 MHz, CDCh): o (ppm) 167.95, :60.60 153.5~~, -149.46; 144.80, 14.3.47, 

, · 143.03, 138.47, 136.58, 131.84, 130,09, 129.01, 124.25, I23.18 , 122.874, 119.629, 57.03, 

37.196, 31.72, 29.54, 29.29, 29.12, 24.57, 22.59, 14.08. 

DEPTO NMR (100 MHz, CDC13) : 8 (ppm) 167.93, 160.58, 153.54, 149.39 (CH), 144.76, 

143.49, 143.02, 138.52 (CH), 136.60 (CH), 131.83 (CH) , 130.05 (CH), 129.04 (CH), 124.26 

(CH), 123.18 (CH), 122.85 (CH), 119.66 (CH), 57.02, 37.21, 31.70, 29.53, 29.27, 29.11, 

24.53, 22.58, 14.08 (CH3). 

31P NMR (162 MHz, CDCb): 8 (ppm) -144.4 (sept, 1]pp= 713 Hz, PF6). 

19F NMR (377 MHz, CDCb): 8 (ppm) -73 .3 (d, 1Jrp= 713 Hz, PF6). 

MS (ESI+) m/z: 961.35 ([M-PF6t, 100%, 35Cl, 37Cl), 963 .35 (([M-PF6t, 60%, 35Cl, 37Cl), 

965.35 ([M-PF6t, 15%, 37Cl, 37Cl). Calcd. for C49Hs4ChlrN4: 961.34. 

[Ir(ppy)2(o-dphdoDAF)]PF6 (3.39) 

Exp: SG-083 

3.2 

i) CH2Cl2, MeOH, 
reflux, 24 h 
ii) NH4PFs, rt, 1 h 

0,,, 
(( 

Ph 
2 

+ 

3.29 

Under argon, bis-(µ)-chlorotetrakis(2-phenylpyridinato-C 2 ,N)diiridium(III) (3.2) (51 mg, 

0.046 mmol) and 3,6-diphenyl-9,9-dioctyl-4,5-diazafluorene (3.28) (50 mg, 0.093 mmol) and 

a solution of methanol (10 mL) and dichloromethane (10 mL) were charged into a 50 mL 

round bottom flask. The mixture was reflux (70 °C, oil bath) for 24 hours under dark, during 

heating complete dissolution was observed. After cooling to room temperature, NH4PF6 (400 

mg, 2.45 mmol) was added and stirred for 1 hour at room temperature. The solvent was 

removed by evaporation and the residue was purified by column chromatography on silica gel 

eluting with DCM:MeOH = 100: 1 to afford the product as a brown solid (100 mg). The 

product was further purified by column chromatography on silica gel eluting with EA:PE, 

starting with 1 :9 ratio and gradually increasing polarity to 1: 1 ratio, to afford the complex 

3.39 (55 mg, 50 9%) as a yellow solid. 

1H NMR (400 MHz, CDCb): 8 (ppm) 8.06 (2H, d, J =7.9 Hz), 7.94 (2H, d, J = 5.5 Hz), 

7.80-7.72 (4H, m), 7.36 (2H, d, J =7.9 Hz) , 7.10-7.06 (4H, m ), 6.96 (2H, t, J = 7.4 Hz), 
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. !., :', 6.80 (4H, t, J =--1 .. 9 Hz),'6,6'7 (4H, (jl, J = 7..'l Hz),, 6.43.(2Hi f,V"::-:!.7 .J :Hz ), 6. 13 (2H, t, J :=: 6.5 'c __ >\ ; r.: 

,, . , Hz), 5.30 (2H, d, J = 7.2 Bz,), ,2.25~2.12 (4H, m),, 1.25-:-1.21 {20H, m), 1. 12-0.90 (4H, m),, i -. , , • 

0.86 (6H, t, J = 6.8 Hz). ; ' ,, , 

13C NMR (100 MHz, CDCb): 8 (ppm) 168.31 , · 163:23; 16L32, 149.61 , 144.77, 142.71 ; :. '. 

142.39, 138.09, 136.80, 133.96, 131.39, 129.89, 129.08·, 128.68, 127.85 (x 2C), 127.60 (x · 

2C), 123.64, 122.45, 121.56, 119.19, 56.46, 37.66, 31.78, 29.79, 29.34, 29.26, 24.91, 22.65, 

14.11. 

DEPTO NMR (100 MHz, CDCb): 8 (ppm) 168.11 , 163.12, 161.22, 149.52 (CH), 144.67, 

142.62, 142.28, 137.97 (CH), 136.70, 133.86 (CH), 131.28 (CH), 129.79 (CH), 128.57 (CH), 

127.74 (x 2CH), 127.50 (x 2CH), 123.52(CH), 122.34 (CH), 121.45 (CH), 119.08 (CH) , 

56.36, 37.55, 31.68, 29.69, 29.24, 29:16, 24.81, 22.54, 14.01. 

3 1P NMR (162 MHz, CDCb): 8 (ppm) -144.4 (sept, 1]pp= 713 Hz, PF6). 

19F NMR (377 MHz, CDCb): 8 (ppm) -73.2 (d, 1]pp= 713 Hz, PF6). 

MS ( ESI+) m/z: 1045.52 ([M-PF6]+, 100%), 1046.53 ([M-PF6]+, 42%), 1043.52 ([M-PF6]+, 

38%), 1044.52 ([M-PF6]+, 20%), 1047.53 ([M-PF6]+, 10%), 1048.53 ([M-PF6t, 2%). Calcd. 

for C61H64lrN4: 1045.48. 

[lr(ppy)2(m-brdoDAF)]PF6 (3.40) 

Exp: SG-089 

9-;2-~ Br 
Br + 

l~/c,,~I C8H17 C8H17 i 3.23 
Ir 

Ir-......_ / Ir 
i) CH2Cl2, MeOH, CaH11 [PF6r 

1/' I Cl I '-::: 
" 

reflux, 24 h I 
~ 2 ✓,::; 2 ~ 

ii) NH4PF6, rt , 1 h 

3.2 2 

3.40 

Under argon, bis-(µ) -chlorotetrakis(2-phenylpyridinato-C2,N)diiridium(III) (3.2) (50 mg, 

0.046 mmol) and 2-bromo-9,9-dioctyl-4,5-diazafluorene (3.23) (44 mg, 0.093 mmol) and a 

solution of methanol (10 mL) and dichloromethane (10 mL) were charged into a 50 mL round 

bottom flask. The mixture was reflux (70 °C, oil bath) for 24 hours under dark, during heating 

complete dissolution was observed. After cooling to room temperature, NH4PF6 (400 mg, 

2.45 mmol) was added and stined for 1 hour at room temperature. The solvent was removed 

by evaporation and the residue was purified by column chromatography on silica gel eluting 

with DCM:MeOH in the ratio 100: 1 to afford the complex 3.40 (98 mg, 93.1 % ) as a light 

orange solid. 
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1H NMR (400 MHz, CDCbf 6 (pp'rn) 8:.09 (lH, -:d; T = il.2 Hz), 8.05 (lH, dd, J=~?n, 0.8 

Hz), 7-_95-7.92 (2H, m), 7.81, 7.77-(2H, m), 7.68-"--7 .58 (7H, m).7.05-6.98 (4H, in), 6.91 (2H, 

dq, J = 7.8, 1.2 Hz), 6.38 (lH, dd, J = 7.7, 0.8 Hz), 6.33 (lH, dd, J = 7.7, 0.8 Hz), 2,17-2.03 

(4H, m), 1.34-0.99 (20H, m). 0.82 (6H, t = J = 7.7 Hz), 0.78-0.68 (4H, m). 

13C NMR (100 MHz, CDCb): 6 (ppm) 167.77, 167.74, 159.79, 159.47, 149.11, 148.86, 

148.72, 148.12, 146.39, 145.38, 144.22, 143.92, 143.63, 143.50, 138.56, 138.53, 137.26, 

134.90, 132.05, 131.85, 130.67, 130.60, 128.39, 124.61, 124.57, 123.53, 123.43, 123.28, 

123.11, 123.09, 119.72, 119.69, 59.90, (37.20, 37.17), 29.52, (29.26, 29.24), 29.07, (24.69, 

24.63), 22.59, 14.08. 

DEPTO NMR (100 MHz, CDCb): 6 (ppm 167.71 , 167.70, 159.75, 159.49, 149.06 (CH), 

148.84 (CH), 148.73 (CH), 148.11 (CH), 146.36, 145.36, 144.20, 143.92, 143.66, 143.49, 

138.61 (CH), 138.58 (CH), 137.26 (CH), 134.87 (CH), 132.04 (CH), 131.83 (CH), 130.63 

(CH), 130.59 (CH), 128.36 (CH), 124.62 (CH), 124.57 (CH), 123.51 (CH), 123.47 , 123.31 

(CH), 123.10 (CH), 123.07 (CH), 119.74 (x 2CH). 59.89, (37.20, 37.16), 31.69, 29.50, (29.24, 

29.22), 29.07, (24.67, 24.61), 22.58, 14.08. 

31P NMR (162 MHz, CDCb): 6 (ppm) -144.4 (sept, 1h F= 713 Hz, PF6) . 

19F NMR (377 MHz, CDCb): 6 (ppm) -73.2 (d, 11PF= 713 Hz, PF6). 

MS (ESI+) m/z: 971.36 ([M-PF6t, 100%), 973.35 ([M-PF6]+, 60%, 81 Br), 972.3561 ([M­

PF6t, 40%, 79Br). Calcd. for C49HssBrlrN4: 971.32. 

[lr(ppy)2(m-dbrdoDAF)]PF6 (3.41) 

Exp: SG-080 

__(N'Jr-l1-
Br ~~ Br 

CaH17 CaH17 

3.24 

i) CH2Cl2, MeOH, 
reflux, 24 h 
ii) NH4PFs, rt , 1 h 

i I " 
::::,.._ 

Br 
+ 

aH17 
Ir 

[PFsr 

2 Br 

3.41 

Under argon, bis-(µ)-chlorotetrakis(2-phenylpyridinato-C 2 ,N)diiridium(III) (3.2) (51 mg, 

0.046 mmol) and 9,9-dioctyl-2,7-dibromo-4,5-diazafluorene (3.24) (51 mg, 0.093 mmol) and 

a solution of methanol (10 mL) and dichloromethane (10 mL) were charged into a 50 mL 

round bottom flask. The mixture was reflux (70 °C, oil bath) for 16 hours under dark, during 

heating complete dissolution was observed. After cooling to room temperature, NH4PF6 ( 400 

mg, 2.45 mmol) was added and stirred for 1 hour at room temperature. The solvent was 
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removed by evaporation and the residue was purified by column chromatography on silica gel 

eluting with DCM:MeOH in the ratio 100:1 to afford the complex 3.41 (102 mg, 91 %) as a 

crystalline orange solid. 

1H NMR (400 MHz, CDCh): 8 (ppm) 8.12 (2H, d, J = 1.4 Hz), 7.93 (2H, d, J = 8.0 Hz), 7.80 

(2H, td, J = 1.4 Hz, J = 8.1 Hz), 7.71 (2H, d, J = 5.7 Hz), 7.67- 7.66 (4H, m), 7.12 (2H, td, J 

= 1.3 Hz, J = 8.1 Hz), 7.04 (2H, d, J = 1.0 Hz, J = 7.3 Hz), 6.92 (2H, td, J = 1.2 Hz, J = 7.5 

Hz), 6.31(2H, d, J = 7.5 Hz), 2.09 (4H, t, J = 8.3 Hz), 1.25-1.13 (20H, m), 0.89-0.77 (lOH, 

m). 

13C NMR (100 MHz, CDCh): 8 (ppm) 167.51, 158.45, 149.32, 149.08, 146.61, 143.73, 

143.02, 138.68, 137.68, 131.91 , 130.69, 124.60, 124.17, 123.27, 123.27, 119.71, 60.06, 36.80, 

31.72, 29.50, 29.29, 29.12, 24.82, 22.60, 14.09. 

DEPTO NMR (100 MHz, CDCh): 8 (ppm) 167.50, 158.46, 149.42 (CH), 149.06 (CH), 

146.63, 143.73, 143 .07, 138.60 (CH), 137.70 (CH), 131.92 (CH), 130.70 (CH), 124.57 (CH) 

124.14, 123.72 (CH), 123.25 (CH), 119.64 (CH), 60.03, 36.76, 31.73, 29.52, 29.31, 29.12, 

24.85, 22.61, 14.09. 

31P NMR (162 MHz, CDCh): 8 (ppm) -144.5 (sept., 11PF= 713 Hz, PF6). 

19F NMR (377 MHz, CDCb): 8 (ppm) -73.2 (d, 11PF = 713 Hz, PF6). 

MS (ESr+) m/z: 1051.25 ([M-PF6]+, 100%,79Br, 81Br ), 1049.26 ([M-PF6]+, 68%, 79Br, 79Br ), 

1052.25 ([M-PF6J+, 28%, 81 Br, 81 Br). Calcd. for C49Hs4Br2lrN4: 1051.23. 

Ir(ppy)2(m-dphdoDAF)]PF6 (3.42) 

Exp: SG-114 

_;:Nrl1-
Ph ~~ Ph 

CaH11 CaH11 

3.29 

i) CH2Cl2, MeOH, 
reflux, 24 h 
ii) NH4PF6, rt, 1 h ~ 
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2 
Ph 

3.42 

Under argon, bis-(µ)-chlorotetrakis(2-phenylpyridinato-C2,N)diiridium(III) (3.2) (52 mg, 

0.046 mmol) and 2,7-diphenyl-9,9-dioctyl-4,5-diazafluorene (3.29) (50 mg, 0.093 mmol) and 

a solution of methanol (10 mL) and dichloromethane (10 mL) were charged into a 50 mL 

round bottom flask. The mixture was reflux (70 °C, oil bath) for 24 hours under dark, during 

heating complete dissolution was observed. After cooling to room temperature, NH4PF6 (400 
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mg, 2.45 mmol) was added and stirred for 1 hour at room temperature. The solvent was 

removed by evaporation and the residue was purified by column chromatography on silica gel 

eluting with EA:PE in the ratio 1 :9 gradually increasing the polarity to 1: 1 to afford the 

complex 3.42 (95 mg, 86.3%) as an orange solid. 

1H NMR (400 MHz, CDCb): o (ppm) 8.14 (2H, d, J = I.I Hz), 7.94 (2H, dd, J = 8.8, 1.7 Hz), 

7.80-7.77 (6H, m), 7.68 (2H, dd, J = 7.6, 1.2 Hz), 7.49-7.42 (lOH, m), 7.09-7.02 (4H, m), 

6.94 (2H, dd, J = 7.5, 1.2 Hz), 6.41 (2H, dd, J = 7.6, 1.1 Hz), 2.21 (4H, t, J = 8.2 Hz), 1.27-

1.12 (20H, m), 0.94-0.85 (4H, m), 0.81 (6H, t, J = 6.7 Hz). 

13C NMR (100 MHz, CDCb): o (ppm) 167.86, 159.36, 149.21, 146.20, 145.75, 144.44, 

143.87, 141.30, 138.43, 135.99, 132.62, 132.01, 130.62, 129.52, 129.62 (x 2), 127.62 (x 2), 

124.52, 123.41, 122.98, 119.57, 59.76, 37.20, 31.72, 29.58, 29.32, 29.11, 24.89, 22.60, 14.06. 

DEPTO NMR (100 MHz, CDCb): o (ppm) 167.35, 159.36, 149.21 (CH), 146.20 (CH), 

145.74, 144.45, 143.87, 141.29, 138.42 (CH), 135.99, 132.62 (CH), 132.01 (CH), 130.61 

(CH), 129.52 (CH), 129.45 (CH) (x 2), 127.62 (CH) (x 2). 124.52 (CH), 123.41(CH), 122.97 

(CH), 119.56 (CH), 59.75, 37.19, 31.72, 29.58, 29.32, 29.11, 24.89, 22.60, 14.06 (CH3). 

31P NMR (162 MHz, CDCb): o (ppm) -144.4 (sept, 1Jpf= 713 Hz, PF6). 

19F NMR (377 MHz, CDCb): o (ppm) -73 .2 (d, 1Jpf= 714 Hz, PF6). 

MS ( ESP) m/z: 1045.49 ([M-PF6]+, 100%), 1046.46 ([M-PF6]+, 55%), 1043.50 ([M-PF6]+, 

38%), 1044.48 ([M-PF6t, 25%), 1047.39 ([M-PF6t, 2%). Calcd. for C61H64lrN4: 1045.48. 

[Ir(ppy)2(dphoDAF)]PF6 (3.45) 

Exp: SG-088 
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i) CH2Cl2, MeOH, 
reflux, 24 h 
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+ 

o,,, 
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Under argon, bis-(µ)-chlorotetrakis(2-phenylpyridinato-C2,N)diiridium(III) (3.2) (51 mg, 

0.046 mmol) and 9,9-bis(4-octyloxyphenyl)-4,5-diazafluorene (3.33) (53 mg, 0.093 mmol) 

and a solution of methanol (10 mL) and dichloromethane (10 mL) were charged into a 50 mL 
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round bottom flask. The mixture was reflux (70 °C, oil bath) for 24 hours, during heating 

complete dissolution was observed. After cooling to room temperature, NH4PF6 (400 mg, 

2.45 mmol) was added and stirred for 1 hour at room temperature. The solvent was removed 

by evaporation and the residue was purified by column chromatography on silica gel eluting 

with DCM:MeOH in the ratio 100:1 to afford the complex 3.45 (95 mg, 85.2%) as a light 

yellow solid. 

1H NMR (400 MHz, CDCb): o (ppm) 7.98 (2H, d, J = 7.8 Hz), 7.90 (2H, d, J = 8.1 Hz), 

7.81-7.71 (4H, m), 7.68-7.64 (4H, m ), 7.50 (2H, dd, J = 7.9, 5.3 Hz), 7.11(2H, t, J = 6.6 Hz 

m) 7.08-6.98 (6H, m), 6.91 (2H, td, J = 7.5, 1.3 Hz), 6.82 (4H, d, J = 7.8 Hz), 6.39 (2H, dd, J 

= 7.6, 0.9 Hz), 3.90 (4H, t, J = 6.6 Hz), 1.72 (4H, p, J = 6.6 Hz), 1.43-1.38 (4H, m), 1.32-

1.26 (16H, m), 0.87 (6H, t, J = 6.9 Hz). 

DEPTO NMR (100 MHz, CDCb): o (ppm) 167.74, 160.07, 159.25, 149.13 (CH), 148.22 

(CH), 145.95, 144.55, 143.87, 138.43 (CH), 136.29 (CH), 132.13, 131.10 (CH), 130.56 (CH), 

128.31 (CH), 128.09 (x 2) (CH), 124.45 (CH), 123.62 (CH), 122.89 (CH), 119.48 (CH), 

115.14 (x 2) (CH), 68.13, 67.26, 31.80, 29.33, 29.21, 29.20,26.02, 22.65, 14.10. 

31P NMR (162 MHz, CDCb): o (ppm) -144.4 (sept, 1Jpf= 713 Hz, PF6). 

19F NMR (377 MHz, CDCb): o (ppm) -73.2 (d, 1Jpf= 713 Hz, PF6). 

MS (ESJ+) m/z: 1077.50 ([M-PF6]+, 100%). Calcd. for C61H64lrN4O2: 1077.47. 

[lr(ppy )2(m-dbrdphoDAF) ]PF 6 (3.46) 

Exp: SG-086 
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Br 
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+ 

Under argon, bis-(µ)-chlorotetrakis(2-phenylpyridinato-C2 ,N)diiridium(III) (3.2) (51 mg, 

0.046 mmol) and 9,9-bis(4-octyloxyphenyl)- 2,7-dibromo-4,5-diazafluorene (3.34) (68 mg, 

0.093 mmol) and a solution of methanol (10 mL) and dichloromethane (10 mL) were charged 

into a 50 mL round bottom flask. The mixture was stirred under reflux (70 °C, oil bath) for 24 

hours in the dark (complete dissolution was observed during heating). After cooling to room 

temperature, NH4PF6 (400 mg, 2.45 mmol) was added and the mixture was stirred for 1 hour 
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at room temperature. The solvent was removed by evaporation and the residue was purified 

by column chromatography on silica gel eluting with DCM:MeOH = 100: 1 to afford the 

complex 3.46 (80 mg, 62.3%) as an orange solid. 

1H NMR (400 MHz, CDCb): 8 (ppm) 8.03 (2H, d, J = 1.5 Hz), 7.92 (2H, td, J = 1.2 Hz, J = 

8.0 Hz), 7.83-7.79 (4H, m), 7.69 (2H, d, J = 1.5 Hz), 7.65 (2H, dd, J = 8.0, 1.0 Hz), 7.24-7.23 

(2H, m), 7.07-7.02 (6H, m), 6.93 (2H, td, J = 7.4, 1.3 Hz) , 6.86 (4H, td, J = 8.8, 2.0 Hz), 6.32 

(2H, dd, J = 7.6, 1.0 Hz), 3.92 (4H, t, J = 6.5 Hz), 1.77-1.70 (4H, m), 1.41-1.38 (4H, m), 

1.30- 1.25 (16H, m), 0.88 (6H, t, J = 6.8 Hz). 

13C NMR (100 MHz, CDCb): 8 (ppm) 167.16, 159.59, 157.74, 149.67, 149.49, 147.10, 

143.72, 142.78, 139.19, 138.74, 131.89, 130.99, 130.74, 128.35 (x 2), 124.68, 124.54, 124.10, 

123.29, 119.60, 115.44 (x 2), 68.71 , 67.60, 31.83, 29.32, 29.22, 29.18 26.01 , 22.65, 14.10. 

DEPTO NMR (100 MHz, CDC13): 8 (ppm) 167.36, 159.59, 157.74, 149.67 (CH), 149.50 

(CH), 147.10, 143.72, 142.79, 139.20 (CH), 138.74 (CH), 131.90 (CH), 131.00, 130.70 (CH), 

128.35 (x 2CH), 124.68, 124.54 (CH), 124.10 (CH), 123.29 (CH), 119.60 (CH), 115.44 (x 

2CH) 68.22 (x 2), 31.81, 29.33, 29.22, 29.18, 26.02, 22.66, 14.10. 

31P NMR (162 MHz, CDCb): 8 (ppm) -144.4 (sept, 1h F= 713 Hz, PF6). 

19F NMR (377 MHz, CDCb): 8 (ppm) -73.2 (d, 1hF= 713 Hz, PF6). 

MS ( ESJ+) m/z: 1235.32 [M-PF6t, 100%, 79Br, 81Br), 1233.32 [M-PF6]+, 63 %, 79Br, 79Br), 

1236.32 [M-PF6t , 45 %, 81Br, 81Br). Calcd. for C61H62Br2lrN4O2: 1235.29. 

lr(ppy)2(DAFone)]PF6 (3.47) 

Exp: SG-079 
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Under argon, bis-(µ) -chlorotetrakis(2-phenylpyridinato-C2,N)diiridium(III) (3.2) (52 mg, 

0.046 mmol) and 4,5-diazafluoren-9-one (2.9) (17 mg, 0.093 mmol) and a solution of 

methanol (10 mL) and dichloromethane (10 mL) were charged into a 50 mL round bottom 

flask. The mixture was reflux (70 °C, oil bath) for 24 hours under dark, during heating 

complete dissolution was observed. After cooling to room temperature, NH4PF6 ( 400 mg, 

2.451 mmol) was added and stirred for 1 hour at room temperature. The solvent was removed 
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by evaporation and the residue was purified by column chromatography on silica gel eluting 

with DCM:MeOH = 100: 1 to afford the product as reddish solid (50 mg). The product was 

further purified by column chromatography on silica gel eluting with PE:Acetone gradually 

increasing polarity from 9:1 to 1:1 to afford the complex 3.47 (35 mg, 55.2%) as a red solid. 

1H NMR (400 MHz, acetone-D6): 8 (ppm) 8.26 (2H, dd, J = 7.6, 1.0 Hz), 8.11 (2H, d, J = 8.1 

Hz), 8.00 (2H, d, J = 5.7 Hz), 7.88-7.83 (4H, m), 7.76-7.70 (4H, m), 7.05 (2H, dd, J = 5.9, 

1.2 Hz), 6.92 (2H, td, J = 9.7, 1.0 Hz), 6.80 (2H, td, J = 7.5, 1.2 Hz) , 6.28 (2H, d, J = 7.6 Hz). 

13C NMR (100 MHz, acetone-D6): 8 (ppm) 186.42, 167.39, 166.50, 154.99, 152.48, 150.51, 

144.41, 143.77, 138.96, 134.41, 131.77, 131.03, 130.15, 124.69, 123.80, 122.94, 119.70. 

31P NMR (162 MHz, acetone-D6): 8 (ppm) -144.3 (sept, 1]pp= 708 Hz, PF6). 

19F NMR (377 MHz, acetone-D6): 8 (ppm) -72.6 (d, 1]pp= 708 Hz, PF6). 

MS (ESI+) m/z: 683.16 ([M-PF6]+, 100%). Calcd. for C33H22lrN4Q: 683.14 

lr(ppy)2(m-dbrDAFone)]PF6 (3.48) 

Exp: SG-090 
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Under argon, bis-(µ)-chlorotetrakis(2-phenylpyridinato-C 2,N)diiridium(III) (3.2) (50 mg, 

0.046 mmol) and 2,7-dibromo-4,5-diazafluoren-9-one (2.53) (32 mg, 0.093 mmol) and a 

solution of methanol (10 mL) and dichloromethane (10 mL) were charged into a 50 mL round 

bottom flask. The mixture was reflux (70 °C, oil bath) for 24 hours, during heating complete 

dissolution was observed. After cooling to room temperature, NH4PF6 ( 400 mg, 2.45 mmol) 

was added and stin-ed for 1 hour at room temperature. The solvent was removed by 

evaporation and the residue was purified by column chromatography on silica gel eluting with 

DCM:MeOH in the ratio 100: 1 to afford the product as dark red solid (67 mg). The product 

was further purified by column chromatography on silica gel eluting with PE:Acetone in the 

ratio 9: 1 gradually increasing the concentration of acetone to 1: 1 to afford the complex 3.48 

(31 mg, 33.5%) as a dark red solid. 

1H NMR (400 MHz, CDCb): 8 (ppm) 8.24 (2H, d, J = 1.5 Hz), 7.92-7.90 (4H, m), 7.79 (2H, 

td, J = 7.8, 1.4 Hz), 7.73 (2H, d, J = 1.6 Hz), 7.65 (2H, d, J = 7.6 Hz), 7.22 (2H, td, J = 6.3, 
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Hz). 

13C NMR (100 MHz, CDCb): 8 (ppm) 183,02, 167.06, 163.53, 153.04, 144.09 ,. 141.85, 

138.90, 138.44, 132.04, 131.81, 130.77, 126.22, 124.71, 123.66, 119.71. 

MS (ESi+) m/z: 841.01 ([M-PF6]+, 100%, 79Br, 81Br), 839.01 ([M-PF6]+, 64%, 81 Br, 81Br), 

843.ll([M-PF6]+, 25%, 79Br, 79Br). Calcd. for C33H20Br2lrN4O: 840.96. 

[lr(dflmeppy)2(doDAF)]PF6 (3.49) 

Exp: SG-112 
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Under argon, bis-(µ)-chlorotetrakis { 2-(2,4-difluorophenyl)-5-methylpyridinato­

C2,N} diiridium(III) (3.35) (80 mg, 0.0628 mmol) and 9,9-dioctyl-4,5-diazafluorene (3.22) (49 

mg, 0.125 mmol) and a solution of methanol (10 mL) and dichloromethane (10 mL) were 

charged into a 50 mL round bottom flask. The mixture was reflux (70 °C, oil bath) for 24 

hours under dark, during heating complete dissolution was observed. After cooling to room 

temperature, NH4PF 6 ( 400 mg, 2.451 mmol) was added and stirred for 1 hour at room 

temperature. The solvent was removed by evaporation and the residue was purified by column 

chromatography on silica gel eluting with DCM:MeOH in the ratio 100: 1 to afford the 

complex 3.49 (130 mg, 91.0 %) as a light green solid. 

1H NMR (400 MHz, CDCb): 8 (ppm) 8.11-8.06 (4H, m), 7.70 (2H, dd, J = 5.2, 1.0 Hz), 

7.63-7.60 (2H, m), 7.43 (2H, d, J = 6.0 H), 6.85 (2H, d, J = 6.0 Hz), 6.58-6.52 (2H, m), 5.80 

(2H, dd, J = 8.4, 2.0 Hz), 2.52 (6H, s), 2.12 (4H, p, J = 8.2 Hz), 1.25-1.02 (20H, m), 0.83 

(6H, t, J = 7.1 Hz), 0.77-0.62 (4H, m). 

13C NMR (100 MHz, CDCb): 8 (ppm) (164.54, 164.50, 164.41, 164.35, 163.77, 163.70), 

(162.22, 162.09, 161.98, 161.98, 161.85), 160.66, (159.74, 159.63), 151.39, 148.45, 148.38, 

148.25, 147.49, 145.47, 135.08, 127.99, 124.57, 124.34, (114.54, 114.52, 114.37, 114.34), 

(99.51, 99.33, 99.19) 59.93, 37.26, 31.77, 29.59, 29.39, 29.08, 24.69, 22.57, 21.56, 14.07. 
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DEPTO NMR (100 MHz;· G:DG:h): ~8 :(ppm) (164.53, 164.43; 153.76, '163.70), '(162.22~ i , 

161.97, 161.84), 160.67, 159.63, 151.38, 148.44, 148.37, 148.27(CH), 147.27 (CH), 145.50, 

135.07(CH), 127.96 (CH), ' 124:59 (CH); 124.34 (CH), (114.52, i'14.34)(CH), (99:60, 99.34, 

99.07) (CH). 59.93 , 37.23, 31:77, 29.59, 29.40, 29.08, 24.70, 22.58, 21.57 (CH3), 14.07 

(CH3). 

31P NMR (162 MHz, CDCb): 8 (ppm)-144.4 (sept, 11PF= 713 Hz, PF6). 

19F NMR (377 MHz, CDCb): 8 (ppm) -73.2 (d, 11PF = 714 Hz, PF6), -106.1 (s, ArF), -109.0 

(s, ArF). 

MS (ESI+) m/z: 993.27 ([M-PF6t, 100%). Calcd. for CsoHs6F2lrN4: 993.41. 

lr(ppy)2(m-cndoDAF)]PF6 (3.43) 

Exp: SG-134 
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Under argon, bis-(µ)-chlorotetrakis(2-phenylpyridinato-C2,N)diiridium(III) (3.2) (51 mg, 

0.046 mmol) and 2-dicyano-9,9-dioctyl-4,5-diazafluorene 3.30 (39 mg, 0.093 mmol) and a 

solution of methanol (10 mL) and dichloromethane (10 mL) were charged into a 50 mL round 

bottom flask. The mixture was reflux (70 °C, oil bath) for 24 hours under dark, during heating 

complete dissolution was observed. After cooling to room temperature, NH4PF6 ( 400 mg, 

2.45 mmol) was added and stirred for 1 hour at room temperature. The solvent was removed 

by evaporation and the residue was purified by column chromatography on silica gel eluting 

with DCM:MeOH = 100:1 to afford the complex 3.43 (80 mg, 62%) as a red solid. 

1H NMR (400 MHz, CDCb): 8 (ppm) 8.15-8.12 (2H, m), 7.94-7.92 (2H, td, J = 8.2, 1.9 Hz), 

7.88 (lH, d, J = 1.2 Hz), 7.80-7.73 (4H, m), 7.70-7.63 (4H, m), 7.10-7.03 (4H, m), 6.98-

6.91 (2H, m), 6.39-6.33 (2H, dd, J = 7.7, 0.6 Hz), 2.17-2.06 (4H, m), 1.24-1.06 (18H, m), 

0.92-0.87 (2H, m), 0.86 (6H, t, J = 6.7 Hz), 0.72-0.65 (4H, m). 

13C NMR (100 MHz, CDCb): 8 (ppm) 167.68, 167.48, 164.11 , 158.49, 150.76, 149.49, 

149.24, 148.88, 147.33, 145.13, 143.79, 143.73, 143.63, 143.02, 138.59, 138.50, 137.22, 

135.17, 132.10, 131.85, 130.83, 130.69, 129.54, 124.67, 124.51, 123.65, 123.63, 123.20, 
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119.64, 119.58, 115.33, 112.45, 60.01, (36.84, 36.73), 31.71, 29:54, 29.29, 29.09, (24.91, 

24.78), 22.59, 14.08. 

DEPTO NMR (100 MHz, CDCb): 8 (ppm) 167.68, 167.48, 164.11, 158.49, 150.77 (CH), 

149.50 (CH), 148.88 (CH), 147.33, 145.13, 143.79, 143.73, 143.63, 143.02, 138.59 (CH), 

138.50 (CH), 137.22 (CH), 135.17 (CH), 132.10 (CH), 131.85 (CH), 130.83 (CH), 130.69 

(CH), 129.54 (CH), 124.67 (CH), 124.52 (CH), 123.66 (CH), 123.64 (CH), 123.39, 123.20 

(CH), 119.64 (CH), 119.58 (CH), 115.33, 112.45, 60.01, (36.83, 36.73), 31.72, 29.55, 29.29, 

29.09, (24.91, 24.78), 22.59, 14.08. 

31P NMR (162 MHz, CDCb): 8 (ppm) -144.6 (sept, 1]pF= 713 Hz, PF6). 

19F NMR (377 MHz, CDCb): 8 (ppm) -73.2 (d, 1]pF = 714 Hz, PF6), -106.1 (s, ArF), -109.0 

(s, ArF). 

MS (ESI+) m/z: 918.41 ([M-PF6t, 100%). Calcd. for CsoHsslrNs: 918.41. 

lr(ppy)2(m-dcndoDAF)]PF6 (3.44) 
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Under argon, bis-(µ)-chlorotetrakis(2-phenylpyridinato-C 2,N)diiridium(III) 3.2 (52 mg, 0.046 

mmol) and 2,7-dicyano-9,9-dioctyl-4,5-diazafluorene (3.31) (42 mg, 0.093 mmol) and a 

solution of methanol (10 mL) and dichloromethane (10 mL) were charged into a 50 mL round 

bottom flask. The mixture was reflux (70 °C, oil bath) for 24 hours under dark, during heating 

complete dissolution was observed. After cooling to room temperature, NH4PF6 ( 400 mg, 

2.45 mmol) was added and stirred for 1 hour at room temperature. The solvent was removed 

by evaporation and the residue was purified by column chromatography on silica gel eluting 

with DCM:MeOH = 100:1 to afford the product (100 mg, 97%) as a brown solid. The product 

was further purified by column chromatography on silica gel eluting with PE:EA = 8:2 to 

afford the complex 3.44 (80 mg, 77%) as a brown solid. 

1H NMR (400 MHz, CDCb): o (ppm) 8.25 (2H, s), 7.93 (4H, d, J = 8.1 Hz), 7.82-7.76 (2H, 

m), 7.73 (2H, d, J = 5.6 Hz), 7.68 (2H, d, J = 7.4 Hz,), 7.14 (2H, t, J = 6.5 Hz), 7.08 (2H, t, J 
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= 7.5 Hz), 6.95 (2H, td, J = 7.6, 0.9 Hz,), 6.32 (2H, d, J = 7.5 Hz,), 2.12 (4H, t, J = 8.4 Hz), 

1.38- 1.07 (20H, m), 1.03- 0.90 (4H, m); 0.85 (6H, t, J = 7.0 Hz). 

13C NMR (100 MHz, CDCb): 8 (ppm) 167.39, 161.99, 151.64, 150.12, 147.10, 143.82, 

142.23, 138.99, 138.33, 132.12, 131.12, 124.89, 124.29, 123.91, 119.86, 115.20, 114.32, 

60.51, 36.32, (32.14, 31.94), (29.91, 29.75) , 29.52, 29.34, 25.36, (22.91, 22.81), 14.30. 

DEPTO (101 MHz, CDCb): 8 (ppm) 167.18, 161.78, 151.43 (CH), 149.94 (CH), 146.89, 

143.61, 142.03, 138.78 (CH), 138.11 (CH), 131.92(CH), 130.92 (CH), 124.69 (CH), 124.08, 

(CH) 123.70 (CH), 119.64 (CH), 114.99, 114.12, 60.21, 36.12, 31.73, 29.55, 29.32, 29.13, 

25.12, 22.60, 14.09. 
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Chapter4 

4,5-Diazafluorene-Based Oligomers 

4.1 Introduction 

Conjugated material could be polymers and/or well-defined systems such as dendrimers and 

oligomers. The conjugated oligomers, which are small molecules, can serve as model 

compound for understanding the properties of conjugated polymers and are found to be 

attractive candidates for particular applications such as the organic field effect transistor 

(OFET), 1 organic light emitting diode (OLED),2 and organic photovoltaic (OPV)3 devices.4
•
5 

One of the important aspect of monodisperse n-conjugated oligomers, unlike polymer system, 

is to provide a direct conelation between structure and properties. However, synthesis of 

oligomers is more tedious and requires multiple steps. Nevertheless, they can be purified by 

the common method of column chromatography and sublimation, which are not possible with 

polymers.6 Another important aspect of oligomers is the ease of structural modification by 

synthesis compared to polymer counterpart.7 

In general, oligomer synthesis follows a step-wise chain length increase strategy with well­

defined end groups. For example, consider a coupling reaction between the protected amine 

4.1 and acid 4.2 to produce amide-linked product 4.3 as a monomer unit; the protecting 

groups P, (amine protecting group, e.g. tert-butyloxycarbonyl) and P2 (acid protecting group, 

e.g. Metyl ester) can be separately cleaved and the next coupling reaction can be initiated at 

either end to increase the chain length. Oligomers can also be prepared by random approach; 

for instance, a direct coupling between diamine 4.4 and diacid 4.5 with varying the 

stoichiometry of the reaction to favour the oligomers formation . 

Hooc-O-cooP2 

4.2 

4.4 

p'\ - H 0 

H/N-0-N~ 

4.3 Q 
COOP2 

4.5 
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Conjugated oligomers systems are increasingly attracting the attention of materials science 

researcher for electronic application. The simplest conjugated oligomers in terms of structure 

are the oligoenes, consisting of alternating n-n bond . extending over the whole molecule. 

Aromatic conjugated oligomers consisting of monomer units such as benzene, pyrrole, 

thiophene and combination of aromatic and aliphatic unit such as stilbene. An important 

feature of oligomers research is to establish relationship between chain length and physical 

properties, which are extrapolated to understand the behaviour of polymer. Oligomers can be 

polydisperse, but monodisp~rse oligomers are assumed to provide a more precise structure­

property relationship.39 The primary requirement for measurement of physical parameters 

such as the mobility of charge carriers in . photoconductivity and PLQY of excitons in 

photoluminescence is that the sample should be in a highly pu_re . state; otherwise, the 

impurities in the sample may lead to incorrect results or misleading interpretation. Oligomers 

in this regards have an advantage over polymers because they can be purified by zone melting 

or vacuum sublimation and chromatography techniques. Furthe1more, oligomers plays an 

important role for understanding the structure of polymer, the . mechanism of formation of 

polymer, and also for optimising or developing reaction condition required for polymer 

synthesis. It may be stated that, the significance of oligomers is not to be overestimated from 

polymers. Both oligomers and polymers have their own merit as materials for potential 

applications . In this chapter, synthesis of 4,5-diazafluorene based oligomers and their physical 

properties together with DFT calculation studies is presented. A brief discussion of fluorene 

oligomers, which is structurally similar to 4,5-diazafluorene oligomers is also presented. 

4.1.1 Oligofluorenes: Synthesis and Properties 

Fluorene based oligomers and polymers are studied extensively during the last two decades 

for their highly efficient, blue-emission, good thermal and electrochemical stability, high 

charge mobility and easily tuneable properties through chemical modifications and co­

polymerisation for device application. 8•
9 Monodisperse oligofluorenes can be synthesised with 

high purity and demonstrated good performance with high stability as blue emitter in 

OLEDs. 10
•
11

•
12 Oligofluorenes are constructed from the fluorene monomer usually via Pd(0) 

catalysed Suzuki coupling between aryl boronic acids/esters and aryl halides , nickel-promoted 

Yamamoto coupling between aryl halides, and ferric chloride-catalysed Scholl reaction 

between aryl halides. Chen et al. in 2002 have reported the synthesis of the first series of 

chiral monodisperse oligofluorenes.13 A common issue associated with the synthesis of long 

chain length oligomers is following: as the chain length grows with the longer oligomers 

synthesis, purification becomes more and more difficult due to the presence of similar 
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properties different chain length impurities, which are difficult to seperate by conventional 

column chromatography. However, oligofluorenes with up to 16 fluorene units have been 

successfully synthesised by Chen's group following convergent/divergent approach using 

Suzuki and Yamamoto coupling reactions .13 As an example of fluorene oligomer synthesis, 

construction of dimer 4.8 (FF) , trimer 4.13 (FFF), tetramer 4.14 (FFFF), and hexamer 4.18 

(FFFFFF) of fluorene with 2-S-ethylbutyl group at 9-position is depicted in Scheme 4.1 . In 

the reported procedure, halogen substituted fluorene derivative 4.6 was subjected to basic 

butyl lithium reaction at low temperature followed by treatment with isopropyl boronates and 

then by hydrolysis in acidic medium giving boronic acid substituted fluorene 4.7 in good 

yields (80%). Boronic acid 4.7 and halogen substituted fluorene 4.6 were coupled (C-C bond 

formation) in presence of Palladium (0) catalyst, Pd(PPh3)4, to yield the shortest oligomer 4.8 

dimer (FF) with excellent yields (92%). Silyl group protection and deprotection for halogen­

substituted fluorene were employed to prepare the higher monodisperse oligomers such as 

4.18 hexamer (FFFFFF). 
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Scheme 4.1 Synthesis of monodisperse oligofluorenes. 13 

It was demonstrated that the chain length of oligofluorenes plays an important role in solid 

morphology. For instance, phase transition temperature found to increase with increase in 

chain length. Furthe1more, dimer through tetramer are amorphous and the higher chain length 

oligomers forms cholesteric mesomorphism with varying degree of crystallisation. Chen et al. 

also demonstrated that replacement of bulky substituent at 9-position of fluorene oligomers 

changes the morphology of the thin film. Thus, replacement of two sets of 2-S-methylbutyl 
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group in nonamer 4.19 with the bulkier 3S-7-dimethyloctyl group to form nonamer 4.20 

results in cholesteric mesomorphism without crystallisation on heating as well as on cooling. 

According to the authors, this finding can be explained from the simulation studies, which 

reveal that insertion of bulkier 3S-7-dimethyloctyl group avoids the formation of braided 

chiral assemblies, which in tum, allowed the molecules to organise into cholesteric stack. 13 

4.19 (F(2-S-methylbutyl)9) 

4.20 (F(2S-methylbutyl)7F(3S-7-dimethyloctyl)2) 

Ease of substitution at C-9 position of fluorene allows controlling the solubility and molecular 

packing behaviour of conjugated oligofluorenes. In terms of morphological properties, 

fluorene based conjugated oligomers show high the1mal stability (decomposition temperature 

determined by thermal gravimetric analysis is over 400 °C) and high solubility (in case of 

terfluorene, the solubility is 800 g L-1 in toluene). 14 Fluorene-based oligomers are either 

intrinsically highly crystalline or glass-forming materials (spiro-configured pentafluorene 

showed glass transition temperature Tg of 330 °C with no crystallisation or melting 

temperature up to 550 °C). 15 Crystalline conjugated oligomers are desired materials for special 

application such as OFET. Some of fluorene based oligomers [e.g. 4.35 (FTTF)] forms 

highly polycrystalline films upon vacuum deposition onto substrate and have been 

successfully employed as active component in OFET. 16
·
31 

A series of spiro-linked oligofluorenes (such as spiro-linked terfluorene 4.21 and 

pentafluorene 4.22) have been reported to exhibit blue emission with high photoluminescence 

quantum efficiency of upto 50% in neat films. 17
• 
18 They have been synthesised in good yields 

following similar Suzuki and Yamamoto coupling reactions described above for 

oligofluorenes. 
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4.21 b R = C3H7 
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Spirolinked pentafluorene 4.22a R = C8H17, 
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Phase transition temperatures of some of the spiro-linked oligofluorenes determined by 

differential scanning calorimetry (DSC) are shown in Fig 4.1. The spiro-linked terfluorenes 

4.21a and 4.21b, underwent glass transition (Tg) at 60 and 179 °C, respectively, and upon 

heating beyond T g they were crystallise at Tk of 84 and 243 °C (Tk is crystallisation 

temperature), respectively. On further heating, these crystalline materials showed melting 

points, Tm, at 194 and 348 °C, respectively. In contrast to these oligomers, spiro-linked 

pentafluorenes, 4.22a and 4.22b, are morphologically stable and no Tk and Tm were detected 

beyond Tg, which was observed at 56 and 202 °C, respectively. It was noted that shorter alkyl 

substituted spiro-linked oligofluorenes have elevated T g. 
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Fig. 4.1 Differential scanning calorimetric (DSC) curves of spiro-linked terfluorenes 

( 4.21a,b ), pentafluorenes ( 4.22a,b) and heptafluorene; heating scan rates are 20 °C/min. 18 

The morphology of spin-coated films, in general, indicates the feasibility for device 

application. Crystallisation tends to hinder charge transport and causes poor contact, 

therefore, glass film with elevated Tg and amorphous nature are the desired characteristics for 

practical device applications. The spin-coated films of all the spiro-linked oligofluorenes 

exhibited amorphous character, which was determined by electron diffraction method. 

Furthermore, pristine films of the spiro-oligofluorenes exhibited almost identical spectroscopy 

to that of dilute solutions, and upon prolonged heating of the neat films almost did not 

changes the ernissive properties or the quantum yields. 18 Working extensively on 

oligofluorenes, Chen's group in reported a series of homologous, glass forming, nematic 

oligofluorenes synthesised by similar convergent/divergent approach. 10 They reported Tg 

close to 150 °C and a Tc beyond 375 °C for their novel oligoflurenes. To determine the 

spectral stabilities of synthesised oligofluorenes, the ono-domain glassy nematic films of 

oligofluorenes obtained by spin-coating technique were thermally annealed at 10 to 20 °C 
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above their respective Tg for 15-30 min. As an example, the absorption and emission spectra 

of pristine film of nonafluorene 4.23 and the effect of heating on their UV and PL spectra are 

shown in Fig. 4.2. Prolonged heating the film of nonafluorene above the glass transition 

temperature (at 125 °C up to 96 hours) did not result in crystallisation or any observable 

changes in the emission colour. Thus the heating did not affect the emission spectral stability. 

However, a loss in emission intensity was observed, which was attributed to the diminished 

absorption of photoexcitation and some nonradiative decay paths. 
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Fig. 4.2 Effect of prolonged heating on UV and PL spectra of pristine film of nonamer 4.23. 

(The samples was heated at 125 °C, which is 10 °C above glass transition temperature Tg). 10 

Earlier, Andraud et al. reported synthesis of monodisperse fluorene oligomers (n = 1 to 6) 

with hexyl substituent at 9-position with a stepwise increase in chain length using Suzuki and 

Yamamoto couplings. They demonstrated that optical properties of oligofluorenes showed 

dependence on the chain length. 19 Weeger et al. reported similar oligofluorenes up to 

heptamer with an improved method of syntheses. They used Pd-catalysed transformation of 

bromine-substituted fluorene to boronic esters of fluorene (known as Miyaura reaction) under 

a mild condition for the first time, thereby, avoiding the conventional use of strongly basic 

organo lithium reagent to synthesis fluorene boronic acids.23 For instance, the reported 

synthesis of dimer 4.26 [FF(2-ethylhexyl)] utilizing Miyaura reaction (4.24 - 4.25) followed 

by Suzuki coupling ( 4.25 - 4.26) is shown in Scheme 4.2. 
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4.26 [FF(2-ethylhexy l)] 

Scheme 4.2 Synthesis of fluorene dimer 4.26 [FF(2-ethylhexyl)] using Miyaura and Suzuki 

couplings.23 

Furthermore, they found that, the pure oligofluorenes as solid films do not show the undesired 

green-band emission (also known as 'keto defect'), which is a common characteristic of the 

polyfluorenes (more detailed discussion on keto defect is presented in Chapter 5). This may 

be attributed to the lower energy of HOMO of oligofluorenes (upto 6-8 units) compared to 

polyfluorenes. The oligofluorenes from tetramer to heptamer exhibit a liquid-crystalline phase 

with a well-defined isotropisation temperature, which allowed extrapolation to an expected 

isotropization temperature of the polymer of around 475 °C. In addition, the oligomers 

showed an increase in the glass transition temperature with the increase in chain length; this 

allowed extrapolation to a hypothetical glass transition temperature of polymer at around 64 

oc. 23 

Fluorene oligomers represent an unique and emerging class of compound for application in 

optoelectronic devices. In addition, their photophysical and electronic properties provide 

important information for understanding the behaviour of polyfluorene analogues.20 

Successful synthesis and isolation of oligofluorenes of different lengths has enabled the 

determination of effective conjugation length by various research groups to be between 11 

and 14 repeating units for polyfluorenes.21
•
22

·
23 Estimation of conjugation length from linear 

dependence of I/Amax vs. 1/n (n is the monomer unit) for oligomers was reported by Weeger et 

a!.23 as 14 repeating unit for poly[9,9-di-(2-ethylhexyl)fluorenyl-2,7-diyl] and by Miller et al. 

for Poly(9,9-dihexylfluorenes) as 11.8 (Fig.4.3) .2 1 
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Fig. 4 3 Plot of 1/Amax vs. 1/n for oligo(9,9-dihexylfluorenes) in tetrahydrofuran, n is number 

of fluorene units.2 1 

Oligofluorenes with one fluorenone unit in the centre such as 4.27 (FFoF) and 4.28 

(FFFoFF) serve as model compound to understand the origin of keto-defect (low-energy 

emission band, 2.3 e V) in the photoluminescence and electroluminescence spectra of some 

polyfluorene.24
•
25

•
26 Cyclic voltammetry studies of the oligofluorenes with fluorenenone units 

at centre (4.27 trimer, 4.28 pentamer, 4.29 heptamer, shown in Fig 4.4) shows that HOMO 

decreases with extension of chain length from 5.73 eV for trimer 4.27 (FFoF) to 5.52 eV for 

heptamer 4.29 (FFFFoFFF), whereas LUMO remains unchanged at around 3.13 eV. This 

observation implies that LUMO is strongly confined to fluorenone unit. This trend is 

consistent with theoretical calculation results. 

0 

R R R R 
4.27 (FFoF) 

0 

R R 

4.28 (FFFoFF) 

4.29 (FFFFoFFF) 
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Fig 4.4 Cyclic voltammetry curves of oligo(fluorenes-co-fluorenone) 4.27, 4.28, 4.29.24 

Furthermore, the position of the low-energy absorption and the green em1ss10n of 

oligofluorenes having central fluorenone unit is independent of the chain length of oligomers. 

This verifies that the n-n * state and CT n-n * states are localized on the fluorenone units. 

Oligofluorenes with fluorenone units exhibit strong green emission with monoexponential 

decay behaviour. This monoexponential decay remains independent on the concentrations, 

which rules out the possibility that the green emission band originates from aggregates.24 The 

long wavelength emission from such oligomers is originated from excimer formation 

associated with the fluorenone unit, as it was independently established by different 

group.24
•
25

•26 As an illustration, in support of this assertion, the effect of solution 

concentrations on the fluorescence intensity of trimer 4.30 (Fig 4.5) indicates that the intensity 

of emission at longer wavelength (552 nm) decreases relatively to sho1ter wavelength (400 

nm) with a decreasing the solution concentration.25 
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Fig. 4.5 Normalised PL emission of 4.30 (structure as insert) at different concentration under 

excitation at 350 nm.25 

4.1.2 Fluorene-based co-oligomers: Synthesis and Properties 

In general, fluorene co-oligomers of are synthesised by Pd catalysed C-C bond forming 

reactions.9 Pd catalysed Suzuki reaction is generally used,23 but is not always feasible when 

sensitive functional groups are involved. Pd catalysed Kumada coupling reaction between aryl 

Grignard reagent (such as 4.32) and halofluorenes (such as 4.31) provides a good alternative 

to Pd catalysed Suzuki reaction (as an example is illustrated in Scheme 4.3).27 Stille 

coupling28 is preferably used for incorporation of thiophene unit because of easy access to 

organotin-thiophene (such as 4.33) which react readily with halofluorenes (as an example is 

shown in Scheme 4.3).29 In addition, colour tuneable electroluminescent materials based on 

oligo(fluorene-thiophene) which are synthesised by Suzuki type coupling have been 

reported. 30 
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Scheme 4 3 Example of Kumada and Still coupling between fluorene and thiophene units. 27
•
28 

Fluorene-based co-oligomers have been investigated for various applications e.g. OFET, 

lasers and OLED. For instance, oligothiophene consider have been consider as attractive 

materials for OFET but suffer from stability against oxidation. In contrast, fluorene-thiophene 

co-oligomers [such as 4.35 (FTTF)] showed better stability against oxidation.31 Similarly, 

incorporation of dibenzothiophene-S,S-dioxide units into the conjugated oligomers of fluorene 

[such as 4.36 (FFSFF), 4.37 (FSFSF)] were reported as stable high-efficient blue emitters 

with an improved electron affinity. 32 

4.35 (FTTF) 

R R 

R 
4.36 (FFSFF) 

R 

4.37 (FSFSF) 

4.2 Results and Discussion 

Consider the energy level diagrams of 9,9-diethylfluorene (F), dibenzothiophene-S,S-dioxide 

(S) and 9,9-diethyl-4,5-dizafluorene (D) obtained by the DFT calculation at B3LYP/6-31G(d) 

level of theory as shown in Fig. 4.6. The energy gaps (Eg, 4.96, 4.86, 4.88 eV) are similar 

within 0.1 e V differences, however, there is substantial difference in the individual LUMO 
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(-0.77, -1.81, -1.35 eV) and HOMO (-5.73, -6.66, -6.23) energy levels, which are of about 1 

e V among F, S and D units. Therefore, incorporation of S and F units into D causes 

perturbation in HOMO and LUMO energy level which in tum may lead to interesting 

electronic properties such as improve electron transport ability. To study the effect of 

incorporation of S and F units into the backbone of D units a series of their co-oligomer has 

been synthesised and studied their photo-physical properties is discussed in the next section. 

Topologically similar to fluorene, homologous rod type 4, 5-diazafluorene based oligomers 

represent a novel class of electron deficient conjugated organic material, which may be useful 

for optoelectronic application and to our knowledge; they have not been reported elsewhere. 

In the following, synthesis of new monodisperse oligomers of D upto pentamer along with co­

oligomers with S and F units are reported. Their photophysical properties have been studied 

together with DFf calculation. The synthesised oligomers have been fully characterised by 
1H-NMR, 13C-NMR and MS spectroscopy prior to study of their photophysical and 

electrochemical properties. 
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Fig. 4.6 DFf/B3LYP/6-31G(d) energy levels for 9,9-diethylfluorene (F), dibenzothiophene­

S,S-dioxide (S) and 9,9-diethyl-4,5-dizafluorene (D). 

4.2.1 Synthesis of 4,5-Diazafluorene-based Oligomers 

For the synthesis of homologous 4,5-diazafluorene oligomers, borolane-DAF 4.38 and 

diborolane-DAF 4.39 have been synthesised as monomer units shown in Scheme 4.4. 

Borolane-DAF 4.38 and diborolane-DAF 4.39 was synthesised by refluxing monobromo­

DAF 3.23 and dibromo-DAF 3.24 in separate reactions with bis(pinacaloato)diboron 

153 



[B2(pin)2] in dry dioxane with potassium acetate and tetrakis(triphenylphosphine)palladium 

[Pd(PPh3)4] under inert atmosphere (Scheme 4.4). The monobromo-DAF 3.23 and dibromo­

DAF 3.24 were synthesised similar to literature with modified procedure described in Chapter 

3.33 Synthesised borolanes 4.38 and 4.39 was found to be multiple spots on TLC and could 

only be partially purified by column chromatography on silica gel with moderate yields (ca. 

30%). 

3.23 

N N .,y ., 
CaH17 C8H17 

3.24 

B2(pinh 

Pd(PPh3)4, KOAc, 

Dioxane, 

110 °C, 4 h 

Bi(pinh 
Pd(PPh3)4, KOAc, 

Dioxane 

110 °C, 24 h 

4.38 

4.39 

Scheme 4.4 Synthesis of borolane derivatives of 4,5-diazafluorene. 

The homologous 4,5-diazafluorene based oligomers having octyl group at 9 position up to 

pentamer DDDDD have been synthesised (Scheme 4.5). The shortest oligomers in this 

category is the dimer DD, which was synthesised by a Ni-mediated homocoupling 

(Yamamoto reaction) giving good yields (64 %) after column chromatography. Trimer DDD 

was synthesised as one pot synthesis involving two steps; first Miyaura reaction followed by 

Suzuki cross coupling reaction. Miyaura coupling reaction to form monoboronate-DAF 4.38 

was performed by refluxing the monobromo-DAF 3.23, Pd(PPh3)4 and 

bis(pinacaloato )diborolane in dioxane for 4 hours under anhydrous condition. The mixture 

was then subjected to Suzuki reaction, without isolating the monoborate 4.38, by adding 

dibromo-DAFone 3.24, potassium carbonate solution and Pd catalyst and refluxing for 

another 16 hours under inert atmosphere. The crude product was purified by column 

chromatography on silica gel affording pure product DDD as yellow solid in low yield (26% ). 

Bromo substituted dimer 4.40 was prepared by reacting an excess amount dibromo-DAF 3.24 

with borolane-DAF 4.38, in a microwave-assisted Suzuki coupling reaction (3.24-4.40), in 

good yield (39%) after column chromatography. Pentamer DDDDD was then synthesised by 

employing the Suzuki reaction involving diborate DAF 4.39 and bromo substituted dimer 

4.40; the crude was purified by recrytalisation in methanol followed by column 

chromatography on silica gel to afford pure product in good yield (35%). 
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Scheme 4.5 Synthesis of homologous oligo(9,9-dioctyl-4,5-diazafluorenes). 

Compounds 4.41 and 4.43 were synthesised by previously known literature procedures.32 

Borolane derivative of dibenzothiophene-S-S-dioxide (4.42, 4.44) were synthesised in 

excellent yields (> 80%) using Miyaura coupling involving PdCh(dppf) -DCM and ligand 

dppf as catalyst (Scheme 4.6). This developed procedure is a better option than the known 

literature procedure where the reported yield of 4.44 is about 26%.34 Incorporation of 

dibenzothiophene-S,S-dioxide into the diazafluorene unit (DSD, SDS) was performed by 

similar Pd catalysed Suzuki reaction and purified by column chromatography on silica gel in 

good yields (26%, 59%) (Scheme 4.6). In general, for elaboration / optimisation the reaction 

conditions, most of the Pd catalysed reactions described here, were first tested in a small scale 

( < 50 mg) using microwave-assisted reaction conditions (allowing to keep the reaction time to 

be low in these trials) , and then the optimised conditions were employed in conventional 

heating conditions for scaled up reactions (> 500 mg scale). 
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Scheme 4.6 Synthesis of 4,5-diazafluorene co-oligomers with dibenzothiophene-S,S-dioxide. 

Hexyl-substituted DAF 4.45 was synthesised from dibromo-DAF 3.21 by a nucleophilic 

substitution reaction, using n-hexyliodide and t-BuOK as a base in THF under anhydrous 

conditions, in good yield (69%). It may be mentioned here that the synthesis of similar 

product, with longer alkyl groups in a side chain, namely octyl-substituted DAF 3.24, was 

performed with octyl bromide using aqueous NaOH as a base and a phase transfer catalyst in 

DMSO (discussed in Chapter 3), which is easier to carry out and takes less reaction time. Co­

oligomers of 4,5-diazafluorene with fluorene have been synthesised in similar fashion using 

Suzuki type coupling reactions (Scheme 4.7). Trimers (FDF) and (FDoF) have been 

synthesised with conventional heating while the pentamer (FFDFF) was prepared using 

microwave assisted reaction (irradiated with 150 watt at 150 °C) in good yields (61 %) 

(Scheme 4.7).The boronic acid derivatives of fluorene (4.46, 4.49) were synthesised by 

literature procedure.24
·
32 
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Scheme 4.7 Synthesis of 4.5-diazafluorene and 4,5-diazafluorenone co-oligomers with 

fluorene. 

4.2.2 Absorption and emission properties of 4,5-diazafluorene-based oligomers 

The absorption and emission spectra of all the DAF based oligomers have been measured in 

both solution (degassed HPLC grade dichloromethane) and solid state (spin-coated films on 

quarts windows) at room temperature. The important photophysical data are compiled in 

Table 4.1. 

4.2.2.1 Absorption 

UV-Vis absorption spectra of all the oligomers both in solution (Fig. 4. 7) as well as in film 

(Fig. 4.8) show strong bands between 300 nm to 400 nm attributed to spin allowed (n-n*) 

transition; appearance of weak band around 450 nm in FDoF is attributed to spin forbidden 

(n-n*) transition of the carbonyl group in DAFone unit. The absorption maxima of 

homologous oligomers shows a bathochromic shift of about 3 to 10 nm from solution to film 
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(Table 4.1), lowest red shift (3 nm) being for the longest oligomer DDDDD. Similar red 

shifted absorption maxima are observed for the co-oligomers, longest red shift (15 nm) being 

for the co-oligomer DSD. 
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Fig. 4.7 Normalized UV-Vis absorption spectra of 4,5-diazafluorene oligomers and co­

oligomers in dichloromethane. 
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Fig. 4.8 Normalized UV-Vis absorption spectra of 4,5-diazafluorene oligomers and co­

oligomers films spin coated film on quartz substrate 
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The optical energy gaps (Eg) were determined from the absorption edge of spin-coated films . 

They are in the range 2.44-3.27 eV and found to be decreasing with increase in conjugation 

length (DD to DDDDD) (3.27 to 2.93 eV). This decrease trend in band gap may improve the 

electron transport properties inherent to 4,5-diazafluorene molecule as demonstrated by Wang 

et az. 35,36 

To determine the conjugation length in the linear n-system of oligo( 4,5-diazafluorene), the 

longest wavelength absorption maxima of oligomers in dichloromethane (Table 4.1), is 

plotted against the reciprocal of monomer unit (1/n), and extrapolated to infinite chain length. 

This can be related to the conjugation length in the system investigated (Fig. 4.9). 37
•
38 The 

resulting information on the so called effective conjugation length found to be 11-12 units for 

the homologous DAF oligomers. Therefore, the higher oligo(4,5-diazafluorene) or poly(4,5-

diazafluorene) the absorption maximum may be predicted to be about 3.2 eV in DCM 

corresponding to 11-12 monomer units.39 This value is close to the conjugation length 

observed for oligofluorenes reported in literature (see section 4.1.1).21
•
23 
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Fig. 4.9 Plot of absorption maxima (eV) versus l/n for oligo(9,9-dioctyl-4,5-diazafluorenes) 

in dichloromethane, where n is the number of repeating D units in the oligomers (D = 9,9-

dioctyl-4,5-diazafluorene). Extrapolated to Poly(D) in chloroform absorption maximum (data 

from chapter 5). 
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4.2.2.2 Emission 

Emission spectra of all oligomers were measured in degassed HPLC grade dichloromethane at 

room temperature, with an excitation at 350 nm (except FDoF, which was excited at 370 nm) 

(Fig. 4.10). They exhibit vibronic emission in the blue region (375-429 nm), except for FDoF 

which emits broadly at 579 nm attributed to the presence of carbonyl group as reported in 

literature for FFoF.24·25 Photoluminescence spectra of films measured at room temperature 

(Fig. 4 11) exhibit broad featureless emission in the range (415-440 nm). A red shift of about 

25 nm from dimer (DD) to trimer. 
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Fig. 4.10 Normalized photoluminescence spectra of 4,5-diazafluorene oligomers and co­

oligomers in degassed dichloromethane. A.ex = 350 nm (for FDoF, A.ex= 370 nm). 

DDD) and 42 nm from dimer (DD) to pentamer (DDDDD) compared to solution was 

observed in films. FDF exhibit largest red shifted emission of 68 nm in films with the 

emission maxima cantered at 477 nm. A large red shifted emission maximum was observed 

for FDF (477) and a low red shift for SDS (435) compared to DDD (430 nm) in films. This 

may be attributed to fact that the fluorene units are better electron donor than the 

dibenzothiophene-S,S-dioxide units. 

4.2.2.3 Photoluminescence quantum yields 

For all the oligomers , photoluminescence quantum yields (PLQYs) were estimated both in 

solution and in film (Table 4.1). The PLQYs in solution using 9,9-diphenylanthracene as 

standard reference found to be high in the range 85-100% . In films , the absolute PLQY s are 
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in the range 15-40%. For homologous oligomers (DD to DDDDD) substantial quenching of 

PLQYs was observed in film compared to solution (from 80-100% in solution down to 12-

15% in films). The co-oligomers of 4,5-diazafluorene with dibenzothiophene-S,S-dioxide 

(SDS, DSD) and fluorene (FDF, FFDFF) showed an improve photoluminescence quantum 

yields in film (24-42%) compared to homologous oligo-4,5-diazafluorenes. This phenomenon 

may be attributed to formation of aggregates or excimer in excited state.40 
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Fig. 4 11 Normalized PL spectra of 4,5-diazafluorene oligomers and co-oligomers films spin 

coated film on quartz substrate. 

Incorporation of 9-diazafluorenone in between fluorene units (FDoF) results in green 

emission both in solution and in film similar to known oligofluorenone reported.41 The 

quantum yields for FDoF in film as well as in solution is considerably lower compared to 

other oligomers; similar trend is observed for fluorene-fluorenone systems that are reported in 

literature. 20 
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Table 4.1. Absorption photoluminescence maxima of 4,5-diazafluorene-based oligomers in 

solution and in the solid state, their photoluminescence quantum yields and optical energy 

gaps . 

<Dpr.fo/o , <Dpr.fo/o , 
"-abs(nm) "-ab/nm) "-FL(nm) "-FL(nm) Eg 

Compound O-exlnm),a b 
CH2Cl2 Film CH2Cl2 Film 

0 -exlnm) , 
(eVf 

CH2Cl2 Film 

lD (3.22)d 317, 305 
(no 

N.D. N.D. - - -
emission) 

375,392 
DD 343 353 415 86 (350) 15 (355) 3.27 

(sh) 

400,421 
DDD 364 374 

(sh) 
430 101 (350) 13 (375) 3.04 

417,442 
DDDDD 382 385 

427, 451 (sh), 
92 (350) 12 (385) 2.93 

(sh) 481 (sh) 

409,428 
FDF 366 373 477 93 (350) 35 (350) 3.09 

(sh) 

377,325 429, 453 
FFDFF 386 

(sh) (sh) 
440, 456 (sh) 84 (350) 42 (385) 2.92 

360, 364,464 
FDoF 579 (br), 569 (br) 1 (370) 8 (370) 2.44 

450(br) (br) 

343 (sh), 405,426 
DSD 365 440 89 (350) 24 (365) 3.02 

350 (sh) 

362,289, 
SDS 370 398,419 

303 
435, 480 (sh) 101 (350) 30 (370) 2.99 

aPhotoluminescence quantum yields estimated using 9,10-diphenylanthracene in degassed 

cyclohexane as a reference (<DPL = 0.90)61
, (excitation wavelengths in nm are in brackets). 

b Absolute photoluminescence quantum yields in the solid state determined using an 

integrating sphere for spin coated films on a quartz substrate. coptical energy (HOMO­

LUMO) gap determined from the absorption onset of spin coated films on quartz substrate. 

ctsynthesis of monomer unit D (3.22) is described in Chapter 3. 
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4.2.3 Cyclic voltammetry study of 4,5-diazafluorene-based oligomers 

In order to evaluate n-doping and p-doping properties of the synthesised DAF based 

oligomers, electrochemical properties were investigated by cyclic voltammetry (CV) 

measurement (Fig. 4.12) . The HOMO and LUMO energy level were derived from oxidation 

and reduction potential measured by CV using the equation (1) and (2) (the data are compiled 

in Table 4.2), assuming internal reference ionisation potential of Fe/Fe+ is 4.8 eV below the 

vacuum.42.43 

EHOMO = - (Ep[oxvs.Fc+/Fc] + 4.8) (eV) ..... ........ ... ... ... ................... ... ...... .. (1) 

EwMO = - (E112[red vs. Fc+/Fc] + 4.8) ( e V) .................... ......... ..... ................. (2) 

As shown in Fig. 4.12a, the homologous oligomers of DAF show reversible reduction peaks 

in THF and quasireversible oxidation peaks in DCM. With increase in chain length from 

dimer DD to pentamer DDDDD, there is decrease in electrochemical energy gap (E8, 

difference in HOMO and LUMO energy) of about 0.3 e V. Similar pattern in oxidation and 

reduction potentials was reported for structurally similar oligofluorenes.44 The reduction 

potentials of the pentamers (DDDDD and FFDFF) were found difficult to measure, perhaps 

due to lower solubility of higher oligomers in THF and/or slower electrochemical kinetics. 

Two well-separated reduction peaks were observed for FDoF co-oligomer (Fig. 4.12b), which 

are positively shifted compared to the other oligomers. HOMO energy level of FDoF (-6.17 

eV) is comparable to the other oligomers while substantially lower LUMO energy level (-3.44 

eV) was observed. This can be attributed due to the keto group (contributes largely to LUMO 

orbital, see Fig. 4.15) at the central unit of FDoF. Incorporation of dibenzothiophene-S,S­

dioxide (S) on DAF oligomers (DSD compared to DDD) (D) bring positive shift in reduction 

potential (E½rectJ) by ca. 0.lV and negative shift in oxidation potential by ca. 0.04V, signifying 

lower LUMO level of DSD compared to DDD. On the other hand, incorporation of fluorene 

units into backbone of DAF increases the oxidation potential and decreases the reduction 

potential. For instance, oxidation potential of FDF is 1.08 e V while that of DDD is 1.06 e V. It 

can be seen from Table 4.2, that for different oligomers, LUMO energy levels differs 

considerably compared to HOMO levels. Since the electronic properties of the conjugated 

system are largely associated with the first exited state transition (HOMO-LUMO), the 

photophysical properties of these oligomers are governed largely by the LUMO. Such 

materials are considered good candidate as electron transporting material. Moreover, the trend 

of electrochemical energy gap Eg (Table 4.2) obtained by CV measurement co1Telates well 

with optical energy gaps estimated from the absorption spectra edges of spin-coated thin films 

(Table 4.1). The energy gaps obtained from both methods are in the range of 2.5-3.1 eV. 
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Materials with such energy gap (2.5- 3.1 eV) can be viewed as a potential semiconductor 

material for electronic applications. 
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Fig. 4.12 Cyclic voltammograms of (a) monodisperse oligomers of 4,5-diazafluorene (b) D/S 

co-oligomer (c).and F/D co-oligomers. Reduction scan are in THF and oxidation scan in 

DCM at room temperature, scan rate of 100 m V/s, 0.2 M Bu4NPF6 as supporting electrolyte, 

Ag/Ag+ as reference electrode and Pt as working electrode. 
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Table 4.2. Redox potentials of oligomers determined by cyclic voltammetry. 

Samples Epox (V) E½redl E red2 ½ EttoMo ELUMO Egcv 

(V) (V) (eV) (eV) (eV) 

DD 1.05 -2.31 -5.85 -2.49 3.35 

DDD 1.06 -2.10 -5.86 -2.71 3.15 

DDDDD 0.96 -2.12 -5.76 -2.69 3.06 

FDF 1.08 -2.11 -5.88 -2.69 3.19 

FFDFF 0.91 -1.69a -5.71 -3.11 2.60 

FDoF 1.37 -1.36 -1.98 -6.17 -3.44 2.73 

DSD 1.02 -1.96 -5.82 -2.84 2.98 

SDS 1.07 -1 .97 -5 .87 -2.83 3.04 

Potentials are recalculated vs Fe/Fe+ couple (0.19-0.22 V) as internal reference. EHoMo == - Ep[ox vs. Fc+/FcJ + 4.8, 

EwMo == - E112[red vs. Fc+/FcJ + 4.8, except for FFDFF where onset potential has been used. E/ v == - (£HOMO -

EuJMo). aFirst half wave oxidation potential ( £ 112°'). aonset potentials. Reduction scans are in THF and oxidation 

scans are in DCM at room temperature; scan rate of 100 mV/s, 0.2 M Bu4NPF6 as supporting electrolyte, Ag/Ag+ 

quasi-reference electrode reference electrode and Pt as working electrode. Ep0
' is the peak potential of oxidation 

process. £ ½red I is first half wave reduction potential and E½red2 is the second half wave potential. 

4.2.4 Computational studies of 4,5-diazafluorene-based oligomers 

In this section, a study of the structures of oligomers of DAF with fluorene and 

dibenzothiophene-S,S-dioxide units to determine the electronic properties: HOMO-LUMO 

energies and frontier orbital distribution have been presented. All these properties are 

imp01iant for application in optoelectronic devices point of view. All the computational 

studies were pe1formed in Gaussian 0945 using the density functional theory method (DFf) as 

applied in that computational package. The hybrid functional B3LYP, which combines 

Becke's exchange and Lee, Yang, Paar's correlation functional with 6-31G(d) basis set, were 

used for quantum-chemical calculation. Such model has been widely used for geometry 

opt1m1zation and determining the electronic properties for closed-shell organic 

compounds.46
•
47 It may be noted, all the oligomers geometry have been calculated with ethyl 

substituent at the 9 position of DAF and fluorene instead of octyl substituent so as to save 

calculation time, which in general does not affect the outcome of results. Here, D = 9,9-

diethyl-4,5-diazafluorene, Do= 4,5-diazafluoren-9-one, F = 9,9-diethyflourene, Fo = fluoren-

9-one, S = dibenzothiophene-S,S-dioxide. 
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4.2.4.1 Geometry of diazafluorene-based oligomers 

The geometries of conjugated oligomers DDD, FDF, SDS and FDoF have been optimized by 

density functional theory method (DFT) at B3LYP/6-31G(d) level of theory (Fig. 4.13) and 

an electronic structure of these oligomers have been calculated at the same level of theory 

using Gaussian 09 package of progams.45 The force constants and vibrational frequency for 

stationary points have been calculated after optimization to check that they were true minima. 

The consecutive monomer units of the respective oligomers structure are arranged in slightly 

twisted manner with the substituent at 9-position (two alkyl chains) being opposite with 

respect to the plane of molecule (Fig. 4.13). For all the oligomers, the dihedral angles between 

the rings are similar and close to 38 degree. The inter-ring bond distances are about 1.48 A for 

all the oligomers calculated from optimised geometry. 

DDD FDF 

SDS FDoF 

Fig. 4.13 Optimised structures of conjugated oligomers. Calculated at DFT/B3LYP/6-31G(d) 

level. For simplicity, H atoms are omitted and tube framework used with colours blue = 

nitrogen, red= oxygen, and yellow= sulphur atoms using Gauss View 05 software.45 

4.2.4.2 Frontier Molecular Orbitals of diazafluorene-based oligomers 

The highest occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbitals 

(LUMO) of conjugated oligomers provide reasonable qualitative indication of their electronic 

properties and the ability of electron or hole transport. In addition, the HOMO-LUMO gap of 

oligomers provides an indication as potential semiconductor. Here, the frontier orbitals, 

HOMO and LUMO, of DAF-based oligomers are calculated and analysed. 

The contour plots of the HOMO and LUMO of trimer such as DDD, FDF, DSD, SDS and 

FDoF are shown in Fig. 4.14. For all the oligomers, the frontier orbitals are distributed over 

the whole n-conjugated backbone with different contribution from the different part of the 

oligomer chain. There is antibonding between the bridge atoms of the inter-ring in HOMO 

while it is bonding in LUMO. In the same manner, there is bonding between the bridge 
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carbon atom and its conjoint atom of intra-ring in the HOMO while antibonding in the 

LUMO. This may explain the non-planarity of the optimised structure in ground state of 

oligomers as shown in Fig. 4.13 . For these types of oligomers, the first excitation is almost 

exclusively between the HOMO and LUMO.32•47.48 This implies that the singlet-excited state 

is more planar than the ground state geometry. 

As shown in Fig. 4.12, the oligomers DDD, FDF, and SDS show the same type of distribution 

of HOMO and LUMO. However, for FDoF the LUMO is concentrated at the central subunit 

while HOMO is spread all over the n-conjugated backbone. This may explain the 

experimental long wave emission (green emission, 579 nm, Table 4.1) and low reduction 

potential (E½rectI = -1.358 V, Table 4.2) observed for FDoF. Similar long wave emission has 

been reported for structurally similar FFoF oligomers while investigating the 'keto 

defects' . 24,25,26 

LUMO HOMO 

,j 

J 

,j f J 

,j ,j 

..J 

.:/ 

DDD 

A ,~. I· .> 
:, .; .. 

,j ,..J 
,j J :/ 

FDF 

J 

,j ' ,> .> 
,j :, 

• • 
SDS 

• ,j 

.> t 
FDoF 

Fig. 4.14 HOMO and LUMO orbitals of DAF based oligomers DFT/B3LYP/6-31G(d) 

calculation (isovalue = 0.02). 
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In the experi91ent, the HOMO and LUMO energies are obtained from oxidation and reduction 

peaks of respective oligomers measured by cyclic voltammetry (Table 4.2). The similar 

HOMO and LUMO energies obtained by DFf/B3LYP/6-31G(d) calculation for oligomers are 

compiled in Table 4.3. Some additional model oligomers are also included for this study. The 

trend of increase and decrease of HOMO and LUMO energies of the respective oligomers can 

be explained in terms of electron accepting dibenzothiophene-S,S-dioxide (S) and electron 

donating fluorene (F) ability in comparison to 9,9-diethyl-4,5-diazafluorene (D) subunit. This 

trend of increase and decrease of HOMO and LUMO energies by DFf calculations correlate 

well with the experimental results obtained by cyclic voltammetry. For example, the LUMO 

energies of SDS, FDF and DDD obtained by DFf calculations are -2.339, -1.688 and -2.017 

eV respectively (Table 4.3b) and those obtained by cyclic voltammetry are -2.832, -2.693 and 

-2.705 eV, respectively (Table 4.3), which clearly follows the same trend. The absolute values 

of orbital energies obtained by cyclic voltammetry measurements in solutions are higher than 

DFf calculated for a gas phase by ca. 0.5-1 eV. 

> 
~ 

-1 

-2 

~ ~ -3 
(') ·-

' Cl 
~ :u a. C: >- (I) 

~ ni -5 m -; 
:c 
0 

-6 

- -- - - -
- - - - - - LUMO -

3.48 

3.76 3.76 3.76 3.76 3-80 3.80 E 
3.58 3.59 3.54 3.56 g 

3.52 
.33 

- - - -- HOMO - - -- -

Fig. 4.15 HOMO and LUMO orbitals energies of oligomers by B3LYP/6-31G(d) calculation. 
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Table 4.3 HOMO and LUMO energy levels of 4,5-diazafluorene-based oligomers. Calculated 

at DFT/B3LYP/6-31 G(d) level in a gas phase. 

Oligomers EttoMo (eV) EwMo (eV) E/ (eV) 

FDoF -5 .652 -2.560 3.09 

DFoF -5.798 -2.468 3.33 

FFDFF -5.250 -1.773 3.48 

FDF -5.446 -1.688 3.76 

DFD -5 .527 -1.769 3.76 

SDS -6.103 -2.339 3.76 

DSD -6.018 -2.261 3.76 

FFF -5.201 -1.402 3.80 

FFFFF -5.106 -1.525 3.58 

DDD -5.813 -2.017 3.80 

DDDDD -5.754 -2.164 3.59 

DDSDD -5.882 -2.361 3.52 

FDFDF -5.386 -1.840 3.54 

DSDSD -5.994 -2.439 3.56 

3HOMO-LUMO energy gap, Eg = EuJMo - EttoMo. 

Compared to oligofluorenes, D/S based oligomers result in narrower HOMO- LUMO gap. 

The experimental results of lower optical energy gap of DSD (Eg = 3.02 eV) compared to 

DDD (Eg = 3.04 eV) correlates well with that of DFT calculation results. DFT calculation up 

to octamer with ethyl substituent at the 9 positions of both F and D is carried out and are 

represented in Fig. 4.16. The HOMO-LUMO gap energies becomes similar for higher 

oligomers which is merely differ by 0.01 eV for FFFFF compared to DDDDD. Therefore, 

increasing chain length beyond 6-7 subunits will not bring observable changes in HOMO­

LUMO gap. In the experiment, the conjugation length extrapolated to be about 12 units for 

DAF-based homologous oligomer (Fig. 4.8) . Thus from synthetic point of view, homologous 

oligomers up to pentamer are good enough for understanding the physical properties related 

with chain length. The HOMO and LUMO energies of 4,5-diazafluorene oligomers are about 

0.64 eV lower than that for fluorene oligomers (compared up to octamer). The effect of 

further increase in chain length DAF oligomers including polymeric behaviour will be 

discussed in Chapter 5. 
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Fig. 4.16 Diagram of B3L YP/6-3 1 G( d) frontier orbital energy levels vs. n (n is a number of 

monomer units) for oligo(9,9-diethylfluorenes) and oligo(9,9-diethyl-4,5-diazafluorenes) . 

4.4.5 Study of FDF oligomer as optical sensor for metal ions 

As mention previously in Chapter 2, 4,5-diazafluorene derivatives have the potential to be 

used as sensors for metal ions because of presence of two nitrogen atoms, which can bind to 

metal ions. Therefore, careful design and synthesis of 4,5-diazafluorene derivatives may lead 

to novel sensors for metal ions. Fluorescent techniques are widely employed for detection of a 

variety of analytes.49
•
50

•
51

•
52 In general, metal coordination with organic chromophore results in 

change of their photophysical and/or electrochemical properties which are quantified as a 

signal for applications in sensing and detecting metal ions. Fluorescent probe is fast emerging 

field of research in biological and environmental science of detecting, sensing and imaging 

and is considered as one of the best detection technique due to the low detection limit, high 

sensitivity, commercial availability and fast measurement time.49
•50 Most of the fluorescent 

probes for metal ions are based on metal coordination with organic chromophore resulting in 

a change in emission intensity, lifetime or wavelength of the organic chromophore. Various 

approaches are used in design of fluorescent probes for metal ions exploiting e.g. photo 

induced electron transfer (PET),53 photo induced charge transfer (PCT)54, fluorescence 

resonance energy transfer (FRET) or photo induced excimer/exciplex formation. 49
•50 

170 



FDF 

~ 
(THF) 

Jt 
Donor Acceptor 

E - - LVMO LUMOr~~ 
HOMO ____ I HOMO 

cpo-form Bound-form 

- Quenching PL emission 
- Change PL wavelength 

Donor Acceptor 

Wcwlength (nm) 

Fig. 4.17 PCT fluorescent probe for metal cation and their sensing mechanism. 54 

The through-bond intramolecular charge transfer (ICT) occurs efficiently in donor-acceptor 

(D-A) systems in which the D and A units are separated by arc-conjugated linker.49 Such D-A 

systems are normally characterised by a large Stokes shift, visible light excitability and metal­

coordination induced emission shift.49
•
50

·
51 FDF oligomer represent a D-A system separated 

by cr-bond spacer in which D is the fluorene unit and A is the 4,5-diazafluorene unit. The 

photophysical properties of FDF has been studied in the solution as well as in the solid state 

and discussed in previous section. Photoluminescence spectrum of FDF oligomer showed 

some vibronic feature with two distinct bands at 409 nm and 429 nm (blue emission) in 

dichlorometane (Fig. 4.10). In films its photoluminescence is red-shifted to give a 

structureless emission peaked at 477 nm (Fig. 4.11). High photoluminescence quantum yield 

in solution 93 % (in dichloromethane) as well as in solid state 35% (spin coated film) was 

recorded for FDF (Table 4 1). Cyclic voltametric study showed reversible reduction wave 

with E ½red = -2.11 V and quasi-irreversible oxidation peaked at Ep ox = - 1.08 V (Table 4.2) 

which indicates good redox stability in solution. 

The emission spectra of FDF showed dependence on the solvent polarity. As seen in Fig. 

4.18, broadening of emission bands of FDF and their significant bathochromic shifts are 

observed upon increasing the solvent polarity (hexane -- toluene -- acetonitrile -- ethanol). 

Such a solvent dependence of emission indicates that ICT occur efficiently between D and F 

unit in the excited state. The peak absorption wavelengths of FDF were only slightly 
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dependent on the solvent polarity (Fig. 4.18) which indicates very low interaction between D 

and F in the ground state. Such process suggests fast PET fluorescence probe 

mechanism. 49·50
•
51 
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Fig. 4.18 Normalised absorption (solid line) and emission spectra (dashed line, excited at 

absorption maxima) of FDF in hexane (blue), toluene (green), acetonitrile (orange) and 

ethanol (red). 

The combined photophysical properties of FDF together with chelating ability implies that 

DAF-based emissive D-A type oligomers can be good candidates for developing sensors for 

metal ions. In this section, preliminary studies using UV-Vis and fluorescence spectroscopy to 

understand the interaction of various metal salts with the FDF oligomer is discussed. 

4.4.5.1 Effect of various metal ions on UV- Vis and PL spectra of FDF 

The metal salts used in these studies were NaClO4, Ba(ClO4)2, LiClO4, Mg(ClO4)2, Ni(NO3)2, 

Hg(ClO4)2, Cu(BF4)2, Fe(ClO4)3, Pb(ClO4)2 and AgClO4_ Absorption spectra of FDF and its 

1: 1 mixture solutions with various metal salts in THF are shown in Fig. 4.19-4.20 and 

corresponding emission spectra are shown in Fig. 4.21-4.22. Marginal decrease in absorption 

intensity of FDF was observed upon addition of excess amount of Cu2+, Mg2
+, Na+, Li+ and 

Ba2+ ions with no changes in absorption maxima (less than 1 nm). In contrast to the behaviour 

of the above cations, Hg2+ and Fe3+ showed pronounce decrease in the absorption intensity 

with pronounced red shift of absorption maxima of about 38 nm and 52 nm respectively. 

Furthermore, among all the studied metal ions, Hg2+ and Fe3+ led to a significant red shift of 

emission of about 100 nm and high degree of photoluminescence quenching. 
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Fig. 4.19 The absorption spectrum of 1.37 ~LM oligomer (FDF) in THF solutions with 

different metal cation. 
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Fig. 4.20 The absorption spectrum of 1.37 ~LM oligomer (FDF) in THF solutions with 

different metal cations. 
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Fig. 4.21 Fluorescence spectra of 1.37 µM oligomer FDF in THF solutions (excited at 365 

nm) in the absence of metal cations and in presence of 13.7 µM different metal cations (Cu2+, 

Mg2+, Na+, Li+, Ba2+) excited at 365 nm. 
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Fig. 4.22 Fluorescence spectra of oligomer FDF (1.37 µM) in THF solutions (excited at 365 

nm) in the absence of metal cations and in presence of 13.7 ~LM of Hg2+ (excited at 403 nm), 

Fe3+ ( excited at 417 nm), Ag+ ( excited at 367 nm), Pb2+ ( excited at 379 nm) and Ni2+ ( excited 

at 371 nm). 

These initial results indicate that FDF oligomer chelates strongly with Fe3+ and Hg2+ cations 

and as a result, such metal coordination induces the changes in absorption and emission 

spectra. Graph 4.1 depicts the efficiency of the photoluminescence quenching upon addition 
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of various metal ions demonstrating particularly efficient process for Hg2
+ which led to nearly 

100% quenching of the emission when excited at 426 nm. 
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Graph 4.1: Fluorescence intensity responses (I/lo) at 426 nm of the oligomer (FDF) before 

and after adding the metal cation, excited at absorption maximum (365-417 nm), lo is the 

fluorescence intensity of cation free and lo is the fluorescence intensity of with metal ion. 

The possible PCT mechanism for the red shift observed in the emission spectrum of the 

oligomer FDF upon coordination with the metal ion is illustrated in Fig.4.17. Further, metal 

coordination with the acceptor of ICT chromophore (that is bound FDF) led to decrease in 

HOMO and LUMO energy level compared to unbound FDF and results in red shifted 

emission. 

FDF oligomer shows good binding ability towards both Hg2+ and Fe3+ as evident from 

corresponding changes in its absorption and emission spectra upon complexation. The 

normalised absorption and emission spectra of FDF are shown in Fig 4.23 for more clear 

illustration. Both Hg2+ and Fe3+ caused red shifts (41 and 53 nm, respectively) of absorption 

maximum centred at 405 and 417 nm in THF, respectively. Absorption maximum upon 

addition of Fe3+ is about 12 nm more red shifted compared to that of Hg2
+ (Fig. 4.23b). 
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Moreover, about 100 nm red shifted structureless emission maximum centred at 502 nm was 

observed for both Hg2
+ and Fe3

+ when excited at 415 nm (Fig 4.23b). Development of sensor 

for mercury ions is highly sought after as it is one of the most toxic metal ion causing 

environment and water pollution.55
•
56

•
57 We focused our studies on Hg2

+ detection, since the 

development of sensors for mercury ions is a big challenge due to the high toxicity of mercury 

and the associated issues of water contamination and environmental pollution by mercury 

compounds. 
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Fig. 4.23 Normalised absorption spectra (a) and PL spectra (b) of FDF (10 µM) and 1:1 

mixture solution of FDF (20 µM) with HgClO4 (50 ~tM) and FeClO4 (50 µM) in THF. 
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4.4.5.1 Effect of Hg2+ ions concentrations on absorption and emission spectra of FDF 

Effect of increase in concentration of Hg2
+ (1 to 50 µM) into FDF (20 µM) solution in THF 

on emission, excited at 365 and 415 nm is shown in Fig. 4.24. When excited at 365 nm, with 

an increase in concentraion of Hg2
+ upto 40 µM follows a trend of increase in the quencing of 

emission. The quenching of emission becomes nearly100% at 50 µM concentration of Hg2+. 

At excitation wavelength of 415 nm, about 40 times enhancement of the emission intensity 

along with 99 nm red shift centred at 507 nm was observed. This may be attributed as a result 

of chelation enhanced fluorescence phenomena. The maximum enchancemnt of emission 

intensity occurs when concentration of Hg2
+ is about double then that of FDF. The 

corresponding effect of increase concentration of Hg2
+ (1 to 50 µM) into FDF (20 µM) 

solution in THF on absorption is shown in Fig.4.24b. Gradual red shifted (up to 41 nm) 

absorption maximum of FDF was observed as a results of increase in concentration of Hg2
+ 

upto 40 µM. As shown in Fig 4.24a, the formed complex is emissive and emits at longer 

wavelength (507 nm, green emission). Therefore, this gives rise to the possibility of detecting 

Hg2
+ through both quenching of blue emission of FDF ("ON➔OFF") when excited at 365 nm 

and formation of complex FDF:Hg2+ which results in emit green light when excited at 415nm 

("OFF➔ON"). 
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Fig. 4.24 The absorption (a) and PL spectra (b) of FDF (20 µM) in THF with increased 

concentration of Hg(ClO4)2: 1, 5, 10, 30, 40, 50 µM (solutions were prepared as in a 1: 1 

mixtures). For PL spectra (b), the THF solutions were excited at 365 nm (solid lines) and 415 

nm (dashed lines), respectively. 
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4.4.5.2 Determination of stoichiometry of the complex between FDF and Hg2+, and 

detection limit of Hg2+ 

Binding stoichiometry of the coordination complex can be determine using Job's method.58•59 

The absorption and photoluminescence spectra for titration of FDF with HgClO4 are shown in 

Fig. 4.25 The corresponding Job's plot using both fluorescence and absorption intensity (Fig. 

4.26) reveal 2:1 (FDF:Hg2+, mole ratio) stoichiometry for the [FDF-Hg2+] adduct.The 

corresponding structure of the possible complex formation is depicted in Fig.4.27. 
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Fig. 4.25 UV-Vis absorption ( a) and emission spectra (b) of mixtures of equal concentrations 

(20 µMeach) of FDF and Hg(ClQ4)2 in different ratios , in THF. 
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Fig. 4.27 Formation of possible 2: 1 ratio FDF:Hg2
+ complex in THF and change in the 

emission characteristics on complexation. Photograph depicting the colourless FDF solution 

in THF turn greenish upon addition of Hg2
+ in day light. 

Measurements of known concentraions of FDF:Hg2
+ complex emission intensity can be used 

to determine the unknown concentration of Hg2
+ in a given sample by plotting calibration 

graph of the emission intensity vs concentration. Photoluminescence titration of FDF with 

Hg2
+ ions showed that an intensity of the long wavelength emission band at 507 nm of 

FDF-Hg2
+ complex gradually increased with an increase of Hg2

+ ions up to certain limit 

(Fig.4.28). Measurable increase in fluorescence intensity with an increase of Hg2
+ 

concentration added into FDF solution in THF could be observed which allowed to estimate 

the detection limit to be about 3 x 10-7 M. The formation of complex of Hg2
+ with FDF could 

be visible in naked eyes with change in colour from nearly colourless solution of FDF in THF 

to light green colour when Hg2
+ is added (Fig. 4.27). 
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Fig. 4.28 The photoluminescent spectra of FDF (lOµM) titrated with increased concentration 

HgClQ4 (0-54.25 µM) in THF excited at 410 nm. 

4.3 Conclusion 

We have synthesised novel monodisperse rigid rod type oligomers of based on 4,5-

diazafluorene monomer unit, up to pentamer, along with its co-oligomers with fluorene and 

dibenzothiophene-S,S-dioxide moieties in good yields (25-70%) and carried out their 

photophysical and electrochemical studies. All the oligomers were purified using column 

chromatography and fully characterized using NMR and MS spectroscopy prior to physical 

studies. Homologous rigid rod type oligomers of 4,5-diazafluorene (DD to DDDDD) can 

serve as model to understand the behaviour of n-conjugated polymers of this class of 

compounds. 

The absorption maxima in solution (343-382 nm) as well as in films (353-385) for DAF 

homo-oligomers undergo red shift with an increase of the chain length (by 20 nm from dimer 

DD to pentamer DDDDD). In addition, there is some red shift of absorption maxima (-10 

nm) from solutions to films. The optical HOMO-LUMO energy gap determined from 

absorption edge in films was found to be decreased with an increase of the main chain length 

(DD, Eg = 3.27 e V to DODD, Eg = 2.93 e V), indicating possibility of further decrease in band 

gap with increase in chain length. The electrochemical band gap determined by cyclic 

voltammetry for homologous 4,5-diazafluorene oligomers follows the similar trend. The 

emission maxima for this class of oligomers are in deep blue region of the spectrum (375--417 
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nm) in solution and somewhat red shifted by ca. 10-40 nm in films (415-427 nm). 

Introduction of fluorene and dibenzothiophene-S,S-dioxide into the backbone of 4,5-

diazafluorene to construct co-oligomers such FDF, SDS allowed us to further change in 

physical properties. For example, the electrochemical band gap of FDF (E8 = 3.53 eV) is 

more while SDS (E8 = 3.04 eV) is less when compared to DDD (E8 = 3.15 eV). This 

demonstrated that electrochemical properties of this class of compounds can be tuned by the 

means of co-oligomer formation. 

The emission spectra of FDF showed dependence on the solvent polarity with the broadening 

of emission bands that underwent significant bathochromic shifts upon increasing the solvent 

polarity (hexane, toluene, acetonitrile and ethanol). This solvent dependence of emission 

indicates that an ICT occur efficiently between D and F unit in excited state. All the 

oligomers show high PLQY in solution (80-100% ), which are decreased in films but still 

keep reasonably high (for solid states) efficiency of 12-40 % (except of FDoF, in which 

quenching the emission is very strong due to presence of carbonyl group that facilitates 

singlet-triplet transition). The optical energy gaps (2.4- 3.3 eV) estimated from absorption 

edges of the films and electrochemical HOMO- LUMO gaps (2.7-3 .5 eV) estimated from 

cyclic voltammetry are in good agreement and characterise the oligomers as high band gap 

semiconductors. All the oligomers frontier orbitals and geometry along with some model 

similar compounds were investigated by DFT method at B3LYP/6-31 G level of theory. The 

experimental results of HOMO-LUMO gaps and that of the DFT calculations showed good 

correlation. Their use as new class of organic semiconducting materials for optoelectronic 

applications can be expected from these studies. 

Studies of FDF oligomer as sensor for metal ions have been carried out. FDF oligomer 

exhibited selective chelation of Hg2
+ ions in THF. Both fluorescence 'turn on' and 'turn off 

probe for Hg2
+ ion using FDF have been demostrated highlighting the potential of DAF 

derivatives as highly emissive materials for using as fluorescent sensors. We have studied the 

effect of complexation of FDF with metal cations (Li+, Na+, K+, Ag+, Mg2+, Ba2+, Cu2+, Ni2+, 

Pb2+, Hg2+, Fe3+; perchlorates or nitrates) on its absorption and emission spectra. Adding 

metal ions decreases absorption intensity, with some red shift for some ions (40 nm for Hg2+). 

An emission intensity is also decreased but quenching the emission substantially depends on 

the nature of the cation: (i) only weak quenching was observed by mono-valent metals, as 

well as for Mg2+, Ba2+ and Cu2+; (ii) moderate quenching was observed by Ni2+, Pb2+ and Fe3+ 

cations; (iii) extremely strong quenching has been demonstrated by Hg2
+ cations. Job's plots 
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confirm formation of FDF:Hg2
+ = 2: 1 complex and the detection limit was estimated as low 

as 3x10-7 M of Hg2+. Another important observation was that the formed complex is emissive 

showing photoluminescence at longer wavelength, in green region (507 nm), and as such 

complexation can be monitored at two wavelengths ("ON➔OFF" for blue emission of FNF 

and "OFF➔ON" for green emission of (2FNF:Hg2+). Thus, there is the possibility of 

fabricating a sensor, which can be selective for Hg2
+ in presence of other metal ions. 

4.4 Experimental 

Instrumentation 

NMR detail given in Chapter 2. Mass spectra of synthesised compounds were determined 

using microTOF LC Bruker Daltronics mass spectrometer. Microwave assisted syntheses 

were performed on a CEM Discover SP microwave reactor. Spin coated films were prepared 

on spin coater Laurel Technologies, Model WS-650Mz-23NPP/LITE. Some of the 

synthesised products were purified using Telydyne Isco automatic flash chromatograph model 

Combiflash Rf 200 using Biotage disposable PTFE columns, hand-filled with silica gel LC60 

(40-60 µM). 

Absorption and emission spectra 

Absorption and emission spectra in solution were measured HPLC grade solvent in 10 mm 

path length quartz cells and solid state measurement by spin coated film prepared on 12.5 mm 

circular quartz substance, using Shimadzu UV-3600 UV-Vis-NIR spectrophotometer and 

Horiba Yvon Fluromax-4 spectrofluorometer at room temperature. The films were prepared 

by spin coating at 3000-4000 rpm of oligomer solutions (1-3 mg dissolved in 1 mL of 

dichloromethane). Photoluminescence quantum yields (PLQY, (J)pL) in solutions for all 

oligomers were measured in HPLC grade dichloromethane at room temperature according to 

literature described method.60 The values of (J)pL were calculated according to the following 

formula: 49 

Where (J)pL is the quantum yield, A is the integrated intensity, OD is the optical density, and n 

is the refractive index. The subscript r refers to the reference fluorophore of known quantum 

yield. 9,10-diphenylanthracene (DPA) dilute solution in cyclohexane ((J)r = 90%) was used as 

fluorophore standard. The solutions were bubbled by argon for about 10 minutes to avoid 
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quenching by dissolved oxygen. Corrected emission and absorption spectrum was used to 

calculate quantum yields and the results are within 10% accuracy. 

Table 4.4 Determination of photoluminescence quantum yields (PLQY, <f>PL of oligomers in 

degassed dichloromethane. 

Compound 
Integral intensity Optical density 

PLQY, <PPL(%) 
A (Aex = 350 nm) (S lc/Rlc) OD 

9,10-DPAa 7.52727 X 107 0.04858 

FDoFb 9.75347 X 105 0.05337 1 

FFDFF 1.04318 X 108 0.07172 84 

FDF 1.12848 X 108 0.06955 93 

SDS 1.20848 X 108 0.06876 101 

DSD 8.53682 X 107 0.0552 89 

DDDDD) 1.19948 X 108 0.07447 92 

DDD 7.76534 X 107 0.04419 101 

DD 6.80422 X 107 0.04544 86 

a In degassed cyclohexane, b Aex = 370 nm, DPA dilute solution in cyclohexane ( <Pr = 90%) 

was used as fluorophore standards.61 

PLQY of spin coated film prepared in chloroform on quartz substrate were determined using 

integrating sphere on Horiba Yvon Fluromax-4 spectrofluorometer at room temperature. 

Absolute PLQY values were measured for spin-coated films on quaitz substrates using an 

integrating sphere on Horiba Yvon Fluromax-4 spectrofluorometer at room temperature. 

Cyclic voltammetry 

Cyclic voltammetry experiments were conducted in a standard three-electrode configuration, 

using Metrohm Autolab PGSTAT-302N potentiostat / galvanostat, with iR drop compensation. 

Platinum disk electrode (d = 1.5 or 2 mm) and platinum wire (d = 0.2 mm) were used as the 

working and counter electrodes, respectively. The reference electrode was Ag/Ag+ (silver wire 

immersed in mixture of 0.1 M AgNO3 and 0.1 M Bu4NPF6 in acetonitrile, separated from the 

solution by a Vycor frit). Potentials are referenced with respect to half-wave potential (E½) of 

ferrocene, which was used as an internal standard. The average E½ potentials for Fe/Fe+ were 

0.20-0.22 V in DCM and 0.19-0.21 V in THF. Oxidation scans were performed in DCM 
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containing 0.2 M Bu4NPF6, reduction scans were carried out m freshly distilled THF 

containing 0.2 M Bu4NPF6, under argon. 

Synthesis 

General procedure for reaction involving Pd-catalysed reaction: under inert atmosphere, flame 

heated three-neck flask fitted with nitrogen inlet was charged with borate component, 

halogenated component, base and degassed solvents. The mixture were degassed with argon 

for 15 minutes before adding Pd-catalyst and degassed again for another 15-20 minutes. The 

degassed mixture was stirred under reflux for a certain period depending on the substrate. 

After cooling, the solvent was removed under reduce pressure on rotavapor. The residue was 

dissolved in EA/DCM, washed with water, dried over MgSO4, and evaporated to afford the 

crude product, which was then purified by flash chromatography on silica gel eluting with 

appropriate solvent (basing on preliminary TLC tests). 

9 ,9-Dioctyl-2-( 4,4,5 ,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,5-diazafluorene ( 4.38) 

Exp: SG-065 

N N 

" 

CsH11 CsH11 

3.23 

Br 

B2(p in)2, 

Pd(PPh3)4, KOAc, • 
Dioxane, reflux, 24 h 

4.38 

Under nitrogen, a three-neck flask was charged with 9,9-dioctyl-2-bromo-4,5-diazafluorene 

(3.23) (1.02 g, 2.11 mmol) , bis(pinacaloato)diborolane (1.03 g, 4.22 mmol), Pd(PPh3)4 (243 

mg, 10 mol % ), potassium acetate (620 mg, 6.11 mmol) and anhydrous dioxane (20 mL, 

freshly distilled over Na) at room temperature. The mixture was degassed by bubbling with 

nitrogen for 15 minutes and then was stirred under reflux (oil bath, 115 °C) for 4 hours under 

nitrogen atmosphere. The mixture was cool down to room temperature, filtered through short 

silica gel layer, which was then washed with ethyl acetate (50 mL). The combined filtrates 

were evaporated on a rotary evaporator to afford the crude product (1.81 g) as brown oil. The 

crude product was purified by flash chromatography on silica gel eluting with PE:EA 

(gradually increasing the ratio from 4:1 to 1:1) to afford product 4.38 (321 mg, 29. 8 %) as a 

brown oil. 1H NMR purity ca. 80%. The partially pure product was used in the next step 

without further purification. 
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1H NMR (500 MHz, CDCb): 8 (ppm) 9.05 (lH, d, J = 1.4 Hz), 8.69 (lH, dd, J = 4.8, 1.4 Hz), 

8.04 (lH, d, J = 1.4 Hz), 7.71 (lH, dd, J = 7.7, 1.5 Hz), 7.29 (lH, dd, J = 7.6, 4.8 Hz), 2.03-

1.96 (4H, m, CH2C1H1s), 1.24 (12H, s, CH3 borolane), 1.23-0.99 (20H, m, 

(CH2)2(CH2)sCH3), 0.81 (6H, t, J = 7.2 Hz, CH3 octyl), 0.68-0.57 (4H, m, CH2CH2C6H13). 

9,9-Dioctyl-2, 7-bis( 4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,5-diazafluorene ( 4.39) 

Exp:SG-149 

Under nitrogen, a two-neck flask was charged with 9,9-dioctyl-2,7-dibromo-4,5-diazafluorene 

(3.24) (202 mg, 0.365 mmol), bis(pinacalato)diboron (370 mg, 1.46 mmol), dry potassium 

acetate (107 mg, 1.10 mmol) , Pd(PPh3)4 (21 mg, 0.018 mmol) and dry dioxane (10 mL, 

freshly distilled over Na) . The mixture was degassed with nitrogen for 15 minutes and then 

reflux (oil bath 115 °C) with stirring for 24 hours under nitrogen atmosphere. After cooling, 

the mixture was evaporated on rotavapor, the residue was dissolved in ethyl acetate (30 mL), 

washed with brine (20 mL) followed by water (3 x 20 mL), dried over anhydrous MgSO4, 

filter off and evaporated on rotavapor to afford the crude product (289 mg) as brown oil. The 

crude product was purified by flash chromatography on silica gel eluting with PE: EA 

(gradient ratio of 9: 1 to 1: 1) to afford the two fractions: analytically pure product 4.39 (36 mg, 

15.2%) as a white solid and less pure product 4.39 (189 mg, 79.1 %) as a yellowish semi solid. 

1H NMR (400 MHz, CDCb) : 8 (ppm) 9.06 (2H, d, J = 2.3 Hz ), 8.05 (2H, d, J = 2.2 Hz), 

2.03-1.99 (4H, m, CH2C1H1 s), 1.40-1.02 (44H, m, (CH2)2(CH2)sCH3 + CH3 borolane), 0.81 

(6H, t, J = 7.0 Hz, CH3 octyl) , 0.65-0.53 (4H, m, CH2CH2C6H13) . 

13C NMR (100 MHz, CDCb): 8 (ppm) 160.71 , 155.77, 144.62, 136.39, 123.38, 84.27, 51.57, 

39.06, 31.71, 29.79, 29.09, 24.92, 23.86, 22.56, 14.04. 

DEPTO NMR (100MHz, CDCb) : 8 (ppm) 160.76 (CH), 155.81, 144.61 (CH), 136.38, 84.27, 

51.58 (C-9), 39.06, 31.71, 29.80, 29.08, 24.93 (CH3 borolane), 23.87, 22.56, 14.05 (CH3 

octyl) . 

MS (ESI+) m/z: 645.50 ([M+H]+, 80%). Calcd. for C39H62B2N2O4: 644.49. 
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7-Bromo-S,S,S' ,S' -tetraoctyl-SH,S'H-3,3 '-bi( cyclopenta[l,2-b:S,4-b ']di pyridine) (5) 

Exp.SG-108 

_fNt--<t1-
Br-~ Br 

CaH17 CaH17 

3.24 

+ _f NnN) 1-:B :~ 
CaH17 CaH17 

4.38 

Pd(PPh3}4, 2M K2C03 

Toluene-EIOH 

MW= 150 W 
150 °C , 30 min 

Br 

4.40 

Under argon, in a thick walled 30 mL MW reactor pyrex tube, 9,9-dioctyl-2-(4,4' -5,5 ' -

tetramethyl-1 ,3,2-dioxaborolanyl)-4,5-diazafluorene (4.38) (251 mg, 0.482 mmol) and 9,9-

dioctyl-2,7-dibromo-4,5-diazafluorene (3.24) (794 mg, 1.45 mmol), 10% aqueous K2CO3 (2 

mL, 1.4 mmol) was added into solution of toluene (12 mL) and ethanol (2 mL). The mixture 

was degassed for 15 minutes before Pd(PPh3)4 (11 mg, 2 mol%) was added and degassed for 

another 20 minutes. The mixture was stirred at 150 °C in a microwave reactor (max 

irradiating power being 150 W) for 30 minutes. After cooling, the mixture was diluted with 

water (30 mL) and extracted with ethyl acetate (2 x 20 mL). The combined organic layers 

were washed with water (2 x 20 mL), dried over anhydrous MgSQ4, filtered off and 

evaporated to afford the crude product as brown oil (833 mg). The crude product was purified 

by flash chromatography on silica gel eluting with PE:EA (gradient from 9:1 to 1:1) to afford 

pure product 4.40 (164 mg, 39 %) as a white solid, along with unreacted starting dibromide 

3.24 (472 mg) recovered as a white solid. 

1H NMR (500 MHz, CDCb): 8 (ppm) 8.98 (2H, d, J = 1.9 Hz), 8.79 (lH, dd, J = 2.1 , 0.7 Hz 

Hz), 8.75 (lH, dd, J = 4.6, 1.7 Hz), 7.95 (2H, d, J = 1.8 Hz), 7.88 (lH, dd, J = 2.0, 0.7 Hz), 

7.77 (lH, d, J = 7.5 Hz), 7.35 (lH, dd, J = 4.9, 2.2 Hz,), 2.10-2.01 (8H, m), 1.24-1.10 (40H, 

m), 0.82-0.78 (12H, m) 0.77-0.72 (8H, m). 

13C NMR (100 MHz, CDCb): 8 (ppm) 158.58, 157.94, 157.31, 156.56, 150.89, 149.83, 

148.90, 148.59, 147.20, 145.47 (2 X C) , 145.36, 133.74, 133.55, 133.07, 130.78, 128.84, 

128.75, 123.22, 120.69, (51.78 , 51.60), (39.19, 39.10), 31.69, (29.85, 29.80) , 29.14, (29.12, 

29.09), 24.13, 22.55 , 14.03. DEPTO NMR (100 MHz, CDCb): 8 (ppm) 158.58 , 157.94, 

157.31 , 156.56, 150.89 (CH), 149.83 (CH), 148 .90 (CH), 148.59 (CH), 147.20, 145.47 (2xC), 

145.36, 133.74 (CH), 133.55, 133.07, 130.78 (CH), 128.84 (CH), 128.74 (CH), 123.22 (CH), 

120.69, [51.78, 51.60 (C-9)] , [39.19, 39.10 (CH2)] , 31.69 (CH2), [29.85, 29.80 (CH2)] , [29.14, 
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29.12 (CH2)] , 29.09 (CH2) , 24.13 (CH2), 22.55 (CH2), 14.03 (CH3). MS (ESJ+) m/z: 861.37 

([M+H]+, 100%, 79Br), 863.36 (([M+H]+, 98%, 81Br). Calcd. for Cs4Hn BrN4: 860.53. 

Di(9,9-dioctyl-4,5-diazafluorene) (DD) 

Exp.: SG-092 

( N~/!/ )-_ 
,~ Br 

CaH17 CaH17 

38 

Ni(COD)z, COD/bipy 

DMF-tolune 

80 °C, 24 h 

DD 

Under argon atmosphere, in a two-neck flask bis(l,5-cyclootadiene)nickel(0) (38 mg, 0.138 

mmol), 1,5-cyclooctadiene (15 mg, 0.138 mmol) and 2,2'-bypyridine (22 mg, 0.138 mmol) in 

dry DMF (0.5 mL) were stirred at 80 °C for 30 min, resulting in a blue colour solution of the 

complex. To this, a solution of 2-bromo-9,9-dioctyl-4,5-diazafluorene (3.23) (22 mg, 0.046 

mmol) in dry degassed toluene (50 mL) was added and the mixture was stirred at 80 °C for 24 

hours. After cooling to room temperature, the mixture was filtered through the Celite 521 pad, 

which was then washed with PE (50 mL). The combined filtrates were evaporated on a 

rotavapor to afford the crude product (100 mg) as a brown oil. The crude product was purified 

by flash chromatography on silica gel eluting with PE:EA in the ratio 9: 1 to afford pure dimer 

DD (27 mg, 64%) as a light yellow solid. 

1H NMR (500 MHz, CDCb): 8 (ppm) 8.98 (2H, d, J = 2.0 Hz, H-6,6') , 8.74 (2H, dd, J = 4.9, 

1.4 Hz, H-3,3'), 7.97 (2H, d, J = 2.0 Hz, H-8,8'), 7.76 (2H, dd, J = 7.7, 1.3 Hz, H-1,1'), 7.34 

(2H, dd, J = 7.6, 4.6 Hz, H-2,2') , 2.10-2.06 (8H, m, CH2C1Hi s), 1.21-1.17 (40H, m, 

(CH2)2(CH2)sCH3), 0.80 (12H, t, J = 7.0 Hz, CH3), 0.77-0.74 (8H, m, CH2CH2C6H13). 

13C NMR (100 MHz, CDCb): 8 (ppm) 158.42, 158.02, 149.79, 148.60, 145.46 (x 2), 133.33, 

130.77, 128.77, 123.17, 51.60 (C-9), 39.22, 31.70, 29.87, 29.15, 29.09, 24.13, 22.56, 14.04 

(CH3). 

MS (ESI+) m/z: 783 .55 ([M+H]+, 100%). 

GC-MS (TOF, EI+) m/z: 782.80 ([M]+, 100%) Calcd. for Cs4H73N4: 782.62. 
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Td(9,9-dioctyl-4,5-diazafluorene) (DDD) 

Exp: SG-064 

4.38 

DOD 

Under nitrogen, a two-neck flask was charged with 9,9-dioctyl-2-bromo-4,5-diazafluorene 

(3.23) (300 mg, 0.633 mmol), bis(pinacalato)diboron (301 mg, 1.18 mmol), Pd(PPh3)4 (75 

mg, 10 mol%), dry potassium acetate (180 mg, 1.83 mmol) and anhydrous dioxane (10 mL, 

freshly distilled from Na). The mixture was degassed with nitrogen for 15 min and then reflux 

(oil bath 115 °C) with stirring for 3 hours under nitrogen atmosphere. The mixture was 

allowed to cooled down to room temperature and then 9,9-dioctyl-2,7-dibromo-4,5-

diazafluorene (3.24) (100 mg, 0.182 mmol), 2M aqueous K2CO3 (2 mL, 4 mmol) and 

Pd(PPh3)4 (33 mg, 5 mol%) were quickly added under continuous nitrogen flow. The mixture 

was reflux again for next 16 hours under nitrogen atmosphere. After cooling to room 

temperature, the mixture was evaporated to dryness under reduced pressure, the residue was 

dissolved in ethyl acetate (100 mL), washed with water (3 x 50 mL), dried over anhydrous 

MgSO4, filtered off and evaporated on a rotavapor to afford the crude product as a yellow 

solid (230 mg). The crude product was purified by flash chromatography on silica gel (3 x 15 

cm sized column) eluting first with DCM and then with DCM:MeOH mixture (gradient from 

100: 1 to 100:2) to afford pure trimer DDD (54 mg, 26%) as a yellow solid. 

1H NMR (400 MHz, CDCb): 8 (ppm) 9.01 (4H, dd, J = 8.4, 1.9 Hz), 8.75 (2H, dd, J = 4.8, 

1.2 Hz), 7.99 (4H, dd, J = 11.7, 2.0 Hz), 7.77 (2H, dd, J = 7.7, 1.3 Hz), 7.33 (2H, dd, J = 7.6, 

4.8 Hz), 2.20-2.16 (4H, m), 2.12-2.67 (8H, m), 1.25-1.03 (60H, m), 0.87-0.74 (30H, m). 

13C NMR (100 MHz, CDCb): 8 (ppm) 158.54, 157.97, 157.84, 149.83 (CH), 148.88 (CH), 

148.64 (CH), 145.96, 145.49 (x2), 133.61 , 133.21, 130.80 (CH), 128.90 (CH), 128.79 (CH), 

123.23 (CH), (52.84, 51.61), 39.21 (x2), (32.71, 31.68.), (29.87, 29.71), 29.16 (x 2), 29.11 (x 

2), (24.26, 24.16), (22.57, 22.55) , (14.04, 14.02, CH3). 
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DEPTO NMR (100MHz; CDCb): 8 (ppm) 158.56, 158.00, 157.85, 1<19.84 ' {CH); -,148.89 

(CH), 148.65 (CH), 145.94, 145.47 (x2), 133.61, 133.21, 130.78 (CH), 128.89 . (CH), 128.78 

(CH), 123.21 (CH), (51.84, 51.62), 39.22 (x2), (31.72, 31.68), (29.87, 29.71), 29.16 (x2), 

29 .11 (x2), (24.26, 24.16), 22.57 (x2), (14.04, 14.02, CH3). 

MS (ESr+) m/z: 1174.92 (([M+H]+, 100%) Calcd. for Cs1H116N6: 1172.93 . 

Penta(9,9-dioctyl-4,5-diazafluorene) (DDDDD) 

Exp.: SG-150 

DDDDD 

In a two-neck flask, 9,9-dioctyl-2,5-bis(4,4' -5,5' -tetramethyl-1,3,2-dioxaborolane)-4,5-

diazafluorene (32 mg, 0.050 mmol) (4.39), 2-bromo-9,9,9',9'-tetraoctyl-7,7'-bis(4,5-

diazafluorene) (4.40) (91 mg, 0.104 mmol) and 10 w% aqueous K2CO3 (1.5 mL, 1.1 mmol) 

was added into a solution of toluene (4 mL) and ethanol (1 mL). The mixture was degassed 

with argon for 15 minutes before Pd(PPh3)4 (3 mg, 5 mol%) was added and degassed again 

for another 20 minutes. The mixture was reflux (oil bath 115 °C) with stirring for 38 hours 

under nitrogen atmosphere. After cooling to room temperature, excess solvent was removed 

under reduced pressure on a rotavapor until dryness. The yellowish residue was stirred with a 

mixture of diethyl ether (5 mL) and PE (5 mL) for 20 minutes. The precipitate was collected 

by filtration, which was washed with water (2 x 5 mL) and dried in vacuo to afford the crude 

product as a light greenish-yellow solid (98 mg). The crude product was recrystalised from 

methanol (15 mL) to afford the product as a gray solid (41 mg) . It was further purified by 

column chromatography on silica gel eluting with DCM:MeOH in the ratio 95:5 to afford 

pure pentamer DDDDD as a light yellow solid (34 mg, 35%). 

1H NMR (400 MHz, CDCb): 8 (ppm) 9.06-9.02 (SH, m), 8.76 (2H, d, J = 4.0 Hz), 8.04-7 .99 

(SH, m), 7.78 (2H, d, J = 7.3 Hz), 7.37-7.35 (2H, m), 2.25-2.06 (20H, m, CH2C7H1s) , 1.25-

1.04 (100H, m, (CH2)2(CH2)sCH3), 0.94-0.71 (50H, m, CH2CH2(CH2)sCH3). 
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13CNMR (100 ·MHz, CDCb):' o (ppm) 158.58, 157.97 (x2), 157·.91', 157';78, 149.84 (CH), 

148.93[x2 (CH)], 148.64 (CH), 146.04\ 146.01 (x2), 145.51 (x2), 133.68, 133.54, 133.46, 

133.19, 130.80 (CH), 128.93 [x3 (CH)], 128.79 (CH), 123.24 [x2 , (CH)] , (51.87, 51.62), 

39.22 (x2), (31.72, 31.70), 29.86 (x2), 29.17 (x2), 29.10 (x2), (24.29, 24.16), 22.57 (x2), 

14.03 (x2). 

DEPTO NMR (100MHz, CDCb): o (ppm) 158.57, 157.96, 157.91, 157.77, 149.84 (CH), 

148.92 (CH), 148.63 (CH), 146.02, 145.99, 145.49, 133.67, 133.53, 133.45, 133.17, 130.79 

(CH), 128.92 (CH), 128.79 (CH), 123.24, (51.86, 51.62), 39.22 (x2), (31.71, 31.69), 29.85 

(x2), 29.16 (x2), 29.10 (x2), (24.28, 24.15), 22.56 (x2), 14.03 (x2). 

MS (MALDI-TOF) m/z: 1954.83 ([M+Ht, 100%). Calcd. for C135H192N10: 1953.53. 

3-( 4,4,S,S-Tetramethyl-1,3,2-dioxaborolan-2-yl)dibenzothiophenes-S,S-dioxide ( 4.43) 

Exp: SG143 

4.41 

B2(pin)2 

Pd(dppf)CliDCM, dppf._, 

KOAc, Dioxane 

100 °C, 32 h 

4.42 

Under argon, in a two necked flask (100 mL) charged with 3-bromodibenzothiophene-S,S­

dioxide 4.41 (1.01 g, 3.39 mmol), bis(pinacalato)diboron (1.29 g, 5.08 mmol), anhydrous 

KOAc (1.25 g, 0.01 mol), 1,1'-bis(diphenylphosphino)ferrocene (dppf) (70 mg, 0.13 mrnol) 

and dry dioxane (50 mL) were degassed with argon for 15 minutes before Pd(dppf)Ch-DCM 

(104 mg, 3 mol%) added and degassed for another 15 minutes. The mixture was heated at 100 

°C for 32 hours under argon atmosphere. After cooling to room temperature, the solvent 

dioxane was removed under reduced pressure and the residue was diluted with water (50 ml). 

The aqueous solution was then extracted with dichloromethane (2 x 50 mL), washed with 

water (2 x 20 mL) , dried over anhydrous MgSO4. The dichloromethane solution (black 

colour) was then passed through a short silica gel bed eluting with DCM (100 mL) to give a 

clear solution which was concentrated to afford the product 4.42 as an off white solid (1.05 g, 

91 %). 1H NMR purity ca. 80% with the main other component being the unreacted excess 

bis(pinacalato )di boron. The product was used in the next step reaction without further 

purification. 
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1H NMR (400 MHz, CDCb): 8 (ppm) 8.28 (1 H, s), 8.05 (1 H, dd, J = 7.7, 0.7 Hz), 7.80 (3 H, 

m), 7.64 (1 H, td, J = 7.7, 1.0 Hz), 7.54 (lH, td, J = 7.6, 0.8 Hz), 1.36 (12 H, s). 

13C NMR (101 MHz, CDCb): 8 (ppm) 140.12, 138.10, 137.13, 133.81, 133 .80, 132.03(br.), 

131.54, 130.75, 128.34, 122.16, 121.93, 120.75, 84.56, 24.87. 

DEPTO NMR (101 MHz, CDCb): 8 (ppm) 8 140.12(CH), 138.10, 137.13, 133.81(CH), 

131.54, 130.75(CH), 128.35(CH), 122.17(CH), 121.93(CH), 120.75(CH), 83.50, 24.87(CH3). 

MS (EI+) m/z: 341.99 ([M]+, 100%). (Calcd. for C1sH19BQ4S: 342.11). 

3, 7-Bis( 4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)dibenzothiophene-S, S-dioxide ( 4.44) 

Exp: SG-144 

4.43 

B2(pinh 
Pd(dppf)Cl2-DCM, dppf._ 
KOAc, Dioxane 
100 °C, 32 h 

4.44 

Under nitrogen, in a two-necked flask (100 mL) charged with 3,8-dibromodibenzothiophene­

S,S-dioxide 4.43 (1.01 g, 2.70 mmol), bis(pinacalato)diboron (1.49 g, 5.88 mmol), anhydrous 

KOAc (1.57 g, 15.99 mmol), dppf (89 mg, 0.16 mmol) and dry dioxane (50 mL) were 

degassed with argon for 15 minutes before Pd(dppf)Ch·DCM (131 mg, 0.16 mmol) was 

added and degassed for another 15 minutes. The mixture was heated at 100 °C for 32 hours 

under argon atmosphere. After cooling to room temperature, the solvent dioxane was removed 

under reduced pressure and the residue was diluted with water (50 ml). The aqueous solution 

was extracted with dichloromethane (2 x 50 mL), washed with water (2 x 20 mL), dried with 

anhydrous MgSO4. The dichloromethane solution (black colour) was then passed through a 

short silica gel bed eluting with dichloromethane (100 mL) to give a clear solution which was 

concentrated to afford the product 4.44 as an off white solid (1.01 g, 85 % ). 

1H NMR (400 MHz, CDCb): 8 (ppm) 8.28 (lH, s), 8.05 (lH, d, J = 8.1 Hz), 7.80 (lH, d, J = 

7.7 Hz), 1.36 (12H, s). 

13C NMR (101 MHz, CDCb): 8 (ppm) 140.05 (CH), 137.50, 133.73, 132.37 (br.), 128.33 

(CH), 121.09 (CH), 84.56, 24.87 (CH3). 
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DEPTO NMR (101 MHz, CDCb): 8 (ppm) (101 MHz, CDCb) 140.05 (CH), 137.49, 133.73, 

128.33 (CH), 121.09 (CH), 84.56, 24.87 (CH3). 

MS (El+) m/z: 468.12 ([Mt, 100%). (Calcd. for C24H30B2O6S: 468.19) . 

2, 7-Bis( dibenzothiophene-S,S-dioxide-3-yl)-4,5-diazfluorene (SDS) 

Exp: SG-145 

2M K2C03 
Dioxane-EIOH, 
reflux, 32 hr 

In a three-necked flask (50 mL) , charged with 2,7-dibromo-9,9-dioctyl-4,5-diazafluorene 

(3.24) (150 mg, 0.272 mmol), 3-( 4,4,5 ,5-tetramethyl-1 ,3,2-dioxaborolan-2-

yl)dibenzothiophenes-S,S-dioxide (4.42) (373 mg, 0.290 mmol), 2M aqueous K2CO3 (4 mL, 8 

mmol), dioxane (20 mL) and ethanol (4 mL) were degassed with argon for 15 minutes before 

adding Pd(PPh3)2Ch (6 mg, 0.008 mmol) and degassed again for another 15 minutes. The 

mixture was reflux (oil bath 115 °C) with stirring for 32 hours under nitrogen atmosphere. 

After cooling to room temperature, the mixture was diluted with water (15 ml) and then 

extracted with DCM (2 x 100 mL). The combined DCM layers were washed with water (2 x 

20 mL), dried with anhydrous MgSO4, filtered off and evaporated on a rotavapor to afford the 

crude product as a brown oil (580 mg). The crude product was purified by flash 

chromatography on silica gel eluting with DCM: MeOH mixture (gradient ratio of 100: 1 to 

100:2) to afford pure oligomer SDS as an off yellow solid (60 mg, 26% ). 

1H NMR (400 MHz, CDCb): 8 (ppm) 9.03 (2H, d, J = 1.9 Hz), 8.15 (2H, d, J = 1.12 Hz), 

8.00-7.95 (6H, m), 7.89 (4H, d, J = 8.0 Hz), 7.72 (2H, t, J = 7.5 Hz), 7.60 (2H, t, J = 7.6 Hz), 

2.16-2.12 (4H, m, CH2C1H1s) , 1.28-1.11 (20H, m, C2H4(CH2)sCH3) , 0.79 (6H, t, J = 6.0 Hz, 

C1H1 4CH3), 0.78-0.71 (4H, m, CH2CH2C6H13). 
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13CNMR (100MHz, CDCb): o (ppm) 158.14, 148.50 (CH), 146.13, 140.72, 138.92, 137.92, 

134.15, 134.12 (CH), 132.69 (CH), 131.22, 131.18, 130.68 (CH), 128.78 (CH), 122.41(CH), 

122.34 (CH), 121.87 (CH), 120.91 (CH), 51.94, 39.39 (CH2), 31.63 (CH2), 29.92 (CH2), 

29.19 (CH2), 29.16 (CH2), 24.30 (CH2), 22.57 (CH2), 14.04 (CH3). 

DEPTO NMR (100MHz, CDCb): o (ppm) 158.14, 148.50 (CH), 146.13, 140.73, 138.92, 

137.92, 134.16, 134.12 (CH), 132.70 (CH), 131.19, 130.69 (CH), 128.79 (CH), 122.42 (CH), 

122.33 (CH), 121.86 (CH), 120.92 (CH), 51.94, 39.39 (CH2), 31.70 (CH2) , 29.92 (CH2), 

29.19 (CH2), 29.17 (CH2), 24.29 (CH2), 22.57 (CH2), 14.04 (CH3). 

MS (ESP) m/z: 843.39 ([M+Nat, 100%). Calcd. for Cs1Hs2N2O4S2: 820.34. 

3,7-Bis(9,9-dioctyl-4,5-diazafluoren-2-yl)dibenzothiophene-S,S-dioxide (DSD) 

Ex. No. SG-146 

{N)--~/);_ 
~~ Br 

CaH17 CaH17 

3.23 

2M K2C03, 
Dioxane-EtOH, 
reflux, 24 hr 

DSD 

In a three-necked flask, charged with 2-bromo-9,9-dioctyl-4,5-diazafluorene (3.23) (402 mg, 

0.854 mmol), 3, 7-bis( 4,4,5 ,5-tetramethyl-1,3 ,2-dioxaborolan-2-yl)dibenzothiophene-S, S­

dioxide (4.44) (200 mg, 0.427 mmol), 2M aqueous K2CO3 (4 mL, 8 mmol) , 1,4-dioxane (20 

mL) and ethanol (2 mL) were degassed with argon for 15 minutes before Pd(PPh3)2Ch (10 

mg, 0.014 mmol) added and degassed again for another 15 minutes. The mixture was reflux 

(oil bath, T= 115 °C) with stirring for 24 hours under nitrogen atmosphere. After cooling to 

room temperature, the solvent was evaporated under reduced pressure on a rotavapor. The 

residue was dissolved in ethyl acetate (100 mL), washed with water (2 x 50 mL), dried over 

anhydrous MgSO4, filtered off and evaporated to afford the crude product as a brown oil (788 

mg). The crude product was purified by flash chromatography on silica gel eluting with 

PE:EA (gradient from 1: 1 to 1:9) to afford pure oligomer DSD as a yellow solid (152 mg, 

59%). 
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1H NMR (400 MHz, CDCb): 8 (ppm) 9.00 (2H, d, J = 2.0 Hz), 8.74 (2H, dd, J = 4.8, 1.2 Hz), 

8.16 (2H, d, J = 0.8), 8.05-7.99 (4H, m), 7.95 (2H, d, J = 2.0 Hz), 7.76 (2H, dd, J = 7.6, 1.2 

Hz), 7.33 (2H, dd, J = 7.6, 4.8 Hz), 2.10-2.06 (8H, m, CH2C1H1s), 1.25-1.08 (40H, m, 

C2H4(CH2)sCH3), 0.79 (12H, t, J = 7.2 Hz, C1H14CH3), 0.72-0.66 (8H, m, CH2CH2C6H13) . 

13C NMR (100MHz, CDCb): 8 (ppm) 159.01 , 157.78, 149.88 (CH), 148.18 (CH), 145.64, 

145.55, 141.17, 139.00, 133.65, 132.87 (CH), 130.79, 130.65 (CH), 128.69 (CH), 123.37 

(CH), 122.52 (CH), 121.03 (CH), 51.66 (C-9), 39.31 (CH2), 31.72 (CH2), 29.90 (CH2), 29.18 

(CH2), 29 .14 (CH2), 24.16 (CH2), 22.58 (CH2), 14.05 (CH3). 

DEPTO NMR (100 MHz, CDCb): 8 (ppm) 159.01, 157.82, 149.91 (CH), 148.20 (CH), 

145.61 , 145.52, 141.19, 138.98, 133.63, 132.86 (CH), 130.76, 130.64 (CH), 128.66 (CH), 

123.35 (CH), 122.51 (CH), 121.03 (CH), 51.66 (C-9), 39.31 (CH2), 31.72 (CH2), 29.18 (CH2), 

29.14 (CH2), 24.16 (CH2), 22.57 (CH2), 14.05 (CH3). 

MS (ESJ+) m/z: 1020.42 ([M+Na]+, 100%). Calcd. for C66Hs4N4O2S: 996.63. 

2,7-Dibromo-9,9-dihexyfluorene-4,5-diazafluorene ( 4.45) 

Exp. AS211B 

3.21 

t-BuOK, THF 

-5°C-rt, 32 h 

N N 

Br~Br 

C5H13 C5H1 3 

4.47 

Under nitrogen, to a stirred mixture of 2,7-dibromo-9,9-dihexyl-4,5-diazafluorene (3.21) (1.0 

g, 3.06 mmol) and dry THF (20 mL) was added n-iodohexane (0.95 mL, 6.44 mmol) at -5 °C. 

Then a solution of potassium tert-butoxide (720 mg, 6.44 mmol) in dry THF (15 mL) was 

added over a period of 50 min at -5 °C. After addition, the reaction mixture was allowed to 

warm up slowly to room temperature and continued stirring for 32 hours at room temperature. 

The solvent was removed on rotavapour. The residue was purified via column 

chromatography on silica gel (column size= 2 x 20 cm) eluting with isooctane:EA in the ratio 

10: 1 to afford product (1.2 g) as a yellow solid (1.2 g). The product was further purified by 

recrystalisation with the solution (25 mL) of isopropanol and water in the ratio 5: 1 to yield 

4.45 as a light yellow solid (1.04g, 69%). 
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1H NMR (400 MHz, CDCb): o (ppm) 8.75 (2H, d, J = 2.0 Hz), 7.84 (2H, d, J = 2.0 Hz), 

2.06-1.87 (4H, m, CH2CsH11), 1.22-0.97 (12H, m, C2H4(CH2)3CH3), 0.79 (6H, t, J = 7.1 Hz, 

CsH10CH3), 0.73-0.60 (4H, m, CH2CH2C4H9). 

13C NMR (101 MHz, CDCb): o (ppm) 155.93, 150.93, 146.59, 133.50, 120.79, 51.56, 39.01, 

31.35, 29.45, 24.01, 22.49, 13.93. 

DEPTO NMR (101 MHz, CDCb): 156.04, 150.93 (CH), 146.59, 133.50 (CH), 120.79, 51.70 

(C-9), 39.01 (CH2CsH11), 31.35 (C2H4CH2C3H1), 29.45(C3H6CH2C2Hs), 24.01 

(CH2CH2C4H9), 22.49 (C4HsCH2CH3), 13.93 (CsH10CHJ). 

MS (ESr+) m/z: 491.97 ([M+Ht, 50%, 79Br, 79Br), 494.00 ([M+H]+, 100%, 79Br, 81Br), 495.92 

([M+H] +, 51 %, 81Br, 81 Br). Calcd. for C23H30Br2N2: 492.08 

3,7-Bis(9,9-dihexylfluoren-2-yl)-4,5-diazafluoren-9-one (FDoF) 

Exp: SG-005 

_f Nt--</);_ 
Br~ Br 

0 
2.53 

~B(OHl, 

CsH13 CsH1 3 
4.46 

Pd(PPh3}2Cl2 

2M K2CO3, Dioxane 

reflux, 24h 

FDoF 

Under nitrogen, in three-necked flask 2,7-dibromo-4,5-diazafluoren-9-one (2.53) (201 mg, 

0.58 mmol), 9,9-dihexylfluoren-2-boronic acid (4.46) (453 mg, 1.20 mmol) and Pd(PPh3)2Ch 

(9 mg, 2 mol%), degassed 2M aqueous K2CO3 (4 mL, 8 mmol) and 1,4-dioxane (10 mL) were 

added via a syringe. The reaction mixture was stirred under reflux (oil bath 110 °C) for 24 

hours under nitrogen, with protection from sunlight. The reaction mixture was cool down to 

room temperature and the resulting slurry was poured into 5% NaCl aqueous solution. The 

product was extracted with dichloromethane (50 mL), the organic layer was washed with 

water until pH= 7, dried over anhydrous MgSO4, filtered off and the solvent was evaporated 

to afford the crude product (405 mg, 79%) as yellow solid. The crude product was purified by 

flash chromatography on silica gel, eluting first with PE and then with PE:DCM mixture 

(gradient from 1:1 to 1:4 v/v ratio) to yield pure product FDoF (252 mg, 49%) as a yellow 

solid. 
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1H NMR (400 MHz, CDCb): 8 (ppm) 9.12 (2H, d, J = 2.1 Hz), 8.28 (2H, J = 2.1 Hz, s) , 7.83 

(2H, d, J = 7.9 Hz), 7.77-7.75 (2H, m), 7.65 (2H, dd, J = 7.8, 1.5 Hz), 7.60 (2H, d, J = 1.2 

Hz), 7.40-7.34 (6H, m), 2.06-2.02 (8H, m, CH2CsH11), 1. 13-1.02 (24H, m, C2H4(CH2)3CH3), 

0.77 (12H, t, J = 6.8 Hz, CH3), 0.67-0.61 (8H, m, CH2CH2C4H9). 

13C NMR (100MHz, CDCb): 8 (ppm) 190.18 (CO), 161.71 , 153.77 (CH), 152.08, 151.07, 

142.18, 140.15, 138.50, 135.23, 130.02, 129.65 (CH), 127.72 (CH), 126.98 (CH), 125.95 

(CH), 123.00 (CH), 121.27 (CH), 120.48 (CH), 120.11 (CH), 55.38 (C-9), 40.39, 31.49, 

29.66, 23.79, 22.56, 13.99 (CH3). 

DEPTQ NMR (100MHz, CDCb): 8 (ppm) 161.73, 153.79 (CH), 152.09, 151.08, 142.18, 

140.16, 138.51, 135.25, 130.03, 129.66 (CH), 127.72 (CH), 126.99 (CH), 125.95 (CH), 

123.01 (CH), 121.28 (CH), 120.48 (CH), 120.11 (CH), 55.39 (C-9), 40.40, 31.49, 29.67, 

23.79, 22.57, 14.00 (CH3). 

MS (ESI+) m/z: 847.55 ([M+H]+, 100%). Calcd. for C61H10N2O: 846.55. 

3, 7-Bis(9 ,9-dihexylfluoren-2-yl)-9 ,9-dihexyl-4,5-diazafluorene (FD F) 

Exp: SG-002 

~B(OH), 

CsH1 3 CsH13 
4.46 

N N 
f 'H"~ Pd(PPh3)zCl2 

Br ~~ Br __ 2_M_K-
2
C-0-

3
,-Di-ox-an_e_ 

CsH1 3 C6H13 reflux, 24h 

4.45 FDF 

Under nitrogen, to a mixture of 2,7-dibromo-9,9-dihexy-4,5-diazafluorene (4.45) (245 mg, 

0.49 mmol), 9,9-dihexylfluorene-2-boronic acid (4.46) (382 mg, 1.01 mmol) and 

Pd(PPh3)2Ch (7 mg, 2 mol%), degassed 2M aqueous K2CO3 (4 mL, 8 mmol) and 1,4-dioxane 

(10 mL) were added via syringe. The mixture was stirred under nitrogen with heating at 110 

°C (oil bath) for 24 hours with protection from the sunlight. The mixture was cool down to 

room temperature and the resulting slurry was poured into 5% NaCl aqueous solution (50 

mL). The precipitate was collected by filtration, washed with water (3 x 20 mL), dried in 

vacuo to afford the crude product (448 mg, 88%) as brown solid. The crude product was 

purified by column chromatography on silica gel, eluting first with PE to remove by-products 

and then with PE:EA mixture, with gradual increase of EA contents from 2% to 6%, to yield 

product FDF (353 mg, 70.5%) as a light yellow solid. 
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1H NMR (500 'MHz, CDCb): o(ppm) 9.01 (2H, ct; J = 1.9'Hz), 7,93 (2H, d, J = 2.0 Hz), 7.83 1, :- · _ 

(2H, d, J = 7.8 Hz),7 .78-7.76 (2H, m), 7.67-7.63 (4H, m), 7A0-7.34 (6H, m), 2.16-2.12 (4H, 

m), 2.08-2.03 (8H, m), 1.18-1.09 (36H, m), 0,8~0.82'. (4H, m) 0.83-'--0.66 (26H, m). 

13C NMR (100 MHz, CDCb): 8 (ppm):151.99, 151.13, 148.45 (CH), 145.80, 141.53 (x 2), 

140.43 (x 2),136.84, · 128.99(CH), 127.52(CH), 126.98(CH),126.39 (CH), 123.08(CH), 

121.60(CH), 120.33(CH), 119.ll(CH), 56.39, 51.70, 40.36,40.29, 31.51, 31.42, 29.69, 29.59, 

24.19, 22.84, 22.58, 22.52, 14.04, 13.99. 

DEPTO NMR (100MHz, CDCb): 8 (ppm) 151.87, 151.05, 145.48 (CH), 141.32, 140.42, 

137.05, 136.52, 128.66 (CH), 127.40 (CH), 126.90 (CH), 126.32 (CH), 123.01 (CH), 121.53 

(CH), 120.24 (CH), 119.94 (CH), 55 .31, 40.30, 39.29, 31.46, 31.39, 29.64, 29.56, 24.13, 

23.78,22.54, 22.48, 14.00, 13.96. 

MS (ESr+) m/z: 1001.76 ([M + Ht, 100%). Calcd. for C73H96N2:1000.76). 

9,9-Dihexyl-2,7-bis(9,9,9',9'-tetrahexyl-9H,9'H-[2,2'-bifluoren]-7-yl)-9H-4,5-

diazafluorene (FFDFF) 

Exp: SG-185 

FFDFF 

Pd(PPh3)4, 10% K2C03,
0 

Toluene-EIOH, 

MW= 150 watt 

150 °C,4h 

Under nitrogen, to a mixture of 2,7-dibromo-9,9-dihexyl-4,5-diazafluorene 4.45 (10 mg, 

0.020 mmol), 9,9,9',9 ' -tetrahexyl-[2,2'-bifluoren]-7-yl-boronic acid 4.49 (41 mg, 0.057 

mmol) and Pd(PPh3)4 (3 mg, 10 mol % ), 10% K2CO3 aqueous solution (0.5 mL, 0.4 mmol), 

ethanol (0.5 mL) and toluene (3 mL) were added into a reaction tube. The reaction mixture 

was degassed for 15 minutes with Argon and then irradiated with microwave (150 watt) at the 

150 °C in microwave reactor for 4 hours. The reaction mixture was cooled down to room 

temperature and evaporated to remove solvent. The resulting slurry was poured into 5% NaCl 

aqueous solution, the product was extracted with chloroform (2 x 15 mL), the combined 

organic layer was washed with water until pH = 7, dried over anhydrous magnesium sulphate 

and the solvent was evaporated to afford the crude product ( 45 mg) as yellowish solid. The 

crude product was purified by flash chromatography on silica gel, eluting first with PE, then 
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with gradient increase to PE:EA, 4: 1 to yield pure product FFDFF (21 mg, 61 % ) as a light 

yellow solid. 

1H NMR (400 MHz, CDCb): o (ppm) 9.04 (2H, d, J = 1.8 Hz), 7.96 (2H, d, J = 1.8 Hz), 

7.89-7.63 (20H, m), 7.39-7.26 (6H, m), 2.18-1.98 (20H, m), 1.22-1.08 (60H, m), 0.92-0.64 

(50H, m). 
13C NMR (101 MHz, CDCb) 8 157.22, 152.20, 151.84, 151.52, 151.02, 148.73, 145.55, 

141.05, 141.01 , 140.76, 140.45, 140.37, 139.57, 137.02, 136.55, 128.68, 127.05, 126.81, 

126.44, 126.28, 126.07, 122.95, 121.61, 121.59, 121.46, 120.32, 120.20, 119.92, 119.75, 

55.48, 55 .19, 51.51, 40.38, 40.29, 39.32, 31.48, 31.44, 31.41, 29.70, 29.61, 29.58, 24.16, 

23.85, 23 .79, 22.57, 22.54, 22.50, 14.02, 13.98. 

DEPTO NMR (101 MHz, CDCb) 8 157.21 , 152.20, 151.84, 151.52, 151.02, 148.73 (CH), 

145.55, 141.05, 141.01, 140.76, 140.45, 140.37, 139.57, 137.02, 136.55, 128.6 8 (CH), 

127.05 (CH), 126.81 (CH), 126.44 (CH), 126.27 (CH), 126.07 (CH), 122.95 (CH), 121.60 

(CH), 121.59 (CH), 121.46 (CH), 120.32 (CH), 120.20 (CH), 119.92 (CH), 119.75 (CH), 

[55.48, 55.19 (C-9)], 51.51 (CH2) [40.38, 40.29, 39.32 (CH2)], [31.48, 31.44, 31.41 (CH2)], 

[29.70, 29.61, 29.58 (CH2)],[ 24.16, 23 .85, 23.79 (CH2)], [ 22.57, 22.54, 22.50 (CH2)], 

[14.02, 13.98 (CH3)]. 

MS (MALDI TOF) m/z: 1666.81 ([M + H]+, 100%). Calcd. for Cm H160N2: 1665.26. 
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Chapter 5 

4,5-Diazafluorene-Based Polymers 

5.1 Introduction 

Conjugated polymers and co-polymers as active layers in polymer OLEDs offer the 

technology of simple processable material from solution and the low cost production method 

with easy tunable properties of emission through chemical modifications. The success in this 

relies, largely, on the clever design and efficient synthesis of new materials with particular 

structures and properties. Linear rigid-rod oligo- and polyfluorenes (PFs) are among the most 

prominent organic semiconductors attracting intense research effort due to their unique 

properties (e.g. high photo- and electroluminescence quantum yields, high charge mobilities, 

good thermal and photochemical stabilities) and consequently great potential applications in 

electronic devices, such as OLEDs, field-effect transistors, photovoltaic cells, optical switches 

and lasers etc. 1•
2 Several classes of conjugated dibenzoheterole polymers topologically similar 

to polyfluorenes (Fig. 5.1) when C-9 carbon atom in the fluorene moiety replaced by N, S or 

Si heteroatoms (e.g. dibenzosiloles ,3 carbazoles,4 dibenzothiophenes5 and dibenzothiophene­

S,S-dioxides6) have been synthesised and recognized as promising materials for OLED and 

other application in organic electronics. Search for new polymers with improved properties 

for organic electronics is considered a fast growing discipline of active research in both 

academia and industries. 

·AA: 
R R n 

Polyfluorenes 

·AA· R/ Si, R n 

Poly(9-silafluorenes) 
{polydibenzosiloles} 

.f OD\. 
~ ~J-rfn 

R 
Polycarbazoles 

Fluorene-dibenzothiophene copolymers Fluorene-dibenzothiophene-S,S-dioxide copolymers 

Fig. 5.1 Conjugated polymers with Si, N and S heteroatoms. 
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As part of this Thesis work, synthesis and study of novel materials, topologically similar to 

poly(fluorene )s but containing electron deficient nitrogen atoms is poly( 4,5-diazafluorene )s 

for potential applications in organic electronics is presented in the Results and Discussion 

Section of this Chapter. Also, a brief discourse on the synthe,sis and properties of well-known 

polyfluorenes as materials for organic electronics is included. 

5.1.1 Synthesis and properties of polyfluorenes 

Polyfluorenes (PFs) is the simplest class of stepladder-type polyphenylene. Unsubstituted 

polyfluorene was synthesised for the first time electrochemically by anodic oxidation of 

fluorene in 19857 and subsequently various 9-substituted polyfluorene was synthesised 

electrochemically. The first chemical synthesis of poly(9,9-dihexylfluorene) (5.2) using 9,9-

dihexylfluorene (5.1) as monomer unit was performed by Yoshino et al. in 1989 via an 

oxidative coupling using anhydrous ferric chloride in chloroform and low molecular weight 

polymer 5.2 with a number average molecular weight (Mn) up to 5000 was obtained (Scheme 

5.1).8 

~ 
C5H13 C 5H13 

-~ -
C5H1 3 C5H13 

5.1 5.2 

Scheme 5.1 Synthesis of poly(9,9-dihexyl)fluorene (5.2) by oxidative coupling.8 

Molecular weight up to 5,000 (determined by GPC analysis) was obtained usmg above 

procedure was rather low for device application. High molecular weight PFs (Mw = 94,000) 

was reported for the first time by Pie and Yang in 19969 for poly[9,9-bis(3,6-

dioxaheptyl)fluorene] (5.4), which was synthesised by the Yamamoto coupling using NiCh as 

coupling agent shown in Scheme 5.2. 

Zn, NiCl2 

DMF, 70 °C, 2d 

5.3 5.4 

Scheme 5.2 First Yamamoto synthesis of poly[9,9-bis(3,6-dioxaheptyl)fluorene] (5.4). 9 
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Most of the high molecular weight polyfluorenes are synthesised either by Pd-catalysed 

Suzuki reaction or by Yamamoto reaction using Ni(COD)2 as coupling agent. For example, 

researcher at Dow Chemical reported high molecular weight (Mw > 100,000) polymer 5.7 by 

Suzuki coupling between fluorene monomer units 5.5 and 5.6 as shown in Scheme 5.3. 10 

~ 
•·~ ·n ' 

C8H17 C8H17 

5.7 

Scheme 5.3 Synthesis of Poly(9,9-dioctyl)fluorene (5.7) by Suzuki coupling. 10 

PFs derivatives are most widely investigated for optoelectronic good application due to their, 

bright blue emission, high photoluminescence quantum efficiency and thermal stability. 

Moreover, fluorene monomers for construction of fluorene-based polymers are easy to 

synthesise with high yields that offer a wide range of different type of PFs derivatives 

possible to make, so as to establish structure property relationship for targeted device 

application. 11 The emission from alkylated PFs is well known to be in violet-blue region of 

the spectrum with maxima at ca. 425 nm and 440 nm. For illustration, the photoluminescence 

and absorption spectra of poly (9,9-dioctylfluorene) and poly[9,9-di-(2-ethylhexyl)fluorene] 

in thin films reported by Moses et al. 12 are shown in Fig. 5.2. In addition, PFs show the 

optimum HOMO-LUMO energy level and excellent charge-transport properties. PFs are, 

therefore, widely investigated for device applications, that can be inferred from the number of 

review articles published. 1a, i 3, i 4, 15 
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Fig. 5.2 Photoluminescence and absorption spectra m thin films of (a) poly(9,9-

dioctylfluorene) and (b) poly[9,9-di-(2-ethylhexyl)fluorene]. 12 
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5.1.2 Synthesis and properties of fluorene based copolymer 

Copolymer synthesis is an important method to control or tune the optoelectronic properties 

required for a particular application. In order to improve the photophysical properties of 

fluorene-based material, a variety of fluorene-based copolymers are synthesised and reported 

in last decades for potential application in oelectronic devices. 1 In general, Yamamoto-type 

coupling16
•
17

•
18 and Suzuki-type coupling6

·
19

•
20 are used to synthesise fluorene-based 

copolymers. As an example, Yamamoto type coupling between fluorene and antracene 

monomers reported by Miller et al. 16 is shown in Scheme 5.4. The copolymers 5.10 p(F-A)x 

displayed stable blue-light emission in light-emitting devices. Interestingly, incorporation of 

antracene into the polyfluorene backbone completely suppressed the formation of 

troublesome excimer, which is a key drawback for polymers with planar n-system. 16 

c-- 1/" ~ i)Ni(COD)i, bipy, 
Br~Br COD,DMF/toluene, -§-~ +Br Br ii)RBr 

C6H13 CsH1 3 

R 

5.8 

5.9 
5.10 p(F-A)x 

p(F-A)15 x,y = 85 :15 
p(F-A)25 x,y = 75:25 
p(F-A)50 x, y = 50:50 

Scheme 5.4 Synthesis of poly(fluorene-co-antracene) via Yamamoto type coupling. 16 

As an example, Suzuki-type copolymerisation involving incorporation of dibenzothiophene­

S,S-dioxide (S) moiety into the polyfluorenes backbone to afford p(F-S)x copolymers is 

depicted in Scheme 5.5. 6 

R 

j 
i) (Ph3P)4Pd, K2CO3 (2M),toluene, 
ii) 4-Bu-C6H4-Br 
iii) 4-Bu-CsH4-B(OH)4 

0¥ 0 R=O-Bu 

\ 1/ ~ p(F-Sh x:y = 98:2 
p(F-S)5 x:y = 95:5 

CaH17 p(F-S)15 x:y = 85:15 

5.13 p(F-S)x p(F-S)30 x:y = 70:30 

Scheme 5.5 Synthesis of poly(fluorene-co-dibenzothiophene-S,S-dioxide) 5.13 via Pd-catalysed 

Suzuki coupling co-polymerication.6 
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When comparing to polymer PFO (5.7), under similar condition of measurement, copolymers 

p(F-S)x (5.13) showed improved electron injection, balanced mobility and marked improve 

device performance. The reported absorption and photoluminescence spectra of the 

copolymers p(F-S)x (5.13) in toluene solution is shown in Fig. 5.3. The absorption spectra 

showed progressive small red shifts and some broadening with an increasing S loading while 

somewhat larger red shifts in emission spectra. Also, the copolymers p(F-S)x displayed broad 

emission throughout the visible spectrum resulting from dual-fluorescence process, giving 

efficient single polymer WLEDs with broadened emission.6 
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Fig. 5.3 Absorption and photoluminescence spectra of the copolymer p(F-S)x (5.13) m 

toluene solution.6 

5.1.3 Defects in polyfluorenes: keto defects 

Polyfluorenes and polyfluorenes-type co-polymers are widely investigated and are emerging 

as a leading class of the emitter materials for applications as polymeric blue light-emitting 

diodes, PLED. However, a major setback of polyfluorene-based PLED is the degradation of 

emitting material upon device operation leading to unwanted green emission band at -2.2-2.4 

e V (520-530 nm). 12
•
21 As an illustration, an additional green emission and reduced efficiency 

were observed during annealing the thin film of PFO (5.7) in the air is shown in Fig. 5.4. This 

is a longtime known fact in polyfluorene photophysics, but in earlier studies , despite a great 

deal of exertion by the scientific community, the origin of this low energy band was 

considered controversial and attributed mainly due to aggregates or excimers, or direct 

emission from chemical defects ("keto-defect").22 
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Fig. 5.4 The PL spectra of the PFO (5.7) thin film annealed (a) in nitrogen atmosphere and 

(b) in air; new green emission band is progressively developed on annealing the film in air. 12 

In recent times, keto-defect sites are generally accepted concept of the origin of the low­

energy emission in polyfluorene supported by experimental results23
•
24

•
25

•
26

•
27 and quantum 

chemical calculations.28
•
29 From chemist's line of thought, the keto-defect sites may be formed 

during polymer synthesis as a result of incomplete monomer alkylation at C-9 as well as due 

to photo-, electro-, or thermal oxidative degradation processes after polymer synthesis. The 

formation of keto-defects during polymer synthesis can be interpreted by a mechanism 

proposed by Scherf group (Scheme 5.6).21 a In the proposed mechanism, the process starts 

from the reduction of monoalkylated fluorene 5.14 generating the fluorenyl anions 5.15, 

which undergoes an aerial oxidation to form hydro peroxide anion 5.16. Thereafter, the hydro 

peroxide anion 5.16 undergoes rearrangement to generate fluorenone moieties. It is known 

that even smallest traces of fluorenone species in polyfluorenes may cause severe change in 

photophysical properties of polyfluorenes.30Therefore, very high purity dialkylated monomers 

are generally require for synthesis of polyfluorenes to minimise the formation of keto defects 

and to improve the stability of the polymers.3 1
•
32 

--op-- 'i~; 
H R 

5.14 5.15 Fluorenone 

Scheme 5.6 Proposed mechanism for the formation of keto defects at monoalkylated sites of 

poly(dialkylfluorene).21 a 
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As an illustration, formation of keto defects during device operation in polyfluorene-based 

PLED and change in emission is shown in Fig. 5.5.1b It has been established that the effect of 

Keto-defect on the emission is more pronounced in electroluminescence process when 

compared to photoluminescence. 

Fig. 5.5 Electroluminescence of a polyfluorene-type PLED, the initial emission of the device 

(left) and the emission after device operation (right). [from ref lb, p. 295]. 

To overcome this drawback of low energy emission in polyfluorenes several strategies have 

been applied, such as i) the thorough purification of the fluorene monomers,30 ii) 

copolymerization with other moieties,6
·
34 iii) replacing linear alkyl solubilising side groups at 

C-9 with more bulky substituents.33
·
34

•
35 However, these strategies do not provide a complete 

solution of problem associated with the degradation process at C-9 position of polyfluorenes. 

A noble approach reported by Holmes group did overcome this effect whereby replacing CH2 

bridge of fluorene to silicon atom. They synthesised poly(9,9-dihexyl-2,7-dibenzosiloes) 5.19 

via Suzuki cross-coupling (Scheme 5.7), which, when compared to polyfluorenes exhibit 

extremely high emission stability.36 

Br--Q-{J-Br 
Si 

/ '\. 
C5H13 Cs H13 

5.17 

Scheme 5.7 Synthesis of poly(9,9-dihexyl-2,7-dibenzosiloles) 5.19 via Suzuki cross-coupling 

polymerisation. 36 

209 



Thereafter, some other groups followed this approach and reported the syntheses and 

properties of similar silafluorene polymers as novel blue-emitting materials .373 8
•
39 Likewise, 

an active area of research has been focused on the synthesis and properties of similar new 

polyfluorenes type material with prolonged blue emission stability. One of the aim of the 

current Thesis work is to investigate whether 4,5-diazafluorene type polymers have stability 

better than polyfluorenes, so that degradation processes associated with keto defect is 

eliminated or minimised, and can be considered as a stable blue PLED material (Section 5.2). 

Poly(9,9-dioctylfluorene) (PFO, 5.7) and poly(9,9-dihexylfluorene) (5.2) are the well-known 

conjugated polymers among the poly(9-alkylfluorenes) studied as an active material for 

OLEDs.40
•
41 The rigid-rod polyfluorenes are known to form a nematic type arrangement in 

bulk, which facilitates chain aggregation leading to red-shifted emission and reduce emission 

efficiency.42 The common phase associated with PFs is the amorphous phase with an average 

torsional angle ( <p) of backbone chain of 135 ° and the other one, so called P-phase, with more 

planar backbone with the torsional angle of 160 °.65 The p-phase is exclusively found in PFO 

and considered important because it leads to interesting specific physical properties such as an 

efficient energy transfer from amorphous phase, high charge mobility and improved device 

performance. 1
a·

64
•
65 The formation of p-phase depends on specific condition and can be probed 

by characteristic peak around 435 nm in the UV-vis absorption spectra. For example, P-phase 

is formed in PFO film was prepared from DCM solution, whereas only amorphous phase is 

formed when PFO film was prepared from toluene solution is shown in Fig. 5.6. 
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---<>- PL 

400 450 500 550 600 
Wavelength (nm) 

Fig. 5.6 Normalised UV-vis and PL spectra of PFO film (a) P-phase, film prepared with DCM 

(b) amorphous phase, film prepared with toluene.65 

The P-phase of PFO films exhibits characteristic well-define sharp vibronic replicas in the PL 

spectrum with almost no storkes shift. Moreover, P-phase acts as self-dopant, that enhances 
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blue emission and colour purity of PFO. Formation of similar P-phase behaviour in 4,5-

diazafluorene based polymer is investigated as a part of this Thesis work and is presented in 

the Result and Discussion Section of this Chapter. 

In order to improve the photophysical properties of PFO, several strategies have been applied, 

such as synthesis of alternating or statistical copolymers of PFO having kink linkage with 

carbazole,43 dibenzophenazine,44 polyphenylene dendrimer substituents,45 pyridine,46 end­

capping47 to allow control over conjugation length and blue emission. Also, donor-acceptor 

type copolymers of PFO, containing electron rich and electron deficient groups results in an 

intermolecular charge transfer (ICT) complexes and improves photophysical properties such 

as charge-injection and charge-transport properties.48 

5.2 Results and discussion 

5.2.1 Computational study ofpolyfluorene and poly(4,5-diazafluorene) 

Computational studies on the electronic structures of the polymers provides a valuable 

contribution towards rationalization of the properties of known polymers and for prediction of 

those yet unknown polymer49·50·51 ·52 The frontier orbitals (HOMO and LUMO) provides 

useful info1mation about the applicability of polymers as semiconductor material. 

To model and estimate the properties of 4,5-diazafluorene-based polymers and to compared 

them with corresponding polyfluorenes, we have performed comparative calculations of 

frontier orbital energy levels for oligomers of the fluorene and 4,5-diazafluorene series by 

OFT B3LYP/6-31G(d) method as implemented in Gaussian 09 package of programs.53 

Similar calculations have already been described for some shorter oligomers (up to n = 8) in 

Chapter 4. Herein computations have been performed in a gas phase and 9-unsubstituted 

[(F)n, (DAF)n] , or 9,9-dimethylated oligofluorenes and oligo-4,5-diazafluorenes [(Me2F)n, 

(Me2DAF)n] have been chosen that allowed (for such a high-level method) to perform 

calculations up to n = 20, the value which is higher than the conjugation length in fluorene­

type polymers (n ~ 12). While we understood that these computations might be not in a good 

agreement with experimental energy levels, for the same level of theory, systematic errors 

(due to the selected method, computations for a gas phase etc.) for two topologically similar 

structures of the F and DAF should be near the same. As such, these calculations should 

describe well the evolutions of HOMO/LUMO energies due to insertion of nitrogen atoms 

and due to methylation of oligomers. 
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H~H 

R R 

HKJ;P,H 
R R 

(F)n, R = H (DAF)n, R= H 
(Me2F)n, R = CH3 (Me2DAF)n, R = CH3 

Dependences of HOMO and LUMO energy levels, and HOMO-LUMO gaps versus number 

of repeating monomer units (n) are shown in Fig. 5.7a,c. An increase of the lengths of the 

oligomers results in an increase of HOMO and decrease of LUMO energy levels, as well as 

the HOMO-LUMO gaps, demonstrating saturation of the values for n > 12-14, in good 

agreement with experimental data for oligofluorenes54
·55•56 (see Chapter 4) . Methylation of 

oligofluorenes (and of polyfluorene) [(F)n ➔ (Me2F)n] has a smaller effect on their orbital 

energy levels, with somewhat larger effect on LUMO (decreased by 30 meV, for n = 18) than 

on HOMO (increased by 16 meV). In contrast, for DAF series, substitution of hydrogens at 

position 9 by methyl substituents [(DAF)n ➔ (Me2DAF)n] does not change LUMO energies 

at all, whereas the main effect is observed in HOMO levels (increased by 60 meV, for n = 

20). Overall, methylation of F and DAF units' results in quite small changes of 

HOMO/LUMO energies, and further increase of the length of the side alkyl chain to ethyl has 

an even lower effect (Chapter 4, Fig. 4.16). Thus, for octamers (DAF)s ➔ (Me2DAF)s ➔ 

(lEtiDAF)s, HOMO is changed by 54 and49 meV, respectively, and LUMO is changed by 4 

and -1 meV, respectively (for octamers (F)s ➔ (Me2F)s ➔ (EtiF)s these changes are 16 and 

-11 meV for HOMO and -25 and -26 meV for LUMO). 

An insertion of electronegative nitrogen atoms into benzene rings of oligofluorenes has a 

drastic effect on the frontier orbital energies, showing similar evolutions of HOMO and 

LUMO energies. Thus, for "methylated" oligomers, (Me2F)n and (Me2DAF)n series, this 

results in decreasing the HOMO and LUMO by 0.71 eV and 0.69 eV, respectively, when 

passing on from n = 2 to n= oo extrapolated value), i.e. an effect of nitrogen atoms is near the 

same for HOMO and LUMO orbitals (Fig. 5.7a,b) . As a result, the HOMO-LUMO gaps for F 

and DAF series are very similar: extrapolated values for (Me2F)n and (Me2DAF)n to n = oo 

are 3.420 eV and 3.435 eV, so the difference is of 15 meV only (Fig. 5.7c,d) . Thus, poly(4,5-

diazafluorenes) are expected to absorb and emit the light in the same region as corresponding 

polyfluorenes. On the other hand, predicted lowering HOMO and LUMO energy levels for 

4,5-diazafluorene polymer compared to parent polyfluorene should improve the electron 

transporting properties of OAF-based polymers and decrease the electron injection barrier in 
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the case of its use as material for OLED. This justifies an interest in the preparation and 

studies of electrochemical/photophysical properties of 4,5-diazafluorene based polymers. 

To estimate the HOMO/LUMO levels, the transition energy (and parameters related to them) 

of a polymer from energies obtained for the corresponding oligomers, the latter are usually 

plotted as a function versus 1/n (where n is a number of repeating monomer units or number 

of double bonds along the conjugated chain). 57
•
58

•
59 This allows linearization the graphs 

simplifying the analysis and such a linearization was confirmed by numerous publications for 

experimental and calculated data.57 Presentation of our data (Fig. 5.7a,c) for oligomers of F 

and DAF series as "energy vs. 1/n" (Fig. 5.7b,d) demonstrates reasonably good linear 

dependences for n ~ 2-10. For longer oligomers, some deviations with "saturation effect" is 

observed, that becomes more and more evident with the growing length of the polymer chain. 

Thus a real band gap of polymers and their HOMO energies are always lower (and LUMO is 

higher) than their linearly extrapolated values from "E vs. 1/n" graphs. This fact is well 

known from the literature and it relates to the conjugation length of the polymer. There is also 

the theoretical background explaining this effect, because relationship vs. 1/n is a 

simplification of more complex physical description of the phenomenon. 57 

From the plots of HOMO and LUMO energies and HOMO-LUMO gaps versus 1/n, shown 

on Fig. 5.7b, done can see such a deviation from linear dependences for longer oligomers (n 

> 12), where only very small changes in energies are observed for oligomers with n = 12-20 

( < 20 me V). While they are not negligible for computed values, these correspond to ~ 1-2 nm 

spectral differences and thus can be considered as unimportant. 
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Fig. 5.7 B3LYP/6-31G(d) frontier orbital energy levels and HOMO-LUMO gaps versus n 

(a,c) and 1/n (b,d) (n is a number of monomer units) diagrams for fluorene [(F)n], 4,5-

diazafluorene [ (DAF)n] , 9 ,9-dimethylfluorene [ (Me2F)n] and 9 ,9-dimethyl-4,5-diazafluorene 

[(Me2DAF)n] oligomers with up to 20 repeating units. 
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As an example, to demonstrate the delocalisation of HOMO and LUMO orbitals in 4,5-

diazafluorene polymer along the main chain, the contour diagrams of HOMO and LUMO 

orbitals of the trimer (Me2DAF)3 and the octamer (Me2DAF)s are shown in Fig. 5.8. The 

adjacent DAF subunits are bonding in LUMO while antibonding in HOMO. The HOMO and 

LUMO orbitals are spread over the whole molecules for small chain length oligomer 

(MeiDAF)3. With the chain length grows [(Me2DAF)s], the HOMO and LUMO orbitals are 

localised in the middle part of the chain, as an increase in the chain length results in a 

decrease of their energies due to delocalisation and end fluorene units are less involved in this 

process. 

(Me2DAF)3, LUMO = -2.01 eV (Me2DAF)3, HOMO= -5 .82 eV 

(Me2DAF)s, LUMO = - 2.24 eV 

... ~ 

, ,.-~ 1, tftt~C~t't.,~-
t- t ~ it ... 

(Me2DAF)s, HOMO= -5.73 eV 

Fig. 5.8 Isocontour plots (0.02 e bolu·-3
) of HOMO and LUMO orbital coefficients of the 

trimer (Me2DAF)3 and octamer [(Me2DAF)s for DFT B3LYP/6-31G(d) optimised geometries 

(visualised by GausssView 05 program) 

In the next section, synthesis and study of physical properties of 4,5-diazafluorene based 

polymers have been described. 
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5.2.2 Synthesis and characterisation of 4,5-diazaflorene-based homopolymers 

Synthesis of conjugated rigid rod type two novel homopolymers, poly(9,9-dioctyl-4,5-

diazafluorene) (PDO 5.20) and poly[9,9-di(4-octyloxyphenyl)-4,5-diazafluorene] [p(PhOD) 

5.21] from 4,5-diazafluorene monomer units (3.24, 4.29 and 3.34) are shown in Scheme 5.8. 

Synthesis of monomer units 3.24 and 3.34 has been described in Chapter 3 and monomer unit 

4.29 in Chapter 4. The polymer PDO was synthesised by two methods (Scheme 5.8). First 

method involved Pd-catalysed Suzuki coupling polymerisation between bifunctional 

monomers dibromo-DAF 3.24 and diborolane-DAF 4.29 in toluene with 2M K2CO3 and 

aliquat 336 under reflux for three days in argon atmosphere, followed by end-capping of the 

polymer with bromobenzene and benzeneboronic acid to obtained a low molecular weight 

polymer 5.20-Pd-L in a moderate yield (46%). 

The second used method was based on Yamamoto coupling; performed under an inert 

condition with Schlenk-flask where the monomer unit dibromo-DAF 4.29 was mixed with 

Ni(COD)2, cyclooctadiene, bipyridine in DMF-toluene solution and heated at 80 °C for nearly 

three days . This was followed by addition of end capper phenyl bromide and kept at 80 °C for 

another 16 hours to obtain somewhat higher molecular weight polymer 5.20-Ni-L in good 

yield (56% ). 

__(N/1 (.t )_ 
Br ~ Br 

CaH11 CaH17 

3.24 

Br Br 

3.34 

4.29 
Suzuki coupling 

· i) Pd(PPh3)4, 2M K2CO3, 
toluene, Aliquate 336, reflux, 72 h 

ii) PhBr, reflux, 24 h 
iii) PhB(OHh, reflux, 24 h 

Yamamoto coupling 

i) Ni(CODh, COD, bipy, 

DMF-toluene, 80 °c , 60 h, 

ii) PhBr, 80 °C, 16 h 

Ni(CODh, 
COD, bipy 

DMF-toluene, 

80 °C, 60 h, 

then PhBr, 80 °C, 16 h 

p(PhOD) 
5.21-Ni-L 
5.21-Ni-H 

CaH1 7 CaH17 

PDQ 
5.20-Pd-L 
5.20-Ni-L 
5.20-Ni-H 

Scheme 5.8 Synthesis of homopolymers PDO and p(PhOD) based on 4,5-diazafluorene. 
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In order to obtain high molecular weight polymer, the second method was repeated at more 

controlled conditions; taking into account of very hygroscopic nature and sensitivity to air of 

Ni(COD)2, using glove box for weighing all the components, carefully keeping the reaction 

vessel from air/water during polymerisation. This polymerisation in a carefully controlled 

conditions resulted in a high molecular weight polymer 5.21-Ni-H (Mw = 109,900, Table 5.1) 

obtained in a moderate yield of 31 % (after purification). For both methods, crude products 

were purified by a Soxhlet extraction with acetone to remove low molecular weight fractions, 

followed by extraction with chloroform and then reprecipitation into methanol. Average 

molecular weight (Mw), number average molecular weight (Mn) was determined using GPC 

analysis of the respective polymers with polystyrene as the standard reference in chloroform 

(Table 5.1). It was found that polymer PDO prepared by Yamamoto coupling method with 

controlled conditions gave much higher average molecular weight (Mw = 109,900, PDI = 
3.90) compared to Suzuki coupling polymerisation (Mw = 6,100, PDI = 2.69). End-capping 

(phenyl group) is well noticeable in the 1H NMR spectrum of the low molecular weight 

polymer 5.20-Pd-L shown in Fig. 5.9. This allowed us to reasonably estimate its molecular 

weight from 1H NMR peak intensity integral60 to be (Mn = 2500) corresponding to repeating 

units (n = 6), which is close to the value obtained by GPC analysis (Mn = 2300). 

The homopolymer poly[9,9-di(4-octyloxyphenyl)-4,5-diazafluorene] (5.21) was synthesised 

in similar manner to the second method; by Yamamoto coupling of monomer unit 3.34 using 

Ni(COD)2, cyclooctadiene, bypyridine in DMF-toluerie solution and heated at 80 °C for 

nearly three days followed by end-capping with bromobenzene and kept at 80 °C for another 

16 hours to obtain polymer 5.21-Ni-L in good yields (46). In more controlled conditions as 

mention before giving higher molecular weight polymer 5.21-Ni-H in good yields (56%). 

Both the homo polymers are thermally stable with thermal decomposition temperature Tct = 

403 °C and 350 °C (Fig. 5.10), respectively for polymers 5.20-Ni-L and 5.21-Ni-L (Tct 

determine by TGA, Table 5.1). Spectral stability of the polymers is discussed in section 

5.2.3.4. Both the polymers (5.20 and 5.21) are highly soluble in chloroform, toluene and 

partly in tetrahydofuran. Good solubility of synthesised homopolymers allowed a 

comprehensive study of their physical prope1ties. Structures of synthesised polymers were 

characterised by 1H NMR and 13C NMR. The 1H NMR spectrum of both the polymers (5.20 

and 5.21) found to be similar to the monomer unit with about 0.5-0.1 ppm up field shifted and 

broaded peak intensities. 
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Fig. 5.9 1 H NMR spectrum of homopolymer PDO (5.20-Pd-L) . 
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Fig. 5.10 TGA curves for polymers 5.20-5.24 under nitrogen; heating rate 5 °C min-1• 
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Table 5.1 GPC and TGA data for polymers 5.20-5.24 and PFO. 

Polymers Mn Mw PDI Tct (°Ct 

PDO (5.20-Pd-L) 2,300 6,100a 2.69 

PDO (5.20-Ni-L) 3,600 23,200a 6.53 403 

PDO (5.20-Ni-H) 28,200 109,900a 3.90 

p(PhOD) (5.21-Ni-L) 1,530 4,050a 2.64 350 

p(PhOD) (5.21-Ni-H) 71,600 206,800a 2.89 

p(PhOD-alt-F) (5.22) 11,700 28,900b 2.48 394 

p(PhOD-co-PhOF) (5.23) 15,100 39,900b 2.64 379 

p(D-alt-F) (5.24) 4,200 21,900b 5.17 405 

PFOe 53,400 194,lO0a 3.63 38SC 

aperformed with polystyrenes as standard references in chloroform. bPerformed with 

polystyrenes as standard references in tetrahydrofuran. coatum taken from ref. 24. dThermal 

decomposition temperature determined by TGA at 5% weight loss under nitrogen heating rate 

5 °C min-1. eThis sample of high molecular weight PFO has been synthesised in Prof. U. 

Scherf group. 

5.2.3 Synthesis and properties of 4,5-diazafluorene-based copolymers 

Three different copolymers of 4,5-diazafluorene with fluorene (5.22, 5.23, 5.24) was 

successfully prepared (Scheme 5.9) . A regioregular copolymer p(PhOD-alt-F) (5.22), 

consisting of 1: 1 ratio of 9 ,9-bis( octylox yphenyl)-4,5 -diazafluorene to 9 ,9-dioctylfluorene 

unit was synthesized by employing Suzuki coupling between monomer units 3.34 and 5.12 in 

a good yield (66%). Similarly, another regioregular copolymer p(D-alt-F) (5.24) was 

synthesised in the ratio 1: 1 of 9,9-dioctyl-4,5-diazafluorene and 9,9-dioctylfluorene unit by 

Pd-catalysed Suzuki reaction in good yield (51 %). When this work was underway, Huang et 

al. reported synthesis of similar statistical co-polymers 5.24 with different ratio of 

diazafluorene and fluorene units using similar method.61 A master student in our group of 

research has synthesised polymer similar to 5.24 with the ratio 90: 10 = fluorene:diazafluorene 

units and used it for studying mental sensing property.62 Metal sensing ability of polymer 5.24 

with the ratio 90: 10 = fluorene:diazafluorene units was found to follow similar trend as that of 

the FDF oligomer described in Chapter 4. A random polymer p(PhOD-co-PhOF) (5.23) of 

9 ,9-bis( octyloxyphenyl)-4,5-diazafluorene and 9 ,9-bis( octyloxyphenyl)fluorene units was 

synthesised by Yamamoto coupling using Ni(COD)2 as reductive transition metal-based 

coupling agent followed by end capping with bromobenzene in good yield (77%). 
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Scheme 5.9 Synthesis of fluorene-4,5-diazafluorene copolymers 5.22-5.24. 
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Ph 

The ratio between the monomer units was estimated by the peak intensity of 1H-NMR 

spectrum confirming 1: 1 ratio. Weight average molecular weight (Mw), number average 

molecular weight (Mn ) and polydispersity index (MwlMn) was determine by GPC analysis in 

THF with polystyrene standard (Table 5.2). Average molecular weight of random copolymer 

5.23 was found to be higher compared to alternate copolymers 5.24 and 5.22, suggesting 

better polymerization result from Yamamoto coupling. Thermal properties were estimated by 

TGA measurements. TGA analysis reveals excellent thermal stabilities for both homo- and 

copolymers 5.20-5.24 under nitrogen. Thermal decomposition temperature (5% weight loss) 

(Table 5.1) found to be highest for copolymer 5.24 (Tct = 405 °C) compared to copolymer 5.23 

(Tct = 379 °C) and 5.22 (Tct = 394 °C). These decompositions at> 400 °C with initial mass loss 

of ~ 50-60% correspond to a thermal cleavage of C-C bond at C-9 carbon atom with an 
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abstraction of side solubilising groups. DSC studies of polymers 5.20-5.24 under nitrogen did 

not show glass transition points. 

5.2.4 Electrochemical properties of the 4,5-diazafluorene based polymers 

To determine the n-doping and p-doping character of the polymers, the oxidation and 

reduction potentials of the polymer films were investigated by cyclic voltammetry (CV). 

Cyclic voltammograms of polymers 5.20- 5.24 are shown in Fig. 5.11 and their oxidation and 

reduction potentials (Eonse1°X, Eonset,red) determined from onsets of the electrochemical p-doping 

and n-doping are summarised in Table 5.2. 

The p- and n-doping are assigned to the oxidation and reduction of n-conjugated systems. The 

polymers exhibit irreversible or partly reversible redox waves in both n-doping and p-doping 

processes. The HOMO and LUMO levels derived from the oxidation and reduction potential 

of DAF based homopolymer PDO (5.20-Ni-L) are -5 .74 eV and -2.54eV, respectively. 

These values are close to the DFT calculated values of (Me2DAF)n in gas phase (- 5.72 eV 

and - 2.30 eV, obtained by extrapolation, Fig 5.14 b). Thus, a good correlation was seen 

between the experimental and the calculated values of HOMO and LUMO levels of DAF 

based polymer PDO. 

From Table 5.2, it can be seen that the band gaps (Eg) of the polymers 5.20-5.24 (3.20- 3.36 

eV) are close, but slightly lower than literature values for the homopolymer PFO (3.61 eV),46 

The main reason of this differences is that the LUMO levels of polymers 5.20-5.24 (ca. -2.4 

eV) are lower while HOMO levels (ca. -5.7 eV) are close to that of PFO (HOMO= -2.16 

eV, LUMO = - 5.77 eV). The polymers 5.20-5.24, therefore, are expected to exhibit improved 

charge injection from cathode and electron transp01ting prope1ties compared to homopolymer 

PFO. Thus, electron deficient diazafluorene moiety gives polymers with slightly reduced 

band gap. The main effect of electronegative atoms in polymers is in decreasing of LUMO 

orbital energies with only slight changes of HOMO energies 
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Fig. 5.11 Cyclic voltammograms of polymers 5.20- 5.24 in films; scan rate 50 mV/s , 

acetonitrile, supporting electrolyte 0.1 M Bu4NPF6, reference electrode Ag/ Ag+. 
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Table 5.2 Redox potentials, HOMO, LUMO energy levels and band gap for polymers 5.20-

5.24 in films, from cyclic voltamrnetry measurements.a 

Eonset OX Eonset, red 
£HOMO EwMo E CV 

Polymer g 

(V) (V) (eV) (eV) (eV? 
PDO (5.20-Ni-L) 1.45 -1.75 -5.74 -2.54 3.20 
p(PhOD) (5.21-Ni-L) 1.46 -1.81 -5 .75 - 2.48 3.27 
p(PhOD-alt-F) (5.22) 1.45 -1.86 -5.74 -2.43 3.31 
p(PhOD-co-PhOF) (5.23) 1.48 -1.88 -5.77 -2.41 3.36 
p(D-alt-F) (5.24) 1.43 -1.89 -5 .72 -2.40 3.32 

PFO46 1.36 -2.24 -5.77 -2.16 3.61 

ascan rate = 50 mV/s, acetonitrile, 0.1 M Bu4NPF6, glassy carbon electrode (2 mm disk), 

Ag/Ag+ quasi-reference electrode; potentials are recalculated vs Fe/Fe+ as an internal 

standard. aE/v = EHoMo - EwMo. 

5.2.5 Optical properties of the 4,5-diazafluorene based polymers 

The optical properties of synthesised homopolymers and copolymers have been investigated 

both in the solution and in the solid state. The films of the polymers for solid state 

measurements have been prepared by spin-coating of chloroform solutions on quartz plates. 

UV-Vis absorption spectra and photoluminescence spectra of polymers 5.20-5.24 in 

chloroform solution and as spin-coated films on quartz substrate are shown in Fig. 5.12 and 

Fig. 5.13 and the data are summarised in Table 5.1. 

The absorption spectra in solution are characterised by structureless bands with absorption 

maxima in the range of A.abs = 395-404 nm that can be assigned to n-n* transition of the 

conjugated backbone. Compared to polyfluorene homopolymer PFO (A.abs = 386-389 

nm43·46·63), DAF-based homopolymers 5.20 (A.abs = 399 nm) and 5.21 (A.abs = 396 nm) show 

small bathochromic shifts by - 6-13 nm, while copolymers 5.22-5.24 demonstrate a further 

bathochromic shift by - 1-9 nm (Table 5.1). Similarly, to polyfluorene PFO, DAF-based 

homopolymers 5.20-5.21 and copolymers 5.22-5.23 do not show substantial differences 

between their absorptions in solution and the solid state: the differences are of - 0-3 nm only 

(copolymer 5.24 shows the slight blue shift by 7 nm in the film compared to the solution). 

Optical band gaps determined from the absorption edges of polymers in the solid state are in 

the range of 2.73-2.88 eV (Table 5.1). Recently, Huang et al. reported synthesis of polymer 

5.24 and spectral data is consistent with what we observed. 61 

Photoluminescence maximum is in the blue region of the spectrum in chloroform, in the range 

421-428 nm with two distinct bands, while in film shows red shifted and broad emission (Fig. 
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5.12, Fig. 5.13, right). This broadening and red shifted emission in film compared to solution 

may be attributed to intermolecular interactions in the solid state as observed before for other 

conjugated polymers, including polyfluorenes. Photoluminescence quantum yields (PLQY) in 

a solution have been determined in chloroform using 9,10-diphenylanthracene as a standard 

and absolute quantum yields for the solid state have been measured using a calibrated 

integrating sphere. Photoluminescence quantum yields of 4,5-diazafluorene-based 

homopolymers and copolymers 5.20-5.24 were found to be 62-68% in solution 15-17% in 

films (Table 5.1). This dropdown of quantum yields from solution to solid state may be 

attributed to the formation of aggregates in the solid state. 
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Fig. 5.12 Normalised absorption and emission spectra of polymers (5.20-5.24) in chloroform. 
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Fig. 5.13 Normalised absorption and photoluminescence spectra of polymers 5.20-5.24 as 

spin coated films on quartz windows. 
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Table 5.3 Absorption and photoluminescence, band gap, and PLQY of polymers. 

Aabs APL <!)pL Aabs APL <!)pL 
E opt 

Polymers (nm) (nm) (%? (nm) (nm) (%? 
g 

(eV/ 
CHCb CHCb CHCb Film Film Film 

421, 431, 
PDO 65 16 

399 445sh, 400 455sh, 2.73 
(5.20-Pd-L) (390) (400) 

482sh 489sh 

435, 
p(PhOD) 68 15 

395 421 395 463sh, 2.79 
(5.21-Ni-L) (380) (395) 

493sh 

p(PhOD-alt-F) 62 502,438sh 16 
404 427 407 2.83 

(5.22) (390) 524br (407) 

p(PhOD-co - 67 443 sh, 16 
401 428 400 2.86 

PhOF) (5.23) (380) 493 (400) 

500, 
p(D-alt-F) 66 17 

400 425 393 435sh, 2.87 
(5.24) (390) 

530sh 
(406) 

441, 
37 

PFOd 401 467sh, 2.71 

503br 
(390) 

PFO46 386 443 391 422 2.76 

PFO63 387 (tol) 414 
389 

85 435 

PFO43 
417, 425, 447, 

389 78 383 40 
439 520 

aPLQY measured in chloroform using 9,10-diphenylanthracene in degassed cyclohexane as 

standard (<DPL = 90 %). bAbsolute PLQY for spin-coated films measured in an integrating 

sphere (excitation wavelengthes, A.ex, are given in brackets) .cEg°Pt is the optical band gap 

estimated from the absorption edge of the polymer film. ctThis sample of high molecular 

weight PFO has been synthesised in Prof. U. Scherf group. 
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5.2.6 Thermal annealing studies of the 4,5-diazafluorene based polymers 

To study the spectral stability polymer in film, thermal annealing in air experiments was 

performed on polymers 5.20, 5.21 and 5.24. Also, in order to investigate whether similar g­

band appear (commonly associated with PFs) in our newly synthesis poly(9,9-dioctyl-4,5-

diazafluorene) (PDO, 5.20-Ni-L) which is topologically similar to poly(9,9-dioctylfluorene) 

(PFO) we did thermal annealing at various temperature for fixed time interval of 1 hour in air 

and measure their PL spectrum and absorption spectrum for both the polymer (PDO and 

PFO) as shown in Fig. 5.14-5.15. 
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Fig. 5.14 Effect of thermal annealing on absorption spectrum of PFO (a) and PDO (b) spin 

coated film upon thermal anneal in air. 
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Fig. 5.15 Effect of thermal annealing in air on photoluminescence spectra for poly(9,9-

dioctylfluorene) (PFO) (a) and PDO (5.20-Ni-L) (b). 

It can be seen from the emission spectrum (Fig. 5.15), that upon thermal annealing, g-band 

appear to increase with increase in temperature above 70 °C for PFO. A similar effect was 

also observed for the polymer PDO (Fig. 5.16), but the increase in band at about 510 nm 

(broad emission, may be called g-band) starts at a lower temperature of 50 °C. It can be 
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inferred that PDO also shows g-band as that exhibited by PFO and their spectral stability is 

comparable to PFO under thermal annealing in air. Normalised absorption spectra of both 

polymers (PFO and PDO) (Fig. 5.15) do not show any significant changes upon thermal 

annealing, however, a decrease in intensity of the absorption maximum with increase in 

temperature in their unnormalised absorption spectrum was observed. 

Small band at 435 nm in the absorption spectrum of PFO in spin coated film is assigned to its 

,B-phase.1a·64 As mentioned before, ,B-phased PFO exhibit improved device performance 

compared to amorphous phase PFO.65 Under similar conditions of preparing film PDO do not 

show the formation of ,B-phase at room temperature. It is not clear about the reason for more 

disorder morphology in PDO compared to PFO. For comparison, normalise UV and PL 

spectrum of PDO and PFO at room temperature is shown in Fig. 5.16. Absorption maximum 

for both the polymers is about 400 nm. PL maximum show slight blue shift of about 10 nm 

for PDO compared to PFO implying a deeper blue emitter. The optical band gap of PDO 

(2.73 eV) measured from the adsorption edge in films found to be about 0.04 eV lower than 

that of PFO (2.76 eV).46 
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Fig. 5.16 Normalised PL and UV spectra for poly(9,9-dioctyl-4,5-diazafluorene) (PDO, 5.20-

Ni-L) and poly(9,9-dioctylfluorene) (PFO) in spin coated films. 

The homopolymer p(PhOD) (5.21-Ni-L) and copolymer p(D-alt-F) (5.24) shows a similar 

trend as observed in PDO (5.20-Ni-L) upon thermal annealing in air. The absorption and 

emission spectrum of polymer 5.21-Ni-L upon thermal anneal in the air at 150 °C (2 hours), 

180 °C ( 1.5 hours) and 200 °C (2 hours) is shown in Fig. 5 .17. The absorption spectra do not 

show any significant changes upon thermal annealing. The spectral stability of p(PhOD) 

(5.21) is somewhat better than PDO (5.21), since emission peak at 430 nm changes less at 
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higher temperatures of heating for p(PhOD). Also, the vibronic structure of the emission in 

the region 480-540 nm remain intact while heating upto 180 °C (1.5 hours) which further 

indicates better stability in comparison to PFO. 
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Fig. 5.17 Effect of thermal annealing of poly(9 ,9-dioctyloxyphenyl-4,5-diazafluorene) 5.21 

film in air atmosphere on its absorption and emission spectra. 

The absorption and emission spectrum of polymer 5.24 upon thermal annealing in air at 150 

°C (2 hours), 180 °C (1.5 hours) and 200 °C (2 hours) is shown in Fig. 5.18. The normalised 

absorption spectra remain unchanged. The g-band is noticeable even at room temperature for 

the copolymer 5.24 which gradually increases upon annealing at higher temperature. The 

vibronic structure of the emission in the region 480-540 becomes single broad structureless 

emission beyond 150 °C (2 hours) of annealing in air. This suggests a better stability 

compared to PFO. 
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Fig. 5.18 Effect of thermal annealing of p(D-alt-F) (5.24) film in an air atmosphere on its 

absorption and emission spectra. 
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5.3 Conclusion 

We have performed a comparative calculations of frontier orbital energy levels for oligomers 

of the fluorene and 4,5-diazafluorene series by DFf B3LYP/6-31G(d) method in the gas 

phase. The 9-unsubstituted [(F)n, (DAF)n] , or 9,9-dimethylated oligofluorenes and oligo-4,5-

diazafluorenes [(MeiF)n, (Me2DAF)n] have been chosen that allowed to perform calculations 

up to n = 20, the value which is higher than the conjugation length in fluorene-type polymers 

(n ~ 12). It was found that with an increase of the lengths of the oligomers results in an 

increase of HOMO and decrease of LUMO energy levels, as well as the HOMO-LUMO 

gaps. This demonstrated the saturation of the values for n > 12-14. Methylation of F and 

DAF units' results in quite small changes of HOMO/LUMO energies, and further increase of 

the length of the side alkyl chain to ethyl has an even lower effect. For "methylated" 

oligomers, (Me2F)n and (Me2DAF)n series, this results in decreasing the HOMO and LUMO 

by 0.71 eV and 0.69 eV, respectively, when passing on from n = 2 to n = oo extrapolated 

value), i.e. an effect of nitrogen atoms is near the same for HOMO and LUMO orbitals (Fig. 

5.7a,b). The HOMO-LUMO gaps for F and DAF series are very similar: extrapolated values 

for (Me2F)n and (Me2DAF)n ton= oo are 3.420 eV and 3.435 eV, so the difference is about 

15 meV only (Fig. 5.7c,d). The predicted lowering HOMO and LUMO energy levels for 4,5-

diazafluorene polymer compared to parent polyfluorene implied an improve in the electron 

transporting properties of DAF-based polymers with decrease in the electron injection barrier 

in the case of its use as material for OLED. A deviation from linear dependences for longer 

oligomers (n > 12) was observed Fig. 5.7b. The HOMO and LUMO orbitals are mainly 

localised in the middle part of the chain for higher chain length oligomers. 

Novel polymers of 4,5-diazafluorene 5.20-5.24 were synthesised by either Yamamoto or 

Suzuki coupling reactions of the respective monomer units. Method for synthesis of high 

molecular weight, rigid rod type DAF based homo polymers [PDO (5.20-Ni-H; Mw 

=109,900), p(PhOD) (5.21-Ni-H; Mw = 206,800)] were developed, using Yamamoto 

coupling reaction in good yields (31 %, 56% ). A regioregular copolymer p(PhOD-alt-F) 

(5.22), consisting of 1: 1 ratio of 9,9-bis( octyloxyphenyl)-4,5-diazafluorene to 9,9-

dioctylfluorene unit was synthesised by employing Suzuki coupling between monomer units 

3.34 and 5.12 in a good yield (66%). Similarly, a regioregular copolymer p(D-alt-F) (5.24) 

was synthesised in the ratio 1: 1 of 9,9-dioctyl-4,5-diazafluorene and 9,9-dioctylfluorene unit 

by Pd-catalysed Suzuki reaction in good yield (51 %) and a random polymer p(PhOD-co­

PhOF) (5.23) of 9,9-bis(octyloxyphenyl)-4,5-diazafluorene and 9,9-

bis(octyloxyphenyl)fluorene units was synthesised by Yamamoto coupling using Ni(COD)2 
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as reductive transition metal-based coupling agent in good yield (77%). All the polymers were 

end-capped with phenyl group using bromobenzene/benzene boronic acid after 

polymerisation reaction time. The crude polymers were purified by Soxlet extraction with 

acetone followed by re-precipitation in methanol to afford yellowish solids. Average 

molecular weight (Mw), number average molecular weight (Mn) was determined by GPC 

analysis of the respective polymers (Table 5.1). For lower molecular weight polymers (5.20-

Pd-L, 5.20-Ni-L, 5.21-Ni-L) , the end-capped group (phenyl group) peaks was observed in 

their 1H-NMR spectrum. The ratio between the monomer units of copolymer (5.22-5.24) was 

estimated by the integral of the peak intensity of their 1H-NMR spectrum confirming expected 

feed ratio of 1:1. Thermal properties, estimated by TGA analysis (Fig 5.17, Table 5.1), reveals 

excellent thermal stabilities for both the homo- and copolymers 5.20-5.24. The thermal 

decomposition temperature (Tct) is in the range 350-405 °C similar to polyfluorene. 

The polymers 5.20-5.24 exhibit irreversible or partly reversible redox waves in both n-doping 

and p-doping processes determined by cyclic voltammetry. A good correlation of HOMO and 

LUMO levels determined by the cyclic voltamrnetry measurement of polymer PDO (5.20-Ni­

L, -5.74 eV and -2.54eV, Table 5.1) and the DAF calculated values of (Me2DAF)n in gas 

phase (-5.72 eV and -2.30, extrapolated from Fig 5.14 b). The polymers 5.20-5.24 exhibit 

slightly lower level of band gap (3.20-3.36 eV) compared to literature known value of PFO 

(3.61 eV) by CV measurement (Table 5.2). In addition, the LUMO levels are found to be 

comparatively lower than the HOMO levels. This has been attributed to the electron 

withdrawing nitrogen atoms of diazafluorene units. The polymers 5.20-5.24 are, therefore, 

expected to exhibit improved exhibit improved charge injection from cathode compared to 

homopolymer PFO. 

The absorption spectra in solution as well in film of polymers 5.20-5.24 are characterised by 

structureless bands with absorption maxima at nearly the same region in the range A.abs = 395-

404 nm. Their photoluminescence maximum is in the blue region of the spectrum in 

chloroform, in the range 421-428 nm with two distinct bands, while in film shows red shifted 

and broad emission in the range 431-500 nm (Fig. 5.12, Fig. 5.13). They exhibit a good 

photoluminescent quantum yield in the solution (ca. 70%) and in the film (ca. 16%) (Table 

5.3). 

The polymers (5.20-Ni-L, 5.21-Ni-L, 5.24) showed spectral stability upon thermal annealing 

in air of their films, comparable to PFO. Among them, the spectral stability of p(PhOD) 
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(5.21-Ni-L) found to be more stable, since the vibronic emission peak in the region 430-530 

nm changes less with the increase in temperatures of annealing in air. Overall, the polymers 

5.20-5.24 exhibit good thermal and spectral stability as emissive material. Potential 

application of these polymers is as deep blue emissive material in PLED, electron transport 

material and sensor. 

5.4 Experimental 

Chemicals 

All chemicals were purchased from Aldrich and Alfa Aesar chemical companies and were 

used without any further purification. The solvents THF, toluene and dioxane were dried by 

reflux over Na metal under nitrogen, and distilled off directly before use. The catalyst 

Pd(PPh3)4 was synthesised according to the literature procedure.66 Synthesis of key starting 

2,7-dibromo-4,5-diazafluorene monomers 3.24-3.34 are described in Chapter 2. All the 

polymerization reactions were performed under argon atmosphere. 

Instrumentation 

NMR details are given 111 Chapter 2. The weight-average molecular weights (Mw) and 

polydispersity indices (Mwl Mn) of the polymers were measured on a PL-GPC model 50 

chromatograph at room temperature using THF or CH Cb as eluents and standard polystyrenes 

as references. Absorption and emission spectra in solution were measured using HPLC grade 

solvent in 10 mm path length quartz cells and solid-state measurement by spin coated film 

prepared on 12.5 mm circular quartz substance, using Shimadzu UV-3600 UV-Vis-NIR 

spectrophotometer and Horiba Yvon Fluromax-4 spectrofluorometer at room temperature. 

TGA and DSC were measured on TA SDTQ600. 

Photoluminescence quantum yields (PLQY, <DPL) of all the polymers were measured in HPLC 

grade chloroform at room temperature, which were carefully purged with argon prior to 

measurements, according to previously described method.67 The photoluminescence quantum 

yields were calculated according to the following formula: 68 

Where <P is the quantum yield, A is the integrated intensity, OD is the optical density, and n is 

the refractive index. The subscript r refers to the reference fluorophore of known quantum 
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yield. 9,10-diphenylanthracene (9,10-DPA) dilute solution in cyclohexane (<Pr = 90%) was 

used as fluorophore standards. The solutions were bubbled by argon for about 10 minutes to 

avoid quenching by dissolved oxygen. 

General procedure used for thermal annealing experimentation: Circular quartz cell ( diameter 

=125 mm) was used to prepare film by spin coating at 300 rpm with the respective polymer 

solution (1mg dissolved in 1 rnL of chloroform). The spin-coated films were annealed in an 

oven over a certain period of time. After cooling to room temperature, the film was measured 

for absorption and emission spectrum. After measurement, the films was subsequently 

annealed at different temperature and measured absorption and emission spectrum. 

Cyclic voltammetry experiments were conducted in a standard three-electrode configuration, 

using Metrohm Autolab PGSTAT-302N potentiostat / galvanostat, with iR drop compensation. 

A glassy carbon electrode coated with thin film by drop cast method from the chloroform 

solution of polymer was used as working electrode and platinum wire (d = 1 mm) as counter 

electrodes, respectively. Ag/AgNO3 (0.lM in ACN) reference electrode was used (separated 

from the solution by a Vycor frit) and the potentials are quoted versus ferrocene half wave 

potential. Oxidation and reduction scans were performed in acetonitrile containing 0.1 M 

Bu4NPF6, under argon at room temperature with a scanning of 50 mV/s. HOMO and LUMO 

are calculated according to the empirical formula: 

EH OMO = - (E[ox vs. Fe+/ Fe] + 4.4) ( e V), 

ELUMO = - (E[red vs. Fe+/ Fe)+ 4.4) (eV), 

Where -4.4 eV represents the absolute energy level of Fc+/Fc redox couple below the vacuum 

in energy diagram. 69·70
•
71 
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Synthesis of 4,5-diazafluorene-containing polymers 

Poly(9,9-dioctyl-4,5-diazafluorene) (PDO) 

A) Pd-Catalysed Suzuki coupling polymerization method: 

Exp: SG-189 Low molecular weight polymer, 5.20-Pd-L 

i) Pd(PPh3)4, 2M K2C03 
PhCH3, A liquate 336, AAN N_ 
reflux, 72 h Ph ~ /, ~ .o Ph 

ii)PhBr, reflux, 24 h n 
ii i)Ph(OH)2, reflux, 24 h CaH11 CaH17 

3.24 4.29 5.20-Pd-L 

A three-neck flask was charged with 2,7-dibromo-9,9-dioctyl-4,5-diazafluorene 3.24 (80.0 

mg, 0.146 mmol), 9,9-dioctyl-2,7-bis( 4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,5-

diazafluorene 4.29 (94.1 mg, 0.146 mmol), Pd(PPh3)4 (8 mg, 5 mol %) were vacuum 

evacuated and refilled with argon three times. Added via syringe a degassed mixture of 10% 

K2CO3 solution (2.0 mL, 1.4 mmol), aliquat 336 (1 drops, ca. 36 mg), toluene (8 mL) and 

ethanol (1 mL). The mixture was vigorously stirred at 85 °C (oil bath) with protection from 

light for 72 h under argon atmosphere. Bromobenzene (12 mg, 0.07 mmol) was added, 

stirring was continued at 85 °C (oil bath) for 16 h before benzeneboronic acid (9 mg, 0.07 

mmol) was added, and stirring continued at 115 °C (oil bath) for 16 h. After cooling, the gray 

mixture was concentrated to a small volume (ca. 2 mL) on rotavapor and then added slowly to 

stirring methanol (100 mL) for 30 minutes to precipitate the crude polymer as gray powder. 

The precipitate was filtered off, washed sequentially with methanol (10 mL), water (10 mL) 

and acetone (10 mL) , and dried to afford the crude polymer as a gray powder (109 mg). The 

crude polymer was re-dissolved in toluene (20 mL), aqueous solution of N,N­

diethyldithiocarbamic acid trihydrate (lg in 10 mL water) was added, and the mixture was 

stirred at 65 °C for 16 h. The layers were separated, and the aqueous phase was extracted with 

toluene. The combined organic layers were washed with diluted HCl solution (10%, 10 mL), 

sodium acetate solution (10%, 10 mL), and water (2 x 10 mL). The organic phase was filtered 

through a Celite 521 plug eluting first with toluene (20 mL) and then with chloroform (100 

mL) to yield a clear yellow solution. The combined solutions were concentrated until it 

became brownish semi-solid, re-dissolved in chloroform (5 mL) and poured drop wise into 

stirred methanol (100 mL) to precipitate the polymer as yellowish gray solid. The precipitate 

was collected by filtration, washed with methanol and dried in vacuo to afford product 5.20-

Pd (24 mg, 42%) as a yellowish gray solid. Note: Further purification was not performed as 

the yield was low, and the reaction gave rather low molecular weight polymer. 
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1H NMR (400 MHz, CDCb): 8 (ppm) 9.07-9.02 (2H, br. s), 8.05-7.99 (2H, br. s), 2.21-2.11 

(4H, m),1.41-1.00 (20H, in), 0.95-0.84 (4H, m), 0.82 (6H, br. t, J = 6.4 Hz). 

GPC (CHCb): Mw = 6,100, Mn= 2,300, PDI = 2.69. 

B) Ni-Mediated Yamamoto coupling polymerisation method: 

Exp: SG-184: Low molecular weight polymer, 5.20-Ni-L 

N N 

Bc~B, 

CaH17 CaH17 

3.24 

Ni(CODh, COD, bipy 

DMF-touene 

80 °C, 96 h 

then PhBr, 80 °C, 16 h 

Ph~Ph 

CaH17 CaH17 

5.20-Ni-L 

Under argon, a three-neck flask (50 mL) fitted with argon inlet was charged with bis(l,5-

cyclooctadiene)nickel(0) [(Ni(COD)z] (380 mg, 1.39 mmol), 2,2'-bipyridyl (bpy) (216 mg, 

1.39 mmol), 1,5-cyclooctadiene (COD) (150 mg, 1.39 mmol) and anhydrous DMF (8 mL) 

stirred at 80 °C (oil bath) for 30 min to produce a dark violet solution. To this, a solution of 

2,7-dibromo-9,9-dioctyl-4,5-diazafluorene (3.24) (506 mg, 0.923 mmol) in anhydrous toluene 

(20 mL, degassed with nitrogen) was added via septum through syringe and stirred at 80 °C 

for 96 h. Bromobenzene (426 mg, 2.769 mmol) was added as end capper and stirred at 80 °C 

for 16 h. After cooling, the solution was poured into a stirred solution of methanol:acetone: 

10% HCl = 1:1:1 (v/v) (150 mL) and stirred for 20 minutes. The yellowish aqueous-organic 

layer was extracted with toluene (3 x 20 mL) and then the combined toluene layers were 

stirred with ammonium hydroxide solution (35 %, 20 mL) for 20 minutes. The organic layer 

was separated, washed with water (2 x 30 ml) and evaporated at reduced pressure. The 

residue was dissolved in chloroform (5 mL) and poured drop wise into methanol (50 mL) 

under vigorous stirring, resulting in yellow precipitates. Precipitates were collected by 

filtration, washed with acetone (50 mL), and dried in vacuo to afford the crude product (335 

mg) as a light yellow solid. The crude product was purified by Soxhlet extraction with 

acetone (50 mL) for 16 hours to remove oligomers followed by extraction with chlorofonn 

(50 mL) for 1 hours. The chloroform was concentrated into a small volume ( ~3-5 mL) and re­

precipitated into methanol (100 mL), collected by filtration and dried in vacuo to afford the 

polymer 5.20-Ni-L (202 mg, 56%) as a yellow floppy solid. 
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1H NMR (400 MHz, CDCb): 8 (ppm) 9.18-9.01 (2H, br.s), 8.25-7.95 (2H, br.s), 2.21-2.11 

(4H, m, CH2C1H1s), 1.28-1.05 (20H, m, CH2CH2(CH2)5CH3), 0.95-0.84 (4H, m, 

CH2CH2C6H13), 0.82 (6H, br. t, J = 6.84 Hz, CH3). 

13 C NMR (100 MHz, CDCb): 8 (ppm) 158.02, 148.95, 146.04, 133.50, 128.94, 53.42, 51.89, 

39.22, 31.70, (29.87, 29.19), 29.11 , 24.29, 22.57, 14.04. 

GPC (CHCb): Mw = 23,200, Mn= 3,600, PDI = 6.53 . 

TGA (5% weight loss, heating @ 5 °C/min): Tct = 403 °C. 

Exp: SG-191: High molecular weight polymer, 5.20-Ni-H 

Under argon, a two-neck schlenk flask (25 mL) with argon inlet was charged with Ni(COD)2 

(226 mg, 0.821 mmol), bpy (128 mg, 0.821 mmol), COD (89 mg, 0.821 mmol) and 

anhydrous DMF (degassed with argon) (1.5 mL) stirred at 80 °C (oil bath) for 30 min to 

produce a dark violet solution.(Note: glove box using nitrogen inlet was used for weighing all 

the compounds). To this , a solution of 2,7-dibromo -9,9-dioctyl-4,5-diazafluorene (3.24) (251 

mg, 0.456 mmol) in anhydrous toluene (4.7 mL) (freshly distilled from Na metal + 

benzophenone) was added via the septum through a syringe and stirred at 80 °C for 96 h. 

Bromobenzene (140 mg, 0.912 mmol) was added as end capper and stirred at 80 °C for 16 h. 

After cooling, the greenish mixture was poured into a stirred solution of methanol:acetone: 

10%. HCl = 1:1:1 (v/v) (100 mL) and stirred for 20 minutes. The yellowish aqueous-organic 

layer was extracted with toluene (3 x 20 mL) and then the combined toluene layers were 

stirred with ammonium hydroxide solution (35%, 20 mL) for 15 minutes . The organic layer 

separated, washed with water (2 x 30 mL) and evaporated at reduced pressure. The residue 

was dissolved in chloroform (2 mL) and poured drop wise into methanol (100 mL) under 

vigorous stirring, resulting in yellow precipitate. Precipitates was collected by filtration, 

washed with acetone (50 mL), and dried in vacuo to afford the crude product (141 mg, 79 %) 

as a light yellow solid. The crude product was purified by Soxhlet extraction with acetone 

(100 mL) for 16 hours to remove oligomers followed by extraction with chloroform (25 mL) 

for 1 hours which was concentrated into small volume (3-5 mL) and re-precipitated into 

methanol (100 mL), collected by filtration and dried in vacuo to afford the polymer 5.20-Ni-H 

(54 mg, 31 % ) as a yellow floppy solid. 

1H NMR (400 MHz, CDCb ): 8 (ppm) 9.18-9.01 (2H, br.s), 8.25-7 .95 (2H, br.s), 2.21-2.11 

(4H, m, CH2C1H1s), 1.28-1.05 (20H, m, CH2CH2(CH2)5CH3), 0.95-0.85 (4H, m, 

CH2CH2C6H13), 0.82 (6H, br. t, J = 6.84 Hz, CH3). 
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GPC (CHCb): Mw = 109,900, Mn= 28,200, PDI = 3.90. 

Poly(9,9-dioctyloxyphenyl-4,5-diazafluorene) [p(PhOD)] 

Exp: SG-081: Low molecular weight polymer, 5.21-Ni-L 

Ni(COD)2, 

Br 
COD , bipy 

Ph Br 
DM F-toluene , 

1/ 
~ 80 cc, 60 h , 

~ -0 -- then Ph Br , 80 cc , 16 h 

CaH1f) 
3.34 

OCaH1 7 CaH1 7O 

5.21-Ni-L 

Ph 

OCaH 17 

Under argon, a two-neck schlenk flask (25 mL) with argon inlet charged with Ni(COD)2 (113 

mg, 0.409 mmol), bpy (63mg, 0.409 mmol), COD (44 mg, 0.409 mmol) and anhydrous DMF 

(1 mL) were stirred at 80 °C (oil bath) for 30 min to produce a dark violet solution. To this, a 

solution of 2,7-dibromo 9,9-bis(4-octyloxyphenyl)-4,5-diazafluorene (3.34) (200 mg, 0.273 

mmol) in anhydrous toluene (5 mL) was added via septum through syringe and stirred at 80 

°C for 60 h. Then bromobenzene (126 mg, 0.819 mmol) was added as end capper and stirred 

at 80 °C for 10 h. After cooling, the solution was poured into a stirred solution of 

methanol: acetone:10% HCl = 1:1:1 (v/v) (120 mL) and stirred for 20 minutes. The aqueous­

organic layer was extracted with toluene (3 x 50 mL) and the combined toluene layers was 

washed with water (2 x 50 mL) and evaporated at reduced pressure. The residue was 

dissolved in chloroform (5 mL) and poured drop wise into methanol (50 mL) under vigorous 

stirring. Precipitate was collected by filtration followed by washing with acetone (50 mL) and 

then dried in vacuo to afford product 5.21-Ni-L (70 mg, 45%) as yellow powder. 

1H NMR (400 MHz, CDCb): 8 (ppm) 9.09-8.75 (2H, br. m), 8.04-7.72 (2H, br. m) , 

7.15-7.06 (4H, m, C6H4), 6.88-6.66 (4H, m, C6H4), 4.31-3.37 (4H, m, OCH2), 1.87-1.65 

(4H, m, CH2CH2C6H13), 1.51-1.37 (4H, m, CH2CH2CH2CsH11), 1.36-1.11 (16H, m, 

CH2CH2CH2(CH2)4CH3), 0.86 (6H, br. t, J = 8.3 Hz, CH3). 

GPC (CHCb): Mw = 4,050, Mn= 1,530, PDI = 2.64. 

TGA (5 % weight loss, heating@ 5 °C/min): Tct = 350 °C. 
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Exp: SG-192: High molecular weight polymer, 5.21-Ni-H 

Under argon, bis(l ,5-cyclooctadiene)nickel(0) (182 mg, 0.664 mmol), 2,2'-bipyridyl (103 mg, 

0.664), 1,5-cyclooctadiene (71 mg, 0.664 mmol) and anhydrous DMF (1.2 rnL) were added to 

Schlenk tube (10 cm long ) fitted with argon inlet( note: the compounds were weight inside 

plastic glove box under nitrogen). The blue-violet mixture was stirred at 80 °C (oil bath) for 

30 min to produce a dark violet solution. To this, 2,7-dibromo 9,9-bis(4-octyloxyphenyl)-4,5-

diazafluorene (3.34) (271 mg, 0.369 mmol) dissolved in anhydrous toluene (3.8 mL, 

degassed, freshly distilled over Na) was added via septum through syringe and stirred at 80 °C 

for 96 h under argon atmosphere. Bromobenzene (113 mg, 0.738 mmol) was added as end 

capper and stirred at 80 °C for 24 h. After cooling, the solution was poured into a stirred 

solution of methanol:acetone: 10%. HCl = 1: 1: 1 (v/v) (120 rnL) and stirred for 20 minutes. 

The aqueous- organic layer was extracted with toluene (3 x 50 rnL) and the combine toluene 

layer was washed with ammonium hydroxide solution (35%, 25 mL) followed by water (2 x 

50 rnL) and evaporated at reducing pressure. The residue was re-dissolved in chloroform (3 

mL) and poured drop wise into methanol (100 mL) under vigorous stirring. Precipitate was 

collected by filtration, washed with acetone (50 rnL), and dried in vacuo to afford the crude 

product (243 mg) as yellow powder. The crude product was purified by Soxhlet extraction 

with acetone (100 mL) for 16 hours to remove oligomers followed by extraction with 

chloroform (25 mL) for 3 hours, which was concentrated into small volume (3-5 rnL) and re­

precipitated into methanol ( 100 mL). Precipitate was collected by filtration followed by 

washing with acetone (50 mL) and then dried in vacuo to afford product 5.21-Ni-H (156 mg, 

74 %) as a yellow solid. 

1H NMR (400 MHz, CDCb): 8 (ppm) 9.09-8.75 (2H, br. s) , 8.04-7.72 (2H, br. s), 7.15-7.06 

(4H, m, J = 8.4 Hz, C6H4), 6.88-6.66 (4H, br d, J = 8.4 Hz, C6H4), 4.31-3.37 (4H, br. s, 

OCH2), 1.87-1.65 (4H, br. s, CH2CH2C6H13), 1.51-1.37 (4H, br.s, CH2CH2CH2CsH11), 

1.36-1.11 (16H, m, CH2CH2CH2(CH2)4CH3), 0.86 (6H, br. t, l= 8.3 Hz, CH3). 

GPC (CHCb): Mw = 206,800, Mn= 71,600, PDI = 2.89. 
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Poly(9,9-dioctyloxyphenyl-4,5-diazafluorene-co-9,9-dioctyloxyphenylfluorene) (5.23) 

Exp: SG-084 

Ni(COD)2, COD, bipy 
Br Br + Br Br DMF-toluene 

80 °C, 60 h 

then PhBr, 80 °C, 16 h 

H17CaO OCaH17 H17CaO OCaH1 7 

3.34 5.26 

H17CaO OCaH17 

Ph 

5.23 p(PhOD-co-PhOF) 

Under argon, Ni(COD)2 (240 mg, 0.871 mmol), COD (95 mg, 0.87 mmol), bpy (136 mg, 

0.874 mmol) and anhydrous DMF (3 mL) were stirred at 80 °C (oil bath) for 30 min to 

produce a dark violet solution. To this, a solution of 9,9-bis(4-octyloxyphenyl)-2,7-dibromo-

4,5-diazafluorene (3.34) (200 mg, 0.273 mmol) and 2,7-dibromo-9,9-(4-

octyloxyphenyl)fluorene (5.25) (200 mg, 0.273 mmol) in anhydrous toluene (15 mL) was 

added via the septum through a syringe and stirred at 80 °C for 60 h. Bromobenzene (168 mg, 

1.09 mmol) was added as end capper and stirred at 80 °C for 10 h. After cooling, the solution 

was poured into a stirred solution of methanol:acetone:conc. HCl = 1: 1: 1 (v/v) and stirred for 

20 minutes. The aqueous organic layer was extracted with toluene (3 x 50 mL) and the 

combine toluene layer was washed with water (2 x 50 mL) and evaporated at reducing 

pressure. The residue was dissolved in chloroform (5 mL) and poured drop wise into 

methanol (300 mL) under vigorous stirring resulted in yellowish precipitate. The precipitate 

was collected by filtration, washed with acetone (50 mL), and dried in vacuo to afford the 

crude product (222 mg) as yellow solid. The crude product was dissolved in toluene (50 mL) 

and stirred with ammonium hydroxide solution (35 %, 20 mL) for 20 minutes. The organic 

layer was separated and washed with water (3 x 30 mL) and evaporated at reduced pressure to 

obtain yellowish residue. The yellowish residue was dissolved in chloroform (10 mL) and 

poured drop wise into methanol (150 mL) and stirred for 30 minutes to afford yellow 

precipitate which was collected by filtration and dried in vacuo to afford product polymer 

5.23 (155 mg, 55%) as a yellow powder. 
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1H NMR (500 MHz, CDCb): 8 (ppm) 8.99-8.89 (2H, br. s), 7.93-7.73 (4H, m), 7.61-7.49 

(4H, br. m), 7.21-7.08 (8H, m), 6.85-6.71 (8H, m), 4.08-3.82 (8H, m), 1.79-1.69 (8H, m), 

1.47-0.99 (40H, m), 0.92-0.79 (12H, br. t) . 

GPC (THF): M w = 39,800, Mn= 15,100, PDI = 2.64. 

TGA (5% weight loss, heating@ 5 °C/min): Tct = 379 °C. 

Poly (9,9-dioctyloxyphenyl-4,5-diazafluorene-co-9,9-dioctylfluorene) (5.22) 

Exp: SG-078) 

Br 

3.34 
Ph 

i) Pd(PPh3}4. 2M K2C03 
Toluene, Aliquate 336, reflux, 72 h 

ii) PhBr, reflux, 24 h 
iii) PhB(OHl2, reflux, 24 h 

OCaH17 

5.22 p(PhOD-a/t-F) 

Ph 

A flask was charged with 2,7-dibromo-9,9-bis(4-octyloxyphenyl)-4,5-diazafluorene (3.34) 

(100 mg, 0.136 mmol), 9,9-dioctylfluorene-2,7-diboronic acid bis(l ,3-propanediol) ester 

(5.12) (76 mg, 0.136 mmol, purity 99.5 %), 2M K2CO3 solution (2 mL, 4 mmol), aliquat 336 

(1 drops, ca. 18 mg) and toluene (15 mL). The mixture was degassed for 15 min before 

Pd(PPh3)4 (3 mg, 2 mol % ) was added, and degassing was continued for 15 min, the mixture 

was vigorously stiffed at 115 °C (oil bath) with protection from light for 72 h. Bromobenzene 

(63 mg, 0.409 mmol) was added, stirring was continued at 115 °C (oil bath) for 24 h before 

benzeneboronic acid (53 mg, 0.437 mmol) was added, and stirring was continued at 115 °C 

(oil bath) for 24 h. After cooling, the blue mixture was added slowly to a stiffing methanol 

(150 mL) over a period of 10 minutes and then stirred at room temperature for 30 minutes to 

induce precipitate of the crude polymer as gray fibers. The fibers were filtered and washed 

sequentially with methanol (10 mL), water (10 mL), and acetone (10 mL). The polymer was 

re-dissolved in toluene (50 mL), an aqueous solution of N,N-diethyldithiocarbamic acid 

trihydrate (1.0 g in 10 mL water) was added, and the mixture was stiffed at 65 °C for 16 h. 

The organic layer was separated, and the aqueous layer was extracted with toluene. The 

combined organic layers were washed with 10% diluted HCl solution, 10% aqueous sodium 

acetate solution, water (2 x 20 mL) and filtered through a Celite 521 plug which was washed 
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with toluene (20 mL). · Obtained clear yellow solution was concentrated until it became 

viscous ( ~ 4 mL) and was poured drop wise into vigorously stirred methanol (200 mL) to 

precipitate the polymer as yellow fibers . These fibers were isolated by filtration, washed with 

methanol and dried in vacuo to afford the crude polymer (146 mg) as a yellow floppy solid. 

The polymer was further purified by Soxhlet extraction with acetone (50 mL) for 16 hours to 

remove short oligomers followed by extraction with chloroform (50 mL) for 3 hours, which 

was concentrated, re-precipitated into methanol (100 mL) and dried in vacuo to afford 

polymer 5.22 (100 mg, 65 .5%) as a yellow floppy solid. 

1H NMR (500 MHz, CDCb): 8 (ppm) 9.22-9.00 (2H, br.s), 8.08-7.96 (2H, br.s) , 7.88- 7.76 

(2H, br.s), 7.65-7.52 (6H, br.s), 7.24 (4H, d, J = 8.4 Hz), 6.85(4H, d, J = 8.6 Hz), 4.00-3 .74 

(4H, br), 3.24-2.79 (4H, m), 2.24-1.92 (4H, m), 1.83- 1.68(4H, m), 1.48- 1.37 (4H, m), 1.30-

0.95 (32H, m), 0.87 (6H, t, J = 7.15 Hz), 0.78 (6H, t, J = 7.15 Hz) 0.74-0.64 (4H, m). 

GPC in THF: Mw = 28,900, Mn = 11,700, PDI = 1.92. 

TGA (5 % weight loss, heating @ 5 °C/min): Tct = 394 °C. 

Poly(9,9-dioctyl-4,5-diazafluorene-co-9,9-dioctylfluorene) (5.24) 

Exp: SG-073 

i) Pd(PPh3)4, 2M K2C03 
to luene, aliquate 336, reflux, 72 h 

ii) PhBr, reflux, 24 h 

3.24 5.12 
iii) PhB(OH)i, reflux, 24 h 

Ph 

C8H17 C8H17 

5.24 p(D-a/t-F) 

Ph 

A flask was charged with 2,7-dibromo-9,9-dioctyl-4,5-diazafluorene (3.24) (200 mg, 0.366 

mmol), 9,9-dioctylfluorene-2,7-bis(trimethyleneborate) (5.12) (204 mg, 0.366 mmol, Aldrich, 

purity 99.5%), 2 M K2CO3 solution (2.0 mL, 4 mmol), aliquat 336 (2 drops, ca. 36 mg) and 

toluene (15 mL). The mixture was degassed for 15 min before Pd(PPh3)4 (8 mg, 2 mol %) was 

added, and degassing continued for 15 min, the mixture was vigorously stirred at 115 °C (oil 

bath) with protection from light for 72 h. Bromobenzene (25 mg, 0.160 mmol ) was added, 

stirring was continued at 115 °C (oil bath) for 24 h. Subsequently benzeneboronic acid (25 

mg, 0.205 mmol) was added while stirring continued at 115 °C (oil bath) for another 24 h. 
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Heating stopped and after cooling the gray mixture was added slowly to a stirring methanol 

(150 mL) for 30 minutes to precipitate the crude polymer as gray fibers. The gray fibers were 

filtered off and washed sequentially with methanol (10 mL), water (10 mL), and acetone (10 

mL) and dried in vacuo. The dried polymer was re-dissolved in toluene (20 mL) and then 

mixed with aqueous solution of N,N-diethyldithiocarbarnic acid trihydrate (lg in 10 mL 

water). The mixture was stirred at 65 °C for 16 h. The organic layer was separated, and the 

aqueous layer was extracted with toluene (20 mL). The combined organic phases were 

washed with a diluted HCl solution (10%, 10 mL), sodium acetate solution (10%, 10 mL) , 

and water (2 x 10 mL). The organic layer was filtered through a Celite 521 plug eluting first 

with toluene (20 mL) and then with chloroform (100 mL) to yield a clear yellow solution. The 

combine solution was concentrated until it became brownish semi-solid, re-dissolved in 

chloroform (5 mL) and poured dropwise to a stirred methanol (250 mL) to precipitate the 

polymer as yellow fibers. The precipitate was collected by filtration, washed with methanol 

and dried in vacuo to afford the crude polymer (220 mg) as yellow fluffy solid. The crude 

polymer was further purified by Soxhlet extraction with acetone (50 mL) for 16 hours, to 

remove low-molecular weight oligomers. Then it was extracted with chloroform (50 mL) for 

1 hour, the extract was concentrated to a small volume (-4 mL, viscous liquid) and poured 

dropwise into vigorously stirred methanol (150 mL). The precipitate was collected by 

filtration, washed with methanol and dried in vacuo to afford product 5.24 ( 145 mg, 51 % ) as a 

yellow floppy solid. 

1H NMR (500 MHz, CDCb) : 8 (ppm) 9.14-9.06 (2H, br.s), 8.06-8.02 (2H, br.s), 7.98-7.95 

(2H, m), 7.76-7.65 (4H, m) , 2.61-2.07 (8H, m), 1.32-1.03 (40H, m), 0.94-0.69 (20H, m) . 

GPC (THF) : Mw = 21,900, Mn= 4,200, PDI = 5.17. 

TGA (5 % weight loss, heating@ 5 °C/min): Tct = 394 °C. 
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Appendix-NMR and MS spectra 

See attached CD as supplementary data 

A. I NMR and MS spectra of Chapter 2 

A.2 NMR and MS spectra of Chapter 3 

A.3 NMR and MS spectra of Chapter 4 

A.4 NMR spectra of Chapter 5. 
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