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Abstract 

            

 

Organic electronics is a rapidly developing field of both science and technology. 

Semiconducting conjugated polymers are performing an important role in the progression 

of optical electronic device applications. Photoluminescent and electroluminescent 

conjugated polymers have made profound scientific and technological developments in a 

wide range of light-emitting applications.  

This thesis deals with the design, synthesis and study of a novel class of 1-

functionalised dibenzothiophene-S,S-dioxide monomers and then uses them to synthesise 

the first novel soluble 1-functionalised dibenzothiophene-S,S-dioxide homopolymers, and 

co-polymers with fluorene units.  

A series of novel 1-(alkoxy, alkylthio, alkylsulfonyl)-dibenzothiophene-S,S-dioxide 

monomers (Br2S-R) (I) with various solubilising alkyl chains (linear or branched) have been 

synthesised and fully characterised by 1H and 13C NMR spectroscopy and mass 

spectrometry. 

 

 

(I) 

 

Polymerisation of these novel monomers via a Ni-mediated Yamamoto C–C homo 

coupling polycondensation has been employed to create the first novel soluble electron 

deficient homopolymers p(S-R) (II) based on the dibenzothiophene-S,S-dioxide moiety 

p(S-R) (I). The photo physical studies of these polymers demonstrated an interesting 

phenomenon in that the polymers were blue emitting in solution and green emitting in the 

solid state under excitation. Thus, these studies confirm that such 1-functionalised 

poly(dibenzothiophene-S,S-dioxides) might be promising materials for organic electronics.  



 xvii 

 

 

(II) 

 

Additionally a novel series of p(F/S-R)-y (III) co-polymers incorporating electron-

withdrawing and donating groups (R = CN, SO2Me, NO2, F, SMe, OMe) onto the 

dibenzothiophene-S,S-dioxide moiety were prepared, to understand the structural effect of 

the polymer chain on the interplay between the local excited (LE) and intramolecular charge 

transfer (ICT) states. The pronounced donor-acceptor interaction between the F and S-R 

units in the excited state led to an increased contribution of ICT emission even at low 

concentrations of S-R units (~5%) in the co-polymer chain. The dual LE/ICT emission from 

the materials shifts their photoluminescence from deep blue to light blue, greenish-white 

and a purely green colour. This phenomenon could be useful in the design of highly efficient 

materials for white light-emitting organic light–emitting devices (WOLED) for solid state 

lighting applications. 
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CHAPTER 1 

Introduction Conjugated Molecular and Polymeric 

Materials 

            

1.1 Organic electronics 

Organic electronics is a multidisciplinary field, which includes organic chemistry, material 

science, physics and engineering. It deals with the synthesis of small organic molecules, 

oligomers and polymers with specific electrical and optical properties that make them 

suitable for application as active layers in electronic devices, studies of physical phenomena 

in such materials and the fabrication of electronic devices from them. In contrast to inorganic 

materials, most organic compounds are insulators. From the 1970’s some new organic 

materials have been developed, which posses semi-conductive or even electrically 

conductive properties, characteristic of inorganic compounds (semiconductors based on Si 

and other elements, metals). This has opened a new field in material science, which is now 

called “organic electronics”.  

In 1973, Ferraris et al. discovered the first organic electrically conductive material 

with metallic type conductivity (“synthetic metal”) based on a charge transfer complex 

between a tetrathiafulvalene (1.1) molecule, as an electron donor, and tetracyano-p-

quihodimethane (1.2), as an electron acceptor (see Figure 1.1).1 

 

 

Figure 1.1: Structures of the compounds 1.1–1.2. 
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In 1975, Shirakawa’s student was preparing a polymerisation reaction and accidently 

added a huge amount of the catalyst (Ziegler–Natta), about a 1000 times excess. To their 

surprise, the product was a silvery elastic film and not a black powder as expected. 

Shirakawa shared the outcome with Heeger and MacDiarmid and they proved that the 

doping of poly acetylene with halogens increases the conductivity of polyacetylene 10 

million times, to a level similar to that of silver or copper, compared to undoped 

polyacetylene (see Figure 1.2 b). This discovery, first published in 19772 represented a 

breakthrough in this field of research, which started the era of “plastic electronics”, i.e. 

organic electronics based on organic conjugated polymers. In 2000, these three scientists 

were awarded the Nobel Prize for Chemistry for their discovery and development of 

electrically conductive and semiconductive polymers and the physical phenomena 

associated with their functions.3,4,5 

 

  

  a)      b) 

Figure 1.2: a) Nobel Prize in chemistry 2000 conductive polymer (from an issue of 

Angew. Chem. with published Nobel Lectures).3,4,5 b) An increase of the relative 

conductivity of trans-polyacetylene, (CH)n, as a function of time at fixed iodine vapour 

pressure at room temperature (the initial room temperature conductivity was 3.2×10–6 Ω–1 

cm–1).2  
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Over the last 2-3 decades, a large amount of research has been done to develop new 

molecular and polymeric organic materials with wonderful electronic and photo-/electro-

luminescence properties.6,7,8,9,10,11 The major advantages of organic semiconductive 

materials are that they are cheaper, lighter and more flexible than inorganic materials and 

their properties can be easily tuned by chemical functionalisations and modifications.12 

Electrical conductivity of such organic conjugated polymers can be varied over a wide range, 

from10–6 to 102 S cm–1 approaching the conductivity of metals (Figure 1.3). 

 

 

Figure 1.3: Organic semiconductive polymers with metallic type conductivity.5 

 

1.2 Conjugated polymers  

Conjugated polymers are a special class of polymers that can be electrically conductive or 

semiconductive. Their main chain consists of an alternation of double and single bonds. All 

carbon atoms in the backbone have sp2 hybridisation, i.e. have an electron in the π orbitals 

allowing delocalisation of electrons along the backbone. The degree of π delocalisation 

depends on the structure of the monomeric building blocks, the planarity between the 
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monomers, and on some other factors, which all together define the effective conjugation 

length of the polymer chain (i.e. the degree of the excitation delocalisation in the neutral 

state of the polymer and the degree of polaron (radical cation/anion) delocalisation in p- and 

n-doped states of the polymer). The conjugation length of the polymer is the number of 

monomer units over which the π–π* molecular orbitals are delocalised along the chain. For 

example, the conjugation length in polyfluorene is ca. 11-12 fluorene units.13 Otsubo et al. 

have published an interesting paper on specifically designed planar polythiophene which 

reached a conjugation length of ca. 96 thiophene units.14 In their undoped (neutral) state, 

conjugated polymers are either insulators or semiconductors, with electrical conductivity 

between 10–10 and 10–5 S cm–1. Their conductivity can be increased by several orders of 

magnitude by doping the polymers with electrons or holes, reaching the values of 1 to 104 S 

cm–1. The concept of doping distinguishes the conductive or semiconductive polymer from 

all other types of polymers.5  

Conjugated polymers can be doped by redox electrochemical reactions with partial 

removal of electrons (oxidation, p-doping) or addition of electrons (reduction, n-doping). 

The doping can also be achieved by chemical methods. Chemical p-doping can be performed 

by reacting an oxidising agent, e.g. halogens (iodine, bromine) with the polymer to remove 

an electron from the π-orbitals and creating a delocalised hole (Figure 1.4). This leads to 

the charged state in which easy transfer of the delocalised electrons along the conjugated 

chain is observed through overlapped p orbitals with very little energy input. On the other 

hand, n-doping is adding an electron to the conjugated polymer chain by a reduction reaction 

(e.g. with an alkali metal such as sodium). This also leads to easy movement of electrons 

along the conjugated π orbitals. The conjugated polymer can also be doped by the acid/base 

chemistry doping method and photo-doping method.4 Some major common classes of 

conjugated polymers based on different aromatic / heteroaromatic and / or alkene / alkyne 

building blocks are shown in Figure 1.5.  
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Figure 1.4: Chemical p-doping of polyacetylene with iodine producing positive polaron 

on the polymer chain.4  

 

 

Figure 1.5: Examples of some well-known conjugated polymer building blocks. 

 

1.3 Photophysical processes 

The procedure of exciting atoms or molecules by absorption of light (photoexcitation) and 

release of the energy from the excited state through radiative (fluorescence or 

phosphorescence) or non-radiative processes without any participation of the chemical is 

known as photophysics. Thus, photophysics is the study of absorption and emission 

processes, and their investigation under different environmental conditions, all in an attempt 

to clarify how the materials perform. When an atom or molecule is photoexcited to higher 

energy states S1, S2…Sn the transition happens in too short a time (10-15 s) according to the 

Franck-Condon principle. Then the excited higher energy state electrons relax to the lower 



6 

 

 

excited singlet states (S1) by loss of the energy through internal conversion (IC) and 

vibrational relaxation (VR) within the state. The photon emission happens by transition of 

the electron from the excited singlet state S1 or triplet state T1 to the ground state (S0) 

according to Kasha’s rule. 15 The deactivation paths of an excited molecule are divided into 

two main types of processes. The first one is a radiative process, which are fluorescence, 

and phosphorescence as a radiative energy transfer. Second, the non-radiative process 

includes the vibrational relaxation (VR), internal conversion (IC), intersystem crossing 

(ISC), and fluorescence resonance energy transfer (FRET) as shown in the Jablonski 

diagram (see Figure 1.6).16 

 

 
Figure 1.6: The Jablonski diagram showing the radiative and non-radiative processes.16 

 

1.3.1 Singlet and triplet states 

The absorption of photons leads to two types of electronic orbital configuration states, which 

are the singlet and triplet states. In the singlet state, the electron spins are paired anti-parallel, 

so the state has no spin magnetic moment, which stays as a single state in the existence of a 
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magnetic field. While in the triplet state, the electron spins are unpaired, i.e. parallel, and the 

state has a net spin magnetic moment and splits into the three quantised states (Figure 1.7). 

The excited triplet state has lower energy compared to the excited singlet state according to 

Hund’s rule, owing to the repulsive spin-spin interaction between the electrons of the same 

spin orientation.  

 

 

Figure 1.7: Singlet and triplet excited states 

 

1.3.2 Non-radiative processes 

After the molecule is excited from the ground state (S0) to the excited stated (Sn), it comes 

back to the ground state through radiative and non-radiative processes. This section is going 

to focus on the non-radiative deactivation routes. The main non-radiative processes paths 

from the excited states of the molecule are vibrational relaxation (VR), internal conversion 

(IC), intersystem crossing (ISC), and fluorescence resonance energy transfer (FRET).  

1) Vibrational relaxation (VR): In an electronic excitation process, the electrons in 

a molecule are excited to a number of higher energy vibrational levels. Then, the molecule 

rapidly loses some energy to the surroundings through collisions with other molecules, in 

the form of non-radiative process. After that, it relaxes to the lowest excited singlet state S1 

(see Figure 1.6). The vibrational relaxation process is very quick, within a lifetime less than 

10–12 s, which is significantly smaller than the lifetime of the lowest excited singlet state 

(S1), which is about 10–8 s.  

2) Internal conversion (IC): This is an intermolecular non-radiative transition 

process between the electronic energy states of same spin multiplicity (see Figure 1.6).17 

The rate constant of the IC from S1 to S0 is between 10–9 and 10–7 s compared to the higher 

energy states such as from S2 to S1 the rate constant is much shorter between 10–14 and 
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10–11 s. Furthermore, it has been demonstrated that IC efficiency reduces with an increase 

of energy band gap between the S1 and S0 states.18 It is also possible to see an internal 

conversion between the T2 and T1 states for some molecules.19  

3) Intersystem crossing (ISC): This is a non-radiative transition process, where the 

transition happens between different spin multiplicity states, for example from S1 to T1 

(Figure 1.6).17 Because of the existence of a big energy gap between the excited singlet state 

S1 and the ground state S0, the straight non-radiative transition from S1 to S0 is difficult. 

Therefore, there are two ways to reach the ground state level S0, either through fluorescence 

transition or via crossover to the triplet state through ISC (radiativeless process). Due to the 

energy of T1 being lower than S1 the probability of transition from S1 to T1 is greater than 

the transition from T1 to S1.  

4) Fluorescence resonance energy transfer (or Förster resonance energy 

transfer) (FRET): This is the distance interactions between two light sensitive fluorescent 

molecules in the excited states. This process happens when two molecules donor and 

acceptor or one molecule that holds both donor and acceptor parts are excited by light. Some 

of the energy in the excited stated will transfer through the non-radiative process FRET from 

the donor to the acceptor. This is due to the donor emission overlaping with the acceptor 

absorption so some of the energy will be re-absorbed by the acceptor without emission of a 

photon. This can then relax to the ground state by radiative or non-radiative processes. 

 

1.3.3 Radiative processes 

Luminescence is the emission of light form the molecule when the electron relaxes from the 

higher energetic state to the ground state with emission of a photon. After the molecule 

absorbs the light the transfer from the ground state S0 to the excited state Sn happens 

followed by relaxation to the ground state through loss of energy by a radiative process with 

the expulsion of a photon. There are many types of luminescence depending on the type of 

excitation of the substance. For example, photoluminescence is the emission of light after 

excitation of the substance by a photon; electroluminescence is the emission of light after 

excitation of the molecule by applying a voltage; and chemiluminescence is the emission of 

light due to a chemical reaction. Other types of luminescence include bioluminescence, 

sonoluminescence, etc.  
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Fluorescence: By photoexcitation, the electrons in the ground state of a molecule 

are excited to one of the higher vibrational levels in the excited electronic state. This excited 

state is usually the first excited singlet state S1. Molecules in higher vibrational levels of the 

excited state (such as S2, S3) quickly relax to the lowest level of the excited state (S1) by 

vibrational relaxation and internal conversion. Fluorescence takes place when the electron 

transfers from the lowest excited singlet state S1 to the ground state S0 with the emission of 

a photon (Figure 1.8). This kind of transition is quantum mechanically “allowed” (spin state 

allowed). The fluorescence usually occurs from aromatic molecules and its lifetime is 

usually 10–8 s. Investigation of the Jablonski diagram (see Figure 1.6, Page 6) shows that 

the energy of emission is lower than the energy of absorption, therefore, fluorescence usually 

takes place at longer wavelengths. The difference between the maximum absorption and 

emission is called the Stokes shift according to the first observation of this phenomenon by 

G. Stokes in 1852 at the University of Cambridge.20 

 

 

Figure 1.8: Jablonski diagram (fluorescence emission).21 

 

Phosphorescence: is a slower transition process compared to the fluorescence 

process, its lifetime is usually from 10–4 to 101 s. Phosphorescence takes place when the 

electron transfers from the excited triplet state T1 (formed by ISC transition from the S1 

state) to the ground state S0 with the emission of a photon. The straight transition from the 
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S0 ground state to the T1 excited state is impossible, due to it being a spin forbidden process. 

Since the lifetime of the T1 state is longer than that of the S1 state and the relaxation T1 to S0 

is slower, the energy level of the T1 state is lower than that of the S1 state. Therefore, the 

phosphorescence happens at a longer wavelength compared to fluorescence. 

Phosphorescence displays the typical feature of slow emission where the emission carries 

on after the excitation source is detached (see Figure 1.9). 

 

 

Figure 1.9: Jablonski diagram (phosphorescence emission). 

 

1.4 Applications of conjugated polymers 

In the past two decades, conjugated polymers have found a wide range of applications in the 

field of electronics.22,10 In 1989 Friend et al., at the Cavendish Laboratory in Cambridge, 

discovered that a thin film of poly(p-phenylenevinylene) (PPV), when sandwiched between 

two electrodes and a voltage applied, started to emit a green light through 

electroluminescence effect (conversion of the energy of electrons into the energy of 

photons).23,24 This discovery opened a new era of electroluminescent organic materials for 

use in a new generation of displays, screens and light-emitting sources. Since then, 

conjugated polymers have been widely studied as a new class of promising materials in a 

range of electronic applications such as organic light emitting diodes (OLEDs),30 

photovoltaic devices,25 transistors, batteries, and photo-sensors.8  

According to development in OLED and its wide range of applications in full colour 

displays (Figure 1.10), people need to study the molecules which emit the three primary 
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colours (red, green, and blue) and white colour.26,27 Materials emitting a blue colour are still 

a challenge because materials emitting red and green colours are more stable due to the low 

band gap (HOMO-LUMO) and their slower degradation during the device operation.28,29 

 

   

Figure 1.10: Flexible displays. 

 

1.4.1 Organic Light Emitting Diodes (OLEDs)  

OLEDs consist of a thin film of organic semiconductors sandwiched between two electrodes 

(e.g. indium-tin oxide as an anode and magnesium, calcium, barium or aluminium as a 

cathode). One of the electrodes should be transparent, and the electricity is applied to emit 

light as shown in Figure 1.11.30 On applying the electricity, the device starts to emit the 

light with an energy close to the band gap of the material in the light-emitting layer. The 

advantages of OLED technology is that it does not require a white-light background panel 

as in LCD, but the material emits the light via the application of a small current through the 

material. Nowadays, people have OLEDs (2 to 5 inch) in many devices for daily use such 

as mobiles, smartphones, tablets, car audio and video systems, cameras etc. There are also 

many companies, which deal with the production of devices based on OLEDs, for example 

Sony, LG, Philips, Samsung, etc. Other advantages of OLEDs are their faster response times 

compared to LCD, lower power, higher image quality, high brightness and contrast, lower 

weight and lower prices etc. Flexibility of the devices represents the most important 

advantages of OLEDs.  
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Figure 1.11: Schematic diagram of OLED.30 

 

1.5 Polyfluorenes 

Polyfluorenes (1.3) are considered as one of the most important common conjugated 

polymers. The possibilities of structural alterations and property relationships of homo and 

co-polymers of polyfluorenes made them very attractive as unique functional materials.31,32 

Fluorene is a polycyclic aromatic molecule and it is called fluorene because it has violet 

fluorescence. The two hydrogen atoms at position 9 are weakly acidic and can be easily 

substituted with e.g. alkyl groups which allows an increase in the solubility of the compound 

without affecting the photoluminescence properties and planarity of the polymer 

structure.33,34 Fluorene undergoes electrophilic substitutions at position 2 and 7, allowing 

easy functionalisation through these conjugated sites to access fluorene-based conjugated 

polymers (Figure 1.12). 

 

Figure 1.12: Polyfluorene showing the IUPAC enumeration of carbon atoms in the 

fluorene moiety.  

 

Monomers for the synthesis of poly(9,9-dialkylfluorenes) PF8 can be prepared either 

by bromination of fluorene at the 2,7-positions followed by alkylation at position 9 or by 
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alkylation of the 9-position first followed by bromination of the 2,7-positions, see Scheme 

1.1.1 Such monomers, 1.6, can then be polymerised by different chemical methods. 

 

 

Scheme 1.1: Synthesis of dialkylfluorene monomer by two common methods and its 

polymerisation.33  

 

There are many literature methods which describe the synthetic procedures to obtain 

poly(9,9-dialkylfluorenes).35,36,37,38 The first one was investigated by Yoshino et al.39 via 

oxidative polymerisation of 9,9-dihexylfluorene (1.5) by anhydrous FeCl3 in chloroform, 

which however gave a poor quality polymer (Scheme 1.2).40 

 

 

Scheme 1.2: Synthesis of polymer 1.3 by oxidative coupling of 1.5.40 

 

Nowadays, the two most widely used procedures for the synthesis of polyfluorenes 

(both under laboratory conditions and in industry) are the Yamamoto Ni(0) mediated 

coupling polymerisation with Ni(COD)2/cyclooctadiene (COD)/bipyridyl(bipy) in 

DMF/toluene,41 and the Suzuki Pd-catalysed coupling polymerisation (Scheme 1.3).42 The 

advantages of Yamamoto’s polymerisation is obtaining high molecular weight polymers 

using a simple and shorter process (except for the dry and oxygen free atmosphere). 
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However, the main disadvantage of this reaction is the use of the quite expensive Ni(COD)2. 

On the other hand, Suzuki’s coupling polymerisation requires more steps to prepare the 

monomers for polymerisation, but it is cheaper (Scheme 1.3).43 

 

 

Scheme 1.3: Synthesis of polymers 1.3 by Yamamoto’s polymerisation of monomer 1.6 

and by Suzuki coupling polycondensation of 1.6 with 1.8.43 

 

Poly(9,9-dialkylfluorene) absorbs light at 385–390 nm (in solution), which refers to 

π–π* electronic transition. There is about a 5–10 nm red shift of this band in the solid state. 

Poly(9,9-dialkylfluorenes) emit in the blue region and show three vibrionic peaks at 418, 

442, and 472 nm (Figure 1.13).44,41 The photoluminescence quantum yields (PLQY) of 

polyfluorenes are very high, ~80% in solution and ~20–40% in the solid state.45  

 

 

Figure 1.13: Absorption and emission spectra of poly(9,9-dioctylfluorene), PF8, in 

films.50  
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Janietz et al. determined the ionization potential (IP = –5.8 eV, related to HOMO 

energy level) and the electron affinity (EA = –2.12 eV, related to LUMO energy level) of 

poly(9,9-dioctylfluorene)46 by cyclic voltammetry that gives the band gap for the polymer 

of 3.68 eV (Figure 1.14). The electrochemically measured band gap is somewhat higher 

than the optical band gap estimate from the onset of polymer absorption (~430 nm = 2.9 

eV), however it is not surprising as these two methods actually measure slightly different 

physical parameters and such differences are often observed in conjugated polymers. 

 

 

Figure 1.14: Cyclic voltammetry of PF8 in thin films (potentials are vs Ag/AgCl 

reference electrode).46 

 

However, defects in the polyfluorene structure can appear during synthesis, workup 

of the material or during its operation in devices. One of the main problems is that the 

emission of polyfluorenes is red shifted to longer wavelengths with time. The colour 

instability was observed in device operation with time, so the colour of emission is changed 

from purely blue to blue-greenish and then to green, with an increase in contribution of a 

new emission band at ~2.2–2.4 eV (λPL ~535 nm). This band is called a ‘green band’ or ‘g-

band’ (Figure 1.15).47 
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Figure 1.15: PL emission spectra of PF8 before and after thermal annealing of the 

polymer film at 200 °C in ultra-high vacuum (10-4 mbar) and after annealing on air (the 

last one quickly results in disappearance of the blue emission from PF8 and an appearance 

of new green emission band).47 

 

Originally, this phenomenon was attributed to the formation of the excimers (excited 

state dimers) in polyfluorenes and an emission from the lower energy state of the 

excimers.48,49 However, later (in 2003), Moses et al. proved that this green emission is due 

to the oxidative formation of a keto group (C=O) at position 9 which leads to long 

wavelength emission from the fluorene-fluorenone charge transfer state (Scheme 1.4).50 

 

 

Scheme 1.4: Formation of keto defects on the polyfluorene chain. While it can occur on 

the dialkylfluorene moieties as well, the oxidation is most efficient on traces of 

monoalkylated fluorene sites presented in the polymer (even in amounts of <0.1%).50 
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Poly(9,9-dialkylfluorene) co-polymers prepared with other conjugated building 

blocks can emit at all wavelengths of the visible region. Leclerc et al. described the colour 

emitting tuning of fluorene co-polymers with thiophenes, phenylene, and phenylenevinylene 

segments (Figure 1.16).51,52,53 They showed that changing the nature of the co-monomers 

leads to a change in the band gap of the polymers thus tuning the emitting colours to the 

entire visible spectrum. Therefore, polyfluorenes are considered as promising blue emitting 

polymers and many researchers have been using them to fabricate electronic devices such 

as polymeric light emitting diodes (PLEDs).54,55,56 

 

 

Figure 1.16: Various fluorene-containing co-polymers 1.13-1.16 with tuneable PL and EL 

colours.51,52,53 

 

1.6 Dibenzothiophene-S,S-dioxide as an electron-deficient building block for organic 

electronics 

Dibenzothiophene-S,S-dioxide (1.17) has been shown to be a strong electron-deficient 

building block with materials that incorporate this heterocyclic unit into the backbone having 

highly efficient photo- and electroluminescence. In 2005, Perepichka et al. published the 

first paper, which demonstrated the incorporation of the dibenzothiophene-S,S-dioxide 
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moiety into fluorene co-oligomers.57 They synthesised three different co-oligomers by a 

Suzuki C–C cross coupling reaction and compared them with fluorene homo-oligomers (see 

Figure 1.17). Since this first seminal research, over 400 papers have been published in the 

literature using dibenzothiophene-S,S-dioxide in organic electronic materials as an electron-

deficient building block, particularly for the design of new light-emitting co-

polymers.58,59,60,61,62 (Yet, to date of writing thesis report, no dibenzothiophene-S,S-dioxide 

homopolymers have been reported. This is one of the aims of the present studies in our PhD 

program of research). 

 

 

Figure 1.17: Dibenzothiophene-S,S-dioxide (1.17) and the IUPAC enumeration of atoms 

in the molecule. Fluorene–dibenzothiophene-S,S-dioxide co-oligomers 1.18–1.20, and 

fluorene homo-oligomers 1.5, 1.21, 1.22.57  

 

In contrast to many other aromatic/heteroaromatic building blocks used for the 

synthesis of light-emitting conjugated polymers (see Figure 1.5, Page 5), dibenzothiophene-

S,S-dioxide is an electron-deficient moiety due to the electron-withdrawing character of the 

SO2 group, and its structure is topologically similar to that of fluorene. Oligomers 1.18–1.20 

synthesised and studied by Perepichka et al. emitted blue light in solution and in the solid 
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state with high fluorescence efficiency (λPL = 430–450 nm, PLQY = 65–67% in solution; 

λPL = 447–462 nm, PLQY = 44–63% in the solid-state) (Figure 1.18).57  

 

Figure 1.18: Normalised UV-Vis absorption and photoluminescence spectra of 1.18 

(FSF), 1.19 (FFSFF) and 1.20 (FSFSF) co-oligomers in films (λexc = 390 nm).57  

 

The authors also showed that the incorporation of dibenzothiophene-S,S-dioxide in 

fluorene oligomers leads to an increase in the electron accepting properties of the oligomers 

due to a low-lying LUMO energy level. For example, according to DFT calculations, the 

LUMO energy of fluorene is –0.77 eV whereas for dibenzothiophene-S,S-dioxide it is –1.81 

eV, i.e. more than 1 eV lower. For fluorene trimer 1.21 (FFF) LUMO = –1.40 eV whereas 

for its analog FSF (1.18) LUMO = –1.97 eV (see Figure 1.19). Similar differences are 

observed for pentamers (and polymers). This lowering of the LUMO energy levels in 

dibenzothiophene-S,S-dioxide based oligomers/polymers allows an increase in the electron 

transport properties of these materials and a decrease in the electron injection barrier in 

OLEDs. Dibenzothiophene-S,S-dioxide could also be a promising acceptor group for donor-

acceptor (D–A) oligomers or polymers.57  
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Figure 1.19: DFT B3LYP/6-31G(d) energy level diagram for oligofluorenes and fluorene–

dibenzothiophene-S,S-dioxide co-oligomers (see Figure 1.17 for structures).57  

 

It was also observed by FTIR studies of F-S oligomers that the C=O group does not 

appear on thermal annealing of materials in the air (as commonly observed in polyfluorenes), 

and the undesired green emission was not observed in their PL spectra, confirming high 

stability of materials toward thermo/photo oxidation. Many researchers have recently used 

dibenzothiophene-S,S-dioxide as an electron acceptor unit in combination with various 

electron donor units:63,64,65 the next sections will review some of the important research in 

this field. 

 

1.6.1 Co-polymers containing the dibenzothiophene-S,S-dioxide moiety 

Many groups investigated co-polymers containing dibenzothiophene-S,S-dioxide moieties 

incorporated into the backbone, of co-polymers with fluorene,66,67,68 carbazole,69 

thiophene,70 or other units71,72 to obtain co-polymers with blue,66,73 green,74 red,70 or white75 

colours of emission.  

Perepichka et al. published the first paper in 2008, which described the synthesis and 

properties of statistic (random) 9,9-dioctylfluorene/dibenzothiophene-S,S-dioxide co-

polymers 1.26–1.29 (PFSy) incorporating different amounts of dibenzothiophene-S,S-

dioxide units into the polymer main chain (2, 5, 15, and 30%).76 These co-polymers were 

synthesised by Suzuki C–C cross-coupling polymerisation by reaction of 3,7-

dibromodibenzothiophene-S,S-dioxide, 9,9-dioctylfluorene-2,7-diboronic acid and 2,7-
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dibromo-9,9-dioctylfluorene monomers using a different feed ratio of monomers (the 

polymers were end-capped with 4-n-BuPh-groups) (Scheme 1.5).79  

 

 

Scheme 1.5: Synthesis of co-polymers 1.26–1.29.79  

 

The photophysical properties of the co-polymers have been studied and compared 

with the co-oligomers 1.18-1.19 from previous studies (see Figure 1.17 for chemical 

structures).57 Figure 1.20 a shows the absorption spectra of FSF, FFSFF, PFS0.15, and 

PFS0.3 in toluene solution. A regular red shift was demonstrated on going from the smaller 

oligomer FSF to the co-polymers PFSy, indicating the existence of relatively longer 

conjugated units in the two co-polymers. The photoluminescence spectra of the same four 

compounds in toluene solution are shown in Figure 1.20 b. Again, a bathochromic shift was 

demonstrated in emission with the two co-polymers emitting at longer wavelengths. Thus, 

there are no significant changes observed in the spectral structure between oligomers and 

co-polymers, and the fluorescence spectra of the pentamer, FFSFF, already matches well 

the fluorescence spectra of the co-polymers PFS0.15, and PFS0.3  which have a relatively high 

content of S moieties, presenting a larger Stokes shift.76  
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Figure 1.20: Normalised (a) absorption and (b) emission spectra of 1.18 (FSF), 1.19 

(FFSFF), 1.28 (PFS0.15), and 1.29 (PFS0.3) in diluted toluene solution, λexc. = 390 nm.76  

 

As a consequence of a photo prompted charge transfer arising in the pentamer 1.19 

excited states, the emission spectral structure of this oligomer shows significant alterations 

in polar solvents as shown in Figure 1.21 b.76 The intramolecular charge transfer (ICT) 

excited state becomes more stable by increasing the solution polarity. Thus, the reorientation 

of the solvent molecules around the excited fluorophores facilitate dipole-dipole 

interactions.77 In nonpolar solvents (toluene) the photoluminescence spectrum is very 

comparable to that of polyfluorenes, nevertheless in a moderately polar solvent (chloroform) 

a broad and structureless emission was demonstrated independent of the excitation 

wavelength.76 Figure 1.21 a shows the electron absorption and photoluminescence spectra 

of co-polymer 1.29 in toluene and chloroform, a reasonably polar solvent. As was 

demonstrated, the electron absorption spectrum of 1.29 showed pretty slight alterations with 

solvent polarity. On the other hand, the alterations in the photoluminescence spectra for this 

structure are more obvious. In chloroform, only a broad featureless photoluminescence 

spectrum was observed, as a significance of solvent-induced stabilisation of the ICT state.76 

However, in toluene the λPL is blue shifted and the spectra demonstrated the typical vibronic 

structure reported for polyfluorenes.78 
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Figure 1.21: a) Normalised absorption and emission spectra of 1.29 (PFS0.3) in toluene 

(blue) and chloroform (red), λexc = 390 nm. b) Normalized emission spectra of 1.19 

(FFSFF) in toluene and chloroform dilute solution; excitation at 390 nm. Note the broad 

emission spectrum centered at 450 nm observed in chloroform.76  

 

The photoluminescence quantum yields of co-polymers PFSy are quite high (~56% 

– 69% in solution) similar to that in polyfluorenes. The solid state PLQY were also 

reasonably high, between 8% and 21%.79 Studies of OLED devices fabricated with these co-

polymers (single layer OLED in configuration indium tin oxide (ITO) / poly(3,4-

ethylenedioxythiophene) : poly(styrenesulfonic acid) (PEDOT:PSS) / PFSy / Ba / Al) 

showed that increasing the feed ratio of S units leads to an increase in the device performance 

compared to polyfluorenes under the same conditions. 

The effect of introducing S segments into the polyfluorene backbone on the 

electrochemical behaviour of the co-polymers was studied. In cyclic voltammetry (CV) 

experiments, the co-polymer 1.29 can be reversibly p- and n-doped (see Figure 1.22). 

Comparable to the polyfluorene homopolymer 1.3, both the oxidation and reduction 

potentials of 1.29 are shifted positively, with a more pronounced shift in the reduction 

potential compared to the oxidation potential (by onsets: 0.51 V and 0.19 V, respectively). 

The improved electron transport properties and easier reduction of 1.29 were presented in a 

positive shift in its reduction potential (by 0.51 V compared to 1.3), so better electron 

injection and electron acceptor properties are expected for this polymer.79  
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Figure 1.22: Cyclic voltammograms of polymers 1.29 (P(F-S)30) and 1.3 (PFO = PF8) in 

films on a glassy carbon electrode, 0.1 M Bu4NPF6 in acetonitrile, scan rate 40 mV s–1, 

Estimated by onsets electrochemical bandgaps: Eg
CV = 2.91 eV, 1.29 (p(F-S)30), 3.23 eV, 

1.3 (PFO).79  

 

In addition to the improved device performance, it was also demonstrated that PFSy 

co-polymers show broadened photo- and electroluminescence spectra (due to dual LE/ICT 

emission) throughout the visible spectrum from the blue to green region and emit greenish-

white light (see Figure 1.23), and as such can be used as materials for white-light emission 

OLEDs (WPLEDs).79  
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Figure 1.23: a) PL spectra of 1.26–1.29 co-polymers in films normalised to λ = 440nm, 

and b) electroluminescence spectra of 1.26–1.29 co-polymers for device structures 

ITO/PEDOT:PSS/p(F-S)y/Ba/Al measured at 5 V.79  

 

In 2008, a paper was published by Liu et al. that described the synthesis and 

characterisation (photoluminescence and electroluminescence) of co-polymers with the 

incorporation of dibenzothiophene-S,S-dioxide into poly[9,9-bis(4-(2-

ethylhexyloxy)phenyl)fluorene-2,7-diyl] (Figure 1.24).80 

 

 

Figure 1.24: Structures of co-polymers 1.30–1.38.80 

 

Blue-light emission was observed for these polymers, (see Figure 1.25), with high 

PLQY (~55–59%) comparable to that for the polyfluorene analogue 1.30 (PLQY = 49%). 
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The co-polymers showed high colour stability of their emission in devices, even at a high 

current flow (>360 mA/cm2) through the devices, and the co-polymers annealed at high 

temperatures of ~200 °C, without showing undesired green emission (polyfluorenes 

normally show the appearance of a green band when annealed at temperatures of > 120–140 

°C).80  

 

 

Figure 1.25: PL spectra of polymers (a) 1.30–1.33 (PPF, PPF-3,7SO5, PPF-3,7SO10, 

PPF-3,7SO20) and (b) 1.30 (PPF), 1.36–1.38 (PPF-2,8SO5, PPF-2,8SO7, PPF-

2,8SO10).80 

 

In 2003, Nemoto et al. published a paper that studied the synthesis of three co-

polymers containing dibenzothiophene (Scheme 1.6).81 It was demonstrated that these 
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polymers emit blue light λPL = 381–406 nm in chloroform (see Figure 1.26). However, they 

did not study the PLQY efficiency, PL properties in the solid state or electroluminescence 

properties of these co-polymers.  

 

 

Scheme 1.6: Synthesis 1.42–1.44 (P1–P3).81 

 

 

Figure 1.26: Photoluminescence spectra of 1.42–1.44 (P1–P3) in chloroform.81 
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In 2013, Liu et al. described complex random co-polymers based on 

dibenzothiophene-S,S-dioxide (SO), fluorene (F), benzothiadiazole (BT) or 4,7-di(4-

hexylthien-2-yl)benzothiadiazole (DHTBT) units, prepared by Suzuki C–C cross-coupling 

polymerisation (Figure 1.27).82 

 

 

Figure 1.27: Structures of the co-polymers 1.45–1.47 (PFSO, PSSOBT, and 

PFSOTHDBT).82 

 

The PL spectra of these co-polymers showed blue, green or red emission depending 

on the feed ratio of monomer units. Thus, co-polymer 1.45 emitted blue light (λPL = 430 

nm), PL emission of 1.46 is shifted to a longer wavelength (λPL = 520 nm, green colour) and 

polymer 1.47 emits red light (λPL = 605 nm) (Figure 1.28).  
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Figure 1.28: PL spectra of co-polymers 1.45-1.47 (PFSO, PSSOBT, and PFSOTHDBT)  

in toluene.82 

 

The PLQY values of solid films of these co-polymers have been found to be quite 

high: PLQY = 53% (for the blue light emitting polymer), 67% (for the green light emitting 

polymer), 56% (for the red emitting polymer). So, it was suggested that they might be 

suitable materials for the fabrication of white-light emitting devices by blending them in 

WPLEDs.82 

Recently (in 2018), Yong et al. have synthesized bipolar blue light-emitting 

polyfluorenes 1.48 containing electron-deficient dibenzothiophene-S,S-dioxide and an 

electron-rich carbazole moiety (see Figure 1.29).83 All the co-polymers presented a great 

thermal stability with decomposition temperatures above 400 °C and higher 

photoluminescence quantum yields. The highest occupied molecular orbital HOMO energy 

levels somewhat improve and the lowest unoccupied molecular orbital LUMO energy levels 

moderately reduce with the increase of carbazole ratio in the co-polymers. PL spectra of the 

polymers display a significant bathochromic shift and broadening with an increase in solvent 

polarity, indicating a substantial intramolecular charge transfer (ICT) effect in the polymers. 

Electroluminescence (EL) spectra of the co-polymers showed a broadening tendency with 

increasing carbazole moiety content in the co-polymers.  

Green light-emitting polyfluorenes (1.49) having a 3,7-bis(4-hexylthiophene) 

dibenzothiophene-S,S-dioxide (DHTS) moiety were designed and synthesised (see 

Figure 1.29).84 The polymers showed improved highest occupied molecular orbital energy 
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levels (EHOMO’s) and depressed lowest unoccupied molecular orbital energy levels (ELUMO’s) 

with the increase of the DHTS unit in polymers. The photoluminescence (PL) spectra of the 

polymers showed a significant bathochromic shift with the increase of solvent polarities, 

indicating a significant intramolecular charge transfer (ICT) effect in the polymers 

containing the DHTS moiety. The photoluminescence quantum yields (PLQY) are in the 

range of 34−67% for polymers 1.49 in film. The device made of the polymer containing 

15% of the DHTS unit demonstrated green emission with the CIE coordinates of (0.26, 

0.59). 

 

 

Figure 1.29: Structures of the co-polymers 1.48–1.49. 

 

In 2016, Cao’s group synthesised and designed a polyfluorene-based blue-light 

emitting co-polymer 1.50 containing an aromatic dibenzothiophene-S,S-dioxide unit in the 

alkane side chain (see Figure 1.30).85 The UV\Vis, PL spectra and wide-angle X-ray 

diffraction measurements of the resulting polymer showed that the introduction of such an 

aromatic moiety could induce the formation of the β-phase. The resulting polymer 1.50 

containing the dibenzothiophene-S,S-dioxide moiety demonstrated enhanced 

electroluminescence properties relative to the original polyfluorene film. A maximum 

luminous efficiency of 2.25 cd A-1 with CIE coordinates of (0.17, 0.09) was achieved from 

the light-emitting device based on the polymer containing the dibenzothiophene-S,S-dioxide 

unit, it also demonstrated stable electroluminescent spectra. In 2017, the same group 

published another blue light-emitting polyfluorene 1.51 containing a dibenzothiophene-S,S-

dioxide unit in the alkyl side chain of the carbazole (see Figure 1.30).86 They demonstrated 

that the HOMO and LUMO energy levels of the co-polymers slightly reduced with an 
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increase of dibenzothiophene-S,S-dioxide content in side chain. PL spectra of the polymers 

show a somewhat bathochromic shift and broadening with an increase in solvent polarity, 

indicating a typical intramolecular charge transfer (ICT) effect in the co-polymers holding 

dibenzothiophene-S,S-dioxide unit in the alkyl side chain. These clarifications indicate that 

the introduction of the aromatic unit in the side chain is a promising strategy to obtain stable 

blue-light emitting polyfluorenes with improved efficiency. 

 

 

Figure 1.30: Structures of the co-polymers 1.50–1.51. 

 

Peng et al. presented an effective strategy to enhance the electroluminescent 

performance of poly[(fluorene)-co-dibenzothiophene-S,S-dioxide] derivatives by end-

capping, which was carried out by presenting the N-([1,1'-biphenyl]-4-yl)-N-(4-phenyl)-9,9-

dimethyl-9H-fluoren-2-amine unit (TF) at the end of the polymerisation (see Figure 1.31).87 

In comparison with the original co-polymers, PFSy, that were end capped by a phenyl 

moiety, the TF-end-capped co-polymers 1.52 showed enhanced HOMO levels, which can 

assist hole injection and hence lead to more balanced charge carrier transport in the emissive 

layer. Thus, the resulting co-polymers 1.52 could be used to fabricate single-layer devices 

without a hole transport layer, which decreased driving voltage and clearly improved 

luminous efficiency relative to the device fabricated from the co-polymer PFSy that was end 

capped by a phenyl moiety.  
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Figure 1.31: Structure of the co-polymer 1.52.  

 

1.6.2 Co-polymers with 2,8-disubstituted dibenzothiophene-S,S-dioxide 

It should be mentioned that in 2002 Ancora et. al. reported the co-polymer 1.53 of 2,8-

dimethyldibenzothiophene-S,S-dioxide and phenylenevinylene (Figure 1.32).88 However, 

they did not study the photo and electro properties of this polymer and other results showed 

weak interest in this material. 

 

 

Figure 1.32: Structure of co-polymer 1.53 2,8-dimethyl dibenzothiophene-S,S-dioxide and 

phenylenevinylene.88  

 

Dibenzothiophene-S,S-dioxide as a blue light-emitting unit has been used in many 

research papers to prepare co-oligomers or co-polymers89,90,91 as described above. However, 

there are only a few research papers that describe substituted dibenzothiophene-S,S-dioxide 

co-polymers. In 2010, Bryce’s group reported the synthesis of a series of co-polymers 1.57-

1.59 by reacting monomers 1.25 and 1.23 with different percentages (15, 30, or 50%) of 

1.56 via a Suzuki polycondensation reaction (see Scheme 1.7).92 It was noticed that the 

hexyl groups linked to dibenzothiophene-S,S-dioxide participate to increase the solubility of 

the co-polymers compared to the analogous unsubstituted co-polymers.76,79 The presence of 

a hexyl group also affected the emission of the co-polymers. Thus, polymer 1.58 (70:30) 
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with hexyl groups showed λPL = 412 nm (toluene), 412 nm (CHCl3), and 426 nm (film), 

whereas polymer 1.29 (PFS0.3) with the same ratio (70:30) but without hexyl groups 

substituted at the dibenzothiophene-S,S-dioxide moiety showed red-shifted emission, λPL = 

427 nm (toluene), 443 nm (CHCl3), and 469 nm (film) (Figure 1.33).79 This is proof that 

the hexyl groups at the sterically hindered 2,8-positions reduce the conjugation in the 

polymer due to increasing the dihedral angles between the building blocks in the polymers 

backbone and leads to an increase in the band gap of the polymer.92 

 

 

Scheme 1.7: Synthetic route to polymers 1.57-1.59.92 
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Figure 1.33: Photoluminescence spectra of 1.58 (9) black line in toluene, red line in 

chloroform and 1.29 (2) green line in toluene, blue line in chloroform. Inset shows a 

magnification of the λmax region.92 

 

More recently (in 2014), Bryce’s group reported two series of seven 

fluorene/dibenzothiophene-S,S-dioxide co-polymers 1.60–1.66 (P1-P7) with 2,8-dialkoxy 

groups on the dibenzothiophene-S,S-dioxide units.93 They synthesised polymers 1.60–1.62 

with different ratios of dibenzothiophene-S,S-dioxide, and with meta-linkage at the fluorene 

moiety, as well as co-polymers 1.63–1.66 with para-linkage at the fluorene moiety 

(Figure1.34). All these co-polymers were synthesised by a Suzuki C–C coupling reaction 

with an end-capping phenyl group. 
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Figure 1.34: Synthesis and structures of co-polymers 1.60–1.66 (P1–P7).93  

 

The polymers showed negligibly small solvatochromism (or no solvatochromism): 

for example polymer 1.61, λPL = 412 nm (ethyl acetate), 413 nm (cyclohexane). They also 

showed an observable blue shift of ~ 30 nm for the polymers with a meta-linkage compared 

to those with a para-linkage (in films, λPL = 420 nm for 1.61, 450 nm for 1.64) (Figure 

1.35). This difference was attributed to a broken conjugation in polymers 1.60–1.62 (P1–

P3). It was shown that the percentage of dibenzothiophene-S,S-dioxide segments in the 

polymers does not affect the absorption and emission of the polymers. For example, 

absorption of all three polymers 1.60–1.62 in the solid state is observed at λmax = 350 nm. 

The same is observed for the photoluminescence: λPL = 424 nm (1.60), 420 nm (1.61, 1.62). 

 

 

Figure 1.35: Normalised PL emission spectra for (a) polymers 1.60-1.62 (P1–P3) and (b) 

polymers 1.63-1.66 (P4–P7) in thin film. Insets show an expansion of the λmax regions.93  
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In 2014, Xiao et al. described a series of co-polymers containing substituted 

dibenzothiophene-S,S-dioxide at positions 2, and 8 (R = H, C8H17, or OC8H17) with 

di(aminoalkyl)fluorene (see Figure 1.36).94 The co-polymers 1.67–1.69 were synthesised 

by a Suzuki C-C cross coupling polymerisation reaction. All synthesised co-polymers were 

slightly soluble in common organic solvents such as THF, chloroform or toluene and they 

were soluble in polar solvents N,N-dimethylformamide (DMF) and dimethyl sulfoxide 

(DMSO). Some other co-polymers of this series (structures are not shown) are readily 

soluble in methanol and in water containing trace amounts of acetic acid.  

 

 

Figure 1.36: Structures of polymers 1.67–1.69.94  

 

1.6.3 Co-oligomers and small molecules containing dibenzothiophene-S,S-dioxide unit 

In 2010, Bryce’s group reported several ambipolar oligomeric compounds (donor–acceptor–

donor) with fluorene, carbazole and arylamine as electron donor segments and 

dibenzothiophene-S,S-dioxide as the electron acceptor segment (see Figure 1.37).95 These 

trimers 1.18, 1.70–1.75 were prepared by a Suzuki C–C coupling reaction. 

Investigations of their photophysical properties showed a regular red-shift in both 

absorption and emission spectra, in accordance with an increase in the strength of the donor 

units: fluorene < carbazole < arylamine. For example, the emission in toluene: λPL = 433 nm 

(1.18),3 450 nm (1.70), 471 nm (1.75), and in chloroform: λPL = 427 nm (1.18, deep blue), 

458 nm (1.70, sky blue ), 520 nm (1.75, green) (see Figure 1.38). The authors also observed 

the positive solvachromatism for all the trimers due to the intramolecular charge transfer. 

For instance, for the trimer 1.74 in toluene λPL = 482 nm but in chloroform λPL = 520 nm.95 
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Figure 1.37: Structures of trimers 1.18, 1.70–1.75 containing dibenzothiophene-S,S-

dioxide moieties.95 

 

 

Figure 1.38: Influence of the donor substituents on the absorption and emission spectra of 

oligomers 1.18 (1), 1.70 (8), and 1.75 (26) in chloroform.95 

 

Huang et al. have prepared dipolar compounds by linking two arylamine fragments 

to dibenzothiophene-S,S-dioxide (compounds 1.76–1.79, Figure 1.39).96 The compounds 
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1.76 and 1.79 were synthesised by using Hartwig’s method (C-N coupling reaction), and 

compounds 1.77 and 1.78 were prepared by a Stille C–C coupling reaction. The 

photophysical properties of these compounds were studied and it was shown that the charge 

transfer from the donor (arylamine) to acceptor (dibenzothiophene-S,S-dioxide) is observed 

for all materials. They showed absorption in the region from 250 to 300 nm (π-π* and n-π*) 

with large solvatochromism due to the strong intramolecular charge transfer between the 

donor and the acceptor moieties. It was demonstrated that the emission could be tuneable 

over a wide range, from blue to orange depending on solvent polarity. For example, 

compound 1.77: λPL = 444 nm (toluene), 524 nm (DCM), 572 nm (acetonitrile). Compound 

1.79 emits at the highest wavelength among these four compounds. It was also found that 

compounds 1.77 and 1.78 have high PLQY in toluene (98% and 48%, respectively), much 

higher than compounds 1.76 and 1.79 (7%) in the same solvent. However, all of these four 

compounds showed low PLQY in acetonitrile (between 4% to 14%). These compounds were 

also used to fabricate single layer electroluminescent devices with high performance.96 

 

 

Figure 1.39: Bipolar dibenzothiophene-S,S-dioxide compounds 1.76–1.79.96 

 

The same group (in 2006) reported another series of small conjugated molecules with 

dibenzothiophene or dibenzothiophene-S,S-dioxide central moieties. Compounds 1.88–1.91 

have been synthesised in three steps: i) a Sonogashira coupling reaction with phenyl 

acetylene; ii) oxidation of the alkyne groups; and iii) a condensation reaction of the carbonyl 

groups with a diamine in quinoxaline or pyrazine (see Scheme 1.8).97 All molecules showed 

two absorption peaks, with λabs ~ 257–281 nm for the first peak and 335–373 nm for the 

second peak. The emission peaks of these compounds are in the range of 419–475 nm in 

DCM or in the solid state (Figure 1.40). These molecules showed quite high electron 

mobility, and OLEDs with good performances could be fabricated by utilizing 1.88–1.91 as 

electron-transporting materials. 
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Scheme 1.8: Synthetic route to compounds 1.88–1.91.97 

 

 

Figure 1.40: The emission spectra of 1.88–1.91(5 – 8), in dichloromethane, λexc. = 350 

nm.97 
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1.7 Aims of the project  

Since the first significant paper introducing dibenzothiophene-S,S-dioxide as a 

versatile building block for conjugated organic molecules and polymers for organic 

electronics,57 more than 400 papers have been published reporting different variations in 

structures, studies of their optoelectronic properties and testing of the materials in various 

devices (mainly in OLEDs, but applications in other devices have also been studied). The 

dibenzothiophene-S,S-dioxide moiety is topologically similar to fluorene, however, fluorene 

can be easily functionalised at position 9 to improve the solubility to the materials. 

Dibenzothiophene-S,S-dioxide itself shows lower solubility than fluorene and even in the 

case of its co-polymers with dialkylfluorenes, the amount of incorporated dibenzothiophene-

S,S-dioxide units can not normally exceed 25–30% (for 2,8-dialky- or 2,8-

dialkoxydibenzothiophene-S,S-dioxide moieties it can be higher, but such substitution 

decreases the effective conjugation length of the co-polymers due to steric interactions in 

the main chain). 

In recent research, Perepichka’s group have developed a series of novel light-

emitting 4-functionalised polyfluorenes.98 Such substitution at position 4 of the fluorene 

moiety does not sterically disturb the main chain of the polymers, but allows efficient tuning 

of the electronic properties of the polymers. As a logical expansion of this research 

programme, this work is focussed on 1-substituted dibenzothiophene-S,S-dioxide 

conjugated polymers and co-polymers (position 1 here is an equivalent of position 4 in 

fluorene, due to different IUPAC enumeration of these molecules).  

The first aim of this project is an elaboration of synthetic methods to synthesise the 

first (yet unknown as a class) soluble conjugated dibenzothiophene-S,S-dioxide p(S-R) 

homopolymers as n-type electron deficient polymers. To achieve this goal, synthetic 

methods for the introduction of solubilising groups (alkoxy, alkylthio and alkylsulfonyl) at 

position 1 of the dibenzothiophene-S,S-dioxide moiety will be elaborated, to make and to 

study conjugated polymers based on this structural moiety (see Scheme 1.9). This will be 

described in detail in Chapter 3. 

 



41 

 

 

 

Scheme 1.9: General scheme showing synthetic route to soluble 1-substituted 

dibenzothiophene-S,S-dioxide p(S-R) homopolymers. 

 

The second aim of the project is the development of novel light-emitting co-polymers 

incorporating 1-substituted dibenzothiophene-S,S-dioxide Br2S-R moieties (see Scheme 

1.10). The goal of this task is to the achieve efficient tuning of electronic and optical 

properties of co-polymers by electronic effects from electron donating (EDG) or electron 

withdrawing groups (EWG) at the 1-position. After elaboration of synthetic methods to 

monomers Br2S-R, they can also be used for developing other classes of co-polymers with 

other (not only fluorene) conjugated building blocks. This work will be described in detail 

in Chapter 4. 

 

 

Scheme 1.10: General scheme describe synthesis of co-polymers p(F/S-R)-y. 

 

To achieve these goals, it was necessary to elaborate synthetic methods for the 

introduction of different groups at position 1 of the dibenzothiophene-S,S-dioxide moiety. It 

was considered that a convenient synthetic pathway would be electrophilic substitution of 

3,7-dibromodibenzothiophene-S,S-dioxide Br2S, which should proceed at position 1. A 

nitration reaction seems a good choice as it allows further transformation of the NO2 group 

to NH2 to give access to a wide range of other functionalities via diazonium chemistry (see 

Scheme 1.11). The synthesis of these monomers will be discussed in Chapter 2. 
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Scheme 1.11: General scheme for the substitution of Br2S at position 1. 
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CHAPTER 2 

Synthesis of 1-Substituted-3,7-

Dibromodibenzothiophene-S,S-dioxide as 

Monomers for 1-Functionalised Dibenzothiophene-

S,S-dioxide Homo and Co-polymers 

            

2.1 Introduction  

Since the first important paper introducing dibenzothiophene-S,S-dioxide as a versatile 

building block for conjugated organic molecules and polymers for organic electronics,1 

more than 400 papers have been published reporting different variations in structures, 

studies on their optoelectronic properties and testing the materials in various devices (mainly 

in OLEDs, but applications in other devices have also been studied).  

In 2010, Bryce’s group reported the synthesis of a series of co-polymers by 

incorporating 3,7-dibromo-2,8-dihexyldibenzothiophene-S,S-dioxide 1.56 with a fluorene 

unit via a Suzuki polycondensation reaction.2 The synthetic route to monomer moiety 1.56 

is described in Scheme 2.1. 2,8-Dibromodibenzothiophene 1.54 underwent halogen-lithium 

exchange with n-hexyllithium and subsequent quenching with n-bromohexane to yield the 

dihexylated product which was oxidized in situ with refluxing hydrogen peroxide in acetic 

acid to give sulfone derivative 1.55. Compound 1.55 was then brominated with N-

bromosuccinimide (NBS) in sulfuric acid to yield monomer 1.56.2  

 

 

Scheme 2.1: Synthetic route to monomer 1.56.2 
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The dibenzothiophene-S,S-dioxide moiety is topologically similar to fluorene. 

However, fluorene can be easily functionalised at the 9- position, which  brings solubility to 

the materials. Dibenzothiophene-S,S-dioxide itself shows lower solubility than fluorene and 

even in the case of its co-polymers with dialkylfluorenes, the amount of incorporated 

dibenzothiophene-S,S-dioxide units cannot normally exceed 25–30% (for 2,8-dialky- or 2,8-

dialkoxydibenzothiophene-S,S-dioxide moieties it can be higher, but such substitution 

decreases the effective conjugation length of the copolymers due to steric interactions in the 

main chain).3,4 

 

2.1.1 Aims of the Chapter 

The main objective of the research described in this chapter was elaboration of convenient 

synthetic methods for the synthesis of monomers Br2S-R which will be used for the 

synthesis of homopolymers (Chapter 3) and co-polymers (Chapter 4) respectively. The route 

used for the synthesis of these monomers proceeded via the key intermediate 1-NH2-3,7-

dibromodibenzothiophene-S,S-dioxide (Br2S-NH2). This intermediate was prepared from 

Br2S by a nitration reaction to give Br2S-NO2, which could then be converted to the required 

compound by reduction with tin powder. Having this intermediate in hand access to a wide 

range of monomers was possible via diazonium chemistry (Scheme 2.2). 
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Scheme 2.2: Describing the substitution at position 1. 

 

Having prepared Br2S-OH, and Br2S-SR these monomers can then be converted 

into the alkoxy and alkylsulfonyl analogues, Br2S-OR and Br2S-SO2R. All the monomers 

can then be used for the synthesis of homopolymers and co-polymers as will be discussed 

in later chapters.  
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2.2 Results and Discussion 

2.2.1 Synthesis of key intermediate 1-amino-3,7-dibromodibenzothiophene-S,S-dioxide 

(Br2S-NH2) 

For the synthesis of 1-substituted dibenzothiophene-S,S-dioxide based polymers and 

copolymers the corresponding 1-R-3,7-dibromodibenzothiophene-S,S-dioxide monomers 

needed to be prepared, which can be then polymerized by Ni-mediated or Pd-catalyzed C-C 

coupling methods. To access such monomers, appropriate methods of functionalisation of 

3,7-dibromodibenzothiophene-S,S-dioxide (Br2S) at position 1 were utilised. Considering 

1-amino-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-NH2) as a useful synthon, it can 

then be converted into a wide range of 1-substituted dibenzothiophene-S,S-dioxide 

monomers via diazonium chemistry.5 The multistep reaction route to the key intermediate, 

Br2S-NH2, from commercially available dibenzothiophene 2.1 is shown in Scheme 2.3. 

Attention was also paid to scaling up the reactions and optimisation of the conditions, to 

elaborate convenient and efficient methods of their synthesis and purification.  

 

 

Scheme 2.3: Synthetic route to 1-amino-3,7-dibromodibenzothiophene-S,S-dioxide  

(Br2S-NH2). 

 

 Dibenzothiophene-S,S-dioxide (S) was synthesised according to the literature6 by 

oxidation of dibenzothiophene 2.1 with H2O2 in acetic acid on a large scale (200 g) and gave 

almost pure product (according to 1H NMR spectroscopy) in 97% yield. Bromination of S 
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with N-bromosuccinimide (NBS) in concentrated sulfuric acid at room temperature, 

according to a previously described method,1 gave 3,7-dibromodibenzothiophene-S,S-

dioxide (Br2S) as the major product (see Scheme 2.3), which could be easily separated (due 

to its low solubility) from other isomers (mono-, tri- and tetra-brominated products) by direct 

filtration from the reaction mixture. This reaction was performed on a scale of up to 120 g 

of S, to give Br2S in yields of ca. 78% after two recrystallisations (from acetic acid and then 

from chlorobenzene). This reaction was repeated four times, on a large scale, to obtain 

sufficient amounts of Br2S for further studies. 

The nitration of Br2S was studied in a mixture of concentrated (70%) or fuming (90 

%) HNO3 with concentrated (96%) H2SO4 at ambient or elevated temperatures (see Scheme 

2.3), varying the ratio of reagents and the reaction time. Initial experiments on a gram scale 

(or below) showed that nitration occurs at the desired 1- position of the dibenzothiophene-

S,S-dioxide moiety, but the product was contaminated by the starting material Br2S and by 

some by-products (presumably dinitro-compounds) and possibly other mono-nitrated 

isomers, according to 1H NMR analysis of the crude material. While by-products can be 

relatively easily removed by recrystallisation from appropriate solvents (toluene, AcOH, 

CHCl3 and dioxane were tested, among which dioxane showed the best results), removal of 

the starting Br2S was more difficult due to its low solubility and co-crystallisation with the 

product. Column purification was also problematic due to the close Rf of Br2S-NO2 and 

Br2S. In addition, flash chromatography was an unsuitable method for a large scale (>10 g) 

purification. 

 Therefore, an optimisation of this reaction was performed varying the amounts of 

HNO3/H2SO4, concentrations and the reaction time, and analysing the yields and the purities 

of the crude products. From these studies reasonably good conditions for the selective mono-

nitration were found, with high yields of ~95% for the crude product, which had a purity of 

85–90% (according to 1H NMR and GC-MS data). To optimise the reaction time further, 

the reaction was monitored by taking samples of the reaction mixture and analysing them 

by GC-MS (both the disappearance of Br2S and the appearance of Br2S-NO2 were 

monitored). These kinetic studies showed that the reaction is nearly finished after 24 h at 

ambient temperature (reaction half-time, t1/2 is ~2–2.5 h). However, because the reaction is 

heterogeneous, the concentration of the starting Br2S did not go to zero at 10t1/2 and ca. 5% 

of the starting Br2S was still present in the mixture. An increase in reaction time led to 
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substantial formation of by-products (dinitration), but did not lead to the complete 

disappearance of the starting Br2S. 

The results were somewhat improved by using finely powdered Br2S and vigorously 

stirring the reaction mixture. Eventually, the reaction was scaled up to ~160 g of starting 

material, Br2S, and the desired Br2S-NO2 was obtained in high yields (~97–98%) and 

reasonably high purity (~96% as shown by 1H NMR spectroscopy) after recrystallisation in 

dioxane Br2S-NO2 was obtained in 83% yield and high purity 99% as shown by 1H NMR 

spectroscopy (see Figure 2.1, and Appendix 6.1 for more information). Figure 2.1 shows 

the 1H NMR spectrum of the aromatic region for both the starting compound Br2S and the 

target product Br2S-NO2 which demonstrated three environments for the starting compound 

and five environments for the product. It also shows that the protons at positions 2 and 4 

(ortho and para position relative to the NO2 group) are highly shifted downfield due to the 

NO2 group, which is a strong electron withdrawing group and therefore causes deshielding 

around the protons and hence shifting the signal downfield. 
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Figure 2.1: 1H NMR spectrum of 3,7-dibromo dibenzothiophene-S,S-dioxide (Br2S) 

(bottom), and 1-nitro-3,7-dibromo dibenzothiophene-S,S-dioxide (Br2S-NO2) (top), with 

signal assignments. 

 

Nitro groups in nitro aromatic compounds can be reduced to an amino group by using 

hydrogen in the presence of palladium on carbon (Pd/C) as a catalyst and generally the 

reaction proceeds efficiently giving arylamines with high yields (up to 100%).7  Before 

carrying out the reduction of the Br2S-NO2 compound the reduction of Br2S was carried out 

in order to determine the stability of the Br and sulfonyl groups under the reaction 

conditions. Due to the low solubility of Br2S in common solvents used for Pd/C–H2 

reduction (very low solubility in ethylacetate, insoluble in alcohols), the reaction was 

performed in dioxane at 40 °C where it is partly soluble. The Br2S suspension (partly 

soluble) in dioxane was stable when stirred with Pd/C under a hydrogen atmosphere during 

the first day, however prolonged stirring at 40 °C indicated the formation of a product 

(second spot on TLC, - perhaps, reduction of the SO2 group or debromination; 1H NMR 

spectroscopy also showed signals from an unidentified product apart from the starting Br2S). 

Reduction of Br2S-NO2 with 10% Pd/C under a hydrogen atmosphere gave a brown powder, 
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which represented a complex mixture (TLC, 1H NMR), from which the isolation of the target 

Br2S-NH2 was problematic (see Scheme 2.4 below). 

 

 

Scheme 2.4: Testing the stability of Br2S in H2–Pd/C system and an attempt to reduce the 

nitro group in Br2S-NO2 using palladium on carbon and hydrogen. 

 

 Thus, it was decided not to continue an optimisation of this reaction but instead turn 

to using a reduction by another common method, namely by using tin powder–hydrochloric 

acid in an ethanol-water system. This reaction works well in many cases and it has been used 

for the reduction of nitrofluorenes to aminofluorenes.8,9 Reduction of nitrofluorenes by 

Sn/HCl in ethanol was completed in 2–4 hours and the stability of Br2S was tested under 

these conditions. Even with a high excess of tin and prolonged stirring under reflux no 

transformation of Br2S was observed (monitoring by TLC) and the starting material was 

recovered (confirmed by 1H NMR spectroscopy; Scheme 2.5).  

 

 

Scheme 2.5: Testing the stability of Br2S in Sn/HCl/EtOH-H2O system. 

 

Having established the stability of the Br2S compound under the above reaction 

conditions the reduction of Br2S-NO2 using tin powder (4–5 eq.)/concentrated HCl in an 

EtOH–H2O mixture at 60 °C was carried out and the reaction proceeded smoothly and was 
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completed in 3–4 hours to give 1-amino-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-

NH2) (Scheme 2.3, Page 55). In small scale reactions, after basification and extraction of 

the product with ethyl acetate, it was purified by column chromatography to give analytically 

pure samples. However, this workup and purification method were found to be unsuitable 

for scaling up. Therefore, finding a different procedure for isolation and purification of 

Br2S-NH2 was important. After completion of the reduction, the mixture was basified with 

sodium carbonate to adjust the pH to 9 and the solution was evaporated to dryness. The 

residue was transferred into a soxhlet apparatus with a ~6 – 7 cm silica gel layer on the 

bottom and Br2S-NH2 was extracted with tetrahydrofuran (thus passing the extract through 

the silica gel layer) for ~20–30 h. The extracted crude product was then recrystallised twice 

from dioxane to afford Br2S-NH2 in ~45% yield and ~96% purity according to 1H NMR 

spectroscopy. This method for the synthesis and purification showed reproducible results on 

a ~100 g scale synthesis (in smaller scale syntheses (~10 g) the yields were somewhat higher, 

~70%). 

 Thus, efficient synthetic methods to afford the Br2S-NH2 intermediate have been 

developed and scaled up to hundred(s) gram syntheses under laboratory conditions.  

 

2.2.2 Transformation of 1-amino-3,7-dibromodibenzothiophene-S,S-dioxide using 

diazonium chemistry 

This section describes the transformation of Br2S-NH2 into 4 other 1-substituted 

dibenzothiophene-S,S-dioxides, replacing the amino group (via diazonium salts) by an OH, 

CN, I and F group (Scheme 2.6). 1-Hydroxy-3,7-dibenzothiophene-S,S-dioxide (Br2S-OH) 

was synthesised with the aim of preparing the first series of soluble dibenzothiophene-S,S-

dioxide homopolymers, named poly(1-alkoxydibenzothiophene-S,S-dioxides) (see Section 

2.2.3 and Chapter 3). Two other compounds, Br2S-CN and Br2S-F have been prepared for 

the synthesis of novel fluorene–dibenzothiophene-S,S-dioxide copolymers, structurally 

similar to the previously reported copolymers 1.26–1.29 described in Chapter 1, which 

showed broadened simultaneous emission from both local excited (LE) and intramolecular 

charge transfer (ICT) states and have been shown to be promising materials for the 

development of white light-emitting polymers for WPLEDs.10,11 The introduction of 

electron withdrawing groups (EWG) into the S moiety in such types of copolymers should 
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increase the contribution from ICT emission leading to polymers with emissions shifted 

from greenish-white (Figure 1.19, Chapter 1) to CIE coordinates closer to the white point. 

In addition, Br2S-OMe, Br2S-SMe, and Br2S-SO2Me were synthesised for the same reason 

as will be described in the next sections. On the other hand, Br2S-I and all other monomers 

Br2S-R were prepared to use in the synthesis of new thermal activated delayed fluorescence 

(TADF) molecules. 

 

 

Scheme 2.6: Synthetic routes to 1-substituted 3,7-dibromodibenzothiophene-S,S-dioxides 

Br2S-OH, Br2S-CN, Br2S-I and Br2S-F. 

 

1-Hydroxy-3,7-dibenzothiophene-S,S-dioxide (Br2S-OH) was obtained by 

diazotization of Br2S-NH2 with NaNO2 in sulfuric acid and reaction of the formed 

diazonium salt 2.2 with water under reflux (Scheme 2.6). Diazotization of Br2S-NH2 in 

concentrated H2SO4 at 0 °C, followed by dilution of the formed diazonium salt with water 

and heating the mixture gave very low yields (10–13%) of the target Br2S-OH. 

Diazotization in 50% aqueous H2SO4 proceeded under heterogeneous conditions due to the 
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low solubility of Br2S-NH2 and again gave quite low yields of ~14%. In both cases, a 

substantial amount of the deamination product Br2S was formed, which was difficult to 

separate from the required Br2S-OH. Attempts to perform the reaction in the presence of 

Cu2O and Cu(NO3)2 as catalysts in a Sandmeyer reaction12 were also unsuccessful. Better 

results were obtained when the procedure of the reaction of diazonium salt 2.2 with water 

was changed slightly to involve the dropwise addition of a suspension of 2.2 in 50% aqueous 

H2SO4 into stirring boiling water13 and heating the mixture under reflux for 2 hours. This 

resulted in higher yields of Br2S-OH, however it was still substantially contaminated with 

Br2S. The latter was difficult to separate by either flash chromatography or recrystallisation 

from different solvents. Their separation was done through the phenolate (Br2S-ONa) by 

dissolution of the crude product in an aqueous solution of NaOH with heating, hot filtration 

to remove the insoluble Br2S and precipitation of Br2S-OH after acidification of the filtrate. 

This procedure removed Br2S from the crude product almost completely and, on a gram 

scale reaction, the Br2S-OH obtained was sufficiently pure.a To obtain analytically pure 

samples, it was further purified by flash chromatography with a gradient eluent from toluene 

to Tol : Et2O, 1:1 (or to 100% Et2O). The latter flash chromatography procedure was 

essential when crude Br2S-NH2 was used in the synthesis of Br2S-OH in large scale 

reactions.  

 1-Cyano-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-CN) was synthesised by 

a Sandmeyer reaction14,15, of diazonium salt 2.2 (prepared from Br2S-NH2 as described 

above) with CuCN obtained in situ from NaCN and CuSO4·5H2O with heating (see Scheme 

2.6). Normally, this reaction works better under neutral conditions16 to avoid formation of 

highly toxic and volatile HCN from cyanide salts. However, it was difficult to isolate 

diazonium salt 2.2 (very fine suspension was formed resulting in large losses on filtration) 

and the reaction did not work well. Therefore, the reaction was performed by direct addition 

of NaCN and CuSO4·5H2O into an acidic suspension of diazonium salt 2.2 followed by 

heating of the reaction mixture (Table 2.1).  

 Apart from the target Br2S-CN, other by-products were formed in the reaction, as 

shown by 1H NMR analysis of the crude products and comparison with NMR spectra for 

                                                 
a NB: it is important to ensure complete removal of Br2S from Br2S-OH as the presence of 

even small amounts of Br2S in the monomers might affect the properties of the synthesised 

polymers. 
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authentic samples (Table 2.1). Optimisation of the reaction by using a large excess of 

NaCN/CuSO4·5H2O and prolonged stirring of the diazonium salt at room temperature before 

heating allowed the content of Br2S-CN to reach 69% of the crude product, as determined 

by 1H NMR spectroscopy.  Separation of Br2S-CN from Br2S-OH was easily achieved by 

flash chromatography with a non-polar eluent (toluene), in which the hydroxyl by-product 

remains on the silica, followed by recrystallisation from dichloromethane to yield pure Br2S-

CN (50% yield, 98% purity by 1H NMR spectroscopy).  

Figure 2.2 shows the 1H NMR spectrum of the aromatic region for compounds Br2S-

OH and Br2S-CN, which shows a clear assignment of all the protons for both compounds. 

Protons 2 and 4 had shifted greatly from 7.36 and 7.71 ppm to 8.60 and 8.79 ppm 

respectively, which were shifts of ~1.24 and 1.08 ppm. This result concurs with our 

predictions as protons 2/4 are the closest to the new groups (OH or CN) that were added to 

the compound. The CN is a strong electron withdrawing group and therefore causes 

deshielding around the protons and hence shifting the signal downfield. Whereas, the OH 

group is electron donating and hence the protons were shielded and shifted greatly upfield. 
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Figure 2.2: 1H NMR spectrum of 1-hyroxy-3,7-dibromo dibenzothiophene-S,S-dioxide 

(Br2S-OH) (bottom), and 1-cyano-3,7-dibromo dibenzothiophene-S,S-dioxide (Br2S-CN) 

(top), with signal assignments. 
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Table 2.1: Synthesis of 1-cyano-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-CN) 

from amine Br2S-NH2 through diazonium salt 2.2, and identified by-products in the 

reaction (by 1H NMR analysis of crude product). 

 

Br2S-

NH2 
(g) 

CuSO4·5H

2O  

(g) / [eq.] 

NaCN  

(g) / 

[eq] 

Reaction 

condition

s 

Crude 

yield 

(%) 

Br2S-

CN 
(%) 

Br2S-

OH  
(%) 

Br2S 

(%) 

Br2S-

NH2  

(%) 

1.00 
1.85 

[2.9 eq.] 

2.08 

[17 

eq.] 

0 °C, 18 

h 

reflux, 3 

h 

30 – – 30 – 

1.00 
1.85 

[2.9 eq.] 

2.08 

[2.9 

eq.] 

r.t, 2.25 h  

50 °C, 21 

h 

90 °C, 1 

h 

95 52 18 30 – 

0.70 0 

1.62 

[12 

eq.] 

r.t, 67 h 

50 °C, 1 

h 

80 °C, 

4.5 h 

ND – 53 32 15 

0.70 
2.70 

[5.6 eq.] 

3.17 

[33 

eq.] 

60 °C, 22 

h 

r.t, 37 h 

96 50 8 25 17 

0.70 
2.70 

 [5.6 eq.] 

3.17 

[33 

eq.] 

r.t, 67 h 

50 °C, 1 

h 

80 °C, 

4.5 h 

81 68 24 8 – 

4.00 
55.2  

 [11 eq] 

32.5 

[69] 

r.t, 16 h 

80 °C, 3 

h 

103 69 12 12 7 

ND = Not Determined  

1-amino-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-NH2) was used as the key 

starting compound to access a series of 1-R-3,7-dibromodibenzothiophene-S,S-dioxide 

(Br2S-R) derivatives through diazonium chemistry. In the synthesis of (Br2S-I),9 

diazotization with NaNO2 was performed in sulfuric acid at 0 °C and the formed diazonium 

salt was involved in situ in a nucleophilic substitution reaction with KI under heating. The 
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crude product was purified by column chromatography on silica gel using PE : Tol 1:1 as 

eluent, resulting in the desired product (Br2S-I). 

To introduce the fluorine group, a two-step process was applied. 1-amino-3,7-

dibromodibenzothiophene-S,S-dioxide (Br2S-NH2) was firstly diazotized using NaNO2 in 

concentrated H2SO4 / 48% tetrafluoroboric acid to give the yellow coloured diazonium salt 

2.3, which was precipitated from the reaction mixture and isolated by filtration. In the second 

step, following a Balz-Schiemann reaction,17 the diazonium salt was heated to reflux in a 

high boiling solvent (xylene). Thermal decomposition of the tetrafluoroborate compound 

2.3 afforded the corresponding 1-fluoro-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-

F) in a 20% yield (Scheme 2.6). Its structure was confirmed by 1H NMR and 19F NMR 

spectroscopy (the 1H NMR shows appropriate F-1 coupling with adjacent H-2). 

When only (48%) tetrafluoroboric acid was used in the first step the diazonium salt 

was not formed. This could be due to the very poor solubility of the starting compound. The 

same observation was noted when using acetic acid/HBF4, HCl/HBF4, and THF/HBF4 

instead of H2SO4/HBF4.
18,19,20 

 

2.2.3 Synthesis of 1-alkoxy-3,7-dibromodibenzothiophene-S,S-dioxide monomers 

(Br2S-OR) for use in the synthesis of homopolymers and co-polymers 

Before preparing the alkoxy monomers (Br2S-OR), from Br2S-OH, that were needed for 

polymerisation, alkyl bromide 2.5 and alkyl tosylates 2.7, and 2.9 needed to be prepared, so 

that they could be reacted with compound Br2S-OH. These were prepared in good yields 

from the corresponding commercially available alcohols (see Scheme 2.7) following 

common procedures for the conversion of a hydroxyl group into a bromide (by using 

concentrated HBr)21 or a tosylate (by using TsCl/Et3N).22,23 The products were purified by 

distillation or flash chromatography.  

 



66 

 

 

 

Scheme 2.7: Synthesis of alkyl bromide 2.5 and alkyl tosylates 2.7, 2.9. 

 

In addition, alkyl tosylate 2.13 was also prepared from the alcohol 2.12 in a similar 

manner, however as the starting alcohol was not commercially available it was synthesised 

via a Grignard reaction from alkyl bromide 2.10. Heptadecan-9-ol (2.12) was prepared by 

reaction of Grignard reagent 2.11 (obtained from 1-bromooctane (2.10)) with ethylformate 

according to a previously described method (see Scheme 2.8).22 It was found that the product 

was contaminated with an unidentified impurity, which was difficult to remove even after 3 

vacuum distillations. GC-MS, 1H and 13C NMR analyses verified that this by-product was 

heptadecan-9-one (which was presumably formed due to accidental oxidation of the 

intermediate magnesium alcoholate). Therefore, the crude product was successfully reduced 

with NaBH4 to convert heptadecan-9-one into heptadecan-9-ol. The obtained heptadecan-9-

ol (2.12) was then converted into tosylate 2.13 as described in Scheme 2.8.22 

 

 

Scheme 2.8: Synthesis of alkyl alcohol 2.12 and alkyl tosylate 2.13. 

 

 The monomers Br2S-OR with different linear or branched alkyl groups could then 

be prepared by alkylation of Br2S-OH with the alkyl halides or alkyl tosylates 2.5, 2.7, 2.9, 
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2.13 in DMF in the presence of K2CO3 (Scheme 2.9), by analogy with common procedures 

for the alkylation of phenols.24  

 

 

Scheme 2.9: Synthesis of monomers (Br2S-OMe, Br2S-OC12, Br2S-OC8Me2, Br2S-

OEtC6/C8, Br2S-OEtC8/C10 and Br2S-OMeC8/C8) by alkylation of phenol Br2S-OH. 

 

 In the case of monomers Br2S-OMe, Br2S-OC12 and Br2S-OC8Me2, they were first 

dried under high vacuum (20 – 40 μbar) for 2–3 days to remove an excess of the alkyl halide 

and then purified twice by flash chromatography. In the case of reaction with tosylates 2.7, 

2.9, and 2.13, the crude products showed ≥80% purity with some amount of the unreacted 

tosylates (according to 1H NMR data). As the tosylates showed very close Rf values by TLC 

to the corresponding alkoxydibenzothiophene-S,S-dioxides Br2S-OEtC6/C8, Br2S-

OEtC8/C10, and Br2S-OMeC8/C8, the crude products were treated with ammonia in DMF 

to decompose the tosylates (saturating the DMF solutions of the products with gaseous NH3 

and heating the solutions for 17 hours at 80 °C) followed by purification of the products by 

column chromatography. The monomers obtained Br2S-OR were characterised by 1H and 
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13C NMR spectroscopy and GC-MS and showed a high degree of purity (>98–99%), suitable 

for the preparation of polymers. 

 

2.2.4 Synthesis of 1-(alkylthio and alkyl sulfonyl)-3,7-dibromodibenzothiophene-S,S-

dioxide monomers for homopolymers and co-polymers 

For the synthesis of 1-substituted dibenzothiophene-S,S-dioxide based polymers and co-

polymers the corresponding 1-alkylthio or alkyl sulfonyl-3,7-dibromodibenzothiophene-

S,S-dioxide monomers were required, which could then be polymerised by Ni-mediated or 

Pd-catalyzed C-C coupling methods.  

 

2.2.4.1 Attempted syntheses of 1-alkylthio-3,7-dibromodibenzothiophene-S,S-dioxides 

using Na2S2O3 as sulfureting reagent 

In recent years, Jiang and co-workers have developed convenient methods for C-S bond 

construction using Na2S2O3 as the sulfureting reagent.25,26 An interesting reaction they found 

during these studies was the Cu-catalysed transformation of arylamines into 

arylalkylsulfides or arylbenzylsulfides by reaction with Na2S2O3 and alkyl (or benzyl) 

halides in an alcohol/water mixture (Scheme 2.10).27 The described procedure27 included a 

two-step one-pot reaction. First, the sulfureting reagent was prepared by reaction of an alkyl 

halide with Na2S2O3·5H2O and the Cu catalyst was prepared from CuSO4·5H2O and 2,2’-

bipyridine in MeOH/H2O for 2 h at 80 °C. Then, after cooling the mixture to 0 °C, arylamine 

and tert-butylnitrite were added for diazotization and reaction with the S-nucleophile 

spontaneously occurred (Scheme 2.10). 
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Scheme 2.10: Proposed mechanism for Cu-catalysed transformation of arylamines into 

aryl-alkylsulfides using Na2S2O3/alkylhalide as sulfureting reagent with diazotisation by 

alkylnitrites.27 

 

 This seemed a very attractive and convenient way to access a range of alkylthio- (and 

then alkylsulfonyl-) 3,7-dibromodibenzothiophene-S,S-dioxides with wide variations of 

alkyl solubilising groups (Scheme 2.11), which could be used for the synthesis of a new 

series of dibromodibenzothiophene-S,S-dioxide homopolymers. Several attempts of this 

methodology were carried out, from direct reproduction of the reaction conditions 

described27 to different variations of reagents, solvents and reaction conditions, but all 

attempts to obtain 1-alkylthio-3,7-dibromodibenzothiophene-S,S-dioxides from Br2S-NH2 

by this reaction (Scheme 2.11) were unsuccessful (see Appendices 6.7 for the details of the 

experiments). Only in some trials were crude materials isolated in very low yields of 2–3%, 

which presumably were impure 1-alkylthio-substituted products. One possible reason for 

the negative results in these trials could be the extremely low solubility of Br2S-NH2 in the 

MeOH/H2O mixture preventing its diazotisation and trapping the intermediate by the 

sulfureting reagent. Attempts to use other organic solvents were also unsuccessful, possibly 

due to inefficient formation of the sulfureting reagent from Na2S2O3 and alkylhalides in 

these cases. 
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Scheme 2.11: General reaction scheme for the attempted synthesis of Br2S-SR analogues 

 

2.2.4.2 Syntheses of 1-alkylthio and alkyl sulfonyl -3,7-dibromodibenzothiophene-S,S-

dioxides 

As the route described in Section 2.2.4.1 was found to be unsuitable for the formation of the 

required alky-thio and alkyl-sulfonyl monomers an alternative route needed to be used. This 

involved the reaction of Br2S-NH2 via diazonium chemistry with a dialkyl disulfide to 

obtain the Br2S-SR monomers,28 which can be oxidised to access the Br2S-SO2R monomers 

(Scheme 2.12). As some of the disulfides needed to prepare the target monomers were not 

commercially available they needed to be synthesised from the corresponding alkyl halides, 

which could themselves be prepared from the corresponding alcohols. 

 

 

Scheme 2.12: General scheme showing synthetic route to soluble p(S-SR) and p(S-SO2R) 

homopolymers. 
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 Alkyl bromides 2.14 and 2.15 were prepared in yields of 81% and 76% respectively 

from the corresponding commercially available alcohols by common procedures29 of reflux 

with concentrated HBr and purification by distillation and/or column chromatography 

(Scheme 2.13). 

 

 

Scheme: 2.13 Synthesis of alkyl halides 2.14–2.17. 

 

It was noticed that alkyl bromides are not efficient enough to prepare the dialkyl 

disulfide (R2S2) (see attempted reaction with 2.14, Scheme 2.15, below) so it was decided 

to convert them to the corresponding alkyl iodides as bromine was not as susceptible to 

substitution as iodine; iodine is bigger in size and is therefore a better leaving group, thus 

giving a better yield and was more suitable for further substitution reactions. Compound 

2.16 was therefore synthesised according to previous literature methods.30 The main issue 

encountered with this reaction was formation of an alkene by-product (heptadec-8-ene, 

during each reaction step, as identified by the peak in the 1H NMR spectra at 5.41–5.32 (m, 

2H, CH=CH). This issue was not encountered with other compounds such as 2.14. This was 

a consequence of compound 2.16, which forms a secondary carbocation intermediate via the 

SN1 mechanism. It was impossible to remove this alkene by recrystallization or column 

chromatography. However, the alkene was removed by vacuum distillation of the first 

fraction which was collected at (101 °C, 46 µB) then the remaining material from the 

distillation was collected to obtain the target product 2.16 in 75% yield, and 96% purity as 

determined by 1HNMR spectroscopy. The synthesis of 9-(iodomethyl)nonadecane 2.17 was 

initiated using 2-octyldodecan-1-ol which was commercially available as described in the 
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literature31 (Scheme 2.13). The simple substitution reaction was successful and the product 

was easily purified by being passed through a short silica column using PE as eluent to 

remove colour impurities, which were not visible by NMR spectroscopy. The target product 

2.17 was obtained in 86% yield and >99% purity as determined by 1HNMR spectroscopy. 

 Having successfully prepared the alkyl halides 2.14, 2.16, and 2.17 they, along with 

commercially available 1-iodododecane (2.18), could be converted to the corresponding 

dialkyl disulfides. Recently, M. Abbasi et al. have developed convenient methods for the 

conversion of alkyl halides to symmetrical dialkyl disulfides by reacting alkyl halides with 

Na2S2O3 in wet DMSO. An interesting reaction they found during these studies involved 

three-steps in a one-pot reaction. First, S-alkylthiosulfate was prepared by a nucleophilic 

substitution reaction of an alkyl halide with Na2S2O3·5H2O. Next, the thiol was formed by 

hydrolysis of the salts. Finally, the generated mercaptan (in situ) underwent oxidative 

coupling by DMSO to produce the dialkyl disulfide (Scheme 2.14).32  

 

 

Scheme 2.14: Proposed reaction mechanism for the preparation of symmetrical dialkyl 

disulfides from alkyl halides and Na2S2O3 in wet DMSO.32
  

 

Using this protocol, 2.19 and 2.21 were synthesised by heating the corresponding 

alkyl halides with Na2S2O3.5H2O, and wet DMSO at 60 °C for 23 hours to 2 days (Scheme 

2.15). The crude products, obtained as a light orange solid or dark orange oil for 2.19 and 

2.21 respectively, which were purified by flash chromatography using PE as eluent to give 

compound 2.19 in 92% yield (99% purity by 1HNMR) and compound 2.21 in 97% yield 

(93% purity with 7% thiol by 1H NMR). The trial reactions were monitored by litmus paper 

and 1H NMR spectroscopy to check the acidity of the reaction mixture and to determine the 

best conditions for the reaction and then the reactions were scaled up.  
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In the case of the branched alkyl bromide 2.14, compound 2.20 was synthesised in 

the same fashion. However, after 21 h the reaction mixture was still neutral and after 30 h 

the reaction mixture still contained 41% of the starting material, with the target product 

accounting for 46%, and the thiol 13%, as determined by 1HNMR spectroscopy. Therefore, 

the time and temperature of the reaction was increased and after 50 h of stirring at 75 °C the 

purity of the target product 2.20 was only 74% with 26% of the thiol by 1HNMR 

spectroscopy. Also purification by column chromatography, recrystallisation, or vacuum 

distillation was not feasible. Therefore, the reaction was done with alkyl iodides rather than 

alkyl bromides due to the larger size of the iodide which makes it a better leaving group and 

speeds up the first step of the reaction.b 

Compound 2.22 was difficult to synthesise because the starting alkyl halide 2.16 is 

secondary and has the ability to undergo an elimination reaction at high temperature. 

Therefore, many trial reactions were conducted on a 1 g or 0.5 g scale to optimize the 

conditions of the reaction. Ultimately, it was found that the optimum temperature was 60 °C 

for 21 days. Apart from the target product 2.22, other by-products were formed in the 

reaction (30% alkene, and 21% thiol as shown by 1H NMR spectroscopy). The alkene was 

removed by vacuum distillation (101 °C, 46 µB) to afford the target product 2.22 in a yield 

of 42% and a purity of 70% with 30% thiol by 1H NMR spectroscopy.  

 

                                                 

b Compound 2.14 was not converted to the corresponding alkyl iodide due to all of it being 

consumed in this trial. It was decided not to prepare more material as the solubility of the 

polymer in this branch (C6/C8) was expected to be similar to (C8/C10) branched polymer 

formed from 2.21.  
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Scheme 2.15: Synthesis of symmetrical dialkyl disulfides 2.19–2.22 from alkyl halides 

and Na2S2O3 in wet DMSO. 

 

With the commercially available dimethyl disulfide and dialkyl disulfides 2.19 and 

2.21–2.22 in hand they could be reacted with Br2S-NH2 to give the target monomers Br2S-

SR (Scheme 2.16). 

 

 

Scheme 2.16: Synthesis of monomers (Br2S-SMe, Br2S-SC12, Br2S-SEtC6/C8, Br2S-

SEtC8/C10 and Br2S-SMeC8/C8) by transformation of Br2S-NH2 into Br2S-SR 
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Replacement of the NH2 group in Br2S-NH2 by an SR group using the classical 

reaction via a diazonium salt (-N2
+) was not possible as the diazonium salt oxidises thiols or 

disulfides instead of a nucleophilic substitution reaction occurring. This transformation can 

be performed by other methods in milder conditions using non-metallic thio-group 

sources.33,34 Among them, the versatile method for conversion of an amino group into an 

alkylthio group is based on the reaction with alkylnitrites (iso-amyl nitrite, tert-butylnitrite) 

as nitration reagents in organic solvents.35,36,37,38,39  

 Using these protocols, Br2S-SMe was synthesised by heating Br2S-NH2 with iso-

amyl nitrite and dimethyl disulfide in acetonitrile at 60 °C for 3 h (Scheme 2.18), affording 

the crude product in 83% yield. Further purification by flash chromatography using DCM 

as eluent and recrystallisation from dioxane gave pure Br2S-SMe (>98% purity by 1H NMR 

spectroscopy). The first trial reaction was done using 750 mg of Br2S-NH2 and then the 

reaction was scaled up to a 5 g batch giving Br2S-SMe in 53% yield (>99% purity by 1H 

NMR spectroscopy). 

In the case of compound Br2S-SC12 acetonitrile was not an ideal solvent due to the 

poor solubility of the compound. In order to identify the best solvent for the reaction of the 

disulfide compounds with Br2S-NH2 trials were conducted using the commercially available 

dimethyl disulfide. A range of different solvents were used, and it was found that THF did 

not work as the purity of the products was lower than 5% (by 1H NMR spectroscopy). 

Ethylacetate was also used as a solvent and afforded the crude product in 109% yield and 

~88% purity (by 1H NMR spectroscopy), however, it didn’t work with the preparation of 

Br2S-SC12 (crude product with 13% yield and ~64% purity (by 1H NMR spectroscopy). 

Benzonitrile was also investigated and gave a good yield and purity when using dimethyl 

disulfide and it was found that this solvent was also suitable for the other disulfides. 

Eventually, in benzonitrile the pure target product Br2S-SC12 was obtained in a 43% yield 

(>99% purity by 1H NMR).  

In addition, the ratios between the chemicals was investigated and in the preparation 

of Br2S-SC12, for one equivalent of Br2S-NH2, 6 equivalents of 2.19 ((C12H25)S2) and 5 

equivalents of iso-amyl nitrite were used. Finally, the reaction was repeated 7 times, the first 

reaction was started with 14 g of disulfide 2.19 then after each reaction the disulfide was 

recovered by column chromatography using PE to get the starting disulfide then DCM to 

get the crude product. The recovered starting disulfide was used in the next reaction. Lastly, 
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all crude products from these seven reactions were combined and the main byproduct was 

where the the amino group had been replaced with hydrogen. The crude product was purified 

by column chromatography using PE : Tol (1:1) as eluent, followed by recrystallization from 

heptane to afford more than 5 g of pure product Br2S-SC12 in 43% yield (>99% purity by 

1H NMR spectroscopy).  

Compound Br2S-SEtC8/C10 was synthesised in the same fashion as compound Br2S-

SC12. Also the ratio of the compound Br2S-SEtC8/C10 was changed from what was used 

previously. In the previous experiment Br2S-SC12, the ratio was 1:6 (Br2S-NH2 : 2.19) 

however, changing the ratio to 1:8 gave better yields. Other issues regarding this reaction 

were that, apart from the target product Br2S-SEtC8/C10 and dibenzothiophene-S,S-dioxide 

(Br2S) there were other by-products in the aromatic region. Therefore, the crude products 

were combined and purified by column chromatography twice using PE : Tol (1:1)  as eluent 

to give the target product Br2S-SEtC8/C10 in 40% yield (>99% purity by 1HNMR 

spectroscopy).  

In the synthesis of Br2S-SMeC8/C8 shown in Scheme 2.17, the ratio used was 6 

equivalents dialkyl disulfide 2.22 to 1 equivalent Br2S-NH2 to 5 equivalents iso-amyl nitrite. 

A mixture of dibenzothiophene-S,S-dioxide Br2S-SMeC8/C8 and dibenzothiophene-S-oxide 

2.23 is synthesised during this reaction due to the reducing nature of the disulfide and was 

separated using flash chromatography into three fractions with two fractions containing 

either Br2S-SMeC8/C8 or 2.23 and a mixed fraction. The pure Br2S-SMeC8/C8 fraction was 

used for polymerisation and the other two fractions were oxidised in the next step as 

separation of the mixed fraction would be technically difficult and result in the loss of 

product. Dibenzothiophene-S-oxide 2.23 would be oxidised back to the dioxide during the 

oxidation without the loss of product. 
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Scheme 2.17: Synthesis of monomer (Br2S-SMeC8/C8) by transformation of Br2S-NH2 

into Br2S-SR along with by-product dibenzothiophene-S-oxide 2.23. 

 

Having successfully prepared the alkylthio monomers (Br2S-SR) they could then be 

used to obtain the corresponding alkylsulfonyl monomers (Br2S-SO2R). The S-Me group in 

Br2S-SMe was converted to the SO2Me group by oxidation with hydrogen peroxide in 

glacial acetic acid at 60 °C for 20 hours (Scheme 2.18). The solid was filtered off and washed 

with water to afford the crude product with a lot of (Br2S-SOMe) (10% or more). This was 

oxidized with hydrogen peroxide in glacial acetic acid at 65 °C for 50 hours again to afford 

the product Br2S-SO2Me in 97 % yield and a purity of ~ 96% (by 1H NMR spectroscopy). 

It was then purified by recrystallization in acetic acid to afford the product Br2S-SO2Me in 

86 % yield as an off white solid in a purity of 100% according to 1H NMR spectroscopy. 

 For the oxidation of Br2S-SC12, Br2S-SEtC8/C10 and Br2S-SMeC8/C8 m-

chloroperbenzoic acid (mCPBA) was used as the oxidizing agent instead of H2O2 as 

hydrogen peroxide easily decomposes to give water which would make the reaction mixture 

heterogeneous (Scheme 2.18). The reaction was left for 23 h although after the reaction was 

repeated on a similar scale and after being monitored by probes (1H NMR spectroscopy) it 

was found that four hours would be sufficient for the reaction to be completed and to get the 

target product Br2S-SO2C12 in 94% yield (>99% purity by 1HNMR), and Br2S-

SO2EtC8/C10 in 97% yield (>99% purity by 1H NMR spectroscopy). However, compound 

Br2S-SMeC8/C8 needed more time (5 days) to oxidize the S to SO2 group which could be 
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due to steric hindrance of the sulfur atom due to the secondary alkyl group rather than a 

primary group.  

 

 

Scheme 2.18: Synthesis of monomers (Br2S-SO2Me, Br2S-SO2C12, Br2S-SO2EtC8/C10 

and Br2S-SO2MeC8/C8) by transformation of Br2S-SR into Br2S-SO2R.  

 
1H-1H COSY NMR was performed for compounds Br2S-SEtC8/C10 and Br2S-

SO2EtC8/C10 to determine the position of the protons on the benzene rings (see Figure 2.3). 

The 1H-1H COSY NMR gave a clear assignment of all protons for compounds Br2S-

SEtC8/C10 and Br2S-SO2EtC8/C10. Proton 2 had shifted greatly from ~7.63 ppm to ~8.55 

ppm which was a shift of ~0.92 ppm. This result concurs with our predictions as proton 2 is 

the closest to the new group that was added to the compound. The SO2 group is a strong 

electron withdrawing group and therefore causes deshielding around the proton and hence 

shifting the signal downfield. Whereas before oxidation, the SR group was electron donating 

and hence the proton was shielded and hence shifted slightly upfield. 
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Figure 2.3: 1H-1H COSY NMR structure top Br2S-SEtC8/C10 and bottom Br2S-

SO2EtC8/C10. 
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2.2.5 Conversion of the -SO2- group in Br2S-SEtC8/C10 into an –S- group by reduction 

with lithium aluminium hydride (LiAlH4) 

The conversion of the -SO2- group in Br2S-SEtC8/C10 into an -S- group was achieved by 

reduction with LiAlH4 in dry diethyl ether at –10 °C for 20 min (Scheme 2.19). The crude 

product was purified by flash column chromatography on silica gel eluting with PE to afford 

the desired product 2.24 as a colourless highly viscous liquid in 59 % yield and a purity of 

~ 100% according to 1H NMR. 

Three significant points were considered in this reaction: the solvent, the 

temperature, and the reaction time. When using dry THF as solvent three or more spots were 

observed by TLC, which could be because the reactivity of LiAlH4 is better in THF  

compared to diethyl ether, which led to substitution of the Br group with a hydrogen atom. 

The same thing was observed when increasing the temperature or time, four or more spots 

were observed by TLC, which indicates a mixture of by-products. Hence, it is important to 

keep the temperature below –10 °C and the time of the reaction to only 20 minutes. 

The reason of synthesising the 2.24 monomer was to convert it into a homopolymer, 

so that it’s optical and electronic properties could be compared with those of the 

corresponding homopolymers prepared from monomers Br2S-SEtC8/C10 and Br2S-

SO2EtC8/C10. Unfortunately, the polymerisation of this monomer was not successful, and 

in three trials all the starting materials was lost (more details in Chapter 3, Section 3.2.1). 

 

 

Scheme 2.19: Synthesis of monomer (2.24).  
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2.2.6 X-ray single crystal structure of some of the monomers  

The structures of five of the monomers Br2S-R (R = OMe, OC12H25, NO2, SMe and CN; 

IPER9-13 Durham codes)c discussed above were further confirmed by single crystal X-ray 

crystallography studies (see Figures 2.4–2.8). Crystals of all monomers were obtained by 

slow evaporation from a mixture of toluene : DCM (1 : 2–5). The molecules of 1-substituted 

3,7-dibromodibenzothiophene-S,S-dioxides Br2S-R are essentially planar excluding oxygen 

atoms of SO2-groups and hydrogen atoms of substituents. Even the extended hydrocarbon 

chain in Br2S-OC12 is coplanar with the aromatic ring (see Figure 2.7). The only other 

exception is molecule Br2S-NO2 (see Figure 2.4), where the mean plane of the nitro group 

makes dihedral angle of 42.4(1)° with the plane of corresponding phenyl ring. Not 

surprisingly, the planar molecules in crystal show π...π stacking arrangements. Even lengthy 

side chains in structure Br2S-OC12 cannot prevent formation of anti-parallel aromatic 

dimers. Of course, it is impossible to rank intermolecular interactions without proper 

calculations of pair-wise energies for the close molecular environment. Nevertheless, on the 

basis of presence of direction-specific intermolecular contacts, the Br...Br, H...Br halogen 

bonds and weak hydrogen bonds of C-H...O/S/π type may be detected in structures Br2S-R. 

All crystal data and structure refinement for Br2S-R monomers are collated in Table 2.2. 

 

                                                 

c These measurements were done by Dr Dmitry Yufit from the Department of Chemistry 

Durham University. 
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Table 2.2: Crystal data and structure refinement for 1-substituted 3,7-

dibromodibenzothiophene-S,S-dioxides Br2S-R. 

Identification 

code  

IPER9 

Br2S-OMe 

IPER10 

Br2S -OC12 

IPER11 

Br2S -NO2 

IPER12 

Br2S -SMe 

IPER13 

Br2S -CN 

Empirical 

formula  

C13H8Br2O3S C24H30Br2O3

S 

C12H5Br2NO4

S 

C13H8Br2O2S

2 

C13H5Br2NO

2S 

Formula weight  404.07 558.36 419.05 420.13 399.06 

Temperature/K  200.0 120.0 120.0 120.0 120.0 

Crystal system  monoclinic monoclinic monoclinic triclinic monoclinic 

Space group  C2/m P21/c P21/n P-1 P21/c 

a/Å  18.4915(8) 11.9942(18) 12.2059(7) 7.7992(5) 9.6638(6) 

b/Å  6.8608(3) 18.330(3) 8.0463(5) 8.3305(5) 9.2977(6) 

c/Å  11.0101(4) 12.837(2) 13.4744(8) 10.7359(6) 14.7640(10) 

α/°  90 90 90 76.808(2) 90 

β/°  103.1887(16) 107.230(6) 106.245(2) 85.628(2) 103.933(3) 

γ/°  90 90 90 78.464(2) 90 

Volume/Å3  1359.97(10) 2695.6(7) 1270.52(13) 665.06(7) 1287.53(15) 

Z  4 4 4 2 4 

ρcalcg/cm3  1.974 1.376 2.191 2.098 2.059 

μ/mm-1  6.113 3.105 6.556 6.401 6.452 

F(000)  784.0 1136.0 808.0 408.0 768.0 

Reflections 

collected  

15075 58525 27163 14549 25604 

Independent 

refl., Rint  

2140, 0.0390 7847, 0.0567 3702, 0.0386 3866, 0.0293 3423, 0.0491 

Data/ 

parameters  

2140/115 7847/272 3702/181 3866/173 3423/188 

GOOF on F2  1.036 1.081 1.054 1.063 1.099 

R1 [I≥2σ (I)]  0.0342 0.0297 0.0211 0.0200 0.0547 

wR2 [all data]  0.0895 0.0723 0.0500 0.0505 0.1892 

Largest diff. 

peak/hole / e Å-3  

0.64/-0.69 0.44/-0.38 0.46/-0.40 0.66/-0.45 0.74/-1.39 
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Figure 2.4: Single crystal x-ray molecular and crystal structure of compound Br2S-NO2. 
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Figure 2.5: Single crystal x-ray molecular and crystal structure of compound Br2S-CN. 
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Figure 2.6: Single crystal x-ray molecular and crystal structure of compound Br2S-OMe. 
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Figure 2.7: Single crystal x-ray molecular and crystal structure of compound Br2S-OC12. 
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Figure 2.8: Single crystal x-ray molecular and crystal structure of compound Br2S-SMe. 
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2.3 Conclusion  

Synthetic methodologies to introduce a wide range of both electron-donating and electron-

withdrawing substituents onto position 1 of the 3,7-dibromodibenzothiophene-S,S-dioxide 

Br2S-R monomers have been elaborated. 1-Amino-3,7-dibromodibenzothiophene-S,S-

dioxide (Br2S-NH2) was considered as a useful synthon for this work, which was then 

converted into a wide range of 1-substituted dibenzothiophene-S,S-dioxide monomers via 

diazonium chemistry. The multistep reaction route to the key intermediate, Br2S-NH2, 

started from commercially available dibenzothiophene, followed by oxidation, bromination, 

nitration, and reduction. Attention was also paid to scaling up the reactions and optimisation 

of the conditions, to elaborate convenient and efficient methods for their synthesis and 

purification. Having the Br2S-NH2 monomer in hand, the amino group was converted (via 

diazonium salts) into four different groups (OH, CN, I and F). A series of 1-alkoxy-3,7-

dibromodibenzothiophene-S,S-dioxide Br2S-OR monomers were then synthesised by 

alkylation of Br2S-OH with alkyl halides and alkyl tosylates. Replacement of the NH2 group 

in Br2S-NH2 by an SR group by classical reaction via a diazonium salt (-N2
+) was not 

possible as diazonium salts oxidise thiols or disulfides instead of a nucleophilic substitution 

reaction occuring. This transformation was, therefore performed by other methods under 

milder conditions using iso-amyl nitrite as nitrosation reagents in organic solvents. After 

obtaining the Br2S-SR monomers, they were then successfully oxidised to obtain Br2S-

SO2R monomers. 
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2.4  Experimental Section 

 

2.4.1 Chemicals and instruments 

All the solvents and commercial chemicals, which were used without further purification, 

were supplied from Aldrich, Fisher, Acros, AlfaAesar, and Apollo Scientific chemical 

companies. Thin layer chromatography (TLC) was performed on alumina silica gel plates 

20 × 20 cm (Merck) with visualisation by UV lamp 254/360 nm. For alcohols, TLC plates 

were developed with iodine vapour. Flash chromatography purification was performed on 

silica gel (40–60 μm) on Teledyne Isco Combiflash chromatograph, model Rf 200. 

Shimadzu UV-Vis 3600 spectrophotometer was used for recording the absorption spectra of 

the crude products for proper selection of the wavelengths for monitoring the separation 

process. VirTis BenchTop Pro 8L freeze dryer connected to a high-vacuum pump was used 

for vacuum drying of the samples at ambient temperature (<30–50 μbar). Microwave-

assisted reactions were carried out using a CEM Discovery SP microwave reactor (300 W). 

NMR spectra were recorded on a Bruker Avance 400+ NMR spectrometer operating at 400 

MHz (for 1H NMR) and 100 MHz (for 13C NMR) in CDCl3 or DMSO-d6 solutions relative 

to tetramethylsilane (TMS) as an internal standard (δ = 0.00 ppm). Gas chromatography – 

mass spectrometry measurements (GC-MS) were performed with electron impact (EI) 

ionisation in a positive mode (EI+) on a Thermo Scientific ITQ 900 GC/MS Ion Trap mass 

spectrometer, and the samples were prepared in chloroform or methanol. Melting points 

were measured on a Büchi M-565 automatic melting point apparatus. Infrared spectra were 

recorded on a Bruker Alpha ATR-FTIR as either a solid or as a neat liquid.  

The single crystal X-ray crystallography data have been collected using λMoKα 

radiation (λ =0.71073Å) on a Bruker D8Venture (Photon100 CMOS detector, IμS-

microsource, focusing mirrors) and Agilent XCalibur (Sapphire-3 CCD detector, fine-focus 

sealed tube, graphite monochromator) diffractometers equipped with a Cryostream (Oxford 

Cryosystems) open-flow nitrogen cryostats at the temperature 120.0(2)K. Crystals Br2S-

OMe shattered on attempts of flash freezing, so data for this compound were collecting at 

200 K after slow (2°C/min) cooling the crystal from room temperature. All structures were 

solved by direct method and refined by full-matrix least squares on F2 for all data using 

OLEX240 and SHELXTL41 software. All non-disordered non-hydrogen atoms were refined 
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anisotropically, hydrogen atoms were placed in the calculated positions and refined in riding 

mode. Disordered atoms in structure 10b' were refined isotropically with fixed SOF = 0.8 

and 0.2. Structure Br2S-OC12 also contained severely disordered toluene molecule (semi-

solvate) which could not be modelled and refined satisfactorily. Their contribution was taken 

into account using MASK procedure of the OLEX2 program package. Crystal data and 

parameters of refinement are listed in Table 2.2.  

 

2.4.2 Kinetics of nitration of 3,7-dibromodibenzothiophene-S,S-dioxide by GC-MS 

The nitration of Br2S compound was monitored by GC-MS. A sample was taken from the 

reaction mixture each hour for 23 hours, which was filtered, washed with water and dried 

under high vacuum followed by GC-MS analysis to check the progress of the reaction. 

 

2.4.3 Electron absorption spectra measurements 

UV-Vis electron absorption spectra were recorded on a Shimadzu UV-3600 

spectrophotometer in 10 mm quartz cells in DCM, chloroform, toluene or chlorobenzene at 

ambient temperature (for measurements UV-Vis spectra for flash chromatography 

purification different solvents were used depending on the mobile phase used for 

chromatography). For measurements of UV-Vis spectra the concentrations were prepared to 

give an absorbance in the range of ~0.6–1.0 a.u. 

 

2.4.4 Synthesis 

Dibenzothiophene-S,S-dioxide (S).6 

 

Dibenzothiophene 2.1 (200.1 g, 1.09 mol) and acetic acid (2.0 L) were placed into a 3 L 

three-neck round bottom flask equipped with a stirring bar, thermometer and reflux 

condenser. The mixture was heated with stirring at ~58 °C until full dissolution of 

dibenzothiophene occurred and then 30% hydrogen peroxide (490 mL, 16.0 mol) was added 
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dropwise over ~1 hour. The mixture was stirred at 58 °C for 20 h, during which time the 

product was precipitated as a white solid. After cooling the mixture to room temperature, 

the solid was filtered off, washed with 70% aqueous acetic acid (150 mL) and dried in vacuo 

to afford dibenzothiophene-S,S-dioxide (S) (228 g, 97%) as a colourless crystalline product. 

1H NMR spectroscopy showed that the material was sufficiently pure and it was therefore 

used in the next synthesis without further purification, mp. 232 – 233 °C. Lit.42 mp. 233 – 

235 °C, which showed δH (400 MHz, CDCl3): 7.84 (d, J = 7.6 Hz, 2H, H-4,6), 7.81 (d, J = 

7.7 Hz, 2H, H-1,9), 7.67 (td, J = 7.6, 0.92 Hz, 2H, H-3,7), 7.56 (td, J = 7.6, 0.7 Hz, 2H, H-

2,8) 

 

3,7-Dibromodibenzothiophene-S,S-dioxide (Br2S).1  

 

Dibenzothiophene-S,S-dioxide (S) (120.0 g, 555 mmol) and conc. H2SO4 (3.6 L) were 

charged into a 5 L conical flask with a large magnetic stirring bar (12 × 3 cm) and stirred at 

room temperature until full dissolution. To this, NBS (206 g, 1107 mmol) was added slowly 

in portions over a period of 2 h and the reaction was stirred for 20 h. The precipitate was 

filtered off and washed with 90–92% conc. H2SO4. (400 mL). The reaction was carried out 

twice and the products (acidic!) were combined for purification. The combined products 

were carefully washed with water (warm/hot water in the end) and dried in vacuo to afford 

the crude product as a white powder (389 g, 94%). The crude product was added to a 4 L 

round bottom flask with 3 L of acetic acid. The mixture was stirred under reflux for 2 h (not 

full dissolution) and left to crystallise. On cooling to room temperature, the solid was 

filtered, washed with acetic acid (400 mL) and dried in vacuo in a freeze dryer to yield a 

white powder of partly purified product (371 g, 89%). This product was then recrystallized 

in two separate batches from chlorobenzene. Batch 1 (163 g) was recrystallised from 1.6 L 

of chlorobenzene and batch two (208 g) was recrystallised from 2.2 L of chlorobenzene. The 

products that crystallised on cooling were combined and collected by filtration, washed with 
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chlorobenzene (125 mL), and dried in vacuo to afford pure 3,7-dibromodibenzothiophene-

S,S-dioxide (Br2S) (322 g, 78%) as a shiny white crystalline material, mp. 299 – 300 °C. 

Lit.43 mp. 288 – 290 °C, which showed δH (400 MHz, CDCl3): 7.94 (d, J = 1.6 Hz, 2H), 7.78 

(dd, J = 8.2, 1.8 Hz, 2H), 7.64 (d, J = 7.6, 2H); δC (100 MHz, CDCl3): 139.9, 137.1, 129.6, 

125.6, 124.6, 122.9; MS (EI+): m/z 371.83 (M+, 79Br/79Br, 54%), 373.76 (M+, 79Br/81Br, 

100%), 375.81 (M+, 81Br/81Br, 53%). Calculated for C12H6Br2O2S: 373.84 (100%), 371.85 

(51.4%), 375.84 (48.6%); max: 3079, 1298, 1158, 1142, 1131, 825, 652, 429 cm-1. 

 

1-Nitro-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-NO2). 

 

A 5 L conical flask with a large stirring bar was charged with 3,7-dibromodibenzothiophene-

S,S-dioxide (Br2S) (159 g, 423 mmol) and conc. H2SO4 (1.6 L) and stirred vigorously for 

30 minutes at 0 °C. The mixture appears as a white cloudy solution/suspension. To this, 

concentrated HNO3 (70%) (800 mL, 12.6 mol) was added dropwise over 45 minutes. The 

reaction mixture was stirred at room temperature for 21 h. The reaction mixture represented 

a heterogeneous suspension, with a pale pink suspension. After this time the reaction mixture 

was poured onto crushed ice (2.4 kg) and a creamy white precipitate was filtered off, washed 

with water until the filtrate was neutral (pH 7) and dried in an oven at 110 °C and then in 

vacuo to afford the product Br2S-NO2 (175 g, 98%), purity ~ 94% by 1H NMR. The crude 

product was recrystallized from dioxane (2 L) to afford the pure target product Br2S-NO2 

as a white powder (149 g, 83%), mp. 264 – 265 °C, which showed δH (400 MHz, CDCl3): 

8.15 (d, J = 1.7 Hz, 1H), 8.08 (d, J = 1.7 Hz, 1H), 8.01 (d, J = 1.8 Hz, 1H), 7.80 (dd, J = 8.5, 

1.9 Hz, 1H), 7.67 (d, J = 8.5 Hz, 1H); δC (100 MHz, CDCl3): 145.9, 141.1, 139.0, 137.7, 

131.7, 129.1, 126.8, 126.7, 125.9, 125.2, 124.7, 122.4; MS (EI+): m/z 416.73 (M+, 79Br/79Br, 

46%), 418.79 (M+, 79Br/81Br, 100%), 420.71 (M+, 81Br/81Br, 51%). Calculated for 

C12H5Br2NO4S: 416.83 (51.4%), 418.83 (100%), 420.83 (48.6%)%); max: 3080, 1582, 

1555, 1536, 1427, 1316, 1155, 1137, 1087, 830, 576, 526,423 cm-1.  
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1-Amino-3,7-dibromo dibenzothiophene-S,S-dioxide (Br2S-NH2). 

 

Compound Br2S-NO2 (104 g, 250 mmol), ethanol (800 mL), 37% concentrated HCl (320 

mL, 3.97 mol) and water (220 mL) were charged into a 3 L round bottom flask. The mixture 

was stirred for 1 h, producing a white suspension. Tin powder (118 g, 991 mmol) was slowly 

added over 1 h. The mixture was heated to 60 °C and stirred for 3 h, producing a greenish-

yellow suspension. The mixture was cooled down to room temperature, diluted with water 

(1 L) and basified with solid Na2CO3 until pH~9 was achieved. After stirring for 1 h, it was 

evaporated under reduced pressure to dryness. The solid was extracted on a Soxhlet 

apparatus (with ~6 – 7 cm silica gel layer on the bottom to pass the solution through the 

silica gel layer for removal of inorganic and some by-products) with THF for 21 h. The THF 

was evaporated and the residue was dried in vacuo to afford the crude product as a yellow 

powder. The crude product was recrystallized from dioxane (1.9 L) to afford a yellow 

powder (67.2 g, 70%). A second recrystallization from dioxane (1.3 L) gave pure Br2S-NH2 

(43.6 g, 45%) as a light yellow powder, mp. 322 – 323 °C, which showed δH (400 MHz, 

CDCl3): 7.96 (d, J = 1.7 Hz, 1H), 7.76 (dd, J = 8.3, 1.8 Hz, 1H), 7.66 (d, J = 8.2 Hz, 1H), 

7.40 (d, J = 1.5, 1H), 7.12 (d, J = 1.5, 1H), 4.28 (s, 2H, NH2); δC (100 MHz, DMSO-d6): 

146.7, 139.2, 136.9, 136.5, 129.1, 125.7, 124.4, 123.6, 123.3, 120.8, 111.6, 110.9; MS (EI+): 

m/z 386.87 (M+, 79Br/79Br, 46%), 388.81 (M+, 79Br/81Br, 100%), 390.77 (M+, 81Br/81Br, 

52%). Calculated C12H7Br2NO2S: 386.86 (51.4%), 388.85 (100%), 390.85 (48.6%); max: 

3445, 3365, 3253, 3069, 1639, 1584, 1274, 1165, 1135, 1083, 869, 618, 576, 532 cm-1. 

(The mother liquor from the first recrystallisation was evaporated to yield a dark yellow 

powder (29.2 g, 30%), which was used in the synthesis of additional amounts of Br2S-OH. 

The mother liquor from the second recrystallization was combined with the product from 

the next synthesis for purification). 
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1-Hydroxy-3,7-dibromo dibenzothiophene-S,S-dioxide (Br2S-OH). 

 

1-Amino-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-NH2) (2.85 g, 7.3 mmol) in 

concentrated (95%) H2SO4 (75 mL) was stirred to give a dark green solution, to which water 

(75 mL) was added dropwise to form a yellowish suspension and the mixture was cooled 

down to –2/0 °C. With stirring, a solution of NaNO2 (0.630 g, 9.1 mmol) in water (5 mL) 

was added dropwise to this mixture over 45 min and the mixture was stirred at –2/0 °C for 

2 h. Urea (~600 mg) was added to this mixture to destroy any excess nitrite ion (KI-starch 

paper still showed a purple colour). The mixture was then slowly added dropwise over 30 

min to stirred boiling water (400 mL) with concentrated (95%) H2SO4 (50 mL) and the 

resulting mixture was stirred under reflux for 20 min. After cooling down to room 

temperature, the precipitate that had formed was filtered off, washed with water until the 

filtrate was neutral (pH 7) and dried in vacuo to yield the crude product as a light brown 

powder. The crude product was added to 5% NaOH solution (280 mL) and heated to reflux 

to form a dark green solution with some precipitate, which was removed by hot filtration. 

After cooling down to room temperature, the solution was acidified with HCl to form a 

cream coloured precipitate, which was filtered off, washed with water until the filtrate was 

neutral (pH~7) and dried in vacuo to afford the target product Br2S-OH (2.15 g, 75%) as a 

pale cream powder, mp. 311 – 312 °C, which showed δH (400 MHz, CDCl3): 8.11 (d, J = 

8.4 Hz, 1H), 7.92 (d, J = 1.8, Hz, 1H), 7.76 (dd, J = 8.4, 1.8 Hz, 1H), 7.54 (d, J = 1.4 Hz, 

1H), 7.20 (d, J = 1.4 Hz, 1H), 6.22 (s, 1H, OH); δH (400 MHz, DMSO-d6): 8.31 (d, J = 1.8 

Hz, 1H), 8.21 (d, J = 8.4, Hz, 1H), 7.98 (dd, J = 8.4, 1.9, Hz, 1H), 7.71 (d, J = 1.5 Hz, 1H), 

7.36 (d, J = 1.5 Hz, 1H); δC (100 MHz, DMSO-d6): 156.3, 140.1, 138.2, 138.0, 129.3, 127.8, 

125.4, 124.7, 124.6, 122.9, 115.8, 115.79; MS (EI+): m/z 388.04 (M+, 79Br/79Br, 49%), 

389.98 (M+, 79Br/81Br, 100%), 391.96 (M+, 81Br/81Br, 53%). Calculated C12H7Br2NO2S: 

387.84 (51.4%), 389.84 (100%), 391.84 (48.6%); max: 3318 br, 3073, 1587, 1457, 1447, 

1417, 1288, 1277, 1266, 1075, 936, 838, 623, 540 cm-1. 

 



95 

 

 

1-Cyano 3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-CN). 

 

1-Amino-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-NH2) (4.00 g, 10 mmol) and 

H2SO4 (150 mL) were charged into a 2-neck round bottom flask. To this, water (140 mL) 

was added slowly with stirring maintaining the temperature below 30 °C. The mixture was 

then cooled to 0/-2 °C, and a solution of NaNO2 (0.862 g, 12.5 mmol) in water (20 mL) was 

added dropwise over 30 min at 0 °C to the mixture which was then stirred at 0 °C for 2 h. 

To this mixture, a solution of CuSO4·5H2O (55.2 g, 112 mmol) in water (110 mL) was added 

dropwise over 30 min. Then, a solution of NaCN (32.5 g, 664 mmol) in water (70 mL) was 

added dropwise over the next 30 min. The mixture was allowed to warm to room temperature 

and left to stir for 16 h. The temperature was raised to 80 °C and the mixture was stirred for 

a further 3 h. The mixture was then cooled to room temperature and the solid was filtered 

off, washed with water and dried to afford the crude product, which indicated a mixture of 

Br2S-CN (69%), Br2S-OH (12%), Br2S (12%) and starting Br2NH2 (7%) (according to 1H 

NMR spectroscopy). The crude product was purified by flash chromatography on silica gel 

eluting with toluene (this was carried out 2 times), followed by recrystallisation from 

dichloromethane to yield the target product Br2S-CN (1.99 g, 50%) as a light yellow 

powder, mp. 288 – 289 °C, which showed δH (400 MHz, CDCl3): 8.49 (d, J = 8.5 Hz, 1H), 

8.15 (d, J = 1.7 Hz, 1H), 8.03 (d, J = 1.7 Hz, 1H), 8.01 (d, J = 1.8 Hz, 1H), 7.89 (dd, J = 8.5, 

1.8 Hz, 1H); δC (100 MHz, CDCl3): 140.6, 140.2, 138.9, 138.86, 137.1, 131.3, 129.6, 127.0, 

126.8, 124.6, 124.3, 115.5, 108.3; MS (EI+): m/z 397.07 (M+, 79Br/79Br, 53%), 398.95 (M+, 

79Br/81Br, 100%), 400.97 (M+, 81Br/81Br, 53%). Calculated for C13H5Br2NO2S: 396.84 

(51.4%) 398.84 (100%), 400.84 (48.6%); max: 3085, 3065, 2238, 1584, 1427, 1308, 1161, 

1140, 1099, 1056, 803, 692, 573, 416 cm-1. 
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1-Iodo-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-I). 

 

A 3 L round bottom flask was charged with 1-amino-3,7-dibromodibenzothiophene-S,S-

dioxide (Br2S-NH2) (20.0 g, 51.4 mmol), 95% concentrated H2SO4 (600 mL) and H2O (600 

mL). The mixture was cooled to 0 °C, and a solution of NaNO2 (4.79 g, 69.4 mmol) in H2O 

(40 mL) was slowly added with stirring over a period of 30 minutes and the reaction mixture 

was stirred for 2 h maintaining the temperature at –2/0 °C (internal temperature). A solution 

of potassium iodide (140 g, 843 mmol) in H2O (200 mL) was added and the mixture was 

stirred at room temperature for 30 minutes and then heated under reflux for 2 h. The mixture 

was cooled down to room temperature, the brown precipitate was filtered off, washed with 

2 M aqueous NaOH (4 × 100 mL), then with water until the filtrate was neutral (pH ~ 7) and 

dried to give the crude product. Which was purified by column chromatography on silica 

gel eluting with (PE : Tol 1:1) to afford the pure target product (Br2S-I) as an off-white solid 

(13.7 g, 53%), mp. 250 – 251 °C, which showed δH (400 MHz, CDCl3): 9.02 (d, J = 8.6 Hz, 

1H), 8.30 (d, J = 1.6 Hz, 1H), 7.97 (d, J = 1.8, Hz, 1H), 7.94 (d, J = 1.7 Hz, 1H), 7.85 (dd, 

J = 8.5, 1.7 Hz 1H); δC (100 MHz, CDCl3): 148.6, 140.5, 138.8, 136.4, 130.6, 129.7, 125.6, 

125.3, 125.26, 124.3, 124.25, 89.6; MS (EI+): m/z 497.97 (M+, 79Br/79Br, 50%), 499.95 (M+, 

79Br/81Br, 100%), 501.86 (M+, 81Br/81Br, 54%). Calculated for C12H5Br2IO2S: 497.74 

(51.4%) 499.74 (100%), 501.74 (48.6%); max: 3057, 1560, 1429, 1300, 1166, 1137, 1087, 

827, 699, 593, 577, 514, 446 cm-1. 
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1-Fluoro-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-F). 

 

1-Amino-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-NH2) (7.00 g, 18.0 mmol), 95% 

concentrated H2SO4 (350 mL) and HBF4 (350 mL) were charged in a 2 L round bottom 

flask. The mixture was cooled to 0 °C and a solution of NaNO2 (3.72 g, 54.0 mmol) in H2O 

(20 mL) was slowly added with stirring over a period of 30 minutes and the reaction mixture 

was stirred for 2 h maintaining the temperature at –2/0 °C (internal temperature). The 

mixture was filtered, and the solid washed with cooled HBF4, water and diethyl ether then 

dried under high vacuum overnight to obtain the diazonium salt as a yellow powder (9.84 g, 

112% by mass). The solid compound was dissolved in xylene (o-/m-/p-mixture, 120 mL) 

and stirred at reflux for 3 h. The mixture was cooled to room temperature, passed through a 

short column using DCM as eluent. The solvent was evaporated under reduced pressure and 

the residue was dried in vacuo to give the crude product as a dark brown powder. The crude 

product was purified by flash chromatography on silica gel using PE : Tol 1:1 as eluent then 

purified further by recrystallization in toluene to afford the pure target product (Br2S-F) as 

off-white crystals (1.43 g, 20%), mp. 255 – 256 °C, which showed δH (400 MHz, CDCl3): 

7.96 (d, J = 1.3 Hz, 1H), 7.87 (d, J = 8.3 Hz, 1H), 7.81 (dd, J = 8.3, 1.2 Hz, 1H), 7.77 (br. d, 

1H), 7.55 (dd, J = 9.4, 1.2 Hz 1H); δF (400 MHz, CDCl3): –113.27 (d, J = 10.0 Hz, 1F); δC 

(100 MHz, CDCl3): 159.4, 156.8, 140.6, 140.5, 138.7, 137.5, 126.9, 126.8, 126.53, 126.5, 

125.6, 125.1, 124.9, 124.86, 121.8, 121.7, 117.9, 117.7; MS (EI+): m/z 390.02 (M+, 

79Br/79Br, 52%), 391.98 (M+, 79Br/81Br, 100%), 393.97 (M+, 81Br/81Br, 51%). Calculated for 

C12H5Br2FO2S: 389.84 (51.4%) 391.83 (100%), 393.83 (48.6%); max: 3086, 1583, 1424, 

1412, 1385, 1311, 1237, 1138, 831, 796, 688, 574, 538, 447 cm-1. 

Impure fraction (~ 60% purity, 1.12 g, 16%). 
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1-Bromo-3,7-dimethyloctane (2.5).44 

 

3,7-Dimethyloctan-1-ol (50.0 g, 316 mmol) was added to concentrated 48% HBr (750 mL) 

and the solution was stirred and heated under reflux at 125 °C for 21 h. After cooling, it was 

extracted with PE (4 × 75 mL), and the combined organic layers were washed with a 

saturated solution of NaHCO3 (75 mL) and evaporated. Distillation of the crude product via 

a fractional column afforded the pure target compound 2.5 as a colourless liquid (64.5 g, 

92%, b.p. 91–93 °C / 8.9 mbar), which showed δH (400 MHz, CDCl3): 3.50 – 3.37 (m, 2H), 

1.92 – 1.83 (m, 1H), 1.71 – 1.58 (m, 2H), 1.56 – 1.48 (m, 1H), 1.33 – 1.21 (m, 3H), 1.19 – 

1.09 (m, 3H), 0.89 (d, J = 7.2, 3H), 0.87 (d, J = 6.9, 6H); δC (100 MHz, CDCl3): 40.1, 39.2, 

36.7, 32.2, 31.7, 28.0, 24.6, 22.7, 22.6, 19.0; max: 2954, 2925, 2869, 1459, 1380, 1365, 

1260, 1065, 1055, 648, 568 cm-1. 

 

2-Hexyldecyl-4-methylbenzenesulfonate (2.7).45 

 

Under a nitrogen atmosphere, 2-hexyldecan-1-ol (10.0 g, 41.3 mmol), Me3N·HCl (4.57 g, 

47.8 mmol) and dry Et3N (12.2 g, 120 mmol) were added to dry DCM (40 mL) and the 

solution was cooled to –2 °C. A solution of p-toluenesulfonyl chloride (11.5 g, 60.2 mmol) 

in dry DCM (39 mL) was added dropwise to this solution for 1.5 h. NB: it was observed 

that the p-toluenesulfonyl chloride was not fully dissolved in the DCM (suspected partly 

hydrolysed reagent). Therefore, a new portion of Et3N (6.00 g, 59.3 mmol) and p-

toluenesulfonyl chloride (fresh sample: 6.00 g, 31.5 mmol) in dry DCM (20 mL) were added 

dropwise to the reaction mixture over 45 mins. The reaction mixture was stirred at room 

temperature for 2 h, quenched with water (40 mL) and the DCM layer was separated and the 

aqueous layer was extracted with DCM (7 × 20 mL). The combined DCM layers were 

washed with brine (3 × 50 mL), dried over MgSO4, filtered, evaporated and dried in vacuo 

to afford the crude product as a viscous orange liquid. The crude product was purified by 
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flash chromatography on silica gel (PE : iPrOH, 10:1) to afford the pure target compound 

2.7 as a viscous colourless liquid (12.5 g, 76%), which showed δH (400 MHz, CDCl3): δ 

(ppm) = 7.79 (d, J = 8.2 Hz, 2H), 7.34 (d, J = 8.2 Hz, 2H), 3.91 (d, J = 5.3 Hz, 2H), 2.45 (s, 

3H), 1.61 – 1.55 (m, 1H), 1.3 – 1.1 (m, 24H), 0.88 (t, J = 6.9 Hz, 6H); δC (100 MHz, CDCl3): 

144.6, 133.2, 129.8 (2C), 127.9 (2C), 72.9, 37.6, 31.9, 31.7, 30.6 (2C), 29.8, 29.5, 29.4, 29.3, 

26.5, 26.4, 22.7, 22.6, 21.6, 14.1, 14.07; MS (ESI+) m/z: 419.46 [M+Na]+ (14.8 %), 815.96 

[M2+Na]+ (100 %). Calculated for C23H40O3S: 396.61; calculated for C23H40O3SNa: 419.26; 

max: 2955, 2924, 2855, 1598, 1458, 1362, 1306, 1187, 1175, 1097, 951, 812, 687, 554 cm-

1. 

 

2-Octyldodecyl tosylate (2.9).46 

 

Under a nitrogen atmosphere, 2-octyldodecan-1-ol (10.0 g, 33.5 mmol), Me3N·HCl (3.74 g, 

39.1 mmol) and dry Et3N (9.91 g, 97.9 mmol) were added to dry DCM (40 mL) and cooled 

to –2 °C. A solution of p-toluenesulfonyl chloride (9.40 g, 49.3 mmol) in dry DCM (39 mL) 

was added dropwise to this solution over 1.5 h and the mixture was allowed to warm to room 

temperature and stirred for 2 h. The reaction was quenched with water (40 mL), the DCM 

layer was separated and the aqueous layer was extracted with DCM (7 × 20 mL). The 

combined DCM layers were washed with brine (3 × 50 mL), dried over MgSO4 and filtered 

off, evaporated and dried in vacuo to afford the crude product as a viscous colourless liquid. 

The crude product was purified by flash chromatography on silica gel (PE : iPrOH, 20:1) to 

afford the pure compound 2.9 as a viscous colourless liquid (8.82 g, 58%), which showed 

δH (400 MHz, CDCl3): 7.78 (d, J = 8.2 Hz, 2H), 7.33 (d, J = 8.2, Hz, 2H), 3.91 (d, J = 5.3 

Hz, 2H) 2.45 (s, 3H), 1.62 – 1.54 (m, 1H), 1.34 – 1.07(m, 32H), 0.88 (t, J = 6.8, Hz, 6H); δC 

(100 MHz, CDCl3): 144.6, 133.2, 129.8 (2C), 127.9 (2C), 72.9, 37.6, 31.9, 31.88, 30.6 (2C), 

29.8 (2C), 29.6 (2C), 29.55, 29.5, 29.3, 29.28, 26.5 (2C), 22.7, 22.68, 21.6, 14.1 (2C); max: 

2954, 2922, 2853, 1598, 1457, 1363, 1187, 1176, 1097, 954, 812, 665, 554 cm-1. 
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9-Heptadecyl tosylate (2.13).47 

 

Under a nitrogen atmosphere, 9-heptadecanol (5.00 g, 16.8 mmol), Me3N·HCl (3.20 g, 33.5 

mmol) and dry Et3N (6.93 g, 58.6 mmol) were added to dry DCM (20 mL) and the solution 

was cooled down to –2 °C. A solution of p-toluenesulfonyl chloride (7.18 g, 37.7 mmol) in 

dry DCM (20 mL) was added dropwise to this solution over 1.5 h, the mixture allowed to 

warm to room temperature and stirred for 2 h. The reaction was quenched with water (20 

mL), DCM layer was separated and the aqueous layer was extracted with DCM (7 × 10 mL). 

The combined DCM layers were washed with brine (3 × 25 mL), dried over MgSO4, filtered 

off, evaporated and dried in vacuo to afford crude product as a viscous colourless liquid. 

The crude product was purified by flash chromatography on silica gel (PE : iPrOH, 20:1) to 

afford pure compound 2.13 as a viscous colourless liquid (6.64 g, 97%), which showed δH 

(400 MHz, CDCl3): 7.78 (d, J = 8.2 Hz, 2H), 7.32 (d, J = 8.2, Hz, 2H), 4.57 – 4.50 (m, 1H), 

2.44 (s, 3H), 1.62 – 1.54 (m, 1H), 1.55 – 1.50 (m, 4H), 1.25 – 1.10 (m, 24H), 0.88 (t, J = 

6.9, Hz, 6H); δC (100 MHz, CDCl3): 144.3, 134.8, 129.6 (2C), 127.7 (2C), 84.7, 34.1 (2C), 

31.9 (2C), 29.4 (2C), 29.3 (2C), 29.2 (2C), 24.7 (2C), 22.7 (2C), 21.6, 14.1 (2C); max: 2924, 

2854, 1598, 1507, 1395, 1187, 1174, 865, 813, 737, 664, 553 cm-1. 

 

9-Heptadecanolol (2.12).22 

 

Under a nitrogen atmosphere, dried magnesium turnings (26.0 g, 1.07 mol) were suspended 

in dry THF (375 mL) in a 1 L oven dried (120 °C) two-neck round bottom flask. The mixture 

was cooled down to 0/2 °C and 1-bromooctane (123 mL, 703 mmol) was added dropwise 

via syringe over 2.5 hours to form a grey suspension and the mixture was stirred at room 

temperature for 3 h to complete the formation of octylmagnesium bromide 2.11. In a separate 

1 L three-neck round bottom flask, a solution of ethyl formate (25 mL, 310 mmol) in dry 
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THF (250 mL) under nitrogen was prepared and cooled to –78 °C. To this solution, the 

suspension of octylmagnesium bromide 2.11 from the first flask was transferred through a 

cannula over a period of 3.5 hours at -70 – -80 °C (NB: (1) during this step, the cannula was 

blocked four times and the temperature increased at times to –50 °C; (2) a lot of Mg turnings 

and another white solid (MgO, Mg(OH)2 - ?) was left in the first flask).  

The reaction mixture was stirred at room temperature overnight (15 hours), then methanol 

100 mL) and saturated aqueous NH4Cl (100 mL) were added. The product was extracted 

with DCM (7 × 50 mL), and the combined extracts were evaporated and the residue was 

dried in vacuo to give the crude product (61.8 g, 77.9%) as a yellowish liquid which was 

slowly crystallised at room temperature (1H NMR analysis of this crude sample showed 

~21% impurities, GC-MS showed ~83% contents of the main product, with an extra three 

peaks). The crude product was partly purified by vacuum distillation, removing the first 

fraction (b.p. ~80 – 120 °C, 150 µbar), then collecting the main broad fraction (b.p. 120 – 

140 °C, 150 µbar). The vacuum distillation was repeated twice collecting the middle narrow 

b.p. fractions, but the GC-MS and 1H NMR still showed one impurity which was difficult 

to remove. A combination of 1H, 13C NMR and GC–MS analysis allowed this by-product to 

be identified as 9-heptadecanone. Therefore, this crude product of heptadecan-9-ol 

containing ~15% of heptadecan-9-one (38.3 g, 37.3 mmol) was dissolved in propan-2-ol 

(100 mL) under N2 and added dropwise to a stirred mixture of NaBH4 (1.03 g, 27.2 mmol) 

in propan-2-ol (400 mL). The mixture was stirred at room temperature for 22 h, diluted with 

water and extracted with diethyl ether. The combined extracts were flushed through a short 

silica gel column and the column was further washed with diethyl ether. The diethyl ether 

was then evaporated and the residue was dried in vacuo to afford the pure compound 2.12 

as a white solid (37.5 g, 47%), which showed δH (400 MHz, CDCl3): 3.62 – 3.55 (m, 1H), 

1.43 – 1.25 (m, 28H), 0.88 (t, J = 6.6 Hz, 6H); δC (100 MHz, CDCl3): 72.1, 37.5 (2C), 31.9 

(2C), 29.7 (2C), 29.6 (2C), 29.3 (2C), 25.7 (2C), 22.7 (2C), 14.1 (2C); MS (EI+) m/z:  239.04 

(100 %), 255.28 (20.0 %), 256.31 (8.0 %). Calculated for C17H36O: 256.28; max: 3312 br, 

2956, 2916, 2873, 2848, 1541, 1507, 1375, 1088, 1066, 1054, 894, 846, 721 cm-1. 
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1-Methyloxy-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-OMe). 

 

Under a nitrogen atmosphere, 1-hydroxy-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-

OH) (2.00 g, 5.13 mmol), iodomethane (7.28 g, 51.3 mmol) and potassium carbonate 

(K2CO3) (2.13 g, 15.4 mmol) were added to dry DMF (15 mL), and the reaction mixture 

was stirred at r.t for 5 h. The DMF was evaporated and the excess iodomethane was also 

evaporated under vacuum then the mixture was passed through a short column using DCM 

as eluent. The organic solvent was evaporated and the residue was dried in vacuo to afford 

the crude product as a brown solid. The crude product was purified by flash chromatography 

on silica gel using toluene as eluent to afford the pure compound Br2S-OMe as a white solid 

(1.78 g, 86%), mp. 309 – 310 °C, which showed δH (400 MHz, CDCl3): 8.09 (d, J = 8.3 Hz, 

1H), 7.91 (d, J = 1.6 Hz, 1H), 7.72 (dd, J = 8.3, 1.5 Hz, 1H), 7.55 (d, J = 1.0 Hz, 1H), 7.29 

(d, J = 1.0 Hz, 1H), 4.05 (s, 3H); δC (100 MHz, CDCl3): 156.9, 139.9, 138.3, 137.0, 128.9, 

127.5, 125.2, 125.0, 123.4, 119.7, 117.9, 117.2, 56.5; MS (EI+) m/z: 402.02 (M+, 79Br/79Br, 

54%), 404.01 (M+, 79Br/81Br, 100%) 406.08 (M+, 81Br/81Br, 48%). Calculated for 

C13H8Br2O3S: 401.86 (51.4 %), 403.85 (100.0%), 405.85 (48.6%); max: 3094, 3066, 2985, 

2901, 1585, 1559, 1433, 1404, 1306, 1137, 1093, 1032, 836, 628, 572, 537, 451 cm-1. 

 

1-Dodecyloxy-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-OC12). 

 

Under a nitrogen atmosphere, 1-hydroxy-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-

OH) (1.49 g, 3.81 mmol), 1-iodododecane (1.24 g, 4.19 mmol) and potassium carbonate 

(1.58 g, 11.4 mmol) were added to dry DMF (10.5 mL). The reaction mixture was heated to 

60 °C and stirred for 6 h. The reaction was quenched with diluted 5% aqueous NH4OH (35 
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mL) and extracted with diethyl ether (7 × 15 mL). The combined organic extracts were 

evaporated and the residue was dried in vacuo to afford the crude product as a brown solid. 

The crude product was twice purified by flash chromatography on silica gel (PE : EA, 5:1, 

followed by toluene) to afford the pure compound Br2S-OC12 as a white solid (1.11 g, 52%), 

mp. 115 – 116 °C, which showed δH (400 MHz, CDCl3): 8.35 (d, J = 1.7 Hz, 1H), 8.14 (d, 

J = 8.4 Hz, 1H), 8.00 (dd, J = 8.4, 1.8, Hz, 1H), 7.87 (d, J = 1.2 Hz, 1H), 7.70 (d, J = 1.1 

Hz, 1H), 4.30 (t, J = 6.4 Hz, 2H), 1.86 (quintet, J = 7.0 Hz, 2H), 1.50 – 1.43 (m, 2H), 1.39 

– 1.17 (m, 16H), 0.84 (t, J = 6.5 Hz, 3H); δC (100 MHz, CDCl3): 156.5, 139.9, 138.4, 137.0, 

129.1, 127.3, 125.2, 125.0, 123.3, 120.3, 117.8, 116.9, 69.7, 31.9, 29.7 (2C), 29.6, 29.5, 

29.4, 29.2, 28.9, 26.0, 22.7, 14.1; MS (EI+) m/z: 556.01 (M+, 79Br/79Br, 49.3%), 557.98 (M+, 

79Br/81Br, 100%) 560.07 (M+, 81Br/81Br, 33.0%). Calculated for C24H30Br2O3S: 556.03 (51.4 

%), 558.03 (100.0%), 560.02 (48.6%); max: 3081, 2951, 2921, 2848, 1580, 1557, 1468, 

1444, 1386, 1282, 1138, 1043, 903, 859, 705, 619, 574, 448 cm-1. 

 

1-(3,7-Dimethyloctyloxy)-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-OC8Me2). 

Under a nitrogen atmosphere, 1-hydroxy-3,7-dibromodibenzothiophene-S,S-dioxide (1.20 

g, 3.08 mmol) and 1-bromo-3,7-dimethyloctane (0.816 g, 3.69 mmol) were added to dry 

DMF (8.5 mL), followed by the addition of potassium carbonate (1.28 g, 9.23 mmol). The 

reaction mixture was heated to 60 °C and stirred for 24 h. The reaction was quenched with 

diluted 5% aqueous NH4OH (24 mL) and extracted with diethyl ether (7 × 15 mL). The 

combined organic extracts were evaporated and the residue was dried in vacuo to afford the 

crude product as a brown solid. The crude product was twice purified by flash 

chromatography (toluene, followed by PE : Tol, 1:1) to afford the pure target compound 

Br2S-OC8Me2 as a white solid (1.22 g, 75%), mp. 136 – 137 °C, which showed δH (400 

MHz, CDCl3): 8.09 (d, J = 8.4 Hz, 1H), 7.90 (d, J = 1.8 Hz, 1H), 7.72 (dd, J = 8.4, 1.8 Hz, 

Hz, 1H), 7.53 (d, J = 1.3 Hz, 1H), 7.28 (d, J = 1.2 Hz, 1H), 4.25 – 4.16 (m, 2H), 2.03 – 1.95 

(m, 1H), 1.79 – 1.72 (m, 2H), 1.60 – 1.52 (m, 1H), 1.39 – 1.12 (m, 6H), 1.00 (d, J = 6.2 Hz, 
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3H), 0.88 (d, J = 6.6 Hz, 6H); δC (100 MHz, CDCl3): 156.4, 139.9, 138.3, 137.0, 129.1, 

127.3, 125.2, 125.0, 123.3, 120.3, 117.8, 116.9, 68.2, 39.2, 37.2, 36.0, 30.0, 28.0, 24.7, 22.7, 

22.6, 19.7; MS (EI+): m/z: 528.00 (M+, 79Br/79Br, 38.0%), 529.99 (M+, 79Br/81Br, 78.5%), 

532.00 (M+, 81Br/81Br, 45.5%). Calculated for C22H26Br2O3S: 528.00 (51.4%), 529.99 

(100.0%), 531.99 (48.6%); max: 3095, 2951, 2922, 2866, 1584, 1467, 1385, 1307, 1290, 

1161, 1039, 925, 834, 705, 616, 595, 539, 449 cm-1. 

 

1-(2-Hexyldecyloxy)-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-OEtC6/C8). 

 

Under a nitrogen atmosphere, 1-hydroxy-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-

OH) (1.00 g, 2.56 mmol) and 2-hexyldecyl tosylate (1.02 g, 2.56 mmol) were added to dry 

DMF (7 mL), followed by the addition of potassium carbonate (1.06 g, 7.69 mmol). The 

reaction mixture was heated to 60 °C and stirred for 26 h. The reaction was quenched with 

diluted 5% NH4OH (24 mL), and then extracted with diethyl ether (7 × 15 mL). The 

combined organic extracts were evaporated and the residue was dried in vacuo to afford the 

crude product as a brown solid. The crude product was twice purified by dissolving in dry 

DMF (4 mL), bubbling ammonia gas into the solution for 30 mins, sealing the reaction tube 

and stirring the solution at 60 °C for 18 h. The reaction was quenched with 5% NH4OH (24 

mL), and extracted with diethyl ether (10 × 20 mL). The combined organic extracts were 

evaporated and the residue was dried in vacuo to afford the target compound as a dark brown 

viscous semi-solid (1.50 g, 95%) with ~96% purity (by 1H NMR). The product was then 

purified by flash chromatography on silica gel using toluene as eluent to afford the pure 

compound Br2S-OEtC6/C8 as an off-white solid (1.25 g, 79%), mp. 77 – 78 °C, which 

showed δH (400 MHz, CDCl3): 8.10 (d, J = 8.4 Hz, 1H), 7.91 (d, J = 1.8 Hz, 1H), 7.73 (dd, 

J = 8.4, 1.8 Hz, 1H), 7.53 (d, J = 1.4 Hz, 1H), 7.28 (d, J = 1.2 Hz, 1H), 4.06 (d, J = 5.4 Hz, 

2H), 1.97 – 1.88 (m, 1H), 1.53 – 1.44 (m, 4H), 1.41 – 1.23 (m, 20H), 0.88 (t, J = 7.0, 6H); 

δC (100 MHz, CDCl3): 156.7, 139.9, 138.4, 137.0, 129.2, 127.3, 125.2, 125.1, 123.3, 120.3, 
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117.9, 116.9, 72.4, 37.9, 31.9, 31.8, 31.5 (2C), 29.9, 29.6, 29.5, 29.3, 26.82, 26.8, 22.7, 

22.65, 14.1, 14.08; MS (EI+) m/z: 612.19 (M+, 79Br/79Br, 45.5%), 614.15 (M+, 79Br/81Br, 

100%) 616.09 (M+, 81Br/81Br, 39.2%). Calculated for C28H38Br2O3S: 612.09 (51.4%), 

614.09 (100.0%), 616.09 (48.6%); max: 3095, 2952, 2920, 2852, 1581, 1464, 1304, 1260, 

1160, 1137, 1076, 1019, 910, 825, 794, 622, 594, 449 cm-1. 

 

1-(2-Octyldodecyloxy)-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-OEtC8/C10). 

 

Under a nitrogen atmosphere, 1-hydroxy-3,7-dibromodibenzothiophene-S,S-dioxide (0.669 

g, 1.72 mmol) and 2-octyldodecyl tosylate (0.854 g, 1.89 mmol) were added to dry DMF (3 

mL), followed by the addition of potassium carbonate (0.782 g, 5.66 mmol). The reaction 

mixture was heated to 60 °C and stirred for 27 h. The reaction was quenched with diluted 

5% NH4OH (30 mL), and the aqueous layer was extracted with diethyl ether (7 × 15 mL). 

The combined organic extracts were washed with water (30 mL), concentrated and dried in 

vacuo to afford the crude product as a dark brown solid. The crude product was purified by 

flash chromatography (PE : EA, 10:1) to afford the crude compound Br2S-OEtC8/C10 as a 

light orange viscous semi-solid (1.09 g, 95%, ~71% purity by 1H NMR, contains starting 

tosylate). This product was further purified twice by dissolving in dry DMF (4 mL), bubbling 

ammonia gas into the solution for 30 mins, sealing the reaction tube and stirring the solution 

at 60 °C for 18 h. The reaction was quenched with a diluted 5% NH4OH (24 mL), and the 

aqueous layer was extracted with diethyl ether (10 × 20 mL). The combined organic extracts 

were evaporated and the residue was dried in vacuo to afford the target compound as a light 

orange viscous semi-solid (0.90 g, 78%; ~96% purity by 1H NMR). The product was further 

purified by flash chromatography on silica gel using toluene as eluent to afford the pure 

compound Br2S-OEtC8/C10 as a clear viscous semi-solid (0.796 g, 69%; ~99% purity by 1H 

NMR), mp. 71 – 72 °C, which showed δH (400 MHz, CDCl3): 8.10 (d, J = 8.4 Hz, 1H), 7.91 

(d, J = 1.8 Hz, 1H), 7.73 (dd, J = 8.4, 1.8 Hz, 1H), 7.53 (d, J = 1.3 Hz, 1H), 7.28 (d, J = 1.2 
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Hz, 1H), 4.06 (d, J = 5.3 Hz, 2H), 1.95 – 1.89 (m, 1H), 1.52 – 1.44 (m, 4H), 1.43 – 1.21 (m, 

28H), 0.88 (t, J = 7.0, 6H); δC (100 MHz, CDCl3): 156.7, 139.9, 138.4, 137.0, 129.2, 127.3, 

125.2, 125.1, 123.3, 120.3, 117.9, 116.9, 72.4, 37.9, 31.9, 31.89, 31.5 (2C), 29.9 (2C), 29.7, 

29.64, 29.6, 29.5, 29.34, 29.3, 26.8 (2C), 22.7, 22.67, 14.1 (2 C); MS (EI+): m/z: 668.15 

(M+, 79Br/79Br, 52.0%), 670.13 (M+, 79Br/81Br, 100%), 672.15 (M+, 81Br/81Br, 62.0%). 

Calculated for C32H46Br2O3S: 668.15 (51.4%), 670.15 (100.0%), 672.15 (48.6%); max: 

3090, 2955, 2921, 2852, 1582, 1507, 1464, 1442, 1415, 1304, 1263, 1195, 1075, 1000, 826, 

796, 623, 593, 576, 448 cm-1. 

 

1-(1-Octylnonyloxy)-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-OMeC8/C8). 

 
 

Under a nitrogen atmosphere, 1-hydroxy-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-

OH) (0.984 g, 2.52 mmol) and compound 2.13 (1.04 g, 2.52 mmol) were added to dry DMF 

(9 mL), followed by the addition of potassium carbonate (1.05 g, 7.56 mmol). The reaction 

mixture was heated to 60 °C and stirred for 32 h. The reaction was quenched with diluted 

5% NH4OH (25 mL), and then extracted with DCM (7 × 15 mL). The combined organic 

extracts were evaporated and the residue was dried in vacuo to afford the crude product as a 

light brown solid. The product was purified by flash chromatography on silica gel using (PE 

: Tol 1:1) as eluent to afford Br2S-OMeC8/C8 in 99% purity (by 1H NMR) as an off-white 

solid (1.37 g, 87%), mp. 97 – 98 °C, which showed δH (400 MHz, CDCl3): 8.10 (d, J = 8.4 

Hz, 1H), 7.90 (d, J = 1.8 Hz, 1H), 7.73 (dd, J = 8.4, 1.8 Hz, 1H), 7.49 (d, J = 1.1 Hz, 1H), 

7.22 (d, J = 0.6 Hz, 1H), 4.53 – 4.41 (m, 1H), 1.85 – 1.70 (m, 4H), 1.53 – 1.19 (m, 24H), 

0.88 (t, J = 6.6, 6H); δC (100 MHz, CDCl3): δ (ppm) = 156.1, 140.1, 138.3, 137.1, 129.3, 

127.2, 125.1, 125.0, 123.2, 121.1, 118.2, 116.6, 80.3, 33.6, 31.8, 29.5, 29.4, 29.2, 25.2, 22.6, 

14.1; MS (EI+) m/z: 625.83 (M+, 79Br/79Br, 49%), 627.85 (M+, 79Br/81Br, 100%) 629.83 (M+, 

81Br/81Br, 51%). Calculated for C29H40Br2O3S: 626.11 (51.4%), 628.10 (100.0%), 630.10 
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(48.6%); max: 3095, 2949, 2920, 2853, 1581, 1468, 1429, 1386, 1308, 1254, 1161, 1101, 

1021, 990, 890, 828, 704, 618, 576, 550, 448 cm-1. 

 

2-Hexyl-1-bromodecane (2.14).48 

 

To a one neck 250 mL round bottom flask 2-hexyl-1-decanol (2.6) (10.8 g, 44.6 mmol) and 

aqueous 48% HBr (110 mL, 2.03 mol) were added. The yellow solution was stirred and 

heated under reflux at 125 °C for 21 h. After cooling, it was extracted with PE (4 × 25 mL), 

and the combined organic extracts were washed with a saturated solution of NaHCO3 (25 

mL) and evaporated under reduced pressure. The crude product was purified by column 

chromatography on silica gel using PE as eluent to afford the pure target product 2.14 as a 

colourless, viscous liquid (11.1 g, 81%), which showed δH (400 MHz, CDCl3): 3.45 (d, J = 

4.8 Hz, 2H), 1.59 – 1.54 (m, 1H), 1.18 – 1.42 (m, 24H), 0.88 (t, J = 6.6 Hz, 6H, 2 × CH3); 

δC (100 MHz, CDCl3): 39.7, 39.5, 32.6, 32.59, 31.9, 31.8, 29.8, 29.6, 29.5, 29.3, 26.6, 26.56, 

22.7, 22.67, 14.12, 14.1; max: 2956, 2922, 2853, 1457, 1394, 1340, 1231, 1066, 1056, 722, 

651, 621 cm-1. 

 

9-Bromoheptadecane (2.15).49 

 

To a one neck 500 mL round bottom flask 9-heptadecanol (2.12) (20.9 g, 81.4 mmol) and 

aqueous 48% HBr (195 mL, 1.75 mol) were added. The colourless suspension was stirred 

and heated under reflux at 120 °C for 21 h. After cooling, it was extracted with PE (10 × 25 

mL) and the combined organic extracts were washed with a saturated solution of NaHCO3 

(25 mL) and evaporated under reduced pressure. The crude product was purified by column 

chromatography on silica gel using PE as eluent then by vacuum distillation with a vigreux 
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column (1.5 cm × 11 cm) to remove the alkene. The first phase was taken between 75 °C 

and 82 °C at 34 µbar to afford a colourless liquid (1.74g, 6.6%) which contained 79% of 

alkene by-product by 1H NMR. The remaining materials in the flask and in the column were 

collected with PE. The PE was evaporated to afford the target product 2.15 as a light yellow, 

viscous liquid. (19.7 g, 76%) with 97% purity (by 1H NMR), which showed δH (400 MHz, 

CDCl3): 4.06 – 4.00 (m, 1H, CH-Br), 1.89 – 1.74 (m, 4H), 1.55 – 1.19 (m, 24H), 0.88 (t, J 

= 6.7 Hz, 6H, 2 × CH3); δC (100 MHz, CDCl3): 59.1, 39.2, 31.9, 29.5, 29.3, 29.1, 27.6, 22.7, 

14.1; max: 2955, 2922, 2854, 1457, 1377, 1056, 722, 616 cm-1. 

 

9-Iodoheptadecane (2.16).50 

 

Compound 2.15 (31.5 g, 98.6 mmol), NaI (29.6 g, 197 mmol) and acetone (350 mL) were 

combined and left to stir at 60 °C for 22 h. After cooling, the solvent was evaporated under 

reduced pressure and DCM (100 mL) was added. The mixture was then washed with water 

(10 × 25 mL) and the organic layer was evaporated on the rotary evaporator. The product 

was then purified by dissolving in PE, and passing it through a short column, followed by 

further purification by vacuum distillation. The first fraction containing the alkene was 

distilled off at 46 μB pressure and 101 °C. The remaining orange liquid was the pure target 

compound 2.16 (27.0 g, 75%), which showed δH (400 MHz, CDCl3): 4.15 – 4.09 (m, 1H, 

CH-I), 1.90 – 1.78 (m, 2H,), 1.72 – 1.61 (m, 2H,), 1.56 – 1.42 (m, 2H), 1.41 – 1.17 (m, 22H), 

0.88 (t, J = 6.6 Hz, 6H, 2 × CH3); δH (100 MHz, CDCl3): 40.7, 31.9, 29.5, 29.46, 29.3, 29.1, 

28.9, 22.7, 14.1; MS (EI+) m/z: 364.94 (100.0%), 365.93 (21.5%). Calculated for C17H35I: 

366.18; max: 2955, 2922, 2853, 1457, 1377, 1149, 1129, 1056, 721, 588 cm-1. 

For alkene (8-Heptadecene)51 

δH (400 MHz, CDCl3): 5.41–5.32 (m, 2H, CH=CH), 2.05 – 1.91 (m, 4H,), 1.40 – 1.17 (m, 

22H,), 0.88 (t, J = 6.6 Hz, 6H, 2 × CH3); max: 2956, 2921, 2852, 1558, 1520, 1488, 1457, 

1066, 1056, 891, 721 cm-1. 
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9-(Iodomethyl)nonadecane (2.17).31 

 

2-Octyldodecan-1-ol (2.8) (60 mL 0.17 mol), HI (60 mL 0.79 mol) and H3PO4 (60 mL 1.03 

mol) were added to a round bottom flask and the reaction mixture was heated to 130 °C and 

stirred for 5 h. The reaction mixture was then cooled to room temperature and water (60 mL) 

and PE (60 mL) were added, however no separation occurred. Sodium sulphite solution (20 

mL) was therefore added and the layers became clear. The product was then extracted with 

PE (10 × 60 mL) and the combined organic layers were washed with water (4 × 240 mL). 

The crude product was then passed through a silica column using PE as eluent and the 

solvent was evaporated to give the target product 2.17 as a pale red oil (59.4 g, 86% yield), 

which showed δH (400 MHz, CDCl3): 3.27 (d, J = 4.6 Hz, 2H, I-CH2), 1.56 – 1.52 (m, 1H) 

1.35 – 1.05 (m, 32H), 0.88 (t, J = 6.7 Hz, 6H, 2 × CH3); δC (100 MHz CDCl3): 38.7, 34.4 

(2C), 31.92, 31.9, 29.7(2C), 29.6 (2C), 29.6, 29.55, 29.4, 29.3, 26.5 (2C), 22.7 (2C), 16.9, 

14.1 (2C); MS (EI+) m/z: 408.06 (14.9%), 407.10 (100%). Calculated for C20H41I: 408.23 

(100.0%), 409.23 (21.6%); max: 2955, 2921, 2852, 1458, 1377, 1193, 1056, 891, 721, 589 

cm-1. 

 

1,2-Didodecyldisulfide (2.19).32 

 

A mixture of finely powdered Na2S2O3·5H2O (8.38g, 33.8 mmol), compound 2.18 (10.0 g, 

33.8 mmol), DMSO (60 mL), and water (6 mL) were stirred at 60 °C. The progress of the 

reaction was examined by litmus paper. After stirring for 8 h, the colour of the litmus paper 

remained unchanged therefore the reaction was left to stir under the aforementioned 

conditions overnight. After 20 h, the colour of the litmus paper changed from yellow to red. 

The stirring was continued for a further 2.5 h under the same conditions, then the reaction 

mixture was worked up by adding water (30 mL) and extracting with PE (4 × 40 mL). The 

PE was evaporated, however only a small yield was obtained The aqueous layer was further 
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extracted with 1:1 PE and ethyl acetate (5 × 40 mL). The combined organic layers was dried 

over MgSO4 and passed through a short column. The product (6.61 g, 97%) with ~99% 

purity (by 1H NMR) is a light orange solid (crystalline). The product was dissolved in PE 

and passed through a short column. The PE was evaporated to afford the target product 2.19 

as a white, colourless, crystalline solid (6.26 g, 92%) with ~99% purity (by 1H NMR). The 

reaction was repeated on a large scale 16.3 g of 2.18 to afford (9.86 g, 89%) with ~99% 

purity (by 1H NMR), mp. 31 – 32 °C. Lit. 52 mp.31 – 33 °C, which showed δH (400 MHz, 

CDCl3): 2.68 (t, J = 7.4 Hz, 4H), 1.67 (quintet, J = 7.4 Hz, 4H), 1.45 – 1.20 (m, 36H), 0.88 

(t, J = 6.8 Hz, 6H); δC (100 MHz, CDCl3): 39.3, 31.9, 29.7, 29.64, 29.6, 29.5, 29.4, 29.3, 

28.6, 22.7, 14.1; MS (ESI+) m/z: 402.19 (100 %), 403.18 (26.0 %), 404.19 (7.0 %). 

Calculated for (C12H25)2S2: 402.34 (100 %), 403.34 (26.0%), 404.33 (9.0 %); max: 2954, 

2915, 2870, 2848, 1469, 718 cm-1. 

 

1,2-Di(2-hexyldecyl)disulfide (2.20). 

 

A mixture of finely powdered Na2S2O3·5H2O (8.12 g, 32.8 mmol), 2-hexyl-1-bromodecane 

2.14 (10.0 g, 32.8 mmol), DMSO (60 mL) and water (6 mL) were stirred at 60 °C. The 

progress of the reaction was monitored by litmus paper. After stirring for 30 h, the colour of 

the litmus paper remained unchanged. Then the temperature was raised to 70 °C. After 21 h 

of stirring at 70 °C, the colour of the litmus paper changed from yellow to red. The reaction 

was worked up by adding water (20 mL). The crude product was extracted with PE (8 × 40 

mL), and the solvent was evaporated to give a yellow solution with some semisolid on the 

walls. The solution was passed through silica using PE as eluent. The PE was evaporated 

again to afford a crude product as a light yellow liquid with 46 % purity (by 1H NMR). Using 

the crude product as a starting material the reaction was repeated at a higher temperature (75 

°C) and longer time 50 h. The reaction was monitored by 1HNMR and after work up the 

reaction compound 2.20 was obtained as a colourless viscous liquid (4.73 g, 56%) with 

~74% purity (by 1H NMR), which showed δH (400 MHz, CDCl3): 2.69 (d, J = 6.3 Hz, 4H), 

1.80 – 1.57 (m, 2H), 1.46 – 1.16 (m, 48H), 0.88 (t, J = 6.5, 12H); δC (100 MHz, CDCl3): 
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44.6, 37.7, 32.9, 31.93, 31.9, 30.0, 29.6, 29.4, 26.6, 26.5, 22.7, 14.1; max: 2955, 2921, 2853, 

1457, 1377, 1262, 1056, 892, 741, 722 cm-1. 

 

1,2-Di(2-octyldodecyl)disulfide (2.21). 

 

A mixture of finely powdered Na2S2O3·5H2O (21.9 g, 88.2 mmol), 9-

(iodomethyl)nonadecane 2.17 (36.0 g, 88.2 mmol),  DMSO (216 mL) and water (22 mL) 

were stirred at 70 °C. The progress of the reaction was monitored by litmus paper. After 

stirring for 3 days, the colour of the litmus paper remained unchanged. Then the temperature 

was raised to 75 °C. After 2 days of stirring at 75 °C, the colour of the litmus paper changed 

from yellow to red. The reaction mixture was stopped and allowed to cool and the reaction 

product was then extracted with PE (10 × 50 mL). The solvent was evaporated and the crude 

product was purified by column chromatography using PE as eluent to afford the pure 

product 2.21, as a clear oil, (26.9 g, 97%), which showed δH (400 MHz, CDCl3): 2.69 (d, J 

= 6.3 Hz, 4H, S-CH2), 1.69 – 1.62 (m, 2H), 1.44 – 1.19 (m, 64H, CH2), 0.88 (t, J = 6.7 Hz, 

12H, 4 × CH3); δC (100 MHz, CDCl3): 44.6, 37.7, 32.9, 31.9, 30.0, 29.7, 29.67, 29.6, 29.4, 

26.6, 22.7, 14.1; MS (EI+) m/z: 626.44 (100%), 627.43 (45%). Calculated for C36H76S2: 

626.59 (100.0%), 627.59 (43.3%); max: 2955, 2919, 2850, 1467, 1377, 1263, 1056, 741, 

719 cm-1. 

 

1,2-Di(heptadecan-9-yl)disulfane (2.22). 

 

A mixture of finely powdered Na2S2O3.5H2O (15.8 g, 63.8 mmol), compound 2.16 (23.7 g, 

63.8 mmol), DMSO (140 mL), and water (14 mL) were stirred at 60 °C. The progress of the 

reaction was examined by litmus paper and 1H NMR spectroscopy. The reaction mixture 
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turned brown after 5 days. After 18 days, water (4 mL) was added and the temperature 

increased to 75 °C. After 21 days the reaction was stopped, water (10 mL) was added at 

room temperature and the reaction mixture was extracted by PE (10 × 50 mL). The organic 

layer was then passed through a short column and washed with PE (14 × 50 mL) and was 

dried under reduced pressure to give a pale yellow liquid. The alkene by-product was 

vacuum distilled at 100 °C and 46 μbar leaving the pure target product as a light orange 

liquid 2.22 (7.35 g, 42%), which showed δH (400 MHz, CDCl3): 2.65 – 2.54 (m, 2H), 1.66 

– 1.49 (m, 8H), 1.45 – 1.19 (m, 48H), 0.88 (t, J = 6.8 Hz, 12H); δC (100MHz, CDCl3): 52.5, 

34.2, 31.9, 29.6, 29.57, 29.3, 26.8, 22.7, 14.1; MS (EI+) m/z: 542.27 (100%), 543.26 (37%). 

Calculated for C34H70S2: 542.49 (100.0%), 543.50 (36.8%); max: 2955, 2922, 2853, 1457, 

1377, 1262, 1056, 907, 735, 649 cm-1. 

 

1-Methylthio-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-SMe). 

 

1-Amino-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-NH2) (750 mg, 1.94 mmol), 

acetonitrile (7.5 mL) and dimethyl disulfide (1.50 mL, 16.9 mmol) were charged in a 2-neck 

round bottom flask under a nitrogen atmosphere and stirred at room temperature for 30 min. 

To this, iso-amyl nitrite (2.25 mL, 35.9 mmol) was added dropwise over 25 min. The 

solution was brought to 60 °C and left to stir for 3 h. After this, the mixture was cooled to 

room temperature, the solid was filtered off, washed with water (3 × 10 mL) and dried in 

vacuo to afford the crude product. Further purification by flash chromatography using DCM 

as eluent and recrystallization from dioxane gave pure Br2S-SMe (>98% purity by 1H NMR) 

(587 mg, 73%). The reaction was scaled up to a 5 g batch giving Br2S-SMe in 53% yield 

(>99% purity by 1H NMR spectroscopy), mp. 300 – 301 °C, which showed δH (400 MHz, 

CDCl3): 8.40 (d, J = 8.5 Hz, 1H), 7.96 (d, J = 1.9 Hz, 1H), 7.79 (dd, J = 8.5, 1.9 Hz, 1H), 

7.72 (d, J = 1.6 Hz, 1H), 7.55 (d, J = 1.6 Hz, 1H), 2.67 (s, 3H); δC (100 MHz, CDCl3): 140.0, 

139.98, 138.6, 136.7, 133.0, 130.0, 127.7, 126.2, 125.4, 124.5, 124.0, 121.4, 16.2; MS (EI+): 

m/z 418.00 (M+, 79Br/79Br, 51%), 419.93 (M+, 79Br/81Br, 100%), 421.91 (M+, 81Br/81Br, 
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58%). Calculated for C13H8Br2O2S2: 417.83 (49.1%) 419.83 (100%) 421.83 (55.4%); max: 

3075, 2988, 1569, 1464, 1442, 1420, 1303, 1277, 1162, 1142, 1078, 1055, 821, 683, 601, 

541, 523, 441 cm-1. 

 

1-Dodecylthio-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-SC12). 

 

1-Amino-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-NH2) (2.26 g, 5.80 mmol), 

benzonitrile (20 mL, pre heated up to 160 °C for 30 minutes to remove water), and dialkyl 

disulfide 2.19 (14.1 g, 34.8 mmol) were charged into a 2-neck round bottom flask under a 

nitrogen atmosphere and stirred at room temperature for 30 min. To this, iso-amyl nitrite 

(3.9 mL, 29.0 mmol) was added dropwise over 25 min. The solution was heated to 60 °C 

and left to stir for 6 h. After this, the mixture was cooled to room temperature and the 

benzonitrile was evaporated under reduced pressure. The excess benzonitrile was removed 

under reduced pressure via freeze dryer with stirring and heated at 60 °C for two days. To 

separate the starting material compound 2.19 the product was passed through a short column 

using PE as eluent. The solvent was evaporated to afford the starting material 2.19 (12.0 g). 

Then the column was washed with DCM which was evaporated to dryness to afford a crude 

yellow solid. The reaction was repeated seven more times. All crude products were 

combined and purified by flash chromatography on silica gel using (PE: Tol, 1:1) as eluent, 

further purification was done via recrystallization from heptane to afford the pure target 

product (Br2S-SC12) as a light yellow/white fluffy solid (5.23 g, 43%) with ~100% purity 

(by 1H NMR), mp. 124 – 125 °C, which showed δH (400 MHz, CDCl3): 8.55 (d, J = 8.6 Hz, 

1H), 7.95 (d, J = 1.9 Hz, 1H), 7.78 (dd, J = 8.5, 1.8 Hz, 1H), 7.73 (d, J = 1.5 Hz, 1H), 7.62 

(d, J = 1.3 Hz, 1H), 3.08 (t, J = 7.2 Hz, 2H), 1.75 (quintet, J = 7.9 Hz, 2H), 1.52 – 1.2 (m, 

18H), 0.88 (t, J = 6.5 Hz, 3H); δC (100 MHz, CDCl3): 140.1, 139.0, 138.7, 136.8, 135.3, 

130.2, 127.8, 127.1, 125.3, 124.2, 124.0, 121.9, 33.9, 31.9, 29.6 (2C), 29.55, 29.4, 29.3, 

29.1, 28.8, 28.3, 22.7, 14.1; MS (ESI+) m/z: 572.18 (M+, 79Br/79Br, 49 %), 574.12 (M+, 

79Br/81Br, 100 %), 576.04 (M+, 81Br/81Br, 57 %). Calculated For C24H30Br2O2S2: 572.01 
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(51.4 %), 574.00 (100 %), 576.00 (48.6 %); max: 3050, 2964, 2916, 2849, 1567, 1536, 1463, 

1417, 1403, 1377, 1304, 1164, 1144, 1080, 870, 826, 601, 573, 544, 525, 449 cm-1. 

 

1-(2-Octyldodecyl)thio-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-SEtC8/C10). 

 

1-Amino-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-NH2) (2.40 g, 6.18 mmol), 

benzonitrile (33 mL, pre heated up to 160 °C for 30 minutes to remove water), and dialkyl 

disulfide 2.21 (31.0 g, 49.4 mmol) were charged into a 2-neck round bottom flask under a 

nitrogen atmosphere and stirred at room temperature for 30 min. To this, iso-amyl nitrite 

(4.2 mL, 30.9 mmol) was added dropwise over 25 min. The solution was heated to 60 °C 

and left to stir for 6 h. After this, the mixture was cooled to room temperature and the 

benzonitrile was evaporated under reduced pressure. The excess was removed via freeze 

dryer with stirring and heated at 60 °C for two days. To separate the starting material 2.21 

the product was passed through a short column using PE as eluent. The solvent was 

evaporated to afford the starting material 2.21 (25.2 g). Then the column was washed with 

DCM and the solvent evaporated to afford a crude dark orange semi solid. The reaction was 

repeated one more time. Both crude products were combined and purified by flash 

chromatography on silica gel using (PE: Tol, 1:1) as eluent twice to afford the pure target 

product (Br2S-SEtC8/C10) as a light yellow/white semi solid (3.10 g, 40%) with ~99% purity 

(by 1H NMR spectroscopy), mp. 59 – 60 °C, which showed δH (400 MHz, CDCl3): 8.57 (d, 

J = 8.5 Hz, 1H), 7.95 (d, J = 1.8 Hz, 1H), 7.79 (dd, J = 8.5, 1.9 Hz, 1H), 7.72 (d, J = 1.6 Hz, 

1H), 7.63 (d, J = 1.6 Hz, 1H), 3.04 (d, J = 6.1 Hz, 2H, S-CH2), 1.79 – 1.67 (m, 1H, CH), 

1.50 – 1.15 (m, 32H, CH2), 0.88 (t, J = 6.8 Hz, 6H, 2 × CH3); δC (100 MHz CDCl3): 140.0, 

139.6, 138.7, 136.8, 135.3, 130.2, 127.8, 127.1, 125.3, 124.2, 124.0, 121.8, 38.8, 37.3, 33.4, 

31.92, 31.9, 29.9, 29.64, 29.6, 29.5, 29.4, 29.3, 26.6, 22.7, 22.67, 14.1; MS (EI+) m/z: 684.08 

(M+, 79Br/79Br, 49%), 686.00 (M+, 79Br/81Br, 100%), 687.93 (M+, 81Br/81Br, 58%). 

Calculated for C32H46Br2O2S2: 684.13 (51.4%), 686.13 (100.0%), 688.13 (48.6%); max: 
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2952, 2919, 2867, 2849, 1580, 1557, 1542, 1526, 1466, 1453, 1340, 1066, 851, 815, 760, 

719, 686, 531, 427 cm-1. 

 

1-(Heptadecan-9-ylthio)-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-SMeC8/C8). 

 

1-Amino-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-NH2) (0.879 g, 2.26 mmol), 

benzonitrile (28 mL, pre heated up to 160 °C for 30 minutes to remove water), and dialkyl 

disulfide 2.22 (7.35 g, 13.5 mmol), were charged into a 2-neck round bottom flask under 

nitrogen atmosphere and stirred at room temperature for 30 min. To this, iso-amyl nitrite 

(1.5 mL, 11.30 mmol) was added dropwise over 25 min. The solution was heated to 60 °C 

and left to stir for 6 h. After this, the mixture was cooled to room temperature and the 

benzonitrile was evaporated under reduce pressure. The excess of it was removed via freeze 

dryer with stirring and heated at 60 °C for two days. To separate the starting material 

compound 2.22 the product was passed through a short column using PE as eluent. The 

solvent was evaporated to afford the starting material 2.22 (7.19 g). Then the column was 

washed with DCM which was evaporated to afford a crude dark orange semi solid. The 

reaction was repeated four times. All crude products were combined and purified by flash 

chromatography on silica gel using (PE: Tol, 2:1) as eluent to afford the pure target product 

(Br2S-SMeC8/C8) as a light yellow/white semi solid (1.89 g, 30%) with ~99% purity (by 1H 

NMR spectroscopy), mp. 87 – 88 °C, which showed δH (400MHz, CDCl3): 8.73 (d, J = 8.5 

Hz, 1H), 7.94 (d, J = 1.8 Hz, 1H), 7.77 (dd, J = 8.6, 1.8 Hz, 1H), 7.75 (d, J = 1.6 Hz, 1H), 

7.68 (d, J = 1.6 Hz, 1H), 3.40 – 3.30 (m, 1H), 1.73 – 1.61 (m, 4H), 1.50 – 1.39 (m, 4H), 1.35 

– 1.19 (m, 20H), 0.88 (t, J = 6.7 Hz, 6H); δC (100MHz, CDCl3): 140.1, 138.7, 138.5, 138.0, 

136.8, 130.3, 128.3, 128.0, 125.2, 124.1, 123.9, 122.5, 50.1, 34.1, 31.8, 29.5, 29.4, 29.2, 

26.6, 22.7, 14.1; MS (EI+) m/z: 641.81 (M+, 79Br/79Br, 54%), 643.80 (M+, 79Br/81Br, 100%), 

645.79 (M+, 81Br/81Br, 62%). Calculated for C29H40Br2O2S2: 642.08 (51.4%), 644.08 

(100.0%), 646.08 (48.6%). 
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Note: isolated pure byproduct dibromodibenzothiophene-S-oxide 2.23, which showed δH 

(400MHz, CDCl3): 8.41 (d, J = 8.4 Hz, 1H), 8.32 (d, J = 1.6 Hz, 1H), 7.97 (d, J = 1.8 Hz, 

1H), 7.80 (dd, J = 8.5, 1.8 Hz, 1H), 7.77 (d, J = 1.6 Hz, 1H), 2.80 (quintet, J = 6.2 Hz, 1H), 

1.65 – 1.49 (m, 4H), 1.48 – 1.35 (m, 4H), 1.35 – 1.19 (m, 20H), 0.88 (t, J = 6.8 Hz, 6H); 

MS (EI+) m/z: 625.41 (M+, 79Br/79Br, 54%), 626.36 (M+, 79Br/81Br, 100%), 627.40 (M+, 

81Br/81Br, 49%). Calculated for C29H40Br2O2S2: 626.09 (51.4%), 628.09 (100.0%), 630.08 

(48.6%). 

 

1-Methylsulfonyl -3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-SO2Me). 

 

Compound Br2S-SMe (2.50 g, 5.95 mmol) and glacial acetic acid (50 mL) were stirred at 

60 °C for 10 min. Then 30% hydrogen peroxide (9.0 mL) was added dropwise over 50 

minutes. The reaction progress was monitored by 1HNMR spectroscopy, and after 70 h the 

reaction was worked up by adding water (50 mL). The suspension was cooled to room 

temperature, the solid was filtered off and washed with water (7 × 5 mL). The crude product 

was purified by recrystallization from glacial acetic acid to afford the pure target product 

(Br2S-SO2Me) as an off white solid (2.25 g, 86%) with 100% purity (by 1H NMR), mp. 310 

– 311 °C, which showed δH (400 MHz, CDCl3): 8.77 (d, J = 8.6 Hz, 1H), 8.56 (d, J = 1.9 

Hz, 1H), 8.21 (d, J = 1.9 Hz, 1H), 8.04 (d, J = 1.9 Hz, 1H), 7.88 (dd, J = 8.7, 1.9 Hz, 1H), 

3.24 (s, 3H); δC (100 MHz, CDCl3): 141.6, 139.1, 138.1, 138.0, 137.95, 130.4, 129.4, 127.8, 

126.9, 126.6, 126.1, 125.2, 42.7; MS (ESI+) m/z: 449.99 (M+, 79Br/79Br, 51%), 451.92 (M+, 

79Br/81Br, 100%), 453.98 (M+, 81Br/81Br, 49%). Calculated For C13H8Br2O4S2: 449.82 

(51.4%), 451.82 (100%), 453.82 (48.6%); max: 3094, 3072, 3030, 3009, 2929, 1583, 1466, 

1432, 1383, 1187, 1155, 1107, 962, 816, 704, 682, 576, 554, 516, 451 cm-1. 
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1-Dodecylsufonyl-3,7-dibenzothiophene-S,S-dioxide (Br2S-SC12). 

 

Compound Br2S-SC12 (1.50g, 2.61 mmol) was dissolved in DCM (55 mL), and mCPBA 

(70%) (2.57 g, 10.4 mmol) was added to the reaction mixture which was then left to stir at 

room temperature. The reaction progress was monitored by TLC and 1HNMR spectroscopy, 

and after 23 h the reaction was worked up by washing with 5% Na2CO3 (6 × 20 mL) and 

water (3 × 25 mL). The organic layer was dried over MgSO4 and the solvent was evaporated 

to give the crude product which was purified by flash chromatography using toluene as 

eluent to produce the pure target product (Br2S-SO2C12) an off-white solid (1.48 g, 94%), 

mp. 137 – 138 °C, which showed δH (400 MHz, CDCl3): 8.77 (d, J = 8.7 Hz, 1H), 8.52 (d, 

J = 1.9 Hz, 1H), 8.20 (d, J = 1.9 Hz), 8.03 (d, J = 2.0 Hz, 1H), 7.87 (dd, J = 8.7, 2.0 Hz, 1H), 

3.25 (t, J = 8.0 Hz, 2H), 1.80 (quintet, J = 7.7 Hz, 2H), 1.42 – 1.15 (m, 18H), 0.88 (t, J = 6.8 

Hz, 3H); δC (100 MHz, CDCl3): 141.6, 139.1, 138.8, 137.8, 137.2, 130.3, 129.4, 128.0, 

127.0, 126.5, 124.0, 125.1, 54.4, 31.9, 29.7, 29.5, 29.4, 29.3, 29.2, 28.9, 28.1, 22.7, 22.1, 

14.1; MS (EI+) m/z: 603.95 (M+, 79Br/79Br, 45%), 605.93 (M+, 79Br/81Br, 100%), 607.90 

(M+, 81Br/81Br, 54%). Calculated for C24H30Br2O4S2: 604.00 (51.4%), 605.99 (100.0%), 

607.99 (48.6%); max: 3072, 2916, 2849, 1470, 1456, 1417, 1380, 1325, 1171, 1156, 1136, 

1057, 996, 834, 818, 760, 684, 572, 544, 518, 498, 454 cm-1. 

 

1-(2-Octyldodecyl)sulfonyl-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-

SO2EtC8/C10). 
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Compound Br2S-SEtC8/C10 (2.00 g, 2.91 mmol) was dissolved in DCM (50 mL), and 

mCPBA (70%) (2.87 g, 11.64 mmol) was added to the reaction mixture which was then left 

to stir at room temperature. The reaction progress was monitored by TLC and 1HNMR 

spectroscopy, and after 23 h the reaction was worked up by evaporating the solvent under 

reduced pressure. The remaining solid was purified by flash chromatography using toluene 

as eluent yielding the pure product (Br2S-SO2EtC8/C10) as a white crystalline solid (2.02 g, 

97%), mp. 96 – 97 °C, which showed δH (400 MHz, CDCl3): 8.79 (d, J = 8.7 Hz, 1H), 8.54 

(d, J = 1.9 Hz, 1H), 8.19 (d, J = 1.9 Hz, 1H), 8.02 (d, J = 1.9 Hz, 1H), 7.85 (dd, J = 8.6, 1.9 

Hz, 1H), 3.17 (d, J = 6.0 Hz, 2H, S-CH2), 2.21 – 2.13 (m, 1H, CH), 1.46 – 1.38 (m, 4H), 

1.35 – 1.10 (m, 28H), 0.88 (t, J = 6.8 Hz, 6H, CH3); δC (100 MHz CDCl3): 141.6, 139.1, 

138.7, 138.2, 137.7, 130.1, 129.5, 127.8, 127.1, 126.6, 126.0, 125.2, 58.2, 33.3, 33.1, 31.9, 

31.8, 29.6, 29.58, 29.56, 29.5, 29.47, 29.3, 29.2, 26.1, 22.7, 22.66, 14.1; MS (EI+) m/z: 

715.86 (M+, 79Br/79Br, 53%), 717.83 (M+, 79Br/81Br, 100%), 719.82 (81Br/81Br, 62%). 

Calculated for C32H46Br2O4S2: 716.12 (51.4%), 718.12 (100.0%), 720.12 (48.6%); max: 

3076, 2920, 2851, 1465, 1420, 1400, 1311, 1280, 1224, 1187, 1153, 903, 831, 759, 720, 

706, 605, 577, 560, 544, 517, 425 cm-1.  

 

1-(9-Heptadecanylsulfonyl)-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-

SO2MeC8/C8). 

 

A mixture of compounds Br2S-SMeC8/C8 and 2.23 (0.744 g, 1.15 mmol) was dissolved in 

DCM (30 mL), and mCPBA (70%) (1.70 g, 6.9 mmol) was added to the solution and the 

reaction mixture and left to stir at room temperature. The reaction progress was monitored 

by TLC and 1HNMR spectroscopy and after 5 days the reaction was worked up by 

evaporating the solvent under reduced pressure. The remaining solid was purified by flash 

chromatography using toluene as eluent yielding the pure product Br2S-SO2MeC8/C8 as a 

white powder (0.640 g, 82%), mp. 110 – 111 °C, which showed δH (400 MHz, CDCl3): 8.76 
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(d, J = 8.7 Hz, 1H), 8.51 (d, J = 1.8 Hz, 1H), 8.20 (d, J = 1.8 Hz, 1H), 8.02 (d, J = 1.8 Hz, 

1H), 7.84 (dd, J = 8.6, 1.8 Hz, 1H), 3.20 – 3.10 (m, 1H), 1.84 – 1.67 (m, 4H), 1.50 – 1.19 

m, 24H), 0.88 (t, J = 7.0 Hz, 6H); δC (100 MHz, CDCl3): 141.6, 139.4, 139.1, 137.6, 136.8, 

130.1, 129.5, 128.1, 127.2, 126.5, 125.9, 124.9, 62.6, 31.7, 29.4, 29.1, 27.3, 26.3, 22.6, 14.1; 

MS (EI+) m/z: 673.89 (M+, 79Br/79Br, 59%), 675.85 (M+, 79Br/81Br, 100%), 677.90 (M+, 

81Br/81Br, 65%). Calculated for C29H40Br2O4S2: 674.07 (51.4%), 676.07 (100.0%), 678.07 

(48.6%). 

 

1-(2-Octyldodecyl)thio-3,7-dibromodibenzothiophene (2.24). 

 

To a suspension of LiAlH4 (0.354 g, 9.32 mmol) in dry diethyl ether (50 mL) cooled to –10 

°C a solution of Br2S-SEtC8/C10 (1.60 g, 2.33 mmol) in dry diethyl ether (100 mL) was 

added. The mixture was stirred under a nitrogen atmosphere for 20 min at –10 °C. Ethyl 

acetate (50 mL) was then added to quench the reaction, and the solvent was removed under 

reduced pressure. The crude product was purified by flash column chromatography on silica 

gel eluting with PE to afford the desired product 2.24 as a colourless highly viscous liquid 

(0.900 g, 59%), which showed δH (400 MHz, CDCl3): 8.92 (d, J = 8.8 Hz, 1H), 7.96 (d, J = 

1.6 Hz, 1H), 7.78 (d, J = 1.2 Hz, 1H), 7.59 (dd, J = 8.8, 1.6 Hz, 1H), 7.46 (d, J = 1.1 Hz, 

1H), 3.04 (d, J = 6.1 Hz, 2H, S-CH2), 1.79 – 1.68 (m, 1H, CH), 1.51 – 1.15 (m, 32H), 0.88 

(t, J = 6.7 Hz, 6H, 2 × CH3); δC (100 MHz CDCl3): 141.7, 140.9, 137.2, 134.2, 131.2, 127.7, 

127.5, 127.4, 124.9, 122.3, 120.4, 120.1, 40.1, 38.8, 37.4, 33.4, 32.3, 31.92, 31.9, 29.9, 29.7, 

29.6, 29.56, 29.4, 29.3, 28.6, 26.6, 22.7, 22.69, 14.1; MS (EI+) m/z: 652.27 (M+, 79Br/79Br, 

52%), 654.22 (M+, 79Br/81Br, 100%), 656.15 (M+, 81Br/81Br, 56%). Calculated for 

C32H46Br2O2S2: 652.14 (51.4%), 654.14 (100.0%), 656.14 (48.6%). 
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CHAPTER 3 

Synthesis and Characterisation of 1-Functionalised 

Dibenzothiophene-S,S-dioxide Homopolymers 

            

3.1 Introduction 

The greatest number of semiconducting conjugated polymers are electron-rich structures (p-

type), which have high HOMO energy levels for example polythiophenes,1 poly(p-

phenylenevinylenes)2 and polyfluorenes.3 They can be more straightforwardly p-doped to 

produce positive polarons relative to n-doped to get negative polarons, this is because they 

show higher hole mobility in the materials than electron mobility and their p-doped state is 

usually more stable. In the last decades, n-type semiconductors have been investigated less 

than p-type, even though a number of organic electronic applications need electron deficient 

n-type materials such as n-type transistors for full logic circuits, photovoltaics (plastic solar 

cells), cathode materials and charge-transfer materials etc.4,5  

One of the challenges to research in the field of n-type semiconductors is to find a 

kind of special structure design capable of decreasing the energy of the LUMO. Many 

approaches are used to reduce the LUMO level particularly in conjugated polymers.6 The 

first approach is utilizing electron-deficient heterocyclic units in the polymer chain such as 

oxadiazoles, benzothiadiazoles, pyridines,7 quinoxalines, thiophene-S,S-dioxides8 etc. The 

second approach is the construction of conjugated polymers based on electron-deficient 

heterocyclic building blocks, another approach is to use electron-withdrawing substituents 

on the side chains. Moreover, it is possible to use a combination of electron-

withdrawing/electron-donating building blocks in the building of the polymer backbone to 

achieve a narrow band gap and a low LUMO level in the polymers.9 

Barbarella et. al. first introduced thiophene-S,S-dioxide as an n-type electron 

deficient unit into conjugated oligomers and polymer backbones as materials for organic 

electronics.10,11,12,13 HF/3-21G ab initio calculations on 2,2’-bithiophene (3.1) and on the 

corresponding mono 3.2 and bis S,S-dioxides 3.3 (see Figure 3.1) show that this kind of 
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chemical transformation of the thiophene ring has, in fact, a profound influence on the 

frontier orbital pattern. The calculations indicate that the formation of the S,S-dioxide 

decreases the energy of both the HOMO and the LUMO orbitals but that the latter is 

remarkably more affected than the former. Consequently, a decrease in the energy gap is 

also observed. According to the calculations, there is only a minor involvement of the 

orbitals of the SO group in the description of the frontier orbitals, which remain essentially 

of the π, π* type.10 

 

 

Figure 3.1: Structures of the thiophene-S,S-dioxide oligomers 3.1–3.5.10 

 

The cyclic voltammograms of the positive and the negative potentials of the pentamer 

having one terminal S,S-dioxide group (3.5), have anodic and cathodic peak potentials of 

1.04 and –1.34, respectively. Comparison with the data reported for the oligothiophene (3.4) 

indicates that the oxidation potential of the S,S-dioxide has increased by 0.12 V while the 

reduction potential has become less negative by 0.79 V. Since the oxidation and reduction 

potentials are related to the HOMO and LUMO energies, the data shows that the LUMO of 

oligothiophene-S,S-dioxides lie at lower energies than those of the oligothiophenes, in 

agreement with the trend indicated by ab initio calculations.10 Electron deficient conjugated 

polymers can improve the performance of OLED devices by two methods, by increased 

electron injection from the metal cathode and by blocking the holes in the emitting layer 

from a cathode thus balancing the electrons and holes in the material, hence increasing the 

chance of exciton formation.  

Seki et al. in 2012 designed and synthesised a new series of n-type co-polymers 

based on the dicyanofluorene moiety.14 Attaching two cyano groups made the 

dicyanofluorene segment a strong electron acceptor. Three co-polymers (3.6–3.8) were 
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investigated by incorporating various donor moieties with dicyanofluorene (see Figure 3.2). 

All co-polymers demonstrated strong absorption in the UV-visible region and the absorption 

maximum showed a bathochromic shift with an increasing number of thiophene moieties in 

the co-polymer backbone (see Figure 3.3). A space-charge-limited current (SCLC) study 

demonstrated that the electron mobility of the materials in the bulk state were 1 to 2 orders 

greater than that of the corresponding hole mobility, which proved the n-type nature of the 

polymers. 

 

 

Figure 3.2: Structures of co-polymers 3.6–3.8.14 

 

 

Figure 3.3: Absorption spectrum of 3.6–3.8 (P1–P3) in a) tetrahydrofuran and b) 

the thin-film state.14 
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Dibenzothiophene-S,S-dioxide, in contrast to fluorene, is an electron-deficient 

moiety because of the electron-withdrawing character of the sulfonyl group and as a result 

it is an interesting building block for the building of conjugated materials. In 2005, 

Perepichka and Bryce introduced dibenzothiophene-S,S-dioxide as an electron deficient 

building block for organic electronic applications.15 The idea was that dibenzothiophene-

S,S-dioxide was topologically similar to the fluorene unit, in which the C(R2) bridge between 

the phenylene moieties is replaced by an electron-withdrawing SO2 bridge, thus reducing 

the LUMO energy and giving the materials a higher electron affinity. Since this first seminal 

research, over 400 papers have been published in the literature which use dibenzothiophene-

S,S-dioxide in organic electronic materials as an electron-deficient building block, 

particularly for the design of new light-emitting co-polymers.16,17,18,19,20,21 (Yet, to date of 

writing this thesis, no dibenzothiophene-S,S-dioxide homopolymers have been reported. 

This is one of the aims of the present studies in our PhD program of research). 

 

3.1.1 Aims of the chapter 

Since the first influential paper presenting dibenzothiophene-S,S-dioxide as a useful 

building block for conjugated organic molecular and polymeric materials for organic 

electronics,15 numerous papers have been published reporting different variations in 

structures, studies of their optoelectronic properties and testing the materials in various 

devices (mainly in OLEDs, but applications in other devices have also been studied).  

The main aim of this chapter is the synthesis of the first (yet unknown as a class) 

soluble conjugated dibenzothiophene-S,S-dioxide homopolymers as n-type electron 

deficient homopolymers by using a Ni-mediated coupling polymerisation method. To reach 

this goal, synthetic methods for the introduction of solubilising groups (alkoxy, alkylthio 

and alkylsulfonyl) at position 1 of the dibenzothiophene-S,S-dioxide moiety as described in 

Chapter 2, were utilised to prepare and study conjugated polymers based on this structural 

moiety (Scheme 3.1). A full characterisation and identification of the photo physical, cyclic 

voltammetry, and thermal stability properties of the synthesised homopolymers, using 

different techniques (e.g. 1H NMR, GPC, TGA, CV, UV, PL, PLQY etc.) will then be 

presented, to understand their perspectives as light-emitting and electron-transporting 

materials for organic electronics. 
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Scheme 3.1: General scheme showing the synthetic route to soluble 1-substituted 

dibenzothiophene-S,S-dioxide homopolymers. 
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3.2 Results and Discussion 

3.2.1 Nickel-mediated Yamamoto polycondensation of Br2S-R and characterisation of 

the first soluble dibenzothiophene-S,S-dioxide homopolymers, p(S-R) 

The first polymerisation of dibenzothiophene-S,S-dioxide monomers by Ni-mediated 

dehalogenative Yamamoto coupling polycondensation22,23,24,25,26,27,28,29,30,31,32,33,34,35,36 was 

done for linear 1-dodecyloxy derivative Br2S-OC12 on a small scale (200 mg) to investigate 

the polymerisation process, the solubility and the spectral properties of the formed p(S-

OC12) polymer. The reaction was performed with Ni(COD)2
 in dry DMF-toluene under an 

argon atmosphere for 4 days at 85 °C and the polymer formed was then end-capped with 

phenyl groups (Scheme 3.2). 

After precipitation into MeOH:H2O:HCl, the crude greenish yellow polymer was 

extracted using a soxhlet apparatus with methanol to remove any low-molecular weight 

oligomers and other by-products. It was then extracted with acetone, THF and chloroform 

to collect p(S-OC12) polymer fractions of different molecular weights. As substantial 

amounts of insoluble materials remained in the extraction thimble, this was further extracted 

with chlorobenzene and anisole (at temperatures close to the boiling points of these solvents 

in the extractor). Finally, an insoluble fraction of p(S-OC12) was collected from the thimble. 

The results of these extractions are collated in Table 3.1. 
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Scheme 3.2: Synthesis of homopolymers p(S-R) by Ni-mediated Yamamoto 

polycondensation of Br2S-R monomers.  

 

Table 3.1 Weights and yields of extracted fractions of polymer p(S-OC12).a 

Fraction Weight (mg) % yield Appearance (solid material 

Methanol-solubleb 16 11.2 Yellow 

Acetone-solublec 9 6.3 Greenish-yellow 

THF-solublec 20 14.0 Greenish-yellow 

Chloroform-solublec 9 6.3 Greenish-yellow  

Chlorobenzene-

solublec 

23 16.1 Greenish-yellow  

Anisole-solubleb 29 20.3 Greenish-yellow  

Insoluble fractionb 32 22.4 Light brown 

aTheoretical yield of p(S-OC12) is 143 mg (from 200 mg of Br2S-OC12). bWeakly 

fluorescent or non-fluorescent. cFluorescent. 
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Considering the successful synthesis of the first soluble electron-deficient high 

bandgap dibenzothiophene-S,S-dioxide conjugated polymer with a linear alkoxy long-chain 

solubilising group, and the observation of bright emission from it (deep blue in solution and 

green-yellow in the solid state), as will be discussed in the next pages, the polymerisation of 

other dibenzothiophene-S,S-dioxide monomers Br2S-R was carried out. These 

polymerisations were performed with linear and branched alkoxy, alkylthio, and 

alkylsulfonyl groups on a 1 mmol scale under similar reaction conditions (amount of 

Ni(COD)2 was decreased from 2.2 eq. to 2.0 eq.) (Scheme 3.2).d Polymers p(S-R) with 

different alkoxy, alkylthiol, and alkylsulfonyl solubilising groups were successfully 

obtained and the crude materials underwent consequent extraction with different solvents in 

a similar manner to that described above for p(S-OC12). THF was not used for extraction in 

these experiments, as previous studies showed very close spectral characteristics (see 

Section 3.2.6.1) of the THF and chloroform fractions of p(S-OC12) (Figure 3.5, Table 3.4). 

Instead, a longer extraction with acetone (36 h instead of 24 h) was used for total removal 

of low molecular weight polymer fractions. The results for p(S-OC12) reproduced well as in 

the previous synthesis of this polymer, giving 28.3% from the chloroform fraction (20.3% 

for THF + CHCl3 in the previous run) and 30% of insoluble polymer (22.4% in the previous 

run). Despite the presence of branched groups in the p(S-R) polymers, they also showed a 

substantial amount of insoluble polymer fractions (17–71%) and 10–52% yields of 

chloroform-soluble polymers (see Table 3.9, Section 3.4.10). 

 So, it seems that the Yamamoto polymerisation works well for dibenzothiophene-

S,S-dioxide, but the solubilising effect of a linear or branched chain is not enough to give 

polymers with good solubility in common organic solvents (THF, chloroform, toluene, etc.). 

Thus, molecular weights of the homopolymers have been estimated by gel permeation 

chromatography (GPC) as shown in the next section. In conclusion, nine novel 

dibenzothiophene-S,S-dioxide homopolymers with different solubilising alkyl groups were 

successfully synthesised, which emit bright deep blue light in solution and green/yellow in 

the solid (or aggregated) state as will be discussed in the next sections. 

 

                                                 
d Polymerisation of Br2S-OC12 was also repeated at this scale. 
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3.2.1.1 Attempted nickel-mediated Yamamoto polymerisation of Br2S-SMeC8/C8, 

Br2S-SO2MeC8/C8, and 2.24 monomers 

It was attempted to polymerise the Br2S-SMeC8/C8, Br2S-SO2MeC8/C8, and 2.24 

monomers in the same way, as was described in the previous Section 3.2.1 (see Scheme 

3.3). However, the polymerisations failed and all the materials obtained from the reaction 

mixtures were soluble in the methanol and acetone fractions, which means only short 

oligomers (dimers or trimers) were formed. This is not surprising, as these types of reactions 

are extremely sensitive to oxygen and water, therefore they should be carried out under an 

argon atmosphere and using nitrogen gloves. Unfortunately, the nitrogen gloves, which were 

available in the laboratory, were very old and have a lot of holes so it was very hard to 

control the reaction. Three trails for each monomer were carried out, however none of them 

gave polymers with sufficient molecular weights. Due to all the starting monomers being 

consumed no further trials were attempted.  

 

 

Scheme 3.3: Reaction scheme of attempted polymerisation of Br2S-SMeC8/C8, Br2S-

SO2MeC8/C8, and 2.24 monomers. 
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3.2.2 Characterisation of 1-substituted poly(dibenzothiophene-S,S-dioxide) p(S-OR), 

p(S-SR), and p(S-SO2R) by GPC method 

Molecular weights of the synthesised homopolymers have been estimated by gel permeation 

chromatography (GPC) in THF solutions, with the column calibrated versus polystyrene 

standards. Estimates of their weight average molecular weight (Mw), number average 

molecular weight (Mn) and polydispersity index PDI = Mw/Mn were obtained. An example 

of a GPC trace is shown in Figure 3.4 for the p(S-OEtC8/C10) chloroform fraction. The 

GPC traces for all the other polymers can be seen in Appendix 6.8. 

 

 

Figure 3.4: GPC trace for p(S-OEtC8/C10) chloroform fraction in THF. 
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GPC analysis of the acetone fractions of 1-substituted poly(dibenzothiophene-S,S-dioxide) 

homopolymers showed molecular weights less than 2000 Daltons which indicate very short 

oligomers, between 2 – 4 units, but with a very narrow peak (PDI < 1.5 in all cases). 

However, the chloroform fractions showed higher molecular weights (Mw = 3,443 – 17,605 

Da; Mn = 2,496 – 6,769 Da; PDI = 1.23 – 2.60), see Table 3.2, from which the average 

chain length can be estimated as n = 9 – 14. Thus, in all the cases, the molecular weight is 

somewhat equal or a bit higher or lower than the conjugation length in polyfluorenes 

(estimated in the literature as n = 11 – 12).37 It seems that the polymerisations were 

successful; however, the highest molecular weight material remained in the thimble as an 

insoluble fraction due to the poor solubility of these types of homopolymers in the solvents 

used. 

Another important conclusion from the GPC measurements is that the polymers p(S-R) with 

branched alkyl chains have higher molecular weights compared to those with linear alkyl 

chains for both the acetone and chloroform fractions. This is due to the better solubility of 

the polymers with branched alkyl chains in common solvents (acetone, chloroform, 

chlorobenzene, etc.) relative to the linear ones.   

 

Table 3.2 GPC data for 1-substituted poly(dibenzothiophene-S,S-dioxide) homopolymers. 

homopolymer Mw,
a (Da) Mn,

b (Da) PDIc 

p(S-OC12) acetone fraction 1457 1188 1.23 

p(S-OC12) chloroform fraction 4560 2474 1.84 

p(S-OC8Me2) acetone fraction 1842 1419 1.30 

p(S-OC8Me2) chloroform fraction 4921 3623 1.36 

p(S-OEtC6/C8) acetone fraction 1958 1499 1.31 

p(S-OEtC6/C8) chloroform fraction 6252 4331 1.44 

p(S-OEtC8/C10) acetone fraction 2066 1628 1.27 

p(S-OEtC8/C10) chloroform fraction 5803 4054 1.43 

p(S-OMeC8/C8) acetone fraction 1918 1540 1.25 

p(S-OMeC8/C8) chloroform fraction 5367 4054 1.32 

p(S-SC12) acetone fraction 1475 1199 1.23 

p(S-SC12) chloroform fraction 3443 2496 1.38 
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p(S-SEtC8/C10) acetone fraction 1901 1538 1.24 

p(S-SEtC8/C10) chloroform fraction 13506 5542 2.44 

p(S-SO2C12) acetone fraction 2533 1787 1.42 

p(S-SO2C12) chloroform fraction 4664 2911 1.60 

p(S-SO2EtC8/C10) acetone fraction 1851 1344 1.38 

p(S-SO2EtC8/C10) chloroform fraction 17605 6769 2.60 

a Mw:weight average molecular weight. b Mn: number average molecular weights, c 

Polydispersity index, PDI = Mw/Mn. 

 

3.2.3 Thermal Analyses of 1-substituted poly(dibenzothiophene-S,S-dioxide) p(S-OR), 

p(S-SR), and p(S-SO2R) chloroform fractions 

The thermal stabilities of the chloroform fractions of all p(S-OR), p(S-SR), and p(S-SO2R) 

polymers have been studied by thermogravimetric analysis (TGA). Estimating their thermal 

decomposition in a nitrogen atmosphere at a level of 5% mass loss with a heating rate of 10 

°C/min. All polymers showed good stability, with decomposition temperatures of Td = 340–

388 °C (Figure 3.5, Table 3.3), typical for polyfluorenes (e.g. for PF8 it was reported as Td 

= 385 °C).38 From the TGA data in the region of ~330–450 °C with ca 55–65% mass loss, 

it seems that major mass losses on decomposition are due to cleavage of the alkoxy, alkyl 

thio or alkyl sulfonyl groups in the p(S-OR), p(S-SR), and p(S-SO2R) polymer units. 

 

Table 3.3: TGA data for the p(S-OR), p(S-SR), and p(S-SO2R) chloroform fraction 

polymers. 

Polymer Td,
a (°C) Polymer Td,

a (°C) 

p(S-OC12) 388 p(S-SC12) 350 

p(S-OEtC6/C8) 383 p(S-SEtC8/C10) 363 

p(S-OC8Me2) 380 p(S-SO2C12) 343 

p(S-OEtC8/C10) 388 p(S-SO2EtC8/C10) 355 

p(S-OMeC8/C8) 340   

a Td is the decomposition temperature measured at 5% weight loss under N2. 
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Figure 3.5: Thermogravimetric analysis (TGA) curves of a) p(S-OR), b) p(S-SR) and 

p(S-SO2R) chloroform fraction polymers under a nitrogen atmosphere at a heating rate of 

10 °C/min. 

 

3.2.4 DFT calculations of electronic properties of 1-substituted dibenzothiophene-S,S-

dioxide 

Density functional theory (DFT) B3LYP/6-31G(d) calculations were carried out to 

investigate the HOMO and LUMO energy levels and the HOMO-LUMO gaps of a variety 

of different oligomers of 1-substituted dibenzothiophene-S,S-dioxide units to determine the 

optical properties of their polymer analogies from trends in the increase in oligomer chain 

length. 

 Figures 3.6 a-c show the differences in the energy levels of a variety of different 

monomer units. Comparing all the values to unsubstituted dibenzothiophene-S,S-dioxide 

(H), the expected trend can be seen, with the electron donating groups expressing higher 

HOMO and LUMO energy levels and the electron withdrawing groups expressing a lower 

HOMO and LUMO energy level. For the HOMO energy levels, there is a maximum energy 

difference of 1.13 eV between NMe2 (-5.83 eV) and SO2CF3 (-6.96 eV). The same is true 

for the LUMO energy levels, with a maximum difference in energy of 1.03 eV between 

NMe2 (-2.63 eV) and SO2CF3 (-3.66 eV). This similarity in the change of HOMO/LUMO 

energy levels is reflected in the band gap energy values, with small variations between each 

different substitution (~0.2 eV), showing that all of these polymers will express similar 

optical properties, but the small variances allow optical devices to be finely tuned for 

specific applications. It should also be noted that the band gap for the unsubstituted analogue 
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is higher than all of the substituted analogues. This shows a red-shift for all of the polymers, 

which is the desired property for co-polymerisation with fluorene.  
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Figure 3.6: DFT B3LYP/6-31G(d) calculation of energy levels of 1-substituted 

dibenzothiophene-S,S-dioxide oligomers (for n = 1–20) in the gas phase: (a) HOMO 

energy levels, (b) LUMO energy levels, (c) HOMO-LUMO energy gaps (Eg) of oligomers. 
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3.2.5 Electrochemical studies of 1-substituted polydibenzothiophene-S,S-dioxide p(S-

OR), p(S-SR), and p(S-SO2R) chloroform fractions 

The electrochemical behaviour of the p(S-OR), p(S-SR), and p(S-SO2R) series of polymers 

was studied by cyclic voltammetry (CV) in films drop-cast from chloroform solution onto 

glassy carbon electrodes. Measurements have been done in acetonitrile with 0.1 M Bu4NPF6 

as a supporting electrolyte at a scan rate of 100 mV/s. The results of the CV experiments are 

shown in Figures 3.7, 3.8 demonstrating that all the polymers are electroactive and undergo 

oxidation (p-doping) with onsets in the region of +(1.18–1.51) V and reduction (n-doping) 

with onsets in the region of –(0.94–1.33) V (see Table 3.4). Figure 3.7b shows how the 

reduction onset of p(S-OEtC8/C10) polymer was calculated, as an example. The same 

procedure was followed to calculate the oxidation and reduction onset for all other polymers 

described in this thesis. From these CV measurements, it was estimated the HOMO/LUMO 

energy levels of the p(S-OR), p(S-SR), and p(S-SO2R) polymers using general formulas (1 

and 2), where 4.8 eV is an estimation of the potential of the Fc/Fc+ couple versus vacuum.39 

 

EHOMO = –e(Eox
onset + 4.8) eV,                                                      (1) 

ELUMO = –e(Ered
onset + 4.8) eV,                                                      (2) 

Eg = ELUMO – EHOMO,                                                                    (3) 

 

The p(S-OR) polymers showed similar results when measuring both the reduction 

and the oxidation which is expected because the difference between the polymer series is 

only the alkyl groups which have no direct involment with oxidation and reduction (see 

Figure 3.7). A pronounced effect was observed for the EWG –SO2 on the oxidation, 

reduction and Eg
CV, even in the presence of the alkoxy group which is an EDG compared to 

polyfluorene (PF8) (Table 3.4).40 Due to the EWG (-SO2) the reduction was easier to carry 

out as the polymer wasn’t as easy to oxidise. Also the reduction was easy to repeat multiple 

times so a uniform spectrum could be obtained. Due to the properties of the polymer the 

oxidation process was harder to reproduce as the groups present within the polymers are not 

very compliant with losing electrons. 

The results of the CV experiments of the p(S-R) series of polymers demonstrated 

that the HOMO/LUMO energy levels can be efficiently tuned by alternating the functional 

group at the 1- position (see Figure 3.8). Thus, from the strongest EDG (R = OEtC8/C10) 
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to the strongest EWG (R = SO2EtC8/C10), HOMO and LUMO energy levels can be tuned 

by 0.21 eV and 0.35 eV, respectively. These tunings of frontier orbital energies are 

somewhat lower than those obtained from DFT calculations for isolated molecules in the 

gas phase (tuning both HOMO and LUMO by ~0.8 eV, Figure 3.6), which can be expected 

as DFT calculations do not take into account solvation and solid state effects. Nevertheless, 

the strong effect itself and the trends are in good agreement with DFT predictions. 

Another important conclusion from the CV measurements is that the band gap of 

polymers, Eg
CV, reduced by ~ 1.1 eV compared to polyfluorene PF8 and the effect of the 

functional group at the 1- positon, is pretty weak. Table 3.4 also presents optical band gaps, 

Eg
opt, estimated from the red edge of the absorption spectra of the studied polymers (see next 

section for detailed studies). These values are a little different to the electrochemical band 

gaps (Eg
CV) estimated from the CV experiments. This is not surprising as optical and 

electrochemical energy gaps are due to different physical processes. Even though, similar to 

the Eg
CV values, Eg

opt are reduced compared to polyfluorene PF8 and the effect of the 

functional group at the 1- positon, is also very weak. 
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Figure 3.7: a) Cyclic voltammetry of p(S-OR) polymer films on glassy carbon electrode 

in 0.1 M of Bu4NPF6 / CH3CN, scan rate 100 mV/s. For convenience, CV data are 

presented with normalisation to the current maximum of an oxidation / reduction 

processes. b) Method of calculation of the reduction onset of p(S-OEtC8/C10) polymer as 

an example. 
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Figure 3.8: Cyclic voltammetry of p(S-R) (R = OEtC8/C10, SEtC8/C10 and SO2EtC8/C10) 

polymer films on glassy carbon electrode in 0.1 M of Bu4NPF6 / CH3CN, scan rate 100 

mV/s. For convenience, CV data are presented with normalisation to the current maximum 

of an oxidation / reduction processes. 

 

Table 3.4: Cyclic voltammetry data, HOMO/LUMO energy levels and band gaps of p(S-

OR), p(S-SR), and p(S-SO2R) polymers. 

Polymer Eg
opt,a 

(eV)a 

Eox
onset,

b 

(V) 

Ered
onset,

b 

(V) 

HOMOc 

(eV) 

LUMOc 

(eV) 

Eg
CV,d 

(eV) 

PF840 2.82 0.97e –2.64e –5.77 –2.16 3.61 

p(S-OC12) 2.64 1.18 –1.28 –5.98 –3.52 2.46 

p(S-OMe2C8) 2.61 1.19 –1.31 –5.99 –3.49 2.50 

p(S-OEtC6/C8) 2.55 1.29 –1.33 –6.09 –3.47 2.62 

p(S-OEtC8/C10) 2.57 1.30 –1.29 –6.10 –3.51 2.59 

p(S-SEtC8/C10) 2.58 1.44 –1.15 –6.24 –3.65 2.59 

p(S-SO2EtC8/C10) 2.61 1.51 –0.94 –6.31 –3.86 2.45 

a Eg
opt are optical band gaps estimated from the red edge of UV–Vis spectra of polymer 

films. b Eox
onset and Ered

onset are the onset potentials of oxidation and reduction of polymer 

films measured versus Fc/Fc+ couple. c EHOMO and ELUMO energies calculated from 

empirical formulas (1) and (2): EHOMO (eV) = –e(Eox
onset + 4.8) and ELUMO = –e(Ered

onset + 

4.8). d Electrochemical band gap Eg
CV = ELUMO – EHOMO. e CV data in ref.40 are given 

versus Ag/AgCl electrode; we have recalculated them to Fc/Fc+ as E(Fc/Fc+) = 

E(Ag/AgCl) – 0.4 V. 
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3.2.6 Photophysical studies of 1-substituted poly(dibenzothiophene-S,S-dioxide) p(S-

OR), p(S-SR), and p(S-SO2R) 

3.2.6.1 Electron absorption and photoluminescence spectra of p(S-OC12) homopolymer 

Initially, the p(S-OC12) polymer was synthesised on a small scale, as mentioned in the 

previous section, to study the polymerisation process, the solubility and spectral properties. 

The different fractions of the p(S-OC12) polymer that were isolated were characterised by 

UV-Vis electron absorption and photoluminescence (PL) spectroscopy. The UV-Vis and PL 

spectra are shown in Figure 3.9 and the data are summarised in the Table 3.5.  

 UV-Vis spectra demonstrate clear bathochromic shifts of abs values (by 43 nm, from 

the acetone to the chlorobenzene fraction), in accordance with the expected increase in 

molecular weights of the fractions from the “poor solvent” acetone to “good solvents” 

chloroform and chlorobenzene.e For the less soluble (and presumably higher molecular 

weight) chlorobenzene fraction (as well as for the anisole fraction), the UV-Vis spectrum 

becomes structured indicating the rigidification of the system (and possibly an aggregation 

of polymer chains) (Figure 3.9). Photoluminescence spectra of p(S-OC12) polymer fractions 

show a bathochromic shift from the acetone (PL = 400sh, 425 nm) to the THF fraction and 

then it remains almost unchanged for the other fractions (PL = 434 nm) see Figure 3.9, 

Table 3.5. Moreover, pronounced vibronically resolved PL spectra are observed for the 

higher molecular weight fractions, a typical feature of rigid-rod conjugated polymers (see 

e.g. Figure 1.13 for PL spectrum of poly(9,9-dioctylfluorene), PF8 Chapter 1).41 An 

increase in short-wavelength absorption and an increased PL intensity in the 500–600 nm 

region of the anisole fraction might indicate partial decomposition of this material (possibly 

due to the high boiling point of this solvent, 154 °C, which was used for 24 h during 

extraction of this fraction). 

 

                                                 
e As proven in the previous section by measuring the molecular weights of the polymer 

fractions by gel-permeation chromatography (GPC). 
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Figure 3.9 UV-Vis electron absorption and photoluminescence spectra of different 

fractions of polymer p(S-OC12) in chlorobenzene. 

 

Table 3.5: UV-Vis electron absorption (abs) and photoluminescence (PL) maxima for 

extracted fractions of polymer p(S-OC12) in chlorobenzene solution. 

Polymer fractiona abs (nm)b PL (nm)b,c 

Acetone-soluble 380 400sh, 425, 450sh 

THF-soluble 397 434, 460sh 

Chloroform-soluble 405 434, 461sh 

Chlorobenzene-soluble 410sh, 423 434, 462sh 

Anisole-soluble 410sh, 423 434, 463sh, 500sh, 525sh 

aExtraction time for each fraction was ~ 24 h. bsh – Shoulder. cFor PL measurements, the 

excitation wavelengths, exc, of 10 nm shorter than their absorption maxima abs have been 

used for all fractions. 

 

 The low solubility of the presumably high molecular weight chlorobenzene fraction 

and the appearance of a structured feature in its absorption spectrum might indicate an 

increased tendancy of the dibenzothiophene-S,S-dioxide polymer to aggregate, compared to 

poly(dialkylfluorenes), which are well-soluble in chloroform and toluene even for very high 

molecular weight polymers of Mw > 300,000 Da.42 This can be understood by taking into 

account that linear solubilising OC12H25 lies in the plane of the aromatic moiety allowing 

close π-π interactions between neighbouring polymer chains (in contrast to polyfluorenes, 

in which two alkyl groups are orthogonal to the fluorene moiety preventing such inter-chain 

interactions). 
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 The emission colours of different polymer fractions at different concentrations of 

polymers in chlorobenzene under UV irradiation (laboratory UV-lamp, 360 nm) have been 

investigated. Figure 3.10 a shows emissions of the different fractions (from acetone-soluble 

to anisole-soluble) at low (Abs ~ 0.1 a.u., bottom photos in Figure 3.10 a) and high (Abs. ~ 

1.0 a.u., top photos in Figure 3.10 a) concentrations in chlorobenzene. It can be clearly seen, 

that at low concentrations, all fractions emit blue light, in accordance with their PL spectra 

in Figure 3.9. However, at ~10-times higher concentrations, the emission of the high 

molecular weight fractions (chloroform to anisole) are bathochromically shifted from a 

deep-blue to a bluish colour (Figure 3.10 a, top). This effect becomes even more 

pronounced when high concentrations of chloroform solutions of the polymer fractions were 

irradiated with 360 nm UV lamp (Figure 3.10 b): the colour emission of the chlorobenzene 

and anisole fractions is further shifted to the red region and they emit a green-yellow colour 

(PhCl and PhOMe fractions were slightly opaque, which is an indication on 

nano/microaggregation of the polymers). A similar, and even more pronounced change in 

the emission is observed for solid samples: an intense green emission for solids of the THF 

fraction and a greenish-yellow colour for the chlorobenzene fraction (Figure 3.10 c). 

This is in agreement with what we expect to see, as the higher molecular weight 

polymers have longer wavelengths, thus resulting in a bathochromic shift. The appearance 

of a bright green emission in the solid state can also be seen with high concentrations of the 

polymer (Figure 3.10 c), this can be attributed to the yellow colour of the polymer material 

mixing with the blue emission, causing an appearance of green photoluminescence. These 

observations are all in agreement with the obtained UV/Vis absorption and PL emission data 

(Figure 3.9), and confirm that the p(S-OC12) homopolymer is indeed a blue-fluorescent 

emitter. These outcomes might also indicate that strong intermolecular interactions exist for 

the high molecular weight soluble 1-dodecyloxydibenzothiophene-S,S-dioxide polymer. 

These π-π interactions lead to decreasing the polymer solubility and formation of excimers 

(excited state dimers of polymer chains), which emit at longer wavelengths compared to an 

isolated polymer chain.f  

 

                                                 
f Further, more detailed studies on this matter are presented in the next sections to clarify 

the origin of this phenomenon. 
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   Fractions (from the left to the right):  

   Acetone / THF / CHCl3 / PhCl / PhOMe 

   

a)     b)    c) 

Figure 3.10: Emission of different fractions of polymer p(S-OC12) under UV-light 

irradiation (360 nm): a) emission in chlorobenzene solutions at low concentrations (Abs. ~ 

0.1 a.u; bottom) and high concentrations (Abs. ~ 1. a.u., top). b) emission in chloroform 

solutions at very high concentrations. c) Solid state emission of p(S-OC12): THF-soluble 

fraction (on left) and chlorobenzene fraction (on right). 

 

3.2.6.2 Electron absorption and photoluminescence spectra of p(S-OR) homopolymers  

The different fractions of the p(S-OR) polymers that were isolated were characterised by 

UV-Vis electron absorption and photoluminescence (PL) spectroscopy in chlorobenzene 

and chloroform. The UV-Vis and PL spectra are shown in Figures 3.11, 3.12 and the data 

are summarised in Table 3.6. 

 UV-Vis spectra demonstrate clear bathochromic shifts of abs values (by 32 nm, from 

acetone to chlorobenzene fraction) for the p(S-OC12) and p(S-OC8Me2) polymers (see 

Table 3.6, Figure 3.11 a), in accordance with the expected increase in molecular weights 

of the fractions from a “poor solvent” acetone to “good solvents” chloroform and 

chlorobenzene. However, a bigger bathochromic shift of abs values was observed (by 55 

nm, and 60 nm, from the acetone to chlorobenzene fraction) for p(S-OEtC6/C8) and p(S-

OEtC8/C10) polymers (see Table 3.6, Figure 3.11 b) which indicates better solubility of the 

branched alkyl substituted polymers compared to the linear ones. For the less soluble (and 

presumably higher molecular weight) chlorobenzene fraction, the UV-Vis spectra become 

structured indicating rigidification of the system (and possibly an aggregation of polymer 

chains).  

PL spectra of the p(S-OC12) and p(S-OC8Me2) polymer fractions show a 

bathochromic shift by 11 nm from the acetone to the chloroform fractions and then they 

remain almost unchanged for the chlorobenzene fraction (see Table 3.6, Figure 3.11 a). 
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However, for the p(S-OEtC6/C8) and p(S-OEtC8/C10) polymers, a bathochromic shift from 

the acetone (PL = 423 nm) to the chloroform fractions (PL = 434 nm) was observed and 

then a further shift (PL = 540 nm) to the chlorobenzene fractions (see Figure 3.11 b). 

Moreover, pronounced vibronically resolved PL spectra are observed for higher molecular 

weight fractions, a typical feature of rigid-rod conjugated polymers. Low solubility of the 

(presumably high molecular weight) polymers from the chlorobenzene fraction and the 

appearance of a structured feature in their absorption spectra might indicate an increased 

tendency of the dibenzothiophene-S,S-dioxide polymers to aggregation (compared to 

poly((dialkylfluorenes), which have good solubility in chloroform and toluene even for very 

high molecular weight polymers of Mw > 300,000 Da). 

As shown in Table 3.6 and Figures 3.12 there is no effect from the solvent polarity 

on the absorption and photoluminescence spectra when changing the solvent from 

chlorobenzene to chloroform. UV-Vis spectra demonstrate bathochromic shifts of abs 

values (by 33 nm, from the acetone to the chloroform fraction) for the p(S-OMeC8/C8) 

polymer see Table 3.6, in accordance with the expected increase in molecular weights from 

the acetone fraction to the chloroform fraction. PL spectra of p(S-OMeC8/C8) polymer 

fractions show a bathochromic shift by 8 nm from the acetone to chloroform fraction (Figure 

3.12). Moreover, pronounced vibronically resolved PL spectra are observed for higher 

molecular weight fractions, a typical feature of rigid-rod conjugated polymers.  

 

300 350 400 450 500 550 600 650
0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a

li
s

e
d

 I
n

te
n

s
it

y
 (

a
.u

.)

Wavelength (nm)

  Acetone Fr.

  CHCl
3
 Fr.

  PhCl Fr.

a)
Abs PL

300 350 400 450 500 550 600 650 700
0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a
li
s
e

d
 I
n

te
n

s
it

y
 (

a
.u

.)

Wavelength (nm)

 Acetone Fr.

 CHCl
3
 Fr.

 PhCl Fr.

b)
Abs PL

 

Figure 3.11: UV-Vis electron absorption and photoluminescence spectra of acetone, 

chloroform, and chlorobenzene fractions in chlorobenzene of a) polymers p(S-OC12). b) 

polymers p(S-OEtC8/C10). 
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Figure 3.12: UV-Vis electron absorption and photoluminescence spectra of polymers p(S-

OR) a) acetone fractions in chlorobenzene b) acetone fractions in chloroform c) CHCl3 

fractions in chlorobenzene d) CHCl3 fractions in chloroform e) PhCl fractions in 

chlorobenzene f) PhCl fractions in chloroform. 
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The electron absorption spectra of 1-substituted p(S-OR) polymers in the solid state 

were also carried out for the acetone, chloroform, and chlorobenzene fractions (see Figures 

3.13, 3.14). These demonstrated an absorption with peaks in the region of 383–435 nm, 

which can be assigned to the π-π* transition of delocalised electrons on the backbone of the 

polymer (Figures 3.13, 3.14), which is close to the typical region of polyfluorenes. When 

looking at the UV-Vis values for the acetone fractions, they are very uniform as they all 

share almost the exact same maxima abs value Figure 3.13 a. This could indicate that all 

polymers have the same or close molecular weights. In comparison to the chloroform 

fractions, there is a clear bathochromic shift of 26–36 nm (see Figures 3.13 b). The 

chlorobenzene fractions also show a red shift when compared to the acetone fractions by 

38–49 nm (see Figures 3.13 c) in accordance with the expected increase in molecular 

weights of the fractions from a “poor solvent” acetone to “good solvents” chloroform and 

chlorobenzene. However, larger bathochromic shifts of abs values (by 46 nm, and 49 nm, 

from acetone to chlorobenzene fraction) were observed for the p(S-OEtC6/C8) and p(S-

OEtC8/C10) polymers respectively (Table 3.6), which indicates better solubility of polymers 

with branched alkyl substituents compared to linear ones, as was proven by GPC 

measurements (see Section 3.2.2). 
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Figure 3.13: UV-Vis electron absorption and photoluminescence spectra of polymers p(S-

OR) in the solid state a) acetone fractions b) CHCl3 fractions c) PhCl fractions. 
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Figure 3.14: UV-Vis electron absorption and photoluminescence spectra in films of a) 

polymer fractions p(S-OC8Me2) b) polymer fractions p(S-OEtC6/C8). 

 

Surprisingly, the emission spectra of the 1-substituted p(S-OR) polymers in the solid 

state for the acetone, chloroform, and chlorobenzene fractions are in the green region with 

peaks in the region of 522–547 nm which was unexpected (see Figures 3.13, 3.14). The 

dibenzothiophene-S,S-dioxide unit is topographically similar to the fluorene unit, however 

polyfluorenes emit in the blue region in the solid state which we do not observe for 1-

substituted polydibenzothiophene-S,S-dioxide. Moreover, their PL spectra (in films) do not 

show separate vibronic transitions, but some shoulders and non-symmetry of PL indicate 

weakly-resolved vibronics and a very pronounced bathochromic shift by ~115 nm compared 

to in solution. Thus, they emit in the blue region in solution and in the green yellowish region 

in the solid state as shown in the Figure 3.15. The reason for this phenomenon is not fully 

clear and requires more studies; in the next sections, this phenomenon will be investigated.  

 



153 

 

 

 

a)        b) 

Figure 3.15: Emission of p(S-OEtC8/C10) chloroform fraction in thin film and in 

chlorobenzene solvent. a) under UV-light irradiation (360 nm): b) under ambient light 
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3.2.7 Explanation of the huge bathochromic shifts from blue light (in solution) to green 

light (in the solid state) of PL spectra for 1-alkoxydibenzothiophene-S,S-dioxide 

homopolymers p(S-OR) 

The first soluble homopolymers were synthesised by a Yamamoto coupling reaction of 

dibenzothiophene-S,S-dioxide by substituting long liner and branched alkoxy chains at the 

1- p(S-OR) as shown in Scheme 3.2. It was observed that p(S-OR) homopolymers absorb 

light in the region of around λ
abs

 = 381–409 nm in solution (Figure 3.12) typically like 

polyfluorene (λ
abs

 = 380–390 nm). Moreover, in solid state they show absorption peaks in 

the region of (λ
abs

 = 396–421 nm) (Figure 3.13). 

The photoluminescence spectra of p(S-OR) homopolymers in solution showed 

emission in the blue region (λ
PL

 = 423–447 nm), which is typical for polyfluorene. However, 

a clear bathochromic shift showed a change in the solid state by ~ 115 nm (λ
PL

 = 523–562 

nm) (see Figure 3.15), which does not consign with the polyfluorene results. Therefore, to 

understand this phenomenon, many experiments were carried out as will be discussed in the 

next pages. 

 

3.2.7.1 Investigation of two new series of dibenzothiophene-S,S-dioxide homopolymers 

p(S-SR), and p(S-SO2R) 

Initially, it was believed that the red shift was due to intramolecular charge transfer (ICT) 

between the donating group (alkoxy OR) at the 1- position and the electron withdrawing 

group (-SO2-) which forms a bridge between the two phenyl rings of the p(S-OR) 

homopolymers. This ICT state showed a clear appearance in the solid state and a very weak 

signal in solution. Therefore, it was decided to synthesise more homopolymers with different 

substituents at the 1- position (SR, SO2R) (Scheme 3.2), using the same procedure, as was 

used for the synthesis of the p(S-OR) polymers. 

The absorption spectra of p(S-OEtC8/C10), p(S-SEtC8/C10) and p(S-SO2EtC8/C10) 

in solution and thin films are shown in Figures 3.16 a-d. The polymers showed 

bathochromic shifts in their absorption spectra from 397 to 409 nm. This could be due to the 

charge-transfer character of the absorption, see Figure 3.16 a. However, no obvious changes 

in the PL spectra were noted in Figure 3.16 b. In contrast to its solid state, there was a small 
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red shift in absorption, however, all homopolymer films emitted in the region of 520–533 

nm, see Tables 3.8, 3.9. The absorption spectra of p(S-SO2C12) and p(S-SC12) from solution 

and solid state showed absorption peaks in the region from 382–396 nm and 402–416 nm, 

see Tables 3.8, 3.9 (Figure 3.16 e-f). These homopolymers are blue emitting in solution 

when between the range of 425–462 nm and green emitting in thin films when between the 

range of 523–562 nm, see Figure 3.16 and Tables 3.8, 3.9. 

 



157 

 

 

350 400 450 500 550 600
0.0

0.2

0.4

0.6

0.8

1.0
N

o
rm

a
li

s
e
d

 A
b

s
o

rb
a
n

c
e

 (
a
.u

.)

Wavelength (nm)

 p(S-OEtC
8
/C

10
) 

 p(S-SEtC
8
/C

10
) 

 p(S-SO
2
EtC

8
/C

10
) 

a)

Abs

In toluene

400 450 500 550 600 650 700
0.0

0.2

0.4

0.6

0.8

1.0

In toluene

N
o

rm
a

li
s

e
d

 P
L

 (
a

.u
.)

Wavelength (nm)

 p(S-OEtC
8
/C

10
)

 p(S-SEtC
8
/C

10
) 

 p(S-SO
2
EtC

8
/C

10
) 

b)
PL

 

350 400 450 500 550 600
0.0

0.2

0.4

0.6

0.8

1.0

In solid state

N
o

rm
a
li
s
e

d
 A

b
s
o

rb
a
n

c
e

 (
a
.u

.)

Wavelength (nm)

 p(S-OEtC
8
/C

10
)

 p(S-SEtC
8
/C

10
)

 p(S-SO
2
EtC

8
/C

10
)

Abs

c)

450 500 550 600 650 700
0.0

0.2

0.4

0.6

0.8

1.0

In solid state
N

o
rm

a
li
s

e
d

 P
L

 (
a

.u
.)

Wavelength (nm)

 p(S-OEtC
8
/C

10
)

 p(S-SEtC
8
/C

10
)

 p(S-SO
2
EtC

8
/C

10
)

d)

PL

 

300 400 500 600 700
0.0

0.2

0.4

0.6

0.8

1.0

In solid state

Abs

e)

N
o

rm
a
li
s
e

d
 A

b
s
o

rb
a
n

c
e

 (
a
.u

.)

Wavelength (nm)

 p(S-SC
12

)

 p(S-SO
2
C

12
)

450 500 550 600 650 700 750
0.0

0.2

0.4

0.6

0.8

1.0

In solid state

PL
f)

N
o

rm
a

li
s

e
d

 P
L

 (
a

.u
.)

Wavelength (nm)

 p(S-SC
12

)

 p(S-SO
2
C

12
)

 
Figure 3.16: UV-Vis and PL spectra of p(S-R) homopolymers in toluene solution (a-b) 

and in the solid state (c–f). The excitations for PL spectra (exc) are at the corresponding 

maxima of the absorption spectra. 

 

Figure 3.17 shows the electron absorption, emission and excitation spectra of p(S-

SO2EtC8/C10) in chloroform and in the solid state, which demonstrates the same 

bathochromic shift from blue to green, as was seen for the p(S-OR) polymers. Even with 

having the SO2R group (EWG) at the 1-position this huge red shift by ~ 115 nm can be 
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observed. Therefore, from Figures 3.16, 3.17, we can conclude that this red shift is not due 

to charge transfer (CT) between the alkoxy group at the 1-position and the sulfonyl group. 

Another supposition was raised that this bathochromic shift was due to the polarity of the 

polymer structure and to clarify that more photophysical studies in different solvents were 

done as shown in the next section. 
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Figure 3.17: a) UV-Vis electron absorption and photoluminescence spectra of chloroform 

fraction in chloroform and film of p(S-SO2EtC8/C10). b) Excitation spectrum in film using 

emission at 520 nm. 

 

3.2.7.2 Solvent polarity effect on absorption and PL spectra of 1-substituted p(S-R) 

Further studies were carried out because of the assumptions that this bathochromic shift was 

due to the polarity of the polymer. The UV and PL characterisation of p(S-R) in different 

solvent polarity (toluene (ε = 2.38), chloroform (ε = 4.81), chlorobenzene (ε = 5.62), and 

benzonitrile (ε = 25.20) were used to investigate this supposition. As shown in Figure 3.18 

there was almost no change in red shift with a change in solvent polarity. Small 
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bathochromic shifts were observed in both the UV (2–11 nm) and PL (4–11 nm) spectra 

whilst maintaining the same vibronic structure (Table 3.8). This could be due to the polarity 

of the excited state as it is more polar than the ground state. To conclude, it is difficult to 

say, from this experiment, whether the solid state bathochromic shifts of ~ 115 nm are due 

to the polarity of the polymers. 
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Figure 3.18: Solvent effects on UV-Vis absorption and PL spectra of 1-substituted 

dibenzothiophene-S,S-dioxide homopolymers p(S-R). The excitations for PL spectra (exc) 

are at the maxima of the absorption spectra. 

 

UV/PL measurements for p(S-OR) chlorobenzene fractions in different solvents was 

also carried out. Figure 3.19 b, c show a clear hypsochromic shift from green (in toluene) 

to blue (in benzonitrile) emission and actually these blue shifts are not due to the polarity of 

the solvents but only due to the solubility of the polymer chains. The chlorobenzene fraction 

polymers have higher molecular weights than the chloroform fractions and it seems that 

these polymers are more soluble in benzonitrile compared to toluene. Figure 3.19 c shows 

that the p(S-OEtC8/C10) polymer emits green light in toluene in the same region as the solid 

state, this may be due to nano aggregation because of poor solubility. Actually, this result is 

in agreement with what has previously been regarding the huge bathochromic shift from 

solution to solid state. 
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Figure 3.19: a), d) UV-Vis electron absorption b), e) photoluminescence spectra, of 

chlorobenzene fractions in different solvents of p(S-OEtC8/C10) and p(S-OEtC6/C8) 

homopolymers respectively. c) Emission of polymer p(S-OEtC8/C10) chlorobenzene 

fraction in Tol, CHCl3, and PhCN from left to right under UV-light irradiation (360 nm). 
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Table 3.9: CIE and ФPL
abs

 (%) spectral data for p(S-R) homopolymers in chlorobenzene 

solution and solid state. abs and PL for p(S-R) homopolymers in solid state. 

Polymer 
CIE (x, y) 

PhCl 

ФPL
abs

 

(%) PhCl 
abs 

(nm)a,b 

PL (nm), 

(exc) (nm)a,b,c 

CIE (x, y) 

film 

ФPL
abs 

(%) film 

p(S-SC12) 0.15, 0.16 47.1% 
358, 416, 

444sh 
532, (416) 0.28, 0.66 12% 

p(S-

SEtC8/C10) 
0.14, 0.17 51.1% 

356, 421, 

455sh 
523, (421) 0.25, 0.58 15% 

p(S-SO2C12) 0.15, 0.07 80.8% 396 562, (396) 0.45, 0.54 6.1% 

p(S-

SO2EtC8/C10) 
0.16, 0.08 58.8% 382, 398 

437,470, 533, 

(398) 
0.27, 0.44 12.4% 

a sh–Shoulders. b Bold numbers are the strongest absorption or emission peaks. c Excitation 

wavelengths used for PL measurements (exc) are given in italic in brackets. 

 

3.2.7.3 Thermal annealing studies of homopolymers 

Fortunately, it was thought that this large red shift in the solid state was caused by the 

packing and organisation of the monomer units within the polymer chains. To prove this, 

annealing studies were carried out at temperatures between 80 °C and 260 °C monitoring 

the change of their absorption and PL spectra (in film) with time intervals (heating 30 min). 

In these experiments, we were trying to keep the polymer film in a Teflon holder during all 

the measurements to avoid misinterpretation of the results to analyse the effect on the UV 

and PL spectra of p(S-SO2EtC8/C10), p(S-SEtC8/C10) and p(S-OEtC8/C10) in the solid 

state, see Figure 3.20 a-f, to observe at what temperature the homopolymers decomposed. 

It showed that these polymers were thermally stable up to 220 °C. The homopolymers were 

fluorescent until 220 °C, which indicates the decomposition of the polymer. The thermal 

annealing of p(S-SO2EtC8/C10), p(S-SEtC8/C10), and p(S-OEtC8/C10) films showed almost 

no change in their absorption spectra, see Figure 3.20 a, c, e.  

Figure 3.20 b shows the PL spectra of the p(S-SO2EtC8/C10) polymer after 

annealing at different temperatures, and it shows a broad unsymmetrical peak with a 

shoulder in the blue region at room temperature. The amplitude of the shoulder gradually 

decreases as the temperature is increased and the PL shoulders for p(S-SO2EtC8/C10) 

disappeared after 120 °C and the PL spectra showed red shifts of 533–556 nm, see Figure 

3.20 b. Actually, this study is quite interesting because it gives a key to explain the huge 

bathochromic shifts of the dibenzothiophene-S,S-dioxide homopolymers PL spectrum from 
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solution to the solid state. Therefore, at room temperature when the polymer chains are not 

packed and organized, there is some emission in the blue region (shoulder) and with an 

increase in the temperature due to the flexibility of the polymer chains, they become more 

ordered. At temperature of +160 °C the PL spectrum becomes narrow and featureless and is 

shifted to the green region. To conclude, it seems that these homopolymers emit in the blue 

region but in the solid state when all the polymer chains are packed together there is some 

loss of the energy due to a non-radiative process. This might be the reason for the 

disappearance of the shoulder in the spectrum shown in Figure 3.20 b with an increase in 

the temperature. 
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Figure 3.20: Effect of different temperatures on a) UV-Vis absorption b) PL spectra of 

p(S-SO2EtC8/C10), c) UV-Vis absorption d) PL spectra of p(S-SEtC8/C10), e) UV-Vis 

absorption f) PL spectra of p(S-OEtC8/C10) polymers. The excitations for PL spectra (exc) 

are at the maxima of the absorption spectra (max). Graphs (a,b) showing the normalised, 

and (c-f) showing the normal spectra in thin films. Annealing was carried out at range of 

80 – 260 °C. 

 

As the temperature increased there was a clear decrease in emission intensities, see 

Figure 3.20 d, f. The annealing studies of p(S-SEtC8/C10) and p(S-OEtC8/C10) showed 

small bathochromic shifts in the UV and PL spectra with broadening towards the green 

region in the PL spectrum, see Figure 3.20. This could be due to the polymer chains being 

reordered at a higher temperature. Part of the investigation was to look at why there was a 

decreased intensity of the PL spectra of p(S-SEtC8/C10) and p(S-OEtC8/C10) during 

annealing. Possible reasons for this were polymer decomposition or solid state quench 

emission. The PL spectra of the p(S-OEtC8/C10) film showed a gradual decrease in emission 

intensities as the duration increased, see Figure 3.20 f. The thermal annealing of p(S-

OEtC8/C10) showed almost no change in its absorption spectra, see Figure 3.20 e. At room 

temperature, the maximum of the PL spectra was at 538 nm, and as the temperature 

increased it got red shifted by 5 nm. However, after annealing and once the film was remade, 

the PL was blue shifted to 529 nm (Figure 3.21 b). The full methodology of film formation 

is shown in the experimental section. This is clear evidence that the polymer does not 

decompose but it is only solid state quench emission that is observed. 
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Figure 3.21: Annealing on UV-Vis absorption (a) and photoluminescence spectra (b) of 

p(S-OEtC8/C10) polymers. The excitations for PL spectra (exc) are at the maximum of the 

absorption spectra (max). Graphs showing the normalised spectra in thin films. Annealing 

was carried out at 200 °C. 

 

A comparison of the p(S-OEtC8/C10) homopolymer in solution before and after 

annealing was carried out at room temperature (see Figure 3.22). Both UV and PL show the 

same spectra structure before and after annealing. This is further evidence about the stability 

of these polymers. Experiment carried out by measuring the homopolymer under room 

temperature, followed by sample being put in the oven at 200 °C and then measured again 

when it is cooled down. 
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Figure 3.22: a) Annealing on UV-Vis absorption and b) PL spectra of p(S-OEtC8/C10) 

polymers. The excitations for PL spectra (exc) are at the maximum of the absorption 

spectra (max). Graphs showing the actual measurements in chloroform solutions.  
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3.2.8 Photoluminescence quantum yields (PLQY) of p(S-R) homopolymers 

The acetone, chloroform, and chlorobenzene fractions of p(S-R), show bright blue emission 

in solution and green light in the solid state as demonstrated in previous sections. Estimating 

their photoluminescence quantum yields (PLQY, ФPL) in solution by an absolute method in 

chlorobenzene by using an integrated sphere and all polymer fractions demonstrate very 

high PLQY values of ФPL
abs ~ 68–99% (Table 3.6) comparable to the values reported in the 

literature for other polyfluorenes.42,43 Solid state PLQY has been measured for spin coated 

films on a quartz substrate (from chloroform solution) for all fractions by an absolute method 

using an integrating sphere. The values are expectedly lower (as is usual for solid state 

PLQY compared to the solution) but still reasonably high, 5–30% see Table 3.7, 3.9. 

Acetone fractions gave the lowest PLQY between 5-12% but chloroform and chlorobenzene 

fractions demonstrate higher values 15-30% (values of 25–40% are reported in the literature 

for many 9,9-disubstituted polyfluorenes).42,43  
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3.3 Conclusion  

The first soluble dibenzothiophene-S,S-dioxide homopolymers with various electron-

donating and electron-withdrawing alkyl groups have been successfully synthesised by 

using a Ni-mediated coupling polymerisation method. Extractions of the homopolymers 

display part solubility in chloroform with average yields of ~25%. They showed excellent 

thermal stabilities (Td = 380–388 °C). Cyclic voltammetry studies of polymer films showed 

that they can be electrochemically oxidised and reduced (p-doped and n-doped) and from 

their redox potential onsets, the HOMO and LUMO energies of these polymers have been 

estimated (HOMO = –6.31 to –5.98 eV, LUMO = –3.86 to –3.47 eV). DFT calculations at 

the B3LYP/6-31G(d) level of theory have been performed for model 1-substituted 

polydibenzothiophene-S,S-dioxide (from 1 to 20 repeating dibenzothiophene-S,S-dioxide 

units). The HOMO and LUMO energy levels derived for 1-substituted 

polydibenzothiophene-S,S-dioxide, fit well with the CV data showing the pronounced effect 

of the substitution at the 1- position  on the frontier orbital energies of 

polydibenzothiophene-S,S-dioxide. 

These novel homopolymers are highly fluorescent, displaying clear blue-light 

emission with absorption and emission studies in chlorobenzene solutions (abs = 380–420 

nm, PL = 425–435 nm). Solid-state emission of these homopolymers exhibits a shift to a 

highly fluorescent greenish-yellow colour. A variety of experiments were carried out to see 

why there was such a big red shift between the solution and solid state. The initial thoughts 

were that it was due to the polarity effect but upon further analysis it became apparent that 

it was the result of a vibronic effect only. Annealing experiments were carried out to 

investigate whether the results of the experiment were due to the reorganisation of the 

polymer chain. The experiment showed that it is thermally stable and that it does in fact red 

shift with an increase in temperature. 

Finally, as we only managed to obtain ~25% chloroform soluble polymer material, 

there is still potential to further investigate and improve the solubility of these 1-substituted 

dibenzothiophene-S,S-dioxide homopolymers, perhaps by incorporating longer branched 

alkyl chains, which could lead to the use of these electron deficient polymers as major 

building blocks in conjugated polymer materials. 

 



169 

 

 

3.4 Experimental Section 

 

3.4.1 Chemicals and instruments 

All the solvents and commercial chemicals, which were used without further purifications, 

were supplied from Aldrich, Fisher, Acros, AlfaAesar, and Apollo Scientific chemical 

companies. Dry solvents for water-sensitive reactions or measurements were either 

commercially dry solvents or were been dried in a still (reflux over Na for THF and toluene). 

Details on 1H NMR measurements are the same as mentioned in Chapter 2. 

 

3.4.2 GPC measurements 

The polymers weight average molecular weights (Mw), number average molecular weights 

(Mn) and polydispersity indices (PDI) were measured on a Varian PL-GPC 50 plus gel 

permeation chromatograph (GPC) at room temperature in THF solution with calibration of 

the column by polystyrene standards. In a typical procedure, the polymer sample in THF (3 

mg/mL) was stirred for 24 hrs until full dissolution, filtered through a 0.2 μm membrane 

filter and used for GPC analysis. 

 

3.4.3 Thermogravimetry analysis (TGA) 

The thermal stabilities of polymers (5–7 mg samples) were measured by thermogravimetric 

analysis (TGA). When measuring the TGA on TA-SDT-Q600 instrument, the solid polymer 

was used. A small crucible was filled with ~5 mg of the solid polymer and was heated at 10 

ºC/min from ambient temperature to 800 ºC. The decomposition temperatures (Td) of the 

samples were estimated at the level of 5% mass loss. 

 

3.4.4 Computational procedures 

DFT computations of the geometries of studied 1-substituted poly (dibenzothiophene-S,S-

dioxide) were carried out with the Gaussian 09 package44 of programs using Pople's 6-31G 

split valence basis set supplemented by d-polarization functions and diffusion functions for 

the heavy atoms. Becke's three parameter hybrid exchange functional45,46 with the Lee–
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Yang–Parr gradient-corrected correlation functional (B3LYP)47 were employed. The 

restricted Hartree-Fock formalism was used and calculations were performed for the isolated 

molecules in the gas phase. No constraints of bonds/angles/dihedral angles were applied in 

the calculations and all the atoms were free to optimise. Generally, for decreasing the time 

of calculations, the first optimisation was performed for the longest oligomers (n = 16–20), 

then shorter oligomer structures have been generated by removal of one to “n–1” 

dibenzothiophene-S,S-dioxide moieties and obtained structures have been used as input 

<*.gjf> files for the re-optimisation. Thus, the geometries of all oligomers were optimised 

at the B3LYP/6-31G(d) level of theory and the electronic structures were calculated at the 

same level of theory for the estimation of frontier orbital energies (HOMO and LUMO). The 

treatment of the calculated data and plotting the graphs of energies versus the size of the 

molecules were done with Origin Pro7.0 software. 

 

3.4.5 Cyclic voltammetry 

The cyclic voltammetry experiments of the polymer films were taken using a Metrohm 

Autolab PGSTAT-302N potentiostat/galvanostat. The measurements have been done on 

three electrodes in spectroscopic grade acetonitrile (dry acetonitrile for CV reduction 

measurements) with a supporting electrolyte of 0.1 M Bu4NPF6 and a reference electrode of 

Ag/Ag+ (0.01 M AgNO3 with 0.1 M Bu4NPF6 in dry acetonitrile). A polymer thin film was 

formed on the end of the glassy carbon working electrode (d = 2 mm). A solution was made 

up of 5 mg/mL for each of the polymers. The polymer solution was applied dropwise and 

then dried in vacuo to evaporate any and all solvent left in order to form a solid film. The 

measurements were done at ambient temperature under an argon atmosphere using a scan 

rate of 100 mV/s. A background was taken initially and then the polymer was measured 

along with ferrocene as a control for all of the measurements. The potentials measured 

versus Ag/Ag+ were then calibrated against ferrocene/ferrocenium redox couple (Fc/Fc+) 

as an internal standard, and recalculated to Fc/Fc+ scale. 

 

3.4.6 Electron absorption and photoluminescence spectra measurements 

UV-Vis electron absorption spectra were recorded on a Shimadzu UV-3600 

spectrophotometer in 10 mm quartz cells in different solvents at ambient temperature. For 
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measurements of UV-Vis spectra the concentrations were prepared to give an absorbance in 

the range of ~0.6–1.0 a.u. 

Photoluminescence spectra were recorded on a Horiba Jobin Yvon Fluoromax-4 

spectrofluorimeter. Solution measurements for PL were performed in fluorescence 10 mm 

path length quartz cells in chlorobenzene or chloroform. The samples were excited at their 

longest wavelength absorption maxima (λmax) or 10–20 nm below those values. Typical 

concentrations of solutions for PL measurements were ~0.05–0.1 a.u. 

Data analysis and graphical representations of the results of spectral measurements were 

performed using Origin Pro 7.0 or 8.5 softwares. 

 

3.4.7 Spin-coating of polymer films for UV-Vis and PL studies 

Programmed spin coater Laurell Technologies model WS-650Mz-23NPP/LITE was used 

for polymer thin films preparation (in air). Thin polymer films were prepared by spin-coating 

from chloroform solutions. The concentrations of ca. 1.0 mg/mL were for the absorption 

spectra measurements to have optical densities of the samples of ~0.2–0.6 a.u. The same 

films were used to measure the PL. Thin films were prepared from these solutions by 

dropping their solutions on d = 12.5 or 25 mm quartz ring windows placed on the spin-coater 

and rotating at 3000 rpm for 30 seconds. After that, the polymer films were dried in vacuo 

(~20–50 μbar) for 0.5–2 h before the measurements. 

 

3.4.8 Photoluminescence quantum yields (PLQY) measurements 

Measurements of absolute PLQY values in the solution and solid state were done using an 

integrating sphere Horiba F-3018 on Horiba Jobin Yvon Fluromax-4 spectrofluorimeter. For 

solution measurements, the concentrations were verified between OD ~ 0.02-0.1 a.u. while 

for solid state, the film thickness for these measurements was varied to have OD ~ 0.2–0.6 

a.u. The integrated sphere was tested by measuring the PLQY for standard compounds such 

as 9,10-diphenylanthracene (DPA) (PLQY = 90%), and anthracene (PLQY = 27%).48,49 The 

λmax from the UV measurement was used for the excitation value during the experiment. An 

empty/blank cell was used for the reference in all measurements. Values given were in a 

specific range for each fraction. 

 



172 

 

 

3.4.9 Thermal annealing experiments 

Homopolymers p(S-OEtC8/C10), p(S-SEtC8/C10) and p(S-SO2EtC8/C10) films were made 

by spin coating from the chloroform solution. The film has been prepared by dropping the 

solution on d = 12.5 or 25 mm quartz ring windows in a spin coater and rotating it for 3000 

rpm for 30 seconds. The films were then placed in a preheated oven at 80, 100, 120, 140, 

160, 180, 190, 200, 220, 240, 260 °C at 30 minute intervals. During the intervals, they were 

measured by UV-Vis and PL characterisation to track the absorbance and emission of light. 

The film was kept in a Teflon holder during all the measurements to decrease the percentage 

of error. 

 

3.4.10 Synthesis 

Parallel synthesis of poly(1-R-dibenzothiophene-S,S-dioxides) p(S-R) on Radleys 

Carousel Reaction Station 12+ 

 

 

 

p(S-OC12), p(S-OC8Me2), p(S-OEtC6/C8), p(S-OEtC8/C10), p(S-OMeC8/C8), p(S-SC12), 

p(S-SEtC8/C10), p(S-SO2C12), p(S-SO2EtC8/C10) homopolymers were produced on the 

same scale. Under an argon atmosphere, 8 reactions of bis(1,5-cyclooctadiene)nickel(0), 
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Ni(COD)2 (550 mg, 2.00 mmol), 1,5-cyclooctadiene (216 mg, 2.00 mmol), and 2,2’-

bipyridyl (312 mg, 2.00 mmol) in dry DMF (4.0 mL) were stirred at 85 °C for 1 hour to 

form a dark violet coloured solution. To this solution the dibromo monomer (0.558 g, 0.530 

g, 0.614 g, 0.671 g, 0.629 g, 0.574 g, 0.606, 0.719 g, 1 mmol) in dry toluene (10 mL) was 

added slowly and the mixture was stirred at 85 °C for 98 hours. Then bromobenzene (3 

drops) was added as an end capper and the mixture was stirred for an additional 18 hours.  

The solvent was evaporated, and the residue was dissolved in a minimal amount of 

chloroform and transferred dropwise into a solution of acetone:methanol:HCl conc. 1:1:1 

(150 mL) to form a precipitate. The precipitate was then filtered off washed with a minimal 

amount of water and methanol and was then dried under vacuum. The solid was extracted 

using soxhlet extraction in methanol for 24 h. The methanol was then removed and replaced 

with acetone and left to extract for 24 h and the process was then repeated using chloroform, 

then chlorobenzene. Each polymer fraction was collected separately after solvent 

evaporation. When the extractions were finished, there was still some solid insoluble 

material left in the extraction thimble. 

p(S-SEtC8/C10), was produced by the same method using bis(1,5-

cyclooctadiene)nickel(0) Ni(COD)2 (0.825 g, 3mmol), 5-cyclooctadiene (0.325 g, 3 mmol), 

2,2’-bipyridyl (0.469 g, 3 mmol), dry DMF (6 mL), dibromo monomer (1.030 g, 1.5 mmol) 

and dry toluene (18 mL). 

 

Table 3.9 The results of extractions 

Homopolymer Acetone 

fractiona 
Chloroform 

fractiona 
Chlorobenzene 

fractiona 
Insoluble 

fraction 

p(S-OC12) 51 mg 

(12.8%) 
113 mg 

(28.3%) 

32 mg (8.0%) 120 mg, 

(30.0%) 

p(S-OC8Me2) 90 mg 

(24.3%) 
74 mg, 

(19.9%) 

6 mg (1.6%) 117 mg 

(31.5%) 

p(S-OEtC6/C8) 206 mg ( 

45.3%) 
95 mg 

(20.9%) 

6 mg (0.6%) 76 mg 

(17.0%) 

p(S-OEtC8/C10) 142 mg 

(27.8%) 
127 mg 

(24.9%) 

4 mg (0.8%) 173 mg 

(33.9%) 

p(S-OMeC8/C8) 70 mg, 15 % 145 mg, 

(30.9%) 

3 mg (0.6%) 0 

p(S-SC12) 115 mg (28%) 60 mg 

(14.4%) 

3 mg (0.7%) 85 (20%) 

p(S-SEtC8/C10) 49 mg (6%) 413 mg (52%) 5 mg (0.6%) 202 mg (25%) 

p(S-SO2C12) 30 mg (6.7%) 45 mg 

(10.1%) 

17 mg (3.8%) 320 mg (71%) 
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p(S-

SO2EtC8/C10) 

30 mg, (5.4%) 159 mg, 

(28.4%) 

13 mg (2.3%) 343 mg 

(61.4%) 
aExtraction time was ~ 24 h. 
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CHAPTER 4 

Synthesis and Characterisation of 9,9-

Dioctylfluorene / 1-Functionalised 

Dibenzothiophene-S,S-dioxide Co-polymers 

            

4.1 Introduction 

 Polyfluorenes (PF) are a group of molecules that have emerged as a leading 

electroluminescent material to be used as part of an OLED device (Figure 4.1). These 

molecules express a bright blue emission, have a high hole mobility and have easily tuneable 

properties through chemical modification and co-polymerisation.1,2 Dibenzothiophene-S,S-

dioxide (S) is an alternative conjugated building block (see Figure 4.1) for 

electroluminescent and other organic electronics applications. The addition of the electron 

accepting SO2 group to the rings decreases the LUMO energy level, improving the electron 

transport properties of the material, increasing the conversion efficiency compared to a 

fluorene unit.3  

 

 

Figure 4.1: Examples of semiconducting polymers (PF) and dibenzothiophene-S,S-

dioxide (S) structure.  

 

4.1.1 Intramolecular charge transfer 

In both the fields of photochemistry and biochemistry, the Intramolecular charge transfer 

(ICT) process is well studied,4 especially for organic π-conjugated molecules, which contain 

a donor (D) and an acceptor (A) unit or group. When such types of molecules are excited by 
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photoexcitation, the charge transfer happens from the donor (D) unit to the acceptor (A) unit. 

The ICT process is more efficient when the D and A moieties are linked by a π-conjugated 

bridge. The geometry and the electronic configuration of both the ground and the excited 

states could be affected by the ICT, for example, some of the molecules become emissive in 

the excited ICT state. One of the famous examples is N,N-dimethylaminobenzonitrile 

(DMABN, see Figure 4.2) when Lippert et al. demonstrated the dual emission from the 

local excited state (LE) and the ICT state of the DMABN.5 A number of other emissive 

(donor-acceptor) molecules were investigated to explain the mechanism of ICT emission for 

example 4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran (DCMP) 

which was also widely studied (see Figure 4.2).6 

Perepichka and Bryce et al. published a paper in 2008, which described the synthesis 

and properties of statistic (random) 9,9-dioctylfluorene/dibenzothiophene-S,S-dioxide co-

polymers p(F/S)-y incorporating different amounts of dibenzothiophene-S,S-dioxide units 

into the main polymer chain (2, 5, 15, and 30%) as shown in Figure 4.2.7 It was 

demonstrated that the p(F/S)-y co-polymers show broadened photo- and 

electroluminescence spectra due to dual emission from the local excited state (LE) and the 

intramolecular charge transfer state (ICT) throughout the visible spectrum from a blue colour 

to the green region and emitted greenish-white light (see Chapter 1, Figure 1.23), and as 

such can be used as materials for white-light emission OLEDs (WPLEDs).8  
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Figure 4.2: Examples of intramolecular charge transfer (ICT) molecule structures 

DMABN, DCMP and p(F/S)-y co-polymers. 

 

4.1.2 Aims of the chapter 

The aim of the work in this chapter is the development of novel light-emitting co-polymers 

incorporating 1-substituted dibenzothiophene-S,S-dioxide moieties. The goal of this task is 

to achieve efficient tuning of the electronic and optical properties of the co-polymers by 

electronic effects from electron donating groups (EDG) or electron withdrawing groups 

(EWG) at the 1- position. It has already been shown that p(F/S)-y co-polymers (Figure 4.2) 

are efficient electroluminescent materials showing broad photo/electroluminescence spectra 

due to a combination of LE/ICT emission (see Chapter 1, Figure 1.23) with a change in 

colour of their emission from blue to greenish-white with an increase in the proportion of 

dibenzothiophene-S,S-dioxide units incorporated into the co-polymer.8 An increase of 

electron accepting strength of the dibenzothiophene-S,S-dioxide moiety by functionalisation 

with EDG/EWG groups (e.g. OMe, SO2Me, CN, SMe, F, NO2) at the 1- position (see 

Scheme 4.1) should increase the donor-acceptor interactions in the main chain and change 

the colour of the emission from the materials and change the electronic properties of the 

materials. Thus, the aims from this chapter are to investigate how changing the functional 

group from an EDG to an EWG and changing the ratio between the F and S units within the 

co-polymer chains can affect the optical and electronic properties of these materials. 
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After elaboration of synthetic methods to obtain a range of monomers, they can also 

be used for developing other classes of co-polymers with other (not only fluorene) 

conjugated building blocks. 

 

 

Scheme 4.1: General scheme describing the synthesis of co-polymers p(F/S-R)-y. 
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4.2 Results and Discussion 

4.2.1 Synthesis of random (9,9-dioctylfluorene)-(1-substituted-dibenzothiophene-S,S-

dioxide) p(F/S-R)-y co-polymers 

The synthesis of random (9,9-dioctylfluorene)-(1-substitued-dibenzothiophene-S,S-dioxide) 

co-polymers p(F/S-R)-y was carried out using a Pd catalysed Suzuki coupling reaction as 

shown in Scheme 4.2. The procedure followed is the same as the one reported by Dias et 

al.7 The 1-R-3,7-dibromodibenzothionphene-S,S-dioxide monomers were synthesised as 

shown in Chapter 2. The polymerisation was performed using a Suzuki coupling of 

dibromides Br2F and Br2S-R in the presence of diboronic ester 4.1 with the molar ratio of 

0.50 (total for Br2F and Br2S-R ) : 0.50 (4.1) (Scheme 4.2). The synthesis was performed 

in a toluene/dioxane/2 M aqueous K2CO3 mixture with aliquat 336 as a phase transfer 

reagent and Pd(Ph3P)4 as catalyst under reflux for 72 h. The polymer was then end-capped 

with a phenyl group. 

 

 

Scheme 4.2: The reaction scheme for the synthesis of p(F/S-R)-y co-polymers. 

 

After precipitation into MeOH:H2O:HCl, the crude dark green polymer was 

extracted in a Soxhlet apparatus with methanol to remove any monomers and other by-

products then acetone to remove low-molecular weight oligomers. Extraction with 
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chloroform was then carried out to collect the p(F/S-R)-y co-polymers. Co-polymers p(F/S-

OMe)-y were soluble in chloroform, as were the p(F/S-SO2Me)-1 to p(F/S-SO2Me)-40 co-

polymers, however the p(F/S-SO2Me)-50 co-polymer was extracted twice in chloroform; 

the first extraction was carried out for 6 hours and as all the polymer was not extracted it 

was extracted again for a longer time, 24 hours. In the case of the p(F/S-CN)-1 to p(F/S-

CN)-30 co-polymers, they were soluble in chloroform, however the p(F/S-CN)-40 and 

p(F/S-CN)-50 co-polymers again needed to be extracted twice with chloroform. Despite 

carrying out two extractions, there was about 46% of insoluble material still remaining in 

the extraction thimble for p(F/S-CN)-50. These experiments were carried out to study the 

effect of functionalisation, with different EDG/EWG at position 1 of the S unit, and the use 

of a different ratio of the F and S monomers, on the dual emission from LE/ICT and the 

electronic properties of the materials. From the above experiments it was found that the 

p(F/S-R)-20 polymers had the highest ICT among the others as will be described in detail 

in Section 4.2.6. Therefore, it was decided to synthesise a range of other co-polymers using 

a 20% ratio of the S-R monomers containing different functional groups (SMe, F, NO2). 

For p(F/S-NO2)-20, although it was still soluble in chloroform, it needed to be extracted 

twice. Nevertheless, there was about 63% of insoluble material remaining in an extraction 

thimble.  

 

4.2.2 Characterisation of random (9,9-dioctylfluorene)-(1-substituted-

dibenzothiophene-S,S-dioxide) p(F/S-R)-y co-polymers by 1H NMR spectroscopy 

The synthesised co-polymers p(F/S-R)-y were characterised by 1H NMR spectroscopy. 1H 

NMR spectroscopy gives limited information about the polymer structure relative to the 

smaller monomer molecules, because of the slightly non-equivalent protons in the polymer 

building blocks so the peaks appear broader. Therefore, the polymer spectra were compared 

to those of the corresponding monomers in order to look for similar patterns of peaks to be 

sure that the structure of the co-polymer matched with what was expected. Interestingly, the 

NMR spectra were also useful to calculate the ratio between the F and S-R units in the co-

polymer backbone. The result showed the complete assignment of observed signals to the 

corresponding protons as shown in Figure 4.3 a, which shows the 1H NMR spectra of the 

monomer Br2S-OMe and the corresponding polymer p(F/S-OMe)-30. When comparing the 

monomer Br2S-OMe with the polymer p(F/S-OMe)-30, a relatable pattern of proton signals 
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was found. In the aromatic region, protons were shifted downfield with the largest shift being 

observed for the H-9 proton (8.40 ppm) whilst the others were shifted by 0.20–0.23 ppm.  

Another example, Figure 4.3 b shows the 1H NMR spectra for the (Br2S-SO2Me) 

monomer and the corresponding co-polymer p(F/S-SO2Me)-30, with complete assignments 

of the observed signals in the aromatic region. The percentages of the F to S-R moieties in 

the co-polymer were calculated using the integrated value of the last peak H-9 for the co-

polymer, because it does not overlap with any other signals, by using the general formula 

(1). The 1H NMR spectra for all the other polymers can be seen in Appendix 6.8. 

 

𝑦 =  
integrated value

1+integrated value
∙ 100%                                             (1) 
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Figure 4.3: Expanded view of the aromatic region of the 1H NMR spectra of a) the  

Br2S-OMe monomer (bottom) and the p(F/S-OMe)-30 co-polymer (top); and b) the Br2S-

SO2Me monomer (bottom) and the p(F/S-SO2Me)-30 co-polymer (top), with signal 

assignments. 

 

4.2.3 Characterisation of (9,9-dioctylfluorene)-(1-substituted-dibenzothiophene-S,S-

dioxide) p(F/S-R)-y co-polymers by GPC method 

Molecular weights of the synthesised co-polymers p(F/S-R)-y have been estimated by gel 

permeation chromatography (GPC) in THF solutions with the column calibrated versus 

polystyrene standards, estimating their weight average molecular weight (Mw), number 

average molecular weight (Mn) and polydispersity index PDI = Mw/Mn. An example of a 

GPC trace is shown in Figure 4.4 for the p(F/S-SO2Me)-50 co-polymer. The GPC traces 

for all the other polymers can be seen in Appendix 6.8. 
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Figure 4.4: GPC trace for the p(F/S-SO2Me)-50 co-polymer in THF. 

 

All the synthesised p(F/S-SO2Me)-y co-polymers showed high molecular weights 

(Mw = 10,869 – 76,642 Da; Mn = 7,158 – 35,352 Da; PDI = 1.08 – 2.86), from which the 

average chain length can be estimated as n = 19 – 104. For the p(F/S-OMe)-y, p(F/S-CN)-

y, p(F/S-F)-20, p(F/S-SMe)-20, and p(F/S-NO2)-20 co-polymers, the molecular weights 

were somewhat lower (Mw = 9,656 – 45,962 Da; Mn = 5,320 – 22,008 Da), but still quite 

high, with a narrower polydispersity PDI = 1.39 – 2.25. Estimations from their molecular 

weights give average lengths of the polymer chains of n = 17 – 58. Thus, in all the cases, the 

molecular weight is substantially higher than the conjugation length in polyfluorenes 

(estimated in the literature as n = 11 – 12).9 
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Table 4.1: GPC data for p(F/S-R)-y co-polymers. 

Co-polymer Mw,
a (Da) Mn,

b (Da) PDIc 

p(F/S-OMe)-5 9656 5320 1.82 

p(F/S-OMe)-10 11920 7613 1.57 

p(F/S-OMe)-20 11526 7168 1.61 

p(F/S-OMe)-30 15679 10372 1.51 

p(F/S-OMe)-50 14397 10323 1.39 

p(F/S-SO2Me)-1 10869 7158 1.52 

p(F/S-SO2Me)-5 62186 24592 2.53 

p(F/S-SO2Me)-10 71780 25095 2.86 

p(F/S-SO2Me)-15 50058 21391 2.34 

p(F/S-SO2Me)-20 59327 24185 2.45 

p(F/S-SO2Me)-30 76642 26871 2.85 

p(F/S-SO2Me)-40 64938 27298 2.38 

p(F/S-SO2Me)-50 38315 35352 1.08 

p(F/S-CN)-1 9786 6633 1.48 

p(F/S-CN)-5 45962 22008 2.09 

p(F/S-CN)-10 33598 15319 2.19 

p(F/S-CN)-15 22198 12407 1.79 

p(F/S-CN)-20 25100 13280 1.89 

p(F/S-CN)-30 25799 13519 1.91 

p(F/S-CN)-40 28090 16325 1.72 

p(F/S-CN)-50 20814 12536 1.66 

p(F/S-F)-20 37507 16682 2.25 

p(F/S-SMe)-20 25662 13614 1.88 

p(F/S-NO2)-20 18777 10431 1.80 

a Mw is weight average molecular weight. b Mn is number average molecular weights, c 

Polydispersity index, PDI = Mw/Mn. 
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4.2.4 Thermal analyses of (9,9-dioctylfluorene)-(1-substituted-dibenzothiophene-S,S-

dioxide) p(F/S-R)-y co-polymers by TGA method 

The thermal stabilities of the p(F/S-R)-y co-polymers have been studied by 

thermogravimetric analysis (TGA). Estimating their thermal decomposition in a nitrogen 

atmosphere at a level of 5% mass loss with a heating rate of 10 °C/min. All the co-polymers 

showed good stability, with decomposition temperatures of Td = 377–423 °C (Figure 4.5, 

Table 4.2), typical for polyfluorenes (e.g. for PF8 it was reported as Td = 385 °C).10 From 

the TGA data in the region of ~380–500 °C with ca 55–65% mass loss, it seems that major 

mass losses on decomposition are due to cleavage of alkyl groups from both the fluorene 

and dibenzothiophene-S,S-dioxide units in the p(F/S-R)-y co-polymers. While in the region 

of ~500–800 °C, it seems that decomposition of the aromatic system of the p(F/S-R)-y co-

polymers occurs. 

 

Table 4.2: TGA data for the p(F/S-R)-y co-polymers. 

Polymer Td,
a (°C) Polymer Td,

a (°C) 

p(F/S-OMe)-5 417 p(F/S-CN)-1 392 

p(F/S-OMe)-10 417 p(F/S-CN)-20 412 

p(F/S-OMe)-20 421 p(F/S-CN)-30 388 

p(F/S-OMe)-50 423 p(F/S-CN)-40 382 

p(F/S-SO2Me)-1 395 p(F/S-F)-20 415 

p(F/S-SO2Me)-20 397 p(F/S-SMe)-20 418 

p(F/S-SO2Me)-40 384 p(F/S-NO2)-20 397 

p(F/S-SO2Me)-50 377   

a Td is the decomposition temperature measured at 5% weight loss under N2. 
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Figure 4.5: Thermogravimetric analysis (TGA) curves of a) p(F/S-OMe)-y, b) p(F/S-

SO2Me)-y, c) p(F/S-CN)-1, and d) p(F/S-R)-20 co-polymers under a nitrogen atmosphere 

at a heating rate of 10 °C/min. 

 

4.2.5 Electrochemical studies of (9,9-dioctylfluorene)/(1-substituted-dibenzothiophene-

S,S-dioxide) p(F/S-R)-y co-polymers 

The electrochemical behaviour of the p(F/S-R)-y co-polymers has been studied by cyclic 

voltammetry (CV) in films drop-cast from chloroform solution onto glassy carbon 

electrodes. Measurements were carried out in acetonitrile with 0.1 M Bu4NPF6 as the 

supporting electrolyte at a scan rate of 100 mV/s. The results of the CV experiments are 

shown in Figure 4.6 a-h, demonstrating that all polymers are electroactive and undergo 

oxidation (p-doping) with onsets in the region of +(0.96 – 1.33) V and reduction (n-doping) 

with onsets in the region of – (1.10–2.32) V as shown in Table 4.3. From these CV 

measurements, the HOMO/LUMO energy levels of the p(F/S-SO2Me)-y co-polymers have 

been estimated using the general formulae (2, 3), where 4.8 eV is an estimation of the 

potential of Fc/Fc+ couple versus vacuum.11  
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EHOMO = –e(Eox
onset + 4.8) ev                                                        (2) 

ELUMO = –e(Ered
onset + 4.8) ev                                                        (3) 

Eg = ELUMO – EHOMO,                                                                    (4) 

Onsets of redox potentials (Eox
onset and Ered

onset), together with frontier orbital 

energies (HOMO and LUMO) and electrochemical band gaps (Eg
CV) are collated in Table 

4.3. The results of the CV experiments show that the HOMO/LUMO energy levels of p(F/S-

R)-y co-polymers can be efficiently tuned by changing the ratio of S-R units in the 

polyfluorene backbone. Thus, from the p(F/S-SO2Me)-1 co-polymers to the p(F/S-

SO2Me)-50 co-polymers, HOMO and LUMO energy levels can be tuned by 0.26 eV and 

1.16 eV, respectively. The results also proved that the HOMO/LUMO energy levels can be 

efficiently tuned by changing the functional group at the 1- position of the 

dibenzothiophene-S,S-dioxide ring. Thus for the p(F/S-R)-20 co-polymer series, from the 

strongest EDG (R = OMe) to the strongest EWG (R = CN, SO2Me), HOMO and LUMO 

energy levels can be tuned by 0.29 eV and 0.12 eV, respectively. 

The aim of measuring the CV for those polymers is to study how they react to an 

applied potential, as they are intended to be part of electronic components. By calculating 

Eg
CV, the difference between the HOMO and LUMO energy levels, the approximate energy 

needed to excite the polymer can be calculated; the smaller the difference between those 

energies, the less energy that is needed for the compound to reach an excited state. Another 

important conclusion from the CV measurements is that the effect of substituents on the 

band gap of the polymers, Eg
CV, is strong. Polyfluorene is among the highest band gap 

polymers in the series and the introduction of 1-substituted-dibenzothiophene-S,S-dioxide 

units (either EDG or EWG) generally results in band gap contraction as shown in Table 4.3. 

Figure 4.6 demonstrates the effect of the incorporation of S-R units into the 

polyfluorene backbone on the electrochemical behaviour of the co-polymers even at a low 

ratio of this unit. For example, the p(F/S-SO2Me)-1 co-polymer can be reversibly p- and n-

doped in cyclic voltammetry (CV) experiments. The oxidation potential is almost the same 

with respect to the polyfluorene PF8 homopolymer and the reduction potential is shifted 

positively, by 0.32 V, with respect to the PF8 homopolymer. It is obvious from Table 4.3 

that increasing the ratio of S-R moieties in the co-polymer backbone cause a positive shift 

in both the oxidation and reduction potentials of the p(F/S-R)-y co-polymers compared with 
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the PF8 homopolymer with a more pronounced shift in the reduction wave compared to the 

oxidation wave.  

The p(F/S-SO2Me)-30 co-polymer oxidation and reduction potentials are shifted 

positively with respect to the PF8 homopolymer, with a more pronounced shift in the 

reduction wave compared to the oxidation wave (by onsets: 1.16 V and 0.11 V, respectively). 

Moreover in comparison with the unsubstituted p(F/S)-30 co-polymer8 see Table 4.3, the 

oxidation potential is almost unchanged but there is a clear positive shift in the reduction 

potential by 0.65 V. The enhanced electron acceptor properties and easier reduction of 

p(F/S-SO2Me)-30 are shown in a positive shift in its reduction potential (by 1.16 V 

compared to PF8), thus better electron injection and electron transport properties are 

expected for this co-polymer. 

Table 4.3 also presents optical band gaps, Eg
opt, estimated from the red edge of the 

absorption spectra of the studied co-polymers. These values are lower than the 

electrochemical band gaps (Eg
CV) estimated from CV experiments for the p(F/S-R)-1 co-

polymers and higher for the other co-polymers. It is not surprising as optical and 

electrochemical energy gaps belong to different physical processes, and such differences are 

well documented in the literature.12 
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Figure 4.6: Cyclic voltammetry of p(F/S-R)-y polymer films on a glassy carbon electrode 

in 0.1 M of Bu4NPF6 / CH3CN, scan rate 100 mV/s. For convenience, CV data are 

presented with normalisation to the current maximum of an oxidation / reduction 

processes. 
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Table 4.3: Electrochemical study of p(F/S-SO2Me)-y co-polymers 

Polymer 
Eg

opt, a 

(eV) 

Eox
onset, 

b (V) 

Ered
onset, 

b (V) 

HOMOc 

(eV) 

LUMOc 

(eV) 

Eg
CV, d 

(eV) 

PF813 - 0.97e -2.64e -5.77 -2.16 3.61 

p(F/S)-308 2.77 1.10 -1.81 -5.90 -2.99 2.91 

p(F/S-OMe)-5 2.81 1.02 -1.33 -5.82 -3.46 2.36 

p(F/S-OMe)-20 2.76 1.31 -1.29 -6.11 -3.51 2.60 

p(F/S-OMe)-50 2.73 1.33 -1.25 -6.13 -3.55 2.58 

p(F/S-SO2Me)-1 2.92 0.96 -2.32 -5.76 -2.49 3.27 

p(F/S-SO2Me)-10 2.67 1.03 -1.18 -5.83 -3.63 2.21 

p(F/S-SO2Me)-20 2.64 1.02 -1.21 -5.82 -3.59 2.23 

p(F/S-SO2Me)-30 2.60 1.08 -1.16 -5.88 -3.64 2.24 

p(F/S-SO2Me)-50 2.63 1.22 -1.15 -6.02 -3.65 2.37 

p(F/S-CN)-1 2.92 0.96 -2.31 -5.76 -2.49 3.27 

p(F/S-CN)-5 2.75 0.99 -1.39 -5.79 -3.41 2.38 

p(F/S-CN)-20 2.61 1.06 -1.17 -5.86 -3.63 2.23 

p(F/S-CN)-30 2.67 1.15 -1.19 -5.95 -3.61 2.34 

p(F/S-CN)-50 2.61 1.19 -1.17 -6.02 -3.63 2.39 

p(F/S-NO2)-20 2.58 1.07 -1.10 -5.87 -3.70 2.17 

p(F/S-F)-20 2.71 1.21 -1.15 -6.01 -3.65 2.36 

p(F/S-SMe)-20 2.73 1.19 -1.22 -5.99 -3.58 2.41 

a Eg
opt are optical band gaps estimated from the red edge of UV–Vis spectra of polymer 

films. b Eox
onset and Ered

onset are the onset potentials of oxidation and reduction of polymer 

films measured versus Fc/Fc+ couple. c EHOMO and ELUMO energies calculated from 

empirical formulas (1) and (2): EHOMO (eV) = –e(Eox
onset + 4.8) and ELUMO = –e(Ered

onset + 

4.8). d Electrochemical band gap Eg
CV = ELUMO – EHOMO. e CV data in ref.13 are given 

versus Ag/AgCl electrode; we have recalculated them to Fc/Fc+ as E(Fc/Fc+) = 

E(Ag/AgCl) – 0.4 V. 
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4.2.6 Photophysical studies of (9,9-dioctylfluorene)-(1-substituted-dibenzothiophene-

S,S-dioxide) p(F/S-R)-y co-polymers 

4.2.6.1 Electron absorption and photoluminescence (PL) spectra of p(F/S-OMe)-y co-

polymers 

The isolated p(F/S-OMe)-y co-polymers  were characterised by UV-Vis and PL 

spectroscopy in different solvents and in the solid state. The absorption spectra of p(F/S-

OMe)-5 to p(F/S-OMe)-50 in toluene and chloroform solutions showed a small red shift of 

25–30 nm, see Figures 4.7 a, c and the data in Table 4.4. The increased S-unit moiety (20–

50%) led to the appearance of shoulders in the range of 342–347 nm. In accordance with the 

expected increase in ratio of S-OMe in the co-polymer backbone, the p(F/S-OMe)-5 

showed a typical spectra region of polyfluorene.14 Nevertheless, there was a clear 

bathochromic shift for p(F/S-OMe)-30 in chloroform solution (abs = 407 nm) compared to 

the unsubstituted p(F/S)-30 co-polymer (abs = 392 nm).8 The PL spectra of the p(F/S-

OMe)-y polymers showed a bathochromic shift of 2–12 nm in toluene and chloroform 

solutions. Figure 4.7 e, f shows CIE diagram of colours being emitted under excitation, 

p(F/S-OMe)-y emitted blue light typically like polyfluorene.  
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Table 4.4: abs, PL, CIE and ФPL spectral data for p(F/S-OMe)-y co-polymers in solution 

and solid state. 

Parameter p(F/S-

OMe)-5 

p(F/S-

OMe)-10 

p(F/S-

OMe)-20 

p(F/S-

OMe)-30 

p(F/S-

OMe)-50 

abs (nm)a,b Tol 379 380 388, 342sh 396, 345sh 404,342sh 

abs (nm)a,b CHCl3 380 381 390, 347sh 407, 347sh 410, 345sh 

abs (nm)a,b film 381 385 390, 345sh 399, 350sh 401, 351sh 

PL (nm), (exc) 

(nm)a,b,c Tol 

415,436,464

sh,(379) 

413,435,4

63sh,(380) 

434,462sh,(

388) 

434,462sh.(

396) 

434,460sh,(

404) 

PL (nm), (exc) 

(nm)a,b,c CHCl3 

417, 444, 

478sh, 

(380) 

416, 446, 

473sh, 

(381) 

445, 

477sh,(390) 

442, 471sh, 

(407) 

441, 464sh, 

(410) 

PL (nm), (exc) 

(nm)a,b,c film 

448, 473, 

(381) 

450, 476, 

(385) 

477, 457sh, 

(390) 

479, 459sh, 

(399) 

480, 460sh, 

(401) 

CIE (x, y) Tol 0.154, 0.056 0.153, 

0.064 

0.157, 0.062 0.154, 0.063 0.157, 0.065 

CIE (x, y) CHCl3 0.157, 0.101 0.155, 

0.116 

0.153, 0.112 0.157, 0.105 0.158, 0.091 

CIE (x, y) film 0.153, 0.145 0.144, 

0.158 

0.151, 0.215 0.146, 0.204 0.165, 0.262 

ФPL (%) Tol 89 81 72 75 65 

ФPL (%) CHCl3 67 71 66 57 60 

ФPL (%) film 13.3 12.7 7.4 9.2 8.4 

a sh-shoulders. b Bold numbers are the absorption maxima abs. 
c For PL measurements, the 

excitation wavelengths are in italic (exc). 
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Figure 4.7: (a,c) Normalised UV-Vis absorption spectra and (b,d) normalised PL spectra 

of p(F/S-OMe)-y moiety in toluene and chloroform solutions. CIE colour diagrams in 

toluene (e) and chloroform (f) showing colours emitted by p(F/S-OMe)-y under 

excitation, based on PLQY data (see Table 4.4). The excitations for PL spectra (exc) are at 

the maxima of their absorption spectra. 
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The thin-film absorption spectra of p(F/S-OMe)-y co-polymers showed red shifts of 

20 nm for p(F/S-OMe)-5 to p(F/S-OMe)-50, see Figure 4.8 a. The increased S-unit moiety 

between p(F/S-OMe)-5 to p(F/S-OMe)-50 led to an appearance of shoulders in the range 

of 345–351 nm. The PL spectra of the p(F/S-OMe)-y polymers showed a red shift of 7 nm 

with an increase in the S-unit moiety in the chain. The EDG (OMe) showed a weaker 

interplay dual emission between the LE and ICT state, (see Figure 4.8 a), compared to the 

unsubstituted p(F/S)-y co-polymers.8 The EDG (OMe) has not affected the co-polymer 

dramatically as the LE state remained around the same in both solution and the solid state 

with a small red shift. However, the LE disappeared in the solid state with the EWG (SO2Me, 

CN) co-polymers, even with 1% moiety (see next Section 4.2.6.2). Figure 4.8 b shows CIE 

diagrams of colours being emitted under excitation with increased ratios of S-OMe units. 

As a conclusion, the p(F/S-OMe)-y co-polymers in thin films are highly emissive materials 

emitting a blue colour. 
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Figure 4.8: (a) Normalised UV-Vis absorption spectra and PL spectra of p(F/S-OMe)-y 

co-polymers in thin films. (b) CIE diagram inset showing colours emitted by p(F/S-OMe)-

y under excitation, based on PLQY data (see Table 4.4). 

 

4.2.6.2 Electron absorption and photoluminescence spectra, of p(F/S-SO2Me)-y and 

p(F/S-CN)-y co-polymers 

Both the p(F/S-SO2Me)-y and p(F/S-CN)-y series of co-polymers were characterised by 

UV-Vis electron absorption and PL spectroscopy in solutions and in the solid state. The 
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electron absorption spectra of the p(F/S-SO2Me)-y co-polymers in toluene solution show 

peaks between 380–430 nm, which can be assigned to the π-π* transition due to the 

delocalisation of electrons on the conjugated polymer, and any shoulders which appear occur 

between 425–430 nm as shown in Figure 4.9 a. UV-Vis spectra demonstrate clear 

bathochromic shifts of abs values by 43 nm, from the p(F/S-SO2Me)-1 to p(F/S-SO2Me)-

50 co-polymers, in accordance with the expected increase in the ratio of the S-SO2Me 

moiety in the co-polymer backbone. The p(F/S-SO2Me)-1 co-polymer shows a typical 

spectra region of polyfluorene14 then it starts to become red shifted with an increase in the 

percentage of the S-SO2Me unit. In toluene solution, p(F/S-SO2Me)-1 to p(F/S-SO2Me)-

15 co-polymers show almost no shifts in λabs maxima compared to the corresponding 

unsubstituted co-polymers p(F/S)-y however it was noticed that there is a clear 

bathochromic shift in p(F/S-SO2Me)-30 (λabs = 410 nm) compared to the unsubstituted 

p(F/S)-30 co-polymer (λabs = 392 nm).8 The UV-Vis spectra are shown in Figure 4.9 a and 

the data are summarised in the Table 4.5.  
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Figure 4.9: a) Normalised UV-Vis absorption spectra b) Normalised PL spectra. c) CIE 

diagram inset showing colours emitted under excitation of p(F/S-SO2Me)-y in toluene 

solution. d) Normalised UV-Vis absorption spectra. e) Normalised PL spectra of p(F/S-

CN)-y in toluene solution. 
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All the prepared p(F/S-SO2Me)-y co-polymers are highly emissive materials in 

toluene solution, emitting a deep blue colour to a bright blue colour. For example Figure 

4.9 c shows a CIE diagram of colours emitted under excitation, and as can be seen the p(F/S-

SO2Me)-1 co-polymer emits a bright blue light typical of polyfluorene,14 while there is a 

small change in the colour emitted with an increasing feed ratio of the S-SO2Me moiety in 

the co-polymer backbone. However, PL spectra of p(F/S-SO2Me)-y show pronounced 

interplay dual emission between the local excited state (LE) and the intramolecular charge 

transfer state (ICT) as shown in Figure 4.9 b. The p(F/S-SO2Me)-1 co-polymer shows 

vibronically well-resolved PL spectra and majorly emits from the LE, as a typical feature of 

polyfluorene as a rigid-rod conjugated polymer.14 While the p(F/S-SO2Me)-5 co-polymer 

has clearly dual emission from both LE and ICT and it is obvious from PL spectra that the 

intensity of the LE emission decreases in comparison to the ICT emission with an increase 

of the S-SO2Me moiety ratio in the co-polymer chain (see Figure 4.9 b). In toluene solution, 

the p(F/S-SO2Me)-y co-polymers show a pronounced difference in structure of PL spectra 

compared to unsubstituted co-polymers p(F/S)-y8 with the existence of a new excited state 

band (ICT) and this can be explained due to the effectiveness of the EWG (-SO2Me) 

substituted on the 1- position of the dibenzothiophene-S,S-dioxide moiety. 

The p(F/S-CN)-y co-polymers show almost the same behaviour in UV/PL spectra 

as p(F/S-SO2Me)-y co-polymers due to both the SO2Me and CN groups being strong 

EWG’s, as shown in Figures 4.9 d, e and Table 4.5. 
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In the solid state (spin-coated films from chloroform solution), the isolated 

chloroform fractions of both the p(F/S-SO2Me)-y and p(F/S-CN)-y series of co-polymers 

were characterised by UV-Vis electron absorption and PL spectroscopy. Overall the electron 

absorption spectra of the p(F/S-SO2Me)-y and p(F/S-CN)-y co-polymers in the solid state 

show peaks between 380–420 nm, which can be assigned to the π-π* transition due to the 

delocalisation of electrons on the conjugated polymer, and any shoulders which appear occur 

between 430–433 nm as shown in Figures 4.10 a, c. UV-Vis spectra demonstrate clear 

bathochromic shifts of abs 30 nm, from the p(F/S-SO2Me)-1 to p(F/S-SO2Me)-50 co-

polymers, and by 36 nm, from the p(F/S-CN)-1 to p(F/S-CN)-50 co-polymers in accordance 

with the expected increase in the ratio of the S-R moiety in the co-polymer backbone. The 

p(F/S-R)-1 co-polymer shows a typical spectra region of polyfluorene14 (see Figure 1.13, 

Chapter 1) then it starts to become red shifted as the percentage of the S-R unit is increased. 

The p(F/S-SO2Me)-1 to p(F/S-SO2Me)-15 co-polymers show almost no shifts in λabs 

maxima compared to the corresponding unsubstituted co-polymers p(F/S)-y however it was 

noticed that there was a bathochromic shift in p(F/S-SO2Me)-30 (λabs = 407 nm) compared 

to the unsubstituted p(F/S)-30 co-polymer (λabs = 398 nm).8  

All the prepared p(F/S-SO2Me)-y and p(F/S-CN)-y co-polymers, are highly 

emissive materials in the solid state, emitting greenish to pure green light under excitation. 

Figures 4.10 b, d show CIE diagrams of the colours emitted under excitation, and it can be 

seen how the substitution with an EWG (SO2Me or CN) can affect the colour emission of 

the co-polymers p(F/S-R)-y. For example, increasing the ratio of S-SO2Me by 1% (from 

0% to 1%) changes the colour emitted from pure bright blue to greenish and there is a change 

in the colour emitted with an increase in the feed ratio of S-SO2Me in the co-polymer 

backbone to reach a pure green colour with a feed ratio of p(F/S-SO2Me)-15-40. The PL 

spectra of p(F/S-R)-y show a pronounced domain of emission from the intramolecular 

charge transfer state (ICT) as shown in Figures 4.10 a, c. The ICT band of p(F/S-R)-y 

becomes broadened covering the region between (450-700 nm) compared to unsubstituted 

p(F/S)-y co-polymers which cover the region between (400-590 nm) for both bands 

LE/ICT.8 The LE band does not appear even with p(F/S-R)-1, therefore it could be possible 

to obtain this if 0.5% or less of the S-R unit was used to reach the white emitting colour for 

the whole region between (400-700 nm). The UV-Vis/PL spectra are shown in Figure 4.10 

and the data are summarised in Table 4.6. 
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Figure 4.10: a) UV-Vis absorption and PL spectra. b) CIE diagram inset showing colours 

emitted under excitation of p(F/S-SO2Me)-y co-polymers in thin films. c) UV-Vis 

absorption and PL spectra. d) CIE diagram inset showing colours emitted under excitation 

of p(F/S-CN)-y co-polymers in thin films. 

 

Table 4.6: λabs, and λPL for p(F/S-SO2Me)-y and p(F/S-CN)-y co-polymers in solid state. 

Co-polymer λabs (nm) filma,b PL (nm), (exc) (nm)c film 

p(F/S-SO2Me)-1 383 496 (383) 

p(F/S-SO2Me)-5 383, 433sh 503 (383) 

p(F/S-SO2Me)-10 383, 430sh 510 (383) 

p(F/S-SO2Me)-15 384 512 (384) 

p(F/S-SO2Me)-20 390 514 (390) 

p(F/S-SO2Me)-30 407 516 (407) 



206 

 

 

p(F/S-SO2Me)-40 410 515 (410) 

p(F/S-SO2Me)-50 413 516 (413) 

p(F/S-CN)-1 380 417sh, 489, 624, (380) 

p(F/S-CN)-5 386, 437sh 495, (386) 

p(F/S-CN)-10 381, 437sh 419, 503, (381) 

p(F/S-CN)-15 384, 428sh 504, 630, (384) 

p(F/S-CN)-20 393, 430sh 414, 505, (393) 

p(F/S-CN)-30 408 432sh, 503, (408) 

p(F/S-CN)-40 413 437, 506, 678, (413) 

p(F/S-CN)-50 416 486, 507, (416) 

a sh-shoulders. b Bold numbers are the absorption maxima abs. 
c For PL measurements, the 

excitation wavelengths are in italic (exc). 

 

4.2.6.3 Solvent polarity effect on the electron absorption and photoluminescence 

spectra, of p(F/S-SO2Me)-y and p(F/S-CN)-y co-polymers 

Experiments were carried out to study the effect of solvent polarity on the UV/PL spectra, 

in chloroform solution, of both the p(F/S-SO2Me)-y and p(F/S-CN)-y series of co-

polymers. Figures 4.11 a, c show the electron absorption spectra of p(F/S-SO2Me)-y and 

p(F/S-CN)-y co-polymers in chloroform solution (dielectric permitivity ε = 4.89), which 

demonstrated almost the same absorption spectra as those in toluene solution (dielectric 

permitivity ε = 2.43). There is a slightly larger bathochromic shift of maxima abs values by 

49 nm, from the p(F/S-SO2Me)-1 to p(F/S-SO2Me)-50 co-polymers, compared to those in 

toluene solution (43 nm), while the shift was 40 nm from the p(F/S-CN)-1 to p(F/S-CN)-

50 co-polymers, compared with those in toluene solution, where the shift was 35 nm.  

In chloroform solution, all the prepared co-polymers p(F/S-SO2Me)-y and p(F/S-

CN)-y are highly emissive materials, and the light emitted is tuneable from bright blue to 

blueish white, greenish white, green then back to blue light with an increase in the feed ratio 

of the S-R unit in the co-polymer chain from 1% to 50%, as shown in the CIE diagrams 

(Figures 4.11 e, f). PL spectra of p(F/S-SO2Me)-y and p(F/S-CN)-y show pronounced 

interplay dual emission between the local excited state (LE) and the intramolecular charge 

transfer state (ICT) (Figures 4.11 b, d) as was the case in toluene solution. Figure 4.11 g 

shows emission from a chloroform solution of the p(F/S-SO2Me)-1, 20, and 50 co-polymers 
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under UV-light irradiation, which shows how it is possible to tune the colour emitted with a 

change in the ratio of the co-polymer units. For the p(F/S-SO2Me)-1 and p(F/S-CN)-1 co-

polymers the emission is only from the LE state due to 99% of the units in the co-polymer 

backbone being F units, so that the polymer is not very polar. While in the p(F/S-SO2Me)-

20 and p(F/S-CN)-20 co-polymers the emission is from the ICT state at the maximum due 

to the excitation being localized on both the electron-donating group (F units) and the 

electron-accepting group (S unit). This is due to the S-R acceptor units being stronger 

relative to the F donor unit therefore each S-SO2Me or S-CN unit is statistically equal to 

four F units to make the charge transfer in the excited state. With an increase in the ratio of 

the S-SO2Me or S-CN units in the polymer backbone up to 50% (p(F/S-SO2Me)-50 and 

p(F/S-CN)-50), a hypsochromic shift was observed. This might be because lowering the 

HOMO (which is located on the F unit) results in an increase in the HOMO-LUMO band 

gap.15, 16, 17, 18  
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Figure 4.11: a, c) Normalised UV-Vis absorption spectra; b, d) Normalised PL spectra; e, 

f) CIE diagram, inset showing colours emitted under excitation of p(F/S-SO2Me)-y, and 

p(F/S-CN)-y respectively in chloroform solution; g) Emission of polymer p(F/S-

SO2Me)1, 20, 50 from left to right in chloroform solution under UV-light irradiation (360 

nm). 
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Figure 4.12 a shows the normalised UV/PL spectra of the p(F/S-SO2Me)-5 co-

polymer in both toluene (dielectric permitivity ε = 2.43) and chloroform (dielectric 

permitivity ε = 4.89) solution. The electron absorption spectra show almost the same spectra 

in both cases for toluene and chloroform due to the absorption spectra being less sensitive 

to solvent polarity relative to the emission spectra. This is because the polymer is exposed 

to the same local environment in the ground and excited states, absorption of light occurs in 

about 10-15 s (Franck-Condon principle), a time that is too short for motion of the fluorophore 

(co-polymer) or solvent. In contrast, the emitting polymer is exposed to the relaxed 

environment, which contains solvent molecules orientated around the dipole moment of the 

excited state this is because the fluorescence lifetimes (1–10 ns) are usually much longer 

than the time required for solvent relaxation. For fluid solvents at room temperature, solvent 

relaxation occurs in 10–100 ps, therefore, the PL spectra of p(F/S-SO2Me)-5 gave a 

pronounced positive solvatochromic effect, and a clear bathochromic shift is observed, by 

54 nm, with a broadened ICT band in chloroform compared with toluene. This is because 

the ICT is more stabilised in polar solvents, which leads to a reduced band gap between the 

ground and excited state which will cause a red shift in the ICT spectra (Figure 4.12 c). 

Even though the LE state λmax = 416 nm stayed the same with no shifts in both solvents this 

is due to the excitation being localised on the fluorene (F) unit rings, so that the polymer is 

not polar then it is affected less by the solvent polarity. Also, the intensity of the LE band 

becomes higher (1.00 a.u) compared to that in toluene (0.41 a.u.) and the PL spectra become 

more structured with three peaks (Figure 4.12 a). Figure 4.12 b shows the emission from 

chloroform and toluene solutions of the p(F/S-SO2Me)-5, 10, 15, and 30 co-polymers under 

UV-light irradiation, and as can be seen changing the solvent from low polarity, i.e. toluene 

to a high polarity, i.e. chloroform, the colour of the light emitted from the co-polymers is 

affected.  
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Figure 4.12: a) UV-Vis absorption and PL spectra of p(F/S-SO2Me)-5 co-polymers in 

solution. b) Emission of p(F/S-SO2Me)-5, 10, 15, and 30 co-polymers in solution under 

UV-light irradiation (360 nm). c) Effect of solvent polarity on the energies of LE and ICT 

states in different polarity solvents.19 

 

In tetrahydrofuran solution, both the p(F/S-SO2Me)-y and p(F/S-CN)-y series of co-

polymers were studied by UV-Vis electron absorption and PL spectroscopy. Both series 

show the same results as in chloroform solution with very small shifts in the UV and PL 

spectra, sometimes there is a hypsochromic shift and sometimes a bathochromic shift, but 

there is no significant difference. This could be due to the accuracy of measurements (Table 

4.5). The UV-Vis/PL spectra are shown in Figure 4.13 and the data are summarised in the 

Table 4.5.  
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Figure 4.13: a) Normalised UV-Vis absorption spectra and b) Normalised PL spectra of 

p(F/S-SO2Me)-y in THF solution; c) Normalised UV-Vis absorption spectra and d) 

Normalised PL spectra of p(F/S-CN)-y in THF solution. 

 

4.2.6.4 Electron absorption and photoluminescence spectra of p(F/S-R)-20 with 

different side groups and solvent effect 

After noticing that p(F/S-SO2Me)-20 and p(F/S-CN)-20 have the highest bathochromic 

shift in their PL spectra, thus the strongest ICT among the polymers, it was decided to 

synthesise more co-polymers with the same ratio but with different functional groups, as 

described in Section 4.2.1 and study their electro and optical properties. 

The absorption spectra of p(F/S-R)-20 in toluene and chloroform solutions showed 

a bathochromic shift of 13 nm, see Figure 4.14 a, c. Shoulders began to appear for the least 

polar groups in the range of 342–350 nm and 427–432 nm, but as polarity increased the 

shoulders disappeared. The PL spectra of the p(F/S-R)-20 polymers showed a red shift of 
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28 nm in toluene and 76 nm in chloroform, see Figure 4.14 b, d. The co-polymers with 

different groups were ICT pronounced and showed a weaker LE state emission. With an 

increased solvent polarity, the EWGs showed a stronger bathochromic shift, for example 

p(F/S-CN)-20 (453 to 504 nm) and p(F/S-SO2Me)-20 (463 to 521 nm). This can be 

explained by the different properties of the attached EWGs (S-R units) and how they co-

operate within the conjugated system of the co-polymer chain. In toluene solution, all p(F/S-

R)-20 polymers are highly emissive materials emitting a blue colour whereas in chloroform 

solution the p(F/S-CN)-20 and p(F/S-SO2Me)-20 polymers emitted a green colour, see 

Figures 4.14 e, f, g and Table 4.7. 
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Figure 4.14: (a, c) Normalised UV-Vis absorption spectra and (b, d) normalised PL 

spectra of p(F/S-R)-20 in toluene and chloroform solutions respectively. CIE colour 

diagrams of p(F/S-R)-20 in toluene (e) and chloroform (f) showing colours emitted under 

excitation. (g, h) Emission of polymer p(F/S-R)-20 from left to right in chloroform 

solution under UV-light irradiation and without. The excitations for PL spectra (exc) are at 

the maxima of the absorption spectra (max). 

 

The absorption spectra of the p(F/S-R)-20 polymers in the solid state had a red shift 

of 14 nm and the PL spectra of p(F/S-R)-20 showed a red shift of 59 nm, see Figure 4.15 

a. The EWGs are red shifted and emitted a green colour, while the EDGs were blue shifted 

and emitted a blue colour. EDGs had a small red shift of 11–30 nm between the solution and 

solid state but the major change was with p(F/S-NO2)-20. For this polymer, there was a shift 

of 84 nm with a change in the structure of the spectrum with very weak emissive light, which 

is due to quench emission by the nitro group, which is known in the literature.20 When in the 

solid state the p(F/S-R)-20 co-polymers are highly emissive materials which emit blue and 

green colours, see Figure 4.15 b and Table 4.7.  

 



214 

 

 

250 300 350 400 450 500 550 600 650 700
0.0

0.2

0.4

0.6

0.8

1.0

PLAbs
N

o
rm

a
li

s
e

d
 I

n
te

n
s

it
y

 (
a

.u
.)

Wavelength (nm)

 p(F/S-NO
2
)-20

 p(F/S-CN)-20
 

 p(F/S-SO
2
Me)-20

 

 p(F/S-F)-20
 

 p(F/S-SMe)-20
 

 p(F/S-OMe)-20
 

a)

 

Figure 4.15: a) Normalised UV-Vis absorption spectra and PL spectra of p(F/S-R)-20 co-

polymers in thin films. b) CIE diagram inset showing colours emitted under excitation, 

based on PLQY data (see Table 4.7). 

 

Table 4.7: abs, PL, CIE and ФPL spectral data for p(F/S-R)-20 co-polymers in solution 

and solid state. 

Parameters p(F/S-NO2)-20 p(F/S-F)-20 p(F/S-SMe)-20 

abs (nm)a,b Tol 381 390, 350sh 389 

abs (nm)a,b CHCl3 382 392, 350sh 391 

abs (nm) a,b film 290 ,378 285, 390 280, 389 

PL, (exc) (nm)a,b,c 

Tol 

414sh, 437, 

464sh,(381) 

436, 463sh, 

(390) 

437, 463sh, (389) 

PL, (exc) (nm)a,b,c 

CHCl3 

417, 452, 478sh (382) 466, (392) 467, (391) 

PL, (exc) (nm)a,b,c 

film 

450, 536, (378) 477, 458sh 

(390) 

483, 456sh (389) 

CIE (x, y) Tol 0.153, 0.083 0.158, 0.073 0.152, 0.074 

CIE (x, y) CHCl3 0.159, 0.143 0.156, 0.177 0.154, 0.174 

CIE (x, y) film 0.344, 0.635 0.155, 0.213 0.154, 0.246 

a sh–Shoulders. b Bold numbers are the strongest absorption or emission peaks. c Excitation 

wavelengths used for PL measurements (exc) are given in italic in brackets. 
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4.2.6.5 Photoluminescence quantum yields (PLQY) of p(F/S-R)-y co-polymers 

Every series of co-polymers, p(F/S-R)-y, show bright emission colours in solution (Figures 

4.7–4.15). The photoluminescence quantum yields (PLQY, ФPL) in solution have been 

estimated by an absolute method using an integrating sphere. The integrated sphere used 

was tested by measuring the PLQY for standard compounds such as 9,10-

diphenylanthracene (DPA) (PLQY = 90%), and anthracene (PLQY = 27%).21,22 In 

chloroform and also in toluene, all polymers demonstrate very high PLQY values of ФPL
abs 

~58–95%, comparable to the values reported in the literature for other polyfluorenes.14 The 

PLQY values are also comparable to the values of unsubstituted co-polymers p(F/S)-y.8 

Solid state PLQY has been measured for spin coated films on a quartz substrate (from 

chloroform solution) by an absolute method using an integrating sphere. The values are 

expectedly lower (as is usual for solid state PLQY compared to that in solution) but still 

reasonably high, 5–27% (values of 8–21% are reported in the literature for unsubstituted co-

polymers p(F/S)-y).8 All the PLQY values are summarised in Table 4.8. 

 

Table 4.8: PLQY of p(F/S-R)-y co-polymers in solutions and solid state. 

Co-polymer ФPL
abs

 (%) toluenea ФPL
abs

 (%) CHCl3
a ФPL

abs (%) filma 

p(F/S-OMe)-5 89 67 13.3 

p(F/S-OMe)-10 81 71 12.7 

p(F/S-OMe)-20 72 66 7.4 

p(F/S-OMe)-30 75 57 9.2 

p(F/S-OMe)-50 65 60 8.4 

p(F/S-SO2Me)-1 94 95 20 

p(F/S-SO2Me)-5 81 69 23 

p(F/S-SO2Me)-10 80 67 18 

p(F/S-SO2Me)-15 75 59 14 

p(F/S-SO2Me)-20 76 60 13 

p(F/S-SO2Me)-30 75 60 13 

p(F/S-SO2Me)-40 70 58 09 

p(F/S-SO2Me)-50 61 74 12 

p(F/S-CN)-1 - 94 18 

p(F/S-CN)-5 - 80 18 
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p(F/S-CN)-10 - 70 8 

p(F/S-CN)-15 - 66 7 

p(F/S-CN)-20 - 63 5 

p(F/S-CN)-30 - 59 6 

p(F/S-CN)-40 - 65 9 

p(F/S-CN)-50 - 73 27 

p(F/S-NO2)-20 50 47 0.1 

p(F/S-F)-20 80 73 26 

p(F/S-SMe)-20 76 64 8 

aΦPL
abs is an absolute PLQY in film measured using an integrated sphere. 

 

4.2.6.6 Lippert-Mataga equation studies of p(F/S-SO2Me)-20 and p(F/S-SO2Me)-50, 

solvents effects 

After noticing a clear positive solvatochromic effect from toluene to chloroform on the light 

emitted by the co-polymers, it was decide to expand this study with more solvents. The 

solvents are classed in polarity order, from the least to the most polar and the co-polymer 

p(F/S-SO2Me)-20 was used for these studies because it is the one which has the highest red 

shift (ICT) to study the Lippert-Mataga equation.  

From Figure 4.16 and Table 4.9, it can be seen that the solvent polarity has almost 

no effect on the absorption spectrum, from methyl cyclohexane (dielectric permitivity ε = 

2.02) λmax = 384 nm to benzonitrile (dielectric permitivity ε = 25.20) λmax = 400 nm and this 

is known due to the Franck-Condon principle. In contrast, there is a pronounced 

bathochromic shift in the PL spectrum by 122 nm from methyl cyclohexane to benzonitrile.  
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Figure 4.16: a) Normalised UV-Vis absorption spectra b) Normalised PL spectra. c) CIE 

diagram inset showing colours emitted under excitation of p(F/S-SO2Me)-20 in different 

solvents. d) Emission of polymer p(F/S-SO2Me)-20 in MeCH, DCM, and PhCN from left 

to right in chloroform solution under UV-light irradiation (360 nm) e) without UV-light. 
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Table 4.9: abs and PL for p(F/S-SO2Me)-20 co-polymers in solvents. 

Solventa abs (nm) b, c PL  (nm), (exc) (nm) b, c, d 

Methylcyclohexane 384, 425sh 412, 448, 477, 510sh, (384) 

Dioxane 397, 425sh 414, 468, (397) 

Benzene 394, 421sh 414, 460, 485sh, (394) 

Toluene 395, 426sh 462, (395) 

Anisole 396, 430sh 418, 489, (396) 

Et2O 387, 422sh 411, 480, (387) 

Bromoform  394, 440 sh 510, (394)  

Chloroform 394, 425sh 521, (394) 

PhCl 396, 433sh 415, 501, (396) 

THF 397 416, 514, (397) 

DCM 394, 424sh 415, 549, (394) 

PhCl2 398, 440sh 417, 533, (398)  

Acetophenone 401, 450sh 421, 534, (401) 

PhCN 400, 436sh 420, 450sh, 570, (400) 

a Solvent which used for the measurements. b sh-shoulders. c Bold numbers are the 

absorption maxima abs. 
d For PL measurements, the excitation wavelengths are in italic 

(exc). 

 

The Lippert-Mataga equation (5) is a plot, which permits how the solvent affects the 

energy difference between the ground state and the exited state to be calculated. This 

difference is called the Stokes shift, in cm-1, and it depends on the refractive index (n), and 

the dielectric constant (ε) of the solvent.23,24 

ν̅𝐴 − ν̅𝐹 =
2

ℎ𝑐
(

ε − 1

2ε + 1
−

𝑛2 − 1

2𝑛2 + 1
)

(μ𝐸 − μ𝐺)2

𝑎3
+ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡           (5) 

In this equation h (= 6.6256 x 10–27 ergs) is Planck's constant, c (= 2.9979 x 1010 

cm/s) is the speed of light, and a is the radius of the cavity in which the fluorophore resides. 

ν̅𝐴 and ν̅𝐹 are the wavenumbers (cm–1) of the absorption and emission, respectively. 

Equation (5) is only an approximation, but there is reasonable correlation between the 

observed and calculated energy losses in non-protic solvents. The Lippert-Mataga equation 

(5) is an approximation in which the polarizability of the fluorophore and higher-order terms 
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are neglected. The polarizability of the solvent is a result of both the mobility of electrons 

in the solvent and the dipole moment of the solvent molecules. Each of these components 

has a different time dependence. Reorientation of the electrons in the solvent is essentially 

instantaneous. The high frequency polarizability f(n) is a function of the refractive index (n). 

The polarizability of the solvent also depends on the dielectric constant (ε), which includes 

the effect of molecular orientation of the solvent molecules. Because of the slower timescale 

of molecular reorientation, this component is called the low frequency polarizability of the 

solvent. The difference between these two terms is the orientation polarizability equation 

(6). 

∆𝑓 = (
ε − 1

2ε + 1
−

𝑛2 − 1

2𝑛2 + 1
)                      (6) 

The dielectric constant (ε) is the basis for the orientation polarizability (Δf) and is 

used in the form of the Kirkwood functions p = 
𝜀−1

2𝜀+1
.25 Table 4.10 shows the Lippert-Mataga 

parameters in different solvents. Figures 4.17, 4.18 demonstrated clearly that changing the 

solvent polarity does not have an effect on the absorption of the fluorophore but it does affect 

the emission and Stokes shift values. Therefore, with increasing the orientation polarizability 

(Δf) or the Kirkwood parameter (p) the energy of emission decreases and the Stokes shift 

increases. The linearity of plots is often regarded as evidence for the dominant importance 

of general solvent effects in the spectral shifts. Specific solvent effects lead to nonlinear 

Lippert-Mataga plots. 
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Figure 4.17: Lippert-Mataga plots for p(F/S-SO2Me)-20 in different solvents. a) the 

orientation polarizability (Δf) versus energy of absorption. b) the orientation polarizability 

(Δf) versus energy of emission. c) the orientation polarizability (Δf) versus Stokes shift. 
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Figure 4.18: Kirkwood plots for p(F/S-SO2Me)-20 in different solvents. a) The Kirkwood 

(p = 
𝜀−1

2𝜀+1
) versus energy of absorption. b) The Kirkwood (p = 

𝜀−1

2𝜀+1
) versus energy of 

emission. c) The Kirkwood (p = 
𝜀−1

2𝜀+1
) versus Stokes shift. 

 

After a clear hypsochromic shift was demonstrated for the p(F/S-SO2Me)-50 co-

polymer, it was decided to study this phenomenen in more detail by measuring the UV/PL 

of this polymer in different solvents and investigating the Lippert-Mataga, and Kirkwood 

equations. From Figures 4.19–4.21 and Tables 4.11, 4.12 it can be seen that the solvent 

polarity has almost no effect on the absorption spectrum of the p(F/S-SO2Me)-50 polymer 

in toluene (dielectric permitivity ε = 2.43) λmax = 423 nm or benzonitrile (dielectric 

permitivity ε = 25.20) λmax = 429 nm, and this is known due to the Franck-Condon principle. 

In addition, the PL spectra also shows no change in maximum wavelength, which is because 

the p(F/S-SO2Me)-50 co-polymer is a regular co-polymer between S-SO2Me and F units 

and also because the distance is too short between the units, thus the polarity of the co-
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polymer is reduced compared to the p(F/S-SO2Me)-20 co-polymer, which leads to a 

decrease in the effectiveness of the solvent polarity on the light emitted and Stokes shift of 

the polymer.  
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Figure 4.19: UV-Vis electron absorption and PL spectra of p(F/S-SO2Me)-50 in different 

solvents. 

 

Table 4.11: abs and PL for p(F/S-SO2Me)-50 co-polymer in solutions. 

Solventa abs (nm) b, c PL  (nm), (exc) (nm) b, c, d 

Dioxane 423 450, 473, (410) 

Benzene 418 448, 475, (410) 

Toluene 405sh, 423 449, 474, 500sh, (423) 

Anisole 422 457, 501sh, (410) 

Bromoform  414sh, 435 463, 493 

Chlorofor

m 
410sh, 428 457, 531sh, (428) 

PhCl 424 456, 475, (410) 

THF 407sh, 425 456, 482sh, (425) 

DCM 407sh, 426 464, 486sh  

PhCN 406sh, 429 467, 495sh 
a Solvent which used for the measurements. b sh-shoulders. c Bold numbers are the 

absorption maxima abs. 
d For PL measurements, the excitation wavelengths are in italic 

(exc). 
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Figure 4.20: Lippert-Mataga plots for p(F/S-SO2Me)-50 in different solvents. a) the 

orientation polarizability (Δf) versus energy of absorption. b) the orientation polarizability 

(Δf) versus energy of emission. c) the orientation polarizability (Δf) versus Stokes shift. 
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Figure 4.21: Kirkwood plots for p(F/S-SO2Me)-50 in different solvents. a) The Kirkwood 

(p = 
𝜀−1

2𝜀+1
) versus energy of absorption. b) The Kirkwood (p = 

𝜀−1

2𝜀+1
) versus energy of 

emission. c) The Kirkwood (p = 
𝜀−1

2𝜀+1
) versus Stokes shift. 
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4.3 Conclusion 

Four novel families of statistical donor-acceptor poly(fluorene/1-substituted 

dibenzothiophene-S,S-dioxide) co-polymers p(F/S-R)-y, functionalised with various 

electron-donating (R = OMe, SMe) and electron-withdrawing (R = CN, SO2Me, F, NO2) 

groups on the dibenzothiophene-S,S-dioxide moiety have been successfully synthesised by 

a Suzuki coupling polymerisation of the corresponding monomers. The co-polymers were 

obtained with high molecular weights (Mw = 9,656–71,780 Da, Mn = 5,320–35,352 Da) and 

showed excellent thermal stabilities (Td = 377–423 °C). Cyclic voltammetry studies of co-

polymer films showed that they can be electrochemically oxidised and reduced (p-doped 

and n-doped) and from their redox potential onsets, the HOMO and LUMO energies of these 

polymers have been estimated (HOMO = –6.13 to –5.76 eV; LUMO = –3.27 to –2.17 eV). 

Analysis of this data clearly shows the strong effect of the 1-substituents and feed ratio of 

the dibenzothiophene-S,S-dioxide moiety on the energy levels of the synthesised co-

polymers: the introduction of an EDG results in an increase and the introduction of an EWG 

results in a decrease of both the HOMO and LUMO, respectively. UV-Vis electron 

absorption and PL spectral data have been obtained for the p(F/S-R)-y co-polymers in both 

solution and the solid state. The co-polymers are highly fluorescent in both solution (PLQY 

= 58-95%) and the solid state (PLQY = 9-23%). Their excitation leads to formation of local 

excited and intramolecular charge transfer state (which are in equilibrium) and fluorescence 

occurs with simultaneous emission from both excited states broadening the emission. The 

solvent polarity, solid state packing and the contents of the dibenzothiophene-S,S-dioxide 

moieties in the polymer chains change the contribution of LE and ICT emission and change 

the emission of the co-polymers from blue to bluish, greenish-white and a purely green 

colour. 
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4.4 Experimental Section 

 

4.4.1 Chemicals and instruments 

All the solvents and commercial chemicals, were used without further purification, and were 

supplied from Aldrich, Fisher, Acros, AlfaAesar, and Apollo Scientific chemical companies. 

Dry solvents for water-sensitive reactions or measurements were either commercially dried 

solvents or were dried in a still (reflux over Na for THF and toluene). Details of NMR and 

MS spectrometers, UV-Vis and PL spectrophotometers, PLQY measurements, GPC and 

flash chromatographs, freeze dryer, and TGA instruments are described in Chapters 2 and 

3. 

 

4.4.2 Synthesis 

Synthesis of tetrakis(triphenylphosphine)palladium(0).26 

2 PdCl2 + 8 PPh3 + 5 NH2NH2·H2O ⟶ 2 Pd(PPh3)4 +4 NH2NH2·HCl + N2 + 5 H2O 

 

Under a nitrogen atmosphere, palladium dichloride (3.04g, 17.0 mmol), triphenylphosphine 

(22.3 g, 85.0 mmol), and DMSO (200 mL) were added to a two-necked, 500 mL, round-

bottomed flask and the suspension was stirred and heated to 140 °C until complete solution 

occurred. Stirring was then continued for 15 minutes without the heat source, before 

hydrazine monohydrate (3.5 mL, 68.0 mmol) was added dropwise over approximately 1 

minute. Upon the addition of hydrazine monohydrate, the solution turned a deep red colour 

with a beige-yellow foam sitting on top; nitrogen was also produced. The solution was then 

cooled using a water bath, during which time sand coloured crystals formed, and the mixture 

was allowed to cool to room temperature. The solution was then filtered under nitrogen, 

through a coarse sintered glass funnel. The product was then washed with methylated spirits 

(2 × 20 mL) and diethyl ether (6 × 20 mL). The Pd(Ph3P)4 formed was then left to dry under 

a slow stream of nitrogen for 6 h, freeze dried for 7 days and stored in a freezer,  resulting 

in a brown/yellow coloured powder (16.3 g, 83%). 
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Synthesis of random (9,9-dioctylfluorene)-(1-substituted-dibenzothiophene-S,S-

dioxide) co-polymers (p(F/S-R)-y. 

 

 

Scheme 4.3: The reaction scheme for the synthesis of p(F/S-R)-y. 

 

Table 4.13: The ratio of monomers for p(F/S-R)-y. 

Co-polymers compound Br2F compound Br2S-R Theo. Yield 

p(F/S-SO2Me)-y mmol mg mmol mg mg 

p(F/S-SO2Me)-1a 0.49 269 0.01 3 272 

p(F/S-SO2Me)-5 0.45 247 0.05 23 386 

p(F/S-SO2Me)-10 0.40 219 0.10 45 381 

p(F/S-SO2Me)-15 0.35 193 0.15 68 376 

p(F/S-SO2Me)-20 0.30 166 0.20 91 371 

p(F/S-SO2Me)-30 0.20 110 0.30 137 361 

p(F/S-SO2Me)-40 0.10 55 0.40 181 351 

p(F/S-SO2Me)-50 0.00 0 0.50 226 341 

p(F/S-CN)-1a 0.49 269 0.01 3 272 

p(F/S-CN)-5 0.45 247 0.05 21 338 
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p(F/S-CN)-10 0.40 219 0.10 42 376 

p(F/S-CN)-15 0.35 193 0.15 62 370 

p(F/S-CN)-20 0.30 166 0.20 83 363 

p(F/S-CN)-30 0.20 110 0.30 125 350 

p(F/S-CN)-40 0.10 55 0.40 166 336 

p(F/S-CN)-50 0.00 0 0.50 208 323 

p(F/S-OMe)-5a 0.315 173 0.035 14 0.267 

p(F/S-OMe)-10a 0.28 154 0.07 28 0.262 

p(F/S-OMe)-20a 0.21 115 0.14 57 0.252 

p(F/S-OMe)-30a 0.14 77 0.21 85 0.242 

p(F/S-OMe)-50a 0.00 0 0.35 141 0.222 

p(F/S-SMe)-20a 0.21 115 0.14 59 0.254 

p(F/S-F)-20a 0.21 115 0.14 55 0.250 

p(F/S-NO2)-20a 0.21 115 0.14 59 0.254 

a Polymerisation was carried out on a smaller scale, 70% of the molar amount of the 

following polymerisations. 
 

9,9-Dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester (4.1) (0.280 g, 0.50 

mmol) was placed in the vials of a Radleys Carousel Reaction Station 12+. Different 

amounts of 9,9-Dioctyl-2,7-dibromofluorene (Br2F) and the 1-R-3,7-

dibromodibenzothiophene-S,S-dioxide (Br2S-R) monomers (Table 4.13) were then added 

to each vial, along with Pd(Ph3P)4 (0.012 g, 2 mol%). Dioxane (1 mL), toluene (3 mL) and 

2 M potassium carbonate (1 mL) were then added along with Aliquat 366 (~0.080 g, ~0.2 

mmol). The resulting mixtures were heated to reflux under argon with stirring. Reflux began 

once the reaction had reached 85 °C and the solids gradually dissolved from the mixture 

containing 1% (Br2S-R) to that containing 50%. 

At this point there was a dark yellow/greenish fluorescence from all the reaction 

mixtures. The reactions were left to reflux under argon for 72 h. Phenylboronic acid (~0.047 

g, ~2.14×10-3 mmol) in dioxane (0.2 mL) was then added, and the mixtures were heated 

under reflux, under an argon atmosphere for 18 h. After this time bromobenzene (~0.025 g, 

~0.16 mmol) was added, and reflux was continued under argon for a further 18 h. The 

reactions were then stopped and the solvents were evaporated off under a stream of nitrogen. 

The resulting products were dissolved in chloroform (5 mL) and pipetted into a mixture of 
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rapidly stirring methanol : water : concentrated hydrochloric acid (100 mL : 50 mL : 10 mL). 

The products formed dark green precipitates, and upon precipitation the mixtures were 

gentley stirred for approximately 1 h. The precipitates were then collected by filtration using 

a fine glass sinter and washed with water (150 mL) and methanol (150 mL), and then dried 

under vacuum. The polymers were extracted with methanol (~100 mL, 24 h), to remove 

inorganic impurities, monomers, and other low molecular impurities using a Soxhlet 

extractor. The polymers were again extracted using acetone (~100 mL, 24 h), to remove low 

molecular weight co-polymers, and then chloroform (~100 mL, 2 h), and the products 

obtained at this stage were concentrated down to a small volume and precipitated out into 

rapidly stirring methanol. The precipitates were left to stir (1 h), then filtered and washed 

with methanol (~20 mL) and dried in a freeze dryer to give p(F/S-R)-y co-polymers ranging 

from a light yellow powder to a light green powder and dark green fibrous strands (see Table 

4.14).  
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Table 4.14: Weights and yields of extracted fractions of p(S-R)-y co-polymers. 

Co-polymer Acetone 

Fractiona 
Chloroform 

Fractionb 

Appearancec 

p(F/S-SO2Me)-01 80 mg, 29% 178 mg, 65% green 

p(F/S-SO2Me)-05 30 mg, 8% 339 mg, 88% green 

p(F/S-SO2Me)-10 43 mg,11.3% 307 mg, 81% green yellowish 

p(F/S-SO2Me)-15 74 mg, 19.7% 264 mg, 70% green yellowish 

p(F/S-SO2Me)-20 57 mg, 15.4% 313 mg, 84% green yellowish 

p(F/S-SO2Me)-30 70 mg, 19.4% 273 mg, 76% green yellowish 

p(F/S-SO2Me)-40 30 mg, 8.5% 297 mg, 85% green yellowish 

p(F/S-SO2Me)-50d 4 mg, 1.2% 243 mg, 71% green 

p(F/S-CN)-01 84 mg, 31% 173 mg, 64% green 

p(F/S-CN)-05 38 mg, 9.9% 320 mg, 86% green 

p(F/S-CN)-10 71 mg, 18.9% 290 mg, 77% green 

p(F/S-CN)-15 149 mg, 40.0% 218 mg, 59% green yellowish 

p(F/S-CN)-20 114 mg, 31.4% 241 mg, 66% green yellowish 

p(F/S-CN)-30 102 mg, 29.1% 246 mg, 70% green yellowish 

p(F/S-CN)-40 50 mg, 14.9% 206 mg, 61% green 

p(F/S-CN)-50e 4 mg, 1.2% 147 mg, 46% yellow 

p(F/S-OMe)-05 124 mg, 46% 129 mg, 48% dark green 

p(F/S-OMe)-10 131 mg, 50% 126 mg, 48% dark green 

p(F/S-OMe)-20 97 mg, 39% 134 mg, 53% dark green 

p(F/S-OMe)-30 157 mg, 65% 75 mg, 31% dark green 

p(F/S-OMe)-50 98 mg, 44% 116 mg, 52% dark green 

p(F/S-SMe)-20 50 mg, 20% 205 mg, 81% green 

p(F/S-F)-20 50 mg, 20% 196 mg, 78% green yellowish 

p(F/S-NO2)-20f 54 mg, 21% 32 mg, 13% orange 
a Extraction time was ~ 24 h. b Extraction time was ~ 2 h. c Solid material for chloroform 

fraction. d 2nd  chloroform fraction 75 mg (22%). e Insoluble fraction 148 mg (46%). f 

Insoluble fraction 159 mg (63%). 
 

p(F/S-SO2Me)-01 

δH (400 MHz, CDCl3): 7.93–7.76 (m, 2H), 7.76–7.52 (m, 4H), 2.26–1.80 (m, 4H), 1.41–

1.00 (m, 20H), 0.95–0.61 (m, 10H). 
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p(F/S-SO2Me)-50 

δH (400 MHz, CDCl3): 9.05 (d, J = 7.6 Hz, 1H), 8.80 (s, 1H), 8.47 (s, 1H), 8.30 (s, 1H), 8.13 

(d, J = 7.6 Hz, 1H), 7.93–7.76 (m, 2H), 7.76–7.52 (m, 4H), 3.39 (s, 3H, CH3) 2.27–1.90 (m, 

4H), 1.42–1.01 (m, 20H), 0.90–0.59 (m, 10H). 

p(F/S-CN)-01 

δH (400 MHz, CDCl3): 7.93–7.76 (m, 2H), 7.76–7.52 (m, 4H), 2.26–1.80 (m, 4H), 1.41–

1.00 (m, 20H), 0.95–0.61 (m, 10H). 

p(F/S-CN)-50 

δH (400 MHz, CDCl3): 8.78 (d, J = 7.8 Hz 1H), 8.39 (s, 1H), 8.29–8.18 (m, 2H), 8.11 (d, J 

= 8.0 Hz, 1H), 8.04–7.85 (m, 2H), 7.79–7.54 (m, 4H), ), 2.26–1.80 (m, 4H), 1.41–1.00 (m, 

20H), 0.95–0.61 (m, 10H). 
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CHAPTER 5 

Conclusions and Future Work 

            

5.1 Conclusions 

In this project novel classes of light-emitting polydibenzothiophene-S,S-dioxide based 

homopolymers and co-polymers, functionalised with different groups at position 1 of the 

dibenzothiophene-S,S-dioxide moieties, with tuneable optical and electronic properties, 

have been successfully developed.  

Synthetic methodologies to introduce a wide range of both electron-donating and 

electron-withdrawing substituents onto position 1 of the 3,7-dibromodibenzothiophene-S,S-

dioxide monomers were elaborated (see Figure 5.1). 1-Amino-3,7-

dibromodibenzothiophene-S,S-dioxide (Br2S-NH2) was considered a useful synthon for this 

work, which was then converted into a wide range of 1-substituted dibenzothiophene-S,S-

dioxide monomers via diazonium chemistry. The multistep reaction route to the key 

intermediate, Br2S-NH2, started from commercially available dibenzothiophene, followed 

by oxidation, bromination, nitration, and reduction. Attention was also paid to scaling up the 

reactions and optimisation of the conditions, to elaborate convenient and efficient methods 

for their synthesis and purification. Having the Br2S-NH2 monomer in hand, the amino 

group was converted (via diazonium salts) into four different groups (OH, CN, I and F). A 

series of 1-alkoxy-3,7-dibromodibenzothiophene-S,S-dioxide Br2S-OR monomers were 

then synthesised by alkylation of Br2S-OH with alkyl halides and alkyl tosylates.  

Replacement of the NH2 group in Br2S-NH2 by an SR group by classical reaction 

via a diazonium salt (-N2
+) was not possible as diazonium salts oxidise thiols or disulfides 

instead of a nucleophilic substitution reaction occuring. This transformation was, therefore 

performed by other methods under milder conditions using iso-amyl nitrite as a nitrosation 

reagent in organic solvents. After obtaining the Br2S-SR monomers, they were then 

successfully oxidised to obtain Br2S-SO2R monomers. 
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Figure 5.1: Structures of 1-functionalised dibenzothiophene-S,S-dioxide Br2S-R 

monomers. 

 

The first, yet unknown as a class, soluble conjugated dibenzothiophene-S,S-dioxide 

homopolymers as n-type electron deficient polymers with various electron-donating and 

electron-withdrawing alkyl groups have been successfully synthesised by using a Ni-

mediated coupling polymerisation method (see Figure 5.2). Extractions of the 

homopolymers display part solubility in chloroform with average yields of ~25%. They 

showed excellent thermal stabilities (Td = 380–388 °C). Cyclic voltammetry studies of 

polymer films showed that they can be electrochemically oxidised and reduced (p-doped 

and n-doped) and from their redox potential onsets, the HOMO and LUMO energies of these 

polymers have been estimated (HOMO = –6.31 to –5.98 eV, LUMO = –3.86 to –3.47 eV). 

DFT calculations at the B3LYP/6-31G(d) level of theory have been performed for model 1-

substituted polydibenzothiophene-S,S-dioxide (from 1 to 20 repeating dibenzothiophene-
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S,S-dioxide units). The HOMO and LUMO energy levels derived for 1-substituted 

polydibenzothiophene-S,S-dioxide, fit well with the CV data showing the pronounced effect 

of the substitution at the 1-position on the frontier orbital energies of polydibenzothiophene-

S,S-dioxide. 

These novel homopolymers are highly fluorescent, displaying clear blue-light 

emission with absorption and emission studies in chlorobenzene solutions (abs = 380–420 

nm, PL = 425–435 nm). Solid-state emission of these homopolymers exhibits a shift to a 

highly fluorescent greenish-yellow colour. A variety of experiments were carried out to see 

why there was such a big red shift between the solution and solid state. The initial thoughts 

were that it was due to the charge transfer effect, but upon further analysis it became apparent 

that it was the result of a molecular packing of polymer chains in the solid state. Annealing 

experiments were carried out to investigate whether the results of the experiment were due 

to the reorganisation of the polymer chain. The experiment showed that they are thermally 

stable and they do in fact red shift with an increase in temperature. 
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Figure 5.2: Structures of 1-functionalised dibenzothiophene-S,S-dioxide p(S-R) homo 

polymers. 

 

Four novel families of statistical donor-acceptor poly(fluorene/1-substituted 

dibenzothiophene-S,S-dioxide) co-polymers p(F/S-R)-y, functionalised with various 

electron-donating (R = OMe, SMe) and electron-withdrawing (R = CN, SO2Me, F, NO2) 

groups on the dibenzothiophene-S,S-dioxide moiety have also been successfully synthesised 

using a Suzuki coupling polymerisation of the corresponding monomers (see Figure 5.3). 

The co-polymers were obtained with high molecular weights (Mw = 9,656–71,780 Da, Mn 

= 5,320–35,352 Da) and showed excellent thermal stabilities (Td = 377–423 °C). Cyclic 

voltammetry studies of the co-polymer films showed that they can be electrochemically 

oxidised and reduced (p-doped and n-doped) and from their redox potential onsets, the 

HOMO and LUMO energies of these polymers have been estimated (HOMO = –6.13 to –

5.76 eV; LUMO = –3.27 to –2.17 eV). Analysis of this data clearly shows the strong effect 

of the 1-substituents and feed ratio of the dibenzothiophene-S,S-dioxide moiety on the 



240 

 

 

energy levels of the synthesised co-polymers: the introduction of an EDG results in an 

increase and the introduction of an EWG results in a decrease of both the HOMO and 

LUMO, respectively.  

UV-Vis electron absorption and PL spectral data have been obtained for the p(F/S-

R)-y co-polymers in both solution and the solid state. The co-polymers are highly 

fluorescent in both solution (PLQY = 58-95%) and the solid state (PLQY = 9-23%). Their 

excitation leads to formation of a local excited and intramolecular charge transfer state 

(which are in equilibrium) and fluorescence occurs with simultaneous emission from both 

excited states broadening the emission. The solvent polarity, solid state packing and the 

contents of the dibenzothiophene-S,S-dioxide moieties in the polymer chains change the 

contribution of LE and ICT emission and change the emission of the co-polymers from blue 

to bluish, greenish-white and a purely green colour. An interesting phenomenon was 

observed, in that for the p(F/S-SO2Me)-20 and p(F/S-CN)-20 co-polymers the emission is 

from the ICT state at the maximum due to the excitation being localized on both the electron-

donating group (F units) and the electron-accepting group (S-R unit). This is due to the S-

R acceptor units being stronger relative to the F donor unit therefore each S-SO2Me or S-

CN unit is statistically equal to four F units to make the charge transfer in the excited state. 

With an increase in the ratio of the S-SO2Me or S-CN units in the polymer backbone up to 

50% (p(F/S-SO2Me)-50 and p(F/S-CN)-50), a hypsochromic shift was observed. This 

might be because lowering the HOMO (which is located on the F unit) results in an increase 

in the HOMO-LUMO band gap. 
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Figure 5.3: Structures of fluorene/1-functionalised dibenzothiophene-S,S-dioxide p(F/S-

R)-y co-polymers. 

 

5.2 Future work 

5.2.1 Synthesis of fully soluble dibenzothiophene-S,S-dioxide homopolymers 

In this project, only 25% of the homo polymers p(S-R) were soluble in the chloroform 

fraction (with reasonable molecular weights). However, a lot of material remained insoluble 

(as an insoluble fraction) in the extraction thimble, which have higher molecular weights 

compared to the chloroform fraction. This occurs because the solubilising groups (OR, SR, 

and SO2R) do not have enough of an effect to obtain fully soluble polymers in common 

organic solvents (chloroform, toluene, DCM, THF, etc). Therefore, other ways could be 

investigated in future work to obtain polymers with improved solubility. Firstly, by trying 

to change the functional group e.g. using a longer alkyl chain or have a benzene ring linked 

to the alkyl chain (see Figure 5.4).  
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Figure 5.4: Suggested structures of 1-functionalised dibenzothiophene-S,S-dioxide p(S-R) 

homo polymers to achieve better solubility. 

 

Secondly, by functionalising both the 1- and 9-positions as both are symmetrical, 

this will not affect the conjugation system of the polymer backbone. At the same time, good 

synthetic methodology has already been developed in this project to substitute the 1-

position. Hence, Br2S could be used as the starting compound then the nitration reaction for 

both positions 1 and 9. Because both positions have the same activation energy for 

electrophilic substitution reaction, it should be straightforward to get di-substitution with a 

good percentage yield by only increasing the time of the reaction from 24 h to maybe 48 h. 

Once di-substitution had been achieved the modification of the NO2 group to prepare various 

monomers could then be carried out as before (see Scheme 5.1). 
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Scheme: 5.1 Suggested synthetic route to 1,9-dialkoxy-3,7-dibromodibenzothiophene-S,S-

dioxide homo polymer to enhance the solubility. 

 

5.2.2 Novel dibenzothiophene-S,S-dioxide co-polymers with different donor units 

After successfully preparing 1-functionalised dibenzothiophene-S,S-dioxide monomers, 

they could also be co-polymerised with a number of other different electron rich units not 

only the fluorene unit, such as the carbazole unit (see Figure 5.5). 
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Figure 5.5: Structures of carbazole/1-functionalised dibenzothiophene-S,S-dioxide co-

polymers, that could also be prepared. 

 

5.2.3 Synthesis of new thermally activated delayed fluorescence (TADF) materials 

Organic electroluminescence is a process of electro-excitation, where an electron and hole 

are recombined in an OLED device. The formation of excitons in the excited state 

statistically results in 25% of excitons going to the singlet state and 75% going to the triplet 

state. Thermally activated delayed fluorescence is a mechanism to improve the efficiency of 

OLED devices by harvesting the triplet excitons back to the singlet state. The discovery of 

new TADF emitters, which are more efficient and have higher stability, requires suitable 

electron donor (D) and electron acceptor (A) units. Dibenzothiophene-S,S-dioxide can be 

used as an acceptor unit with a suitable donor unit such as acridine. As future work, novel 

trimers could be synthesised by di-substitution of Br2S-R at positions 3 and 7 using the 

Buchwald-Hartwig procedure with acridine or other donor units (see Scheme 5.2) 
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Scheme 5.2: Suggested synthetic route for the coupling of acridine to positions 3 and 7 of 

 Br2S-R. 

 

Another idea includes a special design based upon the rigid accepting moiety S in the core 

and three symmetrical donor moieties attached to positions 1, 3, and 7. This would allow the 

effect of substitution of one more donor moiety at position 1 of the S unit on the TADF 

properties to be investigated (see Scheme 5.3).  
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Scheme 5.3: Suggested synthetic route for the coupling of Br2S-I to cyclic arylamines. 
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CHAPTER 6 

Appendices 

            

 

6.1  

Table 6.1 Optimisation of nitration of 3,7-dibromodibenzothiophene-S,S-dioxide Br2S to 

1-nitro-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-NO2) at different reaction 

conditions at room temperature and scaling up the nitration reaction. 

    Br2S-NO2 

Br2S, 

amount 

HNO3, 

concen-

tration, 

amount 

H2SO4 

(96%), 

amount 

Time, 

h 

Yield, 

% 

Purity, 

% 

Yield, % 

after 

recryst. 

(solvent) 

Purity, % 

(after 

recryst.) 

0.20 g 
90 % 

0.5 mL 
6 mL 5.5 88.4 96   

2.00 g 
90 % 

5 mL 
60 mL 8 99.0 90 

39.1 

(CHCl3) 
95 

2.00 g 
90 % 

5 mL 
40 mL 6 100 90 

64.7 

(dioxane) 
96 

2.00 g 
90 % 

5 mL 
20 mL 5 100 95   

2.00 g 
70 % 

5 mL 
40 mL 6 99.1 90 

82.4 

(dioxane) 
94 

2.00 g 
70 % 

10 mL 
20 mL 6 94.9 92 

33.0 % 

(dioxane)a 99 

20.0 g 
90% 

50 mL 
200 mL 7 100 87   

7.50 g 
90 % 

30 mL 
75 mL 27 100 83 

95.1 

(dioxane) 
90 

10.0 g 
70 % 

50 mL 
100 mL 24 96.8 90 

72.2 

(dioxane) 
96 

20.0 g 
70 % 

50 mL 
400 mL 12 100 73 

85.4 

(dioxane) 
85 

32.6 g 
70 % 

160 mL 
330 mL 23 97.7 93 

95.1 

(dioxane) 
90 

159 g 
70 % 

0.8 L 
1.6 L 21 98.4 97 

83 

(dioxane) 
99 
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161 g 
70 % 

0.82 L 
1.63 L 21 96.6 98 

83 

(dioxane) 
99 

a After several recrystalllisations from dioxane to obtain analytically pure sample. 

 

6.2 Testing the stability of Br2S towards Pd/C reduction. 

 

A round bottom flask (25 mL) was charged with 3,7-dibromo dibenzothiophene-S,S-dioxide 

(Br2S) (0.208 g, 0.556 mmol), dioxane (10 mL) and 10% Pd/C (0.210 g), and the flask was 

closed using a septum flushed with nitrogen. Then the flask was flushed with hydrogen, 

leaving a hydrogen balloon connected to the flask during the test. The mixture was stirred 

with heating at 40 °C for 7 days. The mixture was filtered through a bed of celite, washed 

with ethyl acetate (4 × 10 mL), and the solvent evaporated to yield a brown powder (0.286 

g). TLC showed two spots. 1H NMR spectroscopy shows many overlapped peaks relating 

to two or more different compounds and some smaller unidentified peaks. Needs further 

investigation.  

 

6.3 Attempted reduction of 1-nitro-3,7-dibromodibenzothiophene-S,S-dioxide (Br2S-

NO2) with Pd/C under a hydrogen atmosphere. 

 

A round bottom flask (25 mL) was charged with 1-nitro-3,7-dibromo dibenzothiophene-S,S-

dioxide (Br2S-NO2) (0.201 g, 0.482 mmol) and 10% Pd/C 0.208 g). The flask was flushed 

with H2 through the septum, dioxane (10 mL) was added, and the mixture was sonicated for 

few minutes for the more efficient removal of an air, before being flushed again with H2. A 

new portion of dioxane was then added (10 mL) due to bad solubility of the Br2S-NO2 (still 

not full dissolution), and the temperature was raised to 40 °C (full dissolution) and the 

mixture was stirred at this temperature for 46 hours. The mixture was then cooled to room 
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temperature, filtered through a bed of celite and washed with ethyl acetate (4 × 10mL). The 

combined organic layers were evaporated to yield the crude product (0.170 g, 94%) as a 

brown powder. 1H NMR spectroscopy showed a complex mixture of several products. Needs 

further investigation.  

 

6.4 Testing the stability of Br2S towards Sn/HCl reduction. 

 

A small flask (5 mL) with a stirring bar was charged with 3,7-dibromodibenzothiophene-

S,S-dioxide (Br2S) (100 mg, 0.267 mmol) and ethanol (2.0 mL). Concentrated (37%) HCl 

(0.2 mL) and water (0.5 mL) were added and the mixture was stirred for 10 minutes (white 

coloured suspension was observed). Tin powder (127 mg, 1.06 mmol) was added in portions 

over 5 minutes with stirring. The mixture was stirred with heating at 60 °C for 24 h. 

Monitoring the reaction by TLC in different solvent systems did not show the appearance of 

new spots even after 19 h; only the spot for the starting material Br2S was identified. 1H 

NMR spectroscopy was done after 24 hours from a probe sample, which also showed only 

starting material, Br2S.  

An additional portion of tin powder (250 mg, 2.09 mmol), concentrated (37%) HCl 

(0.25 mL), and ethanol (2 mL) were added and the mixture was stirred under reflux for a 

further 20 hours. The colour changed to pale yellow with the mixture changing to an 

emulsion. Monitoring the reaction by TLC after 44 hours showed only the spot 

corresponding to starting material Br2S. 1H NMR probe also confirmed that only starting 

material Br2S was present in the reaction mixture. The test was therefore stopped, the 

mixture was diluted with water (15 mL), and the solid was filtered off, washed with water 

until pH ~ 7 and dried to yield a slightly yellowish powder (235 mg, 235%). This solid was 

extracted with ethyl acetate, the solvent was evaporated and the residue was dried to yield 

starting material Br2S (25 mg, 25%) as a white powder, which showed δH (400 MHz, 

CDCl3): 7.94 (d, J = 1.6 Hz, 2H), 7.78 (dd, J = 8.2, 1.8 Hz, 2H), 7.64 (d, J = 7.6, 2H). 
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6.5 Attempt to synthesise 1-cyano-3,7-dibromodibenzothiophene-S,S-dioxide  

(Br2S-CN). 

To a 2-neck round bottom flask, sodium nitrite (0.314 g, 4.55 mmol) and conc. H2SO4 (40 

ml) were added. The sodium nitrite was added slowly over a period of 40 minutes and the 

solution was stirred vigorously at 0 °C. The solution was then heated to dissolve all of the 

sodium nitrite. The solution was then cooled back to 0 °C and a solution of Br2S-NH2 (1.00 

g, 2.57 mmol) in H2SO4 was added. This was left stirring at 0 °C for 18 h. Crushed ice was 

added to the solution which afforded a precipitate. This was filtered off, washed with water 

(10 mL) and immediately taken up in 40 ml of water. This was then slowly added to a 

solution of copper sulfate (1.85 g, 7.41 mmol) and sodium cyanide (2.08 g, 42.4 mmol) 

dissolved in water. The mixture was then heated to reflux for 3 h. The solution was hot 

filtered and dried to afford starting compound Br2S-NH2 (0.296 g, 30%). The mother liquor 

was collected and evaporated, yielding 3,7-dibromo-1-hydroxydibenzothiophene-S,S-

dioxide (Br2S-OH) (0.455 g, 45%). 

 

6.6 Attempt to synthesise 1-cyano-3,7-dibromodibenzothiophene-S,S-dioxide  

(Br2S-CN). 

Br2S-NH2 (0.700 g, 1.95 mmol) and H2SO4 (25 ml) were charged into a 2-neck round 

bottom flask. To this, water (20 mL) was added dropwise, keeping the temperature below 

30 °C during the addition. The solution was then cooled to 0 °C. A solution of sodium nitrite 

(169 mg, 2.44 mmol) was prepared by dissolving in water (4 mL). This was added dropwise 

to the Br2S-NH2 solution over 30 minutes. The solution was left to stir at 0 °C for 2 h. 

During this time, a solution of sodium cyanide (1.62 g, 49.0 mmol) dissolved in water (10 

mL) was prepared. This solution was added dropwise over 30 minutes to the reaction 

mixture, which was then allowed to reach room temperature and was left to stir for 67 h. 

The temperature was raised to 50 °C and allowed to stir for 1 h. The mixture was then cooled 

to room temperature, filtered and the solid was dried by vacuum filtration, to yield the crude 

product (0.612 g, 86%) which was shown by 1H NMR spectroscopy to be a mixture of Br2S 

(32%), Br2S-OH (53%) and Br2S-NH2 (15%). 
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6.7 Attempted trials and failed reactions on substitution of NH2 group in Br2S-NH2 by 

SR group using Cu-catalysed reaction with Na2S2O3 and alkylbromides. 

 

 

 

Attempt to synthesise 1-(2-ethylhexylthio)-3,7-dibromodibenzothiophene-S,S-dioxide  

(Br2S-SEtHex). 

Sodium thiosulfate (0.910 g, 3.60 mmol), bipyridine (0.008 g, 0.051 mmol), CuSO4
.5H2O 

(0.015 mg, 0.051 mmol), 2-ethylhexyl bromide (0.63 mL, 3.60 mmol) and methanol/water 

(2.5 mL/2.5 mL) were charged into a 3 neck round bottom flask. The solution was stirred at 

80 °C for 2 h. To this, Br2S-NH2 (0.201 g, 0.514 mmol) and isopentylnitrite (0.10 mL, 0.771 

mmol) were added to the reaction mixture. Stirring at 80 °C was continued for 8 h, then 

stirring was continued for a further 12 h at r.t. Solution is extracted with diethyl ether (4 × 

10 mL) and the solvent is evaporated to yield a yellow powder (0.130 g, 48.8%). The by-

product was washed with THF and this solution was passed through a silica column to afford 

a pale yellow solution. This was deemed to be pure enough by TLC to combine with the 

initial product. The combined solids were then purified by flash chromatography on silica 

gel using Tol : DCM, 1:1 as eluent to a afford mixture of products Br2S-NH2 (0.154 g, 58%) 

and Br2S (0.005 g, 0.013 mmol, 1.9%). 

 

Attempt to synthesise 1-butylthio-3,7-dibromo-dibenzothiophene-S,S-dioxide  

(Br2S-SBu). 

Sodium thiosulfate (0.910 g, 3.60 mmol), bipyridine (0.008 g, 0.051 mmol), CuSO4
.5H2O 

(0.015 g, 0.051 mmol), 1-bromobutane (0.63 mL, 3.60 mmol) and methanol/water (2.5 

mL/2.5 mL) were charged into a microwave vial. The solution was stirred and subjected to 

microwave irradiation at 80 °C for 2 h. To this, Br2S-NH2 (0.201 g, 0.514 mmol) and 
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isopentyl nitrate (0.10 mL, 0.77 mmol) were added. The mixture was then irradiated in a 

microwave reactor in a four stage process: 80 °C for 1 h, 80 °C for 2 h, 80 °C for 3 h and 80 

°C for 4 h. The solution was then extracted with diethyl ether (4 × 10 mL) and the solvent 

was evaporated to yield a yellow powder (0.093 mg, 39%). The product was purified by 

flash chromatography on silica gel using Tol : DCM, 1:1 as eluent to yield a yellow solid 

powder (0.007 g, 2.9%). 

 

Attempt to synthesise 1-hexylthio-3,7-dibromodibenzothiophenes-S,S-dioxide  

(Br2S-SHex). 

Sodium thiosulfate (0.440 g, 1.75 mmol), bipyridine (0.006 g, 0.025 mmol), CuSO4
.5H2O 

(0.011 g, 0.025 mmol), 1-bromohexane (0.25 mL, 1.75 mmol) and ethanol/water (1.7 

mL/0.9 mL) were charged into a test tube. The solution was stirred at 80 °C for 2 h. To this, 

Br2S-NH2 (0.097 g, 0.25 mmol) and isopentyl nitrate (0.05 mL, 0.375 mmol) were added. 

Stirring at 80 °C was continued for 8 h. Reaction was brought to room temperature and 

stirring was continued for a further 32 h. TLC showed only the starting compound Br2S-

NH2. 

 

Attempt to synthesise 1-hexylthio-3,7-dibromo-dibenzothiophenes-S,S-dioxide  

(Br2S-SHex). 

Sodium thiosulfate (0.440 g, 1.75 mmol), bipyridine (0.006 g, 0.025 mmol), CuSO4
.5H2O 

(0.011 g, 0.025 mmol), 1-bromohexane (0.25 mL, 1.75 mmol) and DMF/water (1.7 mL/0.9 

mL) were charged into a test tube. The solution was stirred at 80 °C for 2 h. To this, Br2S-

NH2 (0.097 g, 0.25 mmol) and isopentyl nitrate (0.05 mL 0.375 mmol) were added. Stirring 

at 80 °C continues for 8 h. Reaction was brought to room temperature and stirring was 

continued for a further 32 h. Reaction was stopped and solvent was evaporated to give (0.735 

g, 636%). Product was purified by flash chromatography on silica gel using PE : iPrOH, 

20:1 as eluent, isolating no compound. 
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Attempt to synthesise 1-hexylthio-3,7-dibromodibenzothiophenes-S,S-dioxide  

(Br2S-SHex). 

Sodium thiosulfate (0.440 g, 1.75 mmol), bipyridine (0.006 g, 0.025 mmol), CuSO4
.5H2O 

(0.011 g, 0.025 mmol), 1-bromohexane (0.25 mL, 1.75 mmol) and acetonitrile/water (1.7 

mL/0.9 mL) were charged into a test tube. The solution was stirred at 80 °C for 2 h. To this, 

Br2S-NH2 (0.097 g, 0.25 mmol) and isopentyl nitrate (0.05 mL 0.375 mmol) were added. 

Stirring at 80 °C was continued for 8 h. Reaction was brought to room temperature and 

stirring was continued for a further 32 h. TLC showed only the starting compound Br2S-

NH2. 

 

Attempt to synthesise 1-hexylthio-3,7-dibromodibenzothiophenes-S,S-dioxide  

(Br2S-SHex). 

Potassium thiosulfate (0.462 g, 1.75 mmol), bipyridine (0.006 g, 0.025 mmol), CuSO4
.5H2O 

(0.011 g, 0.025 mmol), 1-bromohexane (0.25 mL, 1.75 mmol) and ethanol/water (1.7 

mL/0.9 mL) were charged into a test tube. The solution was stirred at 80 °C for 2 h. To this, 

Br2S-NH2 (0.097 g, 0.25 mmol) and isopentyl nitrate (0.05 mL, 0.375 mmol) were added. 

Stirring at 80 °C was continued for a further 8 h. Heating was stopped and stirring was 

continued for a further 32 h at r.t. TLC showed only the starting compound Br2S-NH2. 

 

Attempt to synthesise 1-hexylthio-3,7-dibromodibenzothiophenes-S,S-dioxide  

(Br2S-SHex). 

Potassium thiosulfate (0.462 g, 1.75 mmol), bipyridine (0.006 g, 0.025 mmol), CuSO4
.5H2O 

(0.011 g, 0.025 mmol), 1-bromohexane (0.25 mL, 1.75 mmol) and DMF (3 mL) were 

charged into a test tube. The solution was stirred at 80 °C for 2 h. To this, Br2S-NH2 (97 

mg, 0.25 mmol) and t-butyl nitrite (0.05 mL, 0.375 mmol) were added. Stirring at 80 °C was 

continued for a further 4.5 h. The reaction was then quenched with water, evaporated to give 

(242 mg, 209%). TLC showed only the starting compound Br2S-NH2. 
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Attempt to synthesise 1-hexylthio-3,7-dibromodibenzothiophenes-S,S-dioxide  

(Br2S-SHex). 

Potassium thiosulfate (0.462 g, 1.75 mmol), bipyridine (0.006 g, 0.025 mmol), CuSO4
.5H2O 

(0.011 g, 0.025 mmol), 1-bromohexane (0.25 mL, 1.75 mmol) and DMSO (3 mL) were 

charged into a test tube. The solution was stirred at 80 °C for 2 h. To this, Br2S-NH2 (0.097 

g, 0.25 mmol) and t-butyl nitrite (0.05 ml, 0.375 mmol) were added. Stirring at 80 °C was 

continued for a further 4.5 h. The reaction was then quenched with water, evaporated to give 

(0.232 g, 200%). The crude product was then purified by flash chromatography on silica gel 

using THF as eluent, yielding by-product Br2S (0.016 g, 0.042 mmol). 

 

6.8 Supplementary information 

Electronic Supplementary Information (ESI) available: 1H NMR, 13C NMR, MS, and GPC 

data for synthesised monomers and polymers. 

 


