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1  Motivation & Objective 
__________________________________________ 

1.1  Motivation 

Fluorene-based polymers and copolymers are often targeted due to their strong 

blue fluorescence as well as chemical and photochemical stability and good 

synthetic accessibility. Nowadays there is a gaining importance for fluorene 

based water soluble polymers and copolymers as they might have some 

additional applications due to their water solubility. 

Water soluble conjugated polymers are known to be attractive materials in 

OLEDs which are built in layer by layer self assembly approach. [89, 90] They can 

be also used as biological and chemical sensors as solubility in water is a 

prerequisite for interaction with biological substrates. [47, 62, 63, 64] 

Efforts have to be done to synthesize new derivatives of water soluble 

polymers and copolymers which have improved optical, electronic and opto-

electronic properties. Conjugated polymer/surfactant systems can be used to 

vary the aggregation behaviour and to increase the fluorescence quantum yield 

of the water soluble polymers in aqueous media. [19, 93, 94, 95] 
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1.2  Objective 

The aim behind this work was to synthesize water soluble cationic and anionic 

semiconducting copolymers.  

In our work we tried to synthesize some already known and a series of novel 

ionic, fluorene-type copolymers which can be interesting components in 

chemical and biological sensors. Solubility in water is essential for interacting 

with biological substrates such as proteins and DNA, and this property can be 

achieved by attaching charged, ionic functionalities as pendant groups of the 

conjugated backbone. 

Some of the materials will be tested in polymer based light-emitting diodes 

(LEDs). A LED is a semiconductor device that emits visible light when an 

electric current passes through it. Several conjugated, water-soluble fluorene- 

type polymers and copolymers with phenylene, biphenyl, thienylene and 

bithiophene building blocks will be synthesized to vary the absorption and 

emission energies of the macromolecules. 

The effect of ionic and non-ionic surfactants on the aqueous polymer solutions 

will be also studied. Different surfactants will be used to gain a deeper insight 

of the aggregation behaviour and the resulting optical properties, e.g. the 

fluorescence quantum yield after addition of surfactants. 

These novel water-soluble materials will be tested for potential applications in 

optical, electronic and optoelectronic devices. 
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2  Introduction 

__________________________________________ 

2.1  Conjugated polymers 

Due to their specific properties such as mechanical strength and good 

processability, polymer materials take a universal place in our daily life. A real 

current challenge for physicists and chemists is the design of novel functional 

polymers matching the (electronic) properties of semi-conductors for modern 

electronic applications.  

In this context, π-conjugated polymers which are often intrinsic semi-

conductors due to their delocalized π-electrons, have attracted much research 

effort in the last fifteen years. Most of the conjugated polymers studied today 

(Fig. 1) have a regular alternation of single and double bonds in the main chain 

as in the first known polymer of this type; polyacetylene. Such one-

dimensional π-systems are often conceived, as having a two-band structure 

using the one-electron model approximation [98]. The highest occupied 

molecular orbitals (HOMO) form the occupied π-band (valence band) of the 

polymer and the lowest unoccupied molecular orbitals (LUMO) form the π*-

band (conduction band) of the polymer. As a consequence of the bond 

alternation, the band gap of neutral polymers lies in the range of ca. 1.5 (near 

IR) to 4 eV (UV), resulting in semiconductor properties.  

 

S N
H

Polyacetylene (PA) Polythiophene (PT) Polypyrrole (PPy)

Poly (para-phenylene) (PPP) Poly (phenylene vinylene) (PPV)

n
n

n n n

 
 
 
 

Fig. 1:  Selection of conjugated polymers 
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A first major breakthrough in the field of conjugated polymers was achieved in 

1977 when high electrical conductivities were observed by ‘doping’ neutral 

polyacetylene with strong oxidizing or reducing agents.[1] Electrons are injected 

or removed (reduction or oxidation) during the interaction with so-called 

dopants. The polymer chains become oxidized or reduced; polaron or charged 

soliton states are formed which create midgap energy states. The materials 

show a dramatically increased electrical conductivity. For this reason interest 

in conjugated polymers was initially focused mainly on a high electrical 

conductivity of the materials. 

Dopants are also used in inorganic semiconductors for altering their electronic 

properties in a controllable way. Semiconductors with excess electrons are 

called n-type semiconductors while semiconductor with a lack of electrons are 

called p-type semiconductor. Most common dopants for inorganic semi-

conductors (e.g. silicon) are phosphorus (P), arsenic (As), or antimony (Sb), 

for n-type doping; and boron (B) for p-type doping.  

Recent interest in conjugated polymers is not focused to conductivity 

properties of doped conjugated materials. Now, the electronic and optical 

properties of neutral conjugated polymers have been also extensively studied 

and applied. Many new applications in photonic devices have been developed, 

including their use in organic light emitting diodes (OLEDs),                   

organic field effect transistors (OFETs), organic solar cells etc.                                    

Conjugated polymers represent materials with both electronic and optical 

properties partially comparable to the properties of inorganic semiconductors, 

but have in addition the benefit of attractive mechanical and processing 

properties. Many of the original, unsubstituted conjugated polymers have been 

derivatized in order to control the processing. Of primary interest in this 

respect is the processability of the polymers from solution, in the form of 

soluble derivatives or via soluble precursor polymers which can be processed 

and subsequently converted to the insoluble conjugated form. 

 

2.2  Electronic structure of a conjugated polymer [2] 

The common feature of most polymeric organic semiconductors is that they 

consist of alternating single and double carbon–carbon bonds. Such materials 
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are said to be “conjugated” if it is possible to swap the positions of the single 

and double bonds and to end up with a structure that still satisfies the 

chemical-bonding requirements for carbon. Carbon–carbon double bonds are 

formed when two of the three 2p orbitals on each carbon atom combine with 

the 2s orbital to form three sp2 “hybrid” orbitals. These orbitals lie in a plane, 

directed at 120o to one another, and form three σ “molecular” orbitals with 

neighbouring atoms, including two or more with carbons. The third p orbital 

on the carbon atom, pz, points perpendicular to the other hybrid orbitals. It 

overlaps with the pz orbital on neighbouring carbon atoms to form pairs of so-

called π orbitals that are spread out or “delocalized” over the polymer chain. 

The low energy π (or bonding) occupied orbitals, form the valence band, while 

the higher energy π* (or antibonding) orbitals forms the unoccupied 

conduction band. The occurance of the “band gap” between valence and 

conduction band gives the polymer its semiconducting behaviour. 

But a polymer must also satisfy two other conditions for it to work as a 

semiconductor. One is that the σ bonds should be much stronger than the π 

bonds so that they can hold the molecule intact even when there are excited 

states such as electrons and holes in the π bonds. (The excitation of the 

molecule weakens the π bonds and the molecule would split apart without 

strong σ bonds.) The other requirement is that π orbitals of neighbouring 

polymer molecules in the solid state should overlap with each other so that 

electrons and holes can move in three dimensions between molecules. 

Fortunately many polymers satisfy these three requirements. 

Most conjugated polymers have semiconductor bandgaps of 1.5–4 eV, which 

means that they are ideal for optoelectronic devices that emit visible light. 

They can also be chemically modified in a variety of ways, and a lot of effort 

has been put into finding materials that can be processed easily from solution 

either as directly soluble polymers, or as “precursor” polymers that are first 

processed in solution and then converted in situ to form the semiconducting 

structure. 
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2.3  Fluorene-based conjugated polymers  

Fluorene-based conjugated polymers have received considerable attention in 

the past few years for the high efficiencies both in PL [3, 4] and in electro-

luminescence (EL). [5, 76, 69, 82]  Due to their pure blue and efficient electro-

luminescence coupled with a high charge-carrier mobility and good 

processability they have been discussed for display applications.[6, 7, 8] Many 

new applications in photonic devices, other than as polymer LEDs, have been 

conceived for these materials. Polyfluorenes also possess excellent thermal 

stability [ 9] and high stability against oxidants. [10]  

RR n

Ar

RR
n

 

Fig. 2: a) Polyfluorene homopolymer    b) Fluorene-type copolymer 

 

Conjugated copolymers based on alternating fluorene and phenylene building 

blocks (Fig. 2b, Ar:-1,4-phenylene) are also promising efficient and stable blue 

luminescent materials. [11]  

Polyfluorenes with alkyl side chains containing more than 6 carbons (Fig. 2a) 

are soluble in various organic solvents. They do not precipitate during the 

coupling reaction towards the polymers. For Polyfluorene synthesis both 

Suzuki and Yamamoto type coupling reactions have been successfully applied. 

The length of alkyl substituents does not alter the optical and electronic 

properties of polyfluorenes in dilute solutions. Additional chemically, 

chromophorically, or electronically active functional groups (endcaps) can be 

introduced into the terminal positions of the PF backbones.  

Applying the cross-coupling methods according to Suzuki (Scheme 1) or Stille 

(Scheme 2) a bundle of alternating fluorene-type copolymers can be 

synthesized. 
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Scheme 1: Synthesis of alternating fluorene-type copolymers using the Suzuki-
type cross coupling reaction. 

 

BrBr

R R

S
Me3Sn SnMe3

S
Me3Sn

S
SnMe3

R R

S

R R

S S

Stille cross coupling
Pd(0), toluene

Stille cross coupling
Pd(0), toluene

n

n  

 
Scheme 2: Synthesis of alternating fluorene-type copolymers using the Stille-
type cross coupling reaction. 

 

Polymers with large energy gaps that emit blue light efficiently are of special 

interest; these materials are desired for full color display applications and also 

serve as energy transfer donors in the presence of lower energy fluorophores. 
[101-104] Different copolymers based on fluorene building blocks have been found 

to emit light over the full range of colours (Fig. 4). The “colour triangle” of 

Fig. 4 shows some of the colours obtained using different -Ar-blocks of the 

copolymers. Pure red, green and blue light are at the apices of the triangle, with 

white near the centre. “Target” red–green–blue colours specified for the PAL 

colour co-ordinate system are also shown. Fig. 3 shows structures of different 

fluorene-based copolymers and their emission colour. 
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Fig. 3: Structures of fluorene-based copolymers used in OLED devices 
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Fig. 4: Emission colours of different fluorene-based copolymers 

 

2.4  Conjugated polyelectrolytes (Water soluble polymers) 

Conjugated polyelectrolytes (CPEs) have recently received considerable 

interest due to their unique properties and promise that they may be 

technologically useful. [12-21] CPEs possess an intrinsic tendency to organize 

into supramolecular architectures in solution and in the solid state owing to 

electrostatic and hydrophobic interactions. [15, 16] In addition, the materials 

feature distinctive optical and electronic properties such as strong absorption in 

the visible region, [12, 14, 22] strong fluorescence and electrical conductivity in the 

doped state. [23, 24] 

The unique combination of optical, electronic and materials properties 

exhibited by CPEs makes them versatile materials for a new generation of 

optical, electronic and optoelectronic devices. Potential applications of water 

soluble conjugated polymers include the construction of active layers in 

organic light-emitting diodes through a layer-by-layer self-assembly approach, 
[25] as buffer layer or emissive layer materials in inkjet printing fabricated 

organic LEDs, [26] and as highly sensitive fluorescent sensory materials. [27]  

Pendant group functionalization of conjugated polymers has proven to be a 

useful method for improving the processability of the typically insoluble and 

infusible materials. The water-solubility in such polymers is achieved by 
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functionalizing the solubilizing side chains with ionic carboxylate, sulfonate, 

phosphonate and ammonium groups. These polymers are, therefore, anionic or 

cationic polyelectrolytes. For example, water soluble poly(phenylene vinylene) 

(PPV), [22] poly(phenylene) (PP) [28], poly(phenyleneethynylene) (PPE) [29] and 

polythiophene (PT) [30] have been obtained recently with either cationic or 

anionic functions. 

Some of the examples will be now discussed in more detail: The various 

palladium-catalysed coupling methods (i.e. Suzuki, Stille, Heck, Sonogashira) 

have gained considerable popularity due to mild reaction conditions, wide 

functional group tolerance, and versatility of the solvent used for 

polymerisation. These reactions are especially useful for the preparation of mid 

and wide bandgap CPEs. The report of the synthesis of a water soluble PPV by 

Shi and Wudl [22] and water soluble PPP by Wallow and Novak [31] were the 

most important initial contributions to this area. In the decade since these early 

reports appeared, several synthetic methods have been developed, leading to 

many new CPE structures. Most of the CPEs that have been prepared contain 

PPP, PPV or PPE backbones decorated with ionic functional groups such as 

sulphonate (SO3
-), carboxylate (CO2

-), phosphonate (PO3
2-) and ammonium 

(NR3
+). Most of these CPEs are strongly fluorescent in solution and in the solid 

state. Materials properties like film formation, absorption and fluorescence 

behaviour have been important in development of CPEs as active materials for 

electronic devices. 

The first synthesis of a PPP-type CPE, A was reported by Wallow and Novak 
[31] using the Suzuki cross coupling reaction (Scheme 3). A noteworthy feature 

of PPPs is their relatively high thermal and chemical stability. [33] Rau and 

Rehahn [32] developed a precursor approach to synthesize a water soluble PPP, 

B (Scheme 4). Synthesis of the first sulphonated PPP C was reported by 

Wegner and co-workers (Scheme 5). [34]  



2 Introduction 

 11 

COOH

HOOC C6H13

O
C6H13

O

COOH

COOH

CH3 SO3Na

C12H25
n n n

 A                                             B                                           C  

Fig. 5: Anionic poly(para-phenylene) (PPP)-type CPEs 
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Scheme 3: Synthesis of first PPP-type CPE A by Wallow and Novak  
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Scheme 4: Synthesis of a PPP-type CPE B by Rau and Rehahn 
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Scheme 5: Synthesis of PPP-type CPE C by Wegner and co-workers 

 

The first synthesis of a cationic PPP-based CPE was reported by Ballauff and 

Rehahn, [31] D. Two years later, Wittmann and Rehahn [36] reported the synthesis 

of a highly charged cationic PPP, E. (Scheme 6) 
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Scheme 6: Cationic Poly(para-phenylene) (PPP)-type CPEs 
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Shi and Wudl [22] reported the synthesis of a PPV-type polyelectrolyte F 

(Scheme 7), Peng and coworkers [37] designed a PPV-type CPE bearing cross-

conjugated side chains with carboxylate groups. This polymer was designed 

with the objective of producing a nanoporous polymer network with 

controllable uniform pore sizes by means of layer-by-layer self assembly. The 

carboxylate groups provided the polymer with water solubility and interchain 

hydrogen bonds in the solid state, acting as ´anchors’ during deposition. 

Another water soluble PPV-type CPE, G was synthesized by Fujii and co- 

workers [38, 39] by using a straightforward synthetic approach. G was obtained by 

direct polymerization of the corresponding monomer by means of the so-called 

Gilch route (Scheme 8). 

O
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+S

O

H3CO

SO2Cl

S+R2

O

H3CO

SO3
-
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-SR2

O

H3CO

SO3Na

nnn

base H2O/DMF acid or base

           

 F 

Scheme 7:  Synthesis of a PPV-type polyelectrolyte F by Shi and Wudl 
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     G 

Scheme 8:  Synthesis of a PPV-type polyelectrolyte G by Fujii and co-workers  

 

The first PPE-type CPE was reported by Li and co-workers. [40, 41] Pinto and 

Schanze [42] described a PPE-type CPE, H (Scheme 9), which contains 

sulphonate groups attached to the polymer backbone, which was obtained by a 

Sonogashira-type coupling reaction. 
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Scheme 9: Synthesis of a PPE-type CPE by Pinto and Schanze 

 

Nowadays cationic and anionic water-soluble fluorene-based alternating 

copolymers are gaining importance. [43] Lai, Huang and co-workers reported 

the synthesis of a fluorene-based cationic CPE, I by applying the neutral 

polymer precursor approach developed by Reynolds and co-workers (Scheme 

10).  
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Scheme 10:  Synthesis of a PF-type CPE by Lai, Huang and co-workers 
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2.5  Applications of conjugated polyelectrolytes as water soluble 

polymers 

One of the most active areas in conjugated polymer chemistry and physics is 

the development of polymer light emitting diodes (PLEDs). A large number of 

groups have explored the application of CPEs to fabricate PLEDs. In one of 

the first applications in this area, Rubner and Reynolds [44] reported the 

fabrication of PLEDs. 

Another area of widespread interest that involves the application of conjugated 

polymers is the construction of conjugated polymer-based photovoltaic (PV) 

devices. Work in this area was stimulated by the report by Heeger, Wudl and 

co-workers [45] that relatively efficient PV devices could be fabricated by 

blending a conjugated polymer with an electron acceptor (e.g. a fullerene 

derivative). 

Another area which has received much attention for the application of CPEs is 

the development of highly sensitive fluorescence-based sensors for chemical 

and biological targets. [46] 

Most applications of conjugated polymers in electronic, optoelectronic, [47-52] 

electrochemical or sensing devices require the materials to be fabricated in a 

thin film format. The most common method used is spincoating for neutral 

CPs. Langmuir-Blodgett method can be used for multilayer films. A method 

which involves layer-by-layer (LBL) deposition of oppositely charged 

polyelectrolytes, has received considerable attention since its discovery by 

Decher and co-workers in early 1990’s. [53-54] 

 

2.5.1  Polymer light-emitting diode  

The first Polymer Light-Emitting Diode (PLED) was reported in 1990 and the 

development has since been very fast. Since the discovery of PLEDs [56] 

considerable progress has been made in the development of new conjugated 

polymers and in the performance of related PLEDs. [97-100] In the most simple 

configuration, a PLED consists of an undoped conjugated polymer, 

sandwiched between two proper electrodes at a short distance (50-100 nm). 

Simple PLEDs are usually constructed as shown in Fig. 6. 
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             Fig. 6:  Schematic design of a polymer light-emitting diode (PLED). 

The advantage of PLEDs over semiconductor based-light emitting diodes is 

that large area diodes can be prepared by spincoating, commonly used for 

lithographic processes in semiconducting industry. The diodes are driven with 

low dc voltage of 2-10V. The state-of-the-art PLEDs today have an external 

quantum efficiency of up to 5 %.   

Conjugated polymers derive their semiconducting properties [55] from having 

delocalized p-electron bonding along the polymer chain. The π bonding and π* 

antibonding orbitals form delocalized valence and conduction wavefunctions, 

which support mobile charge carriers. 

Electroluminescence from conjugated polymers was first reported [56] using 

poly(phenylene vinylene) (PPV), as the single semiconductor layer between 

two electrodes. In this structure, an indium-tin oxide (ITO) layer functions as a 

transparent electrode (anode) and allows the light generated within the diode to 

leave the device. The top electrode (cathode) is conveniently formed by 

thermal evaporation of a low work function metal (Ca, Al, Mg, Ag, etc). LED 

operation is achieved when the diode is biased sufficiently to achieve injection 

of positive and negative charge carriers from opposite electrodes. Capture of 

oppositely charged carriers within the region of the polymer layer result in the 

formation of excitons and subsequent photon emission. Diodes of this type can 

be readily fabricated by solution-processing the semiconducting polymer onto 

the ITO-coated glass, even though the film thickness is typically <100 nm. 

Spincoating from solution has been demonstrated to be capable of producing 

highly uniform layer thickness, with no more than a few Å thickness spread 

over several cm2. Electrodes are chosen to facilitate charge injection; ITO has a 

relatively high work function and is therefore suitable for use as a hole-
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injecting electrode, and low work-function metals such as Al, Mg, or Ca are 

suitable for injection of electrons.  

 

2.5.2  Conjugated polymers as platforms for biological sensors  [57-60] 

Conjugated polymers have unique optical, electrical, electrochemical and opto- 

electronical properties, which can be modified by environmental stimuli such 

as temperature, solvent, electrolyte, etc. Hence, conjugated polymers can 

detect, transduce, and amplify physical or chemical stimuli into an electrical, 

optical or electrochemical signal. In addition to the tremendous research and 

industrial progress in using conjugated polymers in organic light emitting 

diodes (OLED), photovoltaic cells, lasers, etc. Conjugated polymers have been 

found to be interesting and promising as sensory materials to detect chemical 

(chemosensors) or bioactive species (biosensors). [61-63]   

Intrachain and interchain energy transfer processes [64, 65] allow excitations to 

sample multiple environments. [66] If one of these sites is in close proximity to a 

fluorescence quencher molecule, the result is an enhancement (amplification) 

of the quenching event. Especially if the removal of a quencher molecule from 

the vicinity of the conjugated polymer can be coupled to the presence of a 

target analyte, one obtains the platform for optical fluorescence sensing. In this 

case, all the advantages of fluorescence sensing can be used (high sensitivity). 

Solubility in water is essential for interacting with biological substrates such as 

proteins and DNA, and this property can be achieved in conjugated polymers 

by attaching charged functionalities as pendant groups on the conjugated 

backbone [67] (formation of conjugated polyelectrolytes:CPEs). 

 

2.5.3  Water soluble conjugated polymers for biosensors [68-72] 

As a new class of highly sensitive chemo- and biosensors, water soluble 

conjugated polymers show great potential. [73-76] However, water solublity of the 

CPs is required. The resulting properties of aqueous solutions are typical of 

amphiphilic polyelectrolytes, for which interactions with DNA have been 

intensively studied. [77] Indeed, the strength of the interactions between cationic 
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polyelectrolytes and DNA has recently been used to recognize the tertiary 

structure of plasmid DNA. [78-81] 

In one type of biosensors, a photoinduced electron transfer process from the 

excited water soluble conjugated polymer to quencher molecule is utilized to 

quench the fluorescence of the polymer. Due to the opposite charges of 

conjugated polymer and quencher molecule, a complex formation is observed. 

If this quencher is removed from the close proximity of the conjugated 

polymer, the electron transfer process is stopped and the polymer fluorescence 

can occur. Fluorene based ionic oligomers and polymers have been thereby 

favored due to their strong blue fluorescence as well as chemical and 

photochemical stability and good synthetic accessibility. 

It is also known that there is a substantial specificity in the interaction between 

polyelectrolytes and the secondary and tertiary structure of DNA. [78] In case of 

conjugated polyelectrolytes, it is likely that aggregation of the fluorophores 

within the vicinity of DNA influences their optical properties by mechanisms 

such as relaxation or contraction of the polymer secondary structure, self-

quenching, and photoinduced charge transfer to the DNA bases [2] Additionally, 

single stranded DNA (ssDNA) and double stranded DNA (dsDNA) have 

different hydrophilic surfaces, which influence the mode of interaction 

between the hydrophobic and charged regions of polyelectrolytes. 

Understanding how these phenomena come together in complex biological 

mixtures is an important for a rational design of quantitative conjugated 

polymer-based DNA assays. 

 

Fig. 7: Schematic design of the interaction of a water-soluble CPE/ Single-

stranded DNA complex with a complementary, neutral C*-labelled PNA 
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Bazan et. al. developed sensors that detect single-stranded deoxyribonucleic 

acid (ssDNA) with a specific base sequence. [79] The ssDNA sequence sensor 

comprises an aqueous solution containing a cationic water soluble conjugated 

polymer and a single stranded, neutral peptide nucleic acid (ssPNA) labeled 

with a dye (e.g. fluorescein). After complexation between the cationic 

conjugated polyelectrolyte and the negatively charged ssDNA analyte only the 

complementary neutral, dye-labelled PNA can bind to the complex. The 

emission of light with the wavelength characteristic of the dye label (C*) 

indicates the presence of ssDNA with a specific base sequence complementary 

to that of the probe ssPNA- C*:fluorescein-dyed. Maximum energy transfer 

from the cationic water soluble conjugated polymer to the signaling 

chromophore (C*:fluorescein) occurs when the ratio of polyelectrolyte chains 

to ssDNA strands is approximately 1:1. Fluorescence energy transfer (FRET) 

from the cationic water-soluble conjugated polymer to the dye C* results in a 

emission that is more intense than that observed by direct excitation of the 

chromophore. Furthermore, the decrease in energy transfer upon addition of 

salts indicates that electrostatic forces dominate the interactions between 

cationic water-soluble conjugated polymer and DNA. 

The principle of the DNA sensor assay relying on light harvesting and 

electrostatic properties of cationic conjugated polymers (CPs) is shown in   

Fig. 7. [82, 83]  The essay contains a solution of cationic CP and a peptide nucleic 

acid (PNA) strand [84] labelled with a chromophore dye (C*). The optical 

properties of the CP and C* are optimized so that Förster energy transfer 

(FRET) from CP (donor) to C* (acceptor) is favored. Because PNA is neutral, 

there are no electrostatic interactions between PNA-C* and the CP. Situation A 

of Fig. 7 corresponds to the addition of a complementary ssDNA, which 

hybridizes with the target PNA. Hybridization endows with a double-stranded 

C*-bearing macromolecular complex with multiple negative charges. 

Electrostatic attraction then causes the formation of a complex between CP and 

the DNA/PNA-C* hybrid, allowing for FRET from the CP to the dye C*. 

When a ssDNA is added that does not match the PNA sequence, (situation B), 

hybridization does not take place. Electrostatic complexation occurs only 

between the CP and DNA. The average distance between CP and PNA-C* is 

too large for an efficient FRET.  
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A modification of the scheme was based on the idea that the electrostatic 

interaction between a dsDNA and a cationic CP would be stronger than that of 

a ssDNA and the CP. Fig. 8 shows the two situations resulting from the 

interaction between ssDNA-C* (shown in red) and a complementary strand (in 

blue, situation A) or a noncomplementary strand (in green, situation B) in the 

presence of a cationic CP (in black). The higher local charge density of the 

double strand should result in a stronger dsDNA-C*/CP electrostatic attraction 

relative to ssDNA-C*/CP. [85] Additionally, in the case of a noncomplementary 

sequence, the nonhybridized strand will interfere with the ssDNA-C*/CP 

interactions. Based exclusively on these considerations, one would expect 

closer proximity when the “target” strand is present and therefore more 

efficient FRET from the CP to C* in situation A. This principle was realised in 

sensors by Bazan et. al. 

 

 

Fig. 8: Schematic design of the interaction of a water-soluble CPE/ss DNA-C* 

complex with a complementary (A), with a non-complementary strand (B)  

 

2.5.4  Layer-by-Layer self-assembly method 

Most applications of conjugated polymers in electronic, optoelectronic, 

electrochemical or sensing devices require the materials to be fabricated in a 

thin film format. The most common technique for fabricating thin films of 

neutral CPs is by spincoating; however some groups have successfully 

fabricated organized multi-molecular layer films also by the so-called 

Langmuir-Blodgett method. [86, 87] Another alternative method is available for 
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fabricating, multilayer thin films of CPEs. This method, which involves layer-

by-layer (LBL) deposition of oppositely charged polyelectrolytes, has received 

considerable attention since its discovery in the early 1990’s. [88,  89]  

Interestingly, it is possible to control the thickness and morphology of LBL 

films by varying the deposition conditions as concentration, temperature, 

solvent etc. [90] Specifically, polyelectrolyte deposition from low ionic strength 

solutions produces relatively thin and flat films, in which the polymer chains 

are tightly packed. [91] Conversely, deposition from high ionic strength 

solutions produces relatively thicker films with a rough surface topology, 

presumably due to polymer chain entanglement and interpenetration between 

layers. [91] 
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 3 Results and Discussion  

_____________________________________________________________________ 

Water-solubility of conjugated polymers may offer many new application 

opportunities. Potential applications of water-soluble conjugated polymers 

include the construction of active layers in organic light-emitting diodes 

through a layer-by-layer (LBL) self-assembly approach, and as highly sensitive 

fluorescent sensory materials in sensor assays. Such applications generally 

favor materials with high photoluminescence (PL) efficiencies. The LBL self-

assembly approach requires anionic as well as cationic conjugated polymer 

electrolytes (CPEs). 

Fluorene-based conjugated polymers have received considerable attention in 

the past few years for their high efficiencies both in PL and in electrolumine-

scence (EL). [5] The water-solubility in such polymers can be achieved by 

functionalizing the solubilizing side chains with terminal sulfonate or 

ammonium groups. The resulting polymers and co-polymers are, therefore, 

anionic or cationic polyelectrolytes. 

In this work, anionic and cationic conjugated polyelectrolytes (CPEs) of the 

fluorine-type with phenylene, biphenylene, thiophene and bithiophene moieties 

(“spacers”) have been synthesized and characterized.  

 

3.1 Synthesis of an anionic water-soluble fluorene-type co-

polymer with a 1,4-phenylene spacer 

The copolymerisation approach has been widely used in the preparation of 

conjugated polymers to achieve specific electronic & physical properties. It is 

demonstrated that copolymerisation of the fluorene unit with various other aryl 

moieties allows for a tunability of the electronic properties and an enhanced 

stability. [134, 135 ] 

By copolymerisation of ionic fluorene monomers with different aryl 

comonomers, the electronic properties of the resulting copolymers can be 

tuned in a wide range, absorption and emission as well as their redox 

potentials. 
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First, fluorene-based alternating copolymers with additional phenylene spacer 

units will be discussed. 

Synthesis of poly[9,9-bis(4-sulfonylbutoxyphenyl)fluorene-co-1,4-phenylene] 

17 started from the commercially available 2,7-dibromofluorene 1. 2,7-dibrom- 

ofluorene 1 was oxidized to 2,7-dibromofluoren-9-one 2 with sodium dichro-

mate and acetic acid in 86 % yield (Scheme 11).   
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Scheme 11:  Synthesis of 2,7-dibromofluoren-9-one 2 

 

2,7-dibromofluoren-9-one 2 was characterized by 1H-NMR and 13C-NMR 

spectroscopy, as well as mass spectrometry. From 1H-NMR spectroscopy, we 

could see three aromatic signals at 7.93 ppm (H1, H8), 7.68 ppm (H3, H6) and 

7.4 ppm (H4, H5) indicating quantitative oxidation of 2,7-dibromofluorene 1. 

Signal at 7.93 ppm is deshielded because of the adjacent carbonyl carbon and 

bromine functionalities. There is ortho coupling between protons H3 & H4, H5 

& H6 (J=8.1 Hz). 

Oxidation of 2,7-dibromofluorene 1 was confirmed by 13C-NMR spectroscopy. 
13C-NMR spectroscopy shows 6 signals of non-equivalent aromatic carbons (δ: 

138.9, 137.2, 136.0, 133.9, 129.3, 121.7 ppm). The signal at 185.5 ppm 

indicates the presence of carbonyl carbon at C9 position, which is present in 

the starting compound 1. In mass spectrum, the base peak is observed at 338 

(M+) and a typical fragmentation pattern is also seen. 

The next step was conversion of 2,7-dibromofluoren-9-one 2 to 2,7-dibromo-

9,9-bis(4-hydroxyphenyl)fluorene 3, by reacting 2 with phenol and methane-

sulfonic acid in about 60 % yield (Scheme 12). 
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Scheme 12:  Synthesis of 2,7-dibromo-9,9-bis(4-hydroxyphenyl)fluorene 3 

 
1H-NMR spectroscopy of 3 shows 5 doublet signals for aromatic protons at 

7.82 ppm (H1, H8), 7.62 ppm (H3, H6), 7.50 ppm (H4, H5), 6.85 ppm (H15, 

H19, H20, H24) and 6.65 ppm (H16, H18, H21, H23) respectively. Aromatic 

protons H1 and H8 are more deshielded than the other aromatic protons as they 

are adjacent to the electron withdrawing bromine group and phenyl groups. 

The 13C-NMR spectrum of 2,7-dibromo-9,9-bis(4-hydroxyphenyl)fluorene 3 

shows 11 signals, 10 of non-equivalent aromatic carbons (δ:115.2, 118.7, 

122.8, 128.5, 129.2, 130.5, 134.3, 137.4, 153.8, 156.3 ppm) and one signal at 

63.9 ppm for the aliphatic carbon. Signal at 156.3 ppm represents C22 and C17 

which are attached to the –OH group. Mass spectrum shows a base peak at 508 

(M+). 

Our first aim was to synthesize an anionic water soluble copolymer so the OH-

group of 2,7-dibromo-9,9-bis(4-hydroxyphenyl)fluorene 3 has to be converted 

to an ionic group. This was achieved by reacting 3 with 1,4-butane-sultone in 

dioxane and NaOH (Scheme 13). [133, 134]  
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Scheme 13: Synthesis of 2,7-dibromo-9,9-bis(4-sulfonylbutoxyphenyl)fluorene 

4  
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2,7-dibromo-9,9-bis(4-sulfonylbutoxyphenyl)fluorene 4 was characterized by 
1H-NMR, 13C-NMR, and IR-spectroscopy, as well as mass spectrometry. 1H-

NMR spectrum showed 9 signals, 4 additional signals for the alkyl (-CH2) 

groups were detected which are not present in the starter. Five signals for 

aromatic protons at 7.82 ppm (H1, H8) 7.62 ppm (H3, H6), 7.50 ppm (H4, 

H5), 6.85 ppm (H15, H19, H21, H25), 6.65 ppm (H16, H18, H22, H24), and 

four signals for alkyl (-CH2) groups at 3.9 ppm (α-CH2), 3.3 ppm (δ-CH2), 2.3 

ppm (γ-CH2), 1.7 ppm (β-CH2) have been observed. Signal at 3.9 ppm is for 

the CH2 protons which are close to the oxygen which is directly attached to the 

aromatic functionality. Signal at 3.3 ppm is for the CH2 protons which are 

close to the sulphonate group. 

13C-NMR spectroscopy of 2,7-dibromo-9,9-bis(4-sulfonylbutoxyphenyl) 

fluorene 4 showed 15 signals, 10 signals for non-equivalent aromatic carbons 

(δ: 114.9, 118.7, 122.8, 128.5, 129.2, 130.5, 134.3, 137.4, 153.8, 157.7 ppm),  

4 signals (δ: 21.7, 27.9, 51.3, 67.2 ppm) for the methylene (-CH2) groups, and 

one signal at 63.9 ppm for C9. 

The mass spectrum shows a base peak at 824 (M+) for 4 and IR-spectra shows 

peaks at 3070, 2942, 2872, 1607, 1569, 1508, 1452, 1178, 1048, 807, 604 cm-1. 

Peak at 3070 cm-1 is for aromatic C-H stretching, peaks at 2942 and 2872 cm-1 

are for C-H stretching due to the butyl group. Aromatic C=C stretching is 

observed at 1600 cm-1. Assymmetric and symmetric stretching of S=O is 

observed at 1178 and 1048 cm-1. 

Finally this monomer was subjected to a Suzuki-type cross coupling reaction 

of 2,7-dibromo-9,9-bis(4-sulfonylbutoxyphenyl)fluorene 4 and 1,4-phenylene 

di-boronic acid in 1:1 molar ratio. Pd(0) is used in catalytic amount (5 mol %). 

Reaction was carried out in refluxing toluene/aqueous sodium carbonate 

solution for 4 days (Scheme 14). The copolymer obtained was a water soluble 

solid. Purification of 17 was done by dialysis with water using a dialysis 

membrane cutoff of nM = 3,500 gmol-1 (details in section 4.5). 
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Scheme 14: Synthesis of poly[9,9-bis(4-sulfonylbutoxyphenyl)fluorene-co-1,4-
phenylene] 17 

 

A general catalytic cycle for the Suzuki-type [96, 116, 117] cross-coupling reaction 

involves oxidative addition, transmetalation and subsequent elimination 

(Scheme 15).  

Oxidative addition is often the rate determining step in the catalytic cycle. An 

electron withdrawing group on the aryl halide increases the reactivitiy towards 

palladium catalysts. Normally the transmetalation between organopalladium 

(II) halide and organoboron compounds does not occur readily due to the 

moderate nucleophilicity of organic group on boron atom. 

 

R1 B(OH)2

R1-R2

Pd(0)

R2-Pd(II)-X

R2-Pd(II)-R1

R2-X

 
Scheme 15: A general catalytic cycle for the cross-coupling reaction after 
Suzuki 

 
However, the reaction is carried out under basic condition so that the 

nucleophilicity of boron atom can be enhanced by forming a so-called “ate” 

complex with negatively charged base. Such “ate” complexes undergo a clean 

transmetallation reaction with the aryl halide. 
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1H-NMR data of the copolymer 17 is given in the experimental section 

(measured in D2O). The GPC analysis (PS calibration) for this copolymer was 

done using NMP/LiBr as eluent, providing a number average molecular weight 

( nM ) of 6500 gmol-1. The degree of polymerisation is ca 9. The determination 

of molecular weights of such water soluble copolymer was difficult. The 

reason for the relatively low molecular weights detected by GPC analysis 

might be the formation of aggregates.  

 

3.1.1 Absorption and photoluminescence properties of 17 

Absorption and emission spectra for poly[9,9-bis(4-sulfonylbutoxyphenyl)- 

fluorene-co-1,4-phenylene] 17 were measured in water at room temperature 

(Fig. 9). Poly[9,9-bis(4-sulfonylbutoxyphenyl)fluorene-co-1,4-phe-nylene] 17 

shows an absorption band at λmax = 368 nm. There is some blue shift of 6 nm 

as compared to the homopolymer polyfluorene (λmax = 374 nm), caused by a 

somewhat higher distortion of the aromatic subunits in the polymer chain. 

Optical excitation at λmax = 368 nm gives a strong blue fluorescence in the 

range of 400-500 nm with a maximum λmax = 425 nm (shoulder at 455 nm).  

Fig. 9: UV/VIS & fluorescence spectra of 17 in water at room temperature  
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3.1.2 Optical properties of the water-soluble, anionic fluorene-type co-

polymer 11 in presence of nonionic surfactants  

Studies of the anionic fluorene-type co-polymer, poly[9,9-bis(4-sulfonyl-

butoxyphenyl) fluorene-co-1,4-phenylene] 17 in the presence of nonionic 

surfactants were carried out in collaboration with the group of Prof. H. 

Burrows and co-workers, Univ. Coimbra, Portugal.  

The high fluorescence quantum yields and blue light emission of polymers and 

copolymers involving 2,7-linked fluorene units make them one of the most 

attractive classes of conjugated polymers for electronic devices. [5, 79, 105]  Marked 

changes in the fluorescence of the water soluble polyelectrolytes can occur on 

adding surfactants. [18, 72] Both surfactant complexation and break-up of polymer 

aggregates [72] have been proposed to explain this effect.  

Solutions in water of poly[9,9-bis(4-sulfonylbutoxyphenyl) fluorene-co-1,4-

phenylene] 17 were turbid and show a low PL efficiency of ca. 23 %. Addition 

of the non-ionic surfactant C12E3 (triethyleneglycol monododecyl ether) leads 

to a clear solution with a high PL efficiency near unity. 

 

3.1.3  Influence of surfactant concentration 

The behaviour of the 17-surfactant (C12E3) system for two different polymer 

concentrations (1.4 and 7*10-4 M per repeat unit) when varying the 

concentration of the surfactant (between 4*10-4 and 5*10-2 M) was analysed 

(Fig. 10).  

The solubility of 17 is determined by the absolute concentration of the 

surfactant. At >10-3 M, clear solutions were obtained. The upper limit of 

polymer solubility was not detected but it was at least 20 times higher than 

without surfactant, as derived from the absorption spectra. However, 

increasing the surfactant concentration does not effect the UV/VIS-spectrum of 

the water-soluble CPE 17 (Fig. 10). 
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Fig. 10:  Variation in the concentration of surfactant (between 4*10-4 and 5*10-

2 M) 
 
3.1.4 PL spectra of the anionic fluorene-type copolymer 17 after  

surfactant (C12E3) addition 

Fig. 11:  Emission intensity of 17 before and after surfactant (C12E3) addition 

Fluorescence (PL) spectra of 17 before and after surfactant addition (C12E3) 

have been measured. Without surfactant the PL quantum yield was found to be 

23 % (relative to dye standards). After addition of the surfactant the PL quantum 

yield increased to around 100 %. The effect of the addition of the non- 

ionic surfactant n-dodecyl pentaoxy-ethylene glycol ether (C12E5) on the PL 

spectra of the water soluble poly[9,9-bis(4-sulfonylbutoxyphenyl)fluorene-co-

1,4-phenylene] 17 was also studied. Upon addition of C12E5 (3.3x10-8 to 
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5.34x10-4 M) to poly[9,9-bis(4-sulfonyl-butoxyphenyl)fluorene-co-1,4-

phenylene] 17 (6 mg/L, 9.2x10-7 M)7, a 10 nm blue shift of the PL emission 

maximum is observed (normalized PL spectra see Fig. 12). 

To explain the observed PL blue shift and the increase in PL intensity, two 

hypotheses can be considered. Either it is due to changes in environment 

resulting from surfactant complexation, or surfactant induces break-up of 

polymer aggregates. [72]  Fluorescence quantum yields in aqueous solutions may 

be up to an order of magnitude lower than in non-polar solvents, [106] and 

changing polarity is a possible explanation for these differences. 
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Fig. 12: Fluorescence spectra of 17 with and without surfactant (C12E5) 

 

However, this may not be the case. For fluorene and many other aromatic 

compounds, the lowest electronic energy transition is relatively insensitive to 

solvent polarity, [107] which contrasts with the pronounced blue shifts upon 

micellisation. In contrast, breaking up of aggregates explains both these 

observations. With aggregates, similar inter-chain interactions are present in the 

fluorene co-polymer films. Breaking up these aggregates by incorporation into 

micelles is equivalent to going from thin films to isolated polymer chains.  The 

differences in the spectra and fluorescence quantum yields of poly[9,9-bis(4-

sulfonylbutoxy-phenyl)fluorene-co-1,4-phenylene] 17 in water and C12E5 

micelles are very similar to those with fluorene copolymers in thin films and 

cyclohexane solutions, [108] supporting the above model. With a water soluble  
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poly(p-phenylene-vinylene), aggregation and its break-up with an oppositely 

charged surfactant has been indicated by small angle neutron scattering (SANS). 
[93] 

 

3.1.5  Poly[9,9-bis(4-sulfonylbutoxyphenyl)fluorene-co-1,4-phenylene] 17 in 

PLEDs 

Poly[9,9-bis(4-sulfonylbutoxyphenyl)fluorene-co-1,4-phenylene] 17 was used 

as active layer in PLEDs. Experiments were carried out in the group of Prof. 

Emil J. W. List at the Institute of Solid State Physics, Graz University of 

Technology, Austria. Details of fabrication of PLEDs are included in the 

experimental part. 

The best devices performances were observed in the simple device configuration 

ITO/CPE/Al without a PEDOT intermediate layer. Polymer concentrations of 8 

mg/ml and ca.1 % surfactant (C12E3) have been the optimum parameters for 

spincoating the CPE films from aqueous solution. 

 

3.1.6   Optical characterization of polymer films and corresponding OLED 

devices 

300 350 400 450 500 550 600 650 700
0,0

0,2

0,4

0,6

0,8

1,0

 

 

N
or

m
al

iz
ed

 A
bs

or
pt

io
n 

(a
.u

.)

Wavelength (nm)

 50 mol% (surfactant)
 10 mol% (surfactant)
 5 mol% (surfactant)
 1 mol% (surfactant)
 17 (0 mol% surfactant)

 

Fig. 13: Absorption spectra of poly[9,9-bis(4-sulfonylbutoxyphenyl)fluorene-co-
1,4-phenylene] (17) films for different surfactant concentrations 
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Fig. 14: Photoluminescence spectra of poly[9,9-bis(4-sulfonylbutoxyphenyl) 
fluorene-co-1,4-phenylene] (17) in films for different surfactant concentrations 

 

Fig. 13 and Fig. 14 show absorption and PL emission spectras of 17 in thin 

films for different surfactant concentrations (C12E3) prior to spincoating. The 

optical spectra of 17 in the solid state are not affected by the presence of the 

non-ionic surfactant. 
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Fig. 15: Electroluminescence spectra of OLEDs with 17 as the active layer for 
different voltages without and with a PEDOT injection layer. 

 

The OLED devices with 17 as the active layer were built without and with a 

PEDOT injection layer. Without PEDOT relatively well working devices could 

be achieved, showing luminescence values up to 144 cd/m2 at bias voltages as 

low as 4.5 V. The interesting fact is that all devices with or without PEDOT 

have luminescence onset voltages around 3V. For voltages higher than 5V the 

devices were damaged. These low onset voltages are indicative for a doping of 

the Al/polymer 17 interface. This effect is currently under investigation.  
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3.2 Synthesis of the anionic water-soluble fluorene-type co-

polymer 18 with a 4,4´-biphenylene spacer  

First have studied a fluorene-phenylene alternating copolymer. Here we study 

the similar co-polymer with a 4,4´-biphenylene spacer unit. Changes of their 

absorption and photoluminescence properties will be discussed.  

Synthesis started from the commercially available 4,4´-dibromobiphenyl 5. 

4,4´-dibromobiphenyl 5 was first converted to the subsequent diboronic acid 

with n-BuLi and trimethyl borate. The product in turn was reacted with pinacol 

and toluene to yield 20% of biphenyl-4,4´-bis[4,4,5,5-tetramethyl-1,3,2-

dioxaborolane] 6 (Scheme 16).  

BB
O

O

O

O
BrBr

n-Buli, B(OMe)3

Pinacol
 

                              5           6 

Scheme 16: Synthesis of biphenyl-4,4´-bis[4,4,5,5-tetramethyl-1,3,2-dioxabor- 
olane] 6 

 

The yield was less because a mixture of mono and diboronic acids was 

obtained. Separation of the mono from diboronic acid was difficult. The crude 

product was purified by column chromatography using hexane:ethylacetate 

(90:10) as eluent. So only 20 % of pure product (diboronic acid) was obtained. 

Biphenyl-4,4´-bis[4,4,5,5-tetramethyl-1,3,2-dioxaborolane] 6 was character-

rized by 1H-NMR and 13C-NMR spectroscopy as well as mass spectometry. 

The 1H-NMR spectrum showed 3 signals, 2 signals for aromatic protons at 7.9 

and 7.6 ppm, with the signal near the boronic ester group more shielded than 

the other aromatic proton. The methyl protons appear at 1.26 ppm.  

From 13C-NMR spectroscopy, 6 signals were observed, four of non-equivalent 

aromatic carbons (δ: 126.4, 128.7, 135.3, 143.6 ppm) and two of alkyl carbons 

(δ: 24.8, 83.8 ppm). Signal at 143.6 ppm is for the bridge carbon adjacent to 

the other phenyl ring. The methyl carbons appear at 24.8 ppm and signal at 

83.8 ppm is for the carbon of the dioxaborolane ring. In the mass spectrum, the 

base peak was observed at 406 (M+). 
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The diboronic acid 6 was used as co-monomer in the synthesis of poly[9,9-

bis(4-sulfonylbutoxyphenyl)fluorene-co-4,4´-biphenyl] 18. Biphenyl-4,4’-bis- 

[4,4,5,5-tetramethyl-1,3,2-dioxaborolane] 6 and 2,7-dibromo-9,9´-bis(4-

sulfonyl-butoxyphenyl)fluorene 4 in a 1:1 molar ratio were subjected to a 

Suzuki-type coupling reaction with a palladium(0)catalyst and toluene/aqueous 

sodium carbonate solution as reaction medium. The reaction time was 3 days 

(Scheme 17). 
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Scheme 17:  Synthesis of poly[9,9-bis(4-sulfonylbutoxyphenyl)fluorene-co-4,4´-
biphenyl] 18 

 

The raw copolymer was purified by dialysis using a membrane with a 

molecular weight cuttoff of 3,500 gmol-1. Poly[9,9-bis(4-sulfonylbutoxy-

phenyl)fluorene-co-4,4´-biphenyl] 18 was characterized by 1H-NMR 

spectroscopy. The 1H-NMR spectrum in D2O showed 3 broad signals, one for 

aromatic protons (5.5-7.9 ppm) and other two for the outer and inner 

methylene (-CH2) protons (2.5-3.5 ppm and 1.1-2.2 ppm).  

The gel permeation chromatography (GPC) analysis of this copolymer was 

done using NMP/LiBr as solvent (PS calibration) providing a number average 

molecular weight ( nM ) of 8,400 gmol-1. The degree of polymerisation was 

found to be around 11. The determination of molecular weights was also 

difficult for this water soluble copolymer. The reason for difficulty in 

characterisation was again aggregation formation, which can lead to an 

underestimation of the nM values. 
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3.2.1   Absorption and photoluminescence properties of 18 

Absorption and emission spectra for poly[9,9-bis(4-sulfonylbutoxyphenyl)- 

fluorene-co-4,4´-biphenyl] 18 were measured in water at room temperature. 

Fig. 16 shows the UV/VIS and fluorescence spectra for this copolymer. 

Poly[9,9-bis(4-sulfonylbutoxyphenyl)fluorene-co-4,4´-biphenyl] 18 shows an 

absorption band peaking at λmax= 362 nm. The spectrum is blue shifted by ca. 

6 nm, if compared to the previously described copolymer 17 because of higher 

distortion of the polyphenylene backbone. Optical excitation at λmax = 362 nm 

gives a strong blue fluorescence in the range of 400-550 nm with maximum at 

λmax = 425 nm. The PL spectra of the related fluorene/phenylene copolymer 17 

shows an emission at almost similar wavelength indicating a nearly identical 

excited state geometry.  
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Fig. 16: UV/VIS & Fluorescence spectra of 18 in water at room temperature 

 

3.3 Synthesis of the anionic water soluble fluorene-type 

copolymer 19 with a thienylene spacer group. 

9,9-dialkyl fluorene-type homopolymers exhibit high bandgap energies of ca. 

3.1 eV, which makes electron injection difficult using conventional cathode 

materials and limits their use in polymer LEDs. It has been found that 

incorporation of heteroarylene moieties in fluorene-based copolymers allows 

for a tuning of the electronic potentials. The incorporation of thienylene 
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building blocks in the CPE backbone opens a possibility to tune the electronic 

properties of the alternating copolymers. (lowering the bandgap energy). 

Synthesis of 2,5-bis(trimethylstannyl)thiophene 11 started from commercially 

available thiophene. N,N,N´,N´-tetramethylethylenediamine, TMEDA, n-BuLi 

and trimethyltinchloride were added subsequently to thiophene to get 2,5-

bis(trimethylstannyl)thiophene 11 in about 70 % yield (Scheme 18). [132] 

 

S SnMe3Cl S
SnMe3Me3Sn

N,N,N´,N ´tetramethyl-
 ethylenediamine

-78°C  

                                        10         11 

Scheme 18:  Synthesis of 2,5-bis(trimethylstannyl)thiophene 11 

 
1H-NMR spectroscopy of 2,5-bis(trimethylstannyl)thiophene 11 shows 2 

signals, one signal as a singlet for aromatic protons at 7.37 ppm and other 

singlet for the methyl groups at 0.37 ppm.  

The 13C-NMR spectrum of 2,5-bis(trimethylstannyl)thiophene shows 3 signals, 

2 signals from non-equivalent aromatic carbons (δ: 143.4, 136.2 ppm) and one 

from the CH3 protons (7.68 ppm). The signal at 136.2 ppm stands for the 

carbon which is flanked by Sn(CH3)3 group, the signal at 143.4 ppm for the 

(=CH-) carbon of the thiophene ring. In mass spectrum, M+- peak was observed 

at 409. 

The distannylated monomer was used as comonomer for the synthesis of 

poly[9,9-bis(4-sulfonylbutoxyphenyl)fluorene-co-2,5-thienylene] 19. Therefo- 

re, monomers 11 and 4 in the ratio 1:1 were subjected to a Stille-type cross-

coupling reaction using a palladium(0) catalyst and toluene/aqueous sodium 

carbonate solution as solvent (Scheme 19). 

The co-polymer was further purified by dialysis using a membrane with a 

molecular weight cuttoff of 3,500 gmol-1. Poly[9,9-bis(4-sulfonylbutoxy-

phenyl)fluorene-co-2,5-thienylene] 19 was obtained as yellow solid in about 

42 % yield. Copolymer 19 was water-soluble.  
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Scheme 19:  Synthesis of poly[9,9-bis(4-sulfonylbutoxyphenyl)fluorene-co-2,5-
thienylene] 19 

 

The mechanism for the Stille-type coupling is given below.  

A general catalytic cycle for the Stille-type [114, 115] cross coupling reaction 

involves oxidative addition, transmetalation, and subsequent reductive 

elimination (Scheme 20).  

R1-X

R2-Sn (R3)3XSn (R3)3

R1-R2 Pd (0)

R1

X

R1

XPd (II) Pd (II)

  reductive 
elimination

  oxidative 
  addition

transmetalation

 

Scheme 20: A general catalytic cycle for Stille type cross coupling reaction  

 

The palladium catalyst can be used either as Pd(II) or Pd(0). In the case of 

Pd(II), the organotin compound initially reduces the palladium(II) complex 

precursor to the palladium(0) species. First an organopalladium intermediate is 

formed by oxidative addition of the catalyst to the aryl halide. Transmetalation 

is proposed rate determining step in the catalytic cycle. Which takes place to 

form diarylated palladium moiety. Finally, a reductive elimination gives the 

biaryl product and the palladium(0) species to complete the catalytic cycle. An 
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electron withdrawing group on the aryl halide increases the reactivitiy towards 

palladium catalysts. Relative order of ligand transfer from Sn is alkynyl > 

alkenyl > aryl > allyl > benzyl > alkyl. The details of the mechanism are still 

being elucidated, and mechanism may change with different reaction 

conditions. 

The 1H-NMR data of 19 are given in the experimental section. The GPC 

analysis for this copolymer was done using NMP/LiBr as solvent, providing a 

number average molecular weight ( nM ) of ca. 3,500 gmol-1, corresponding to 

a degree of polymerisation of around 5. 

As mentioned before, it is difficult to perform the GPC analysis. 
 

3.3.1  Absorption and photoluminescence properties of 19  
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Fig. 17: UV/VIS & fluorescence spectra of 19 in water at room temperature 

UV/VIS and fluorescence spectra of poly[9,9-bis(4-sulfonylbutoxyphenyl) 

fluorene-co-2,5-thienylene] 19 were recorded in water. 19 shows a structured 

absorption band peaking at λmax = 418 nm. The spectrum is red shifted by 50 

and 56 nm, respectively, compared to the previously described phenylene and 

biphenylene containing copolymers 17 and 18, resp. This shift is caused by the 

incorporation of the thiophene spacer group. Optical excitation at λmax=418 nm 

gives an emission band peaking at λmax = 504 nm, Fig. 19 shows the UV/VIS 

and fluorescence spectra of 19. There is also a red shift observed in the 

emission spectrum of 19 as compared to the previous copolymers 17 and 18 

(19 nm each). 



3 Results and Discussion 

 39 

3.4 Synthesis of the anionic water soluble fluorene-type 

copolymer 20 with a bithiophene spacer group. 

Following a related CPE, co-polymer with bithiophene spacer units will be 

described. 

For co-monomer synthesis, bithiophene 12 was converted to 5,5´-bis(trimeth- 

ylstannyl)-2,2’-bithiophene 13 in 72 % yield, in a procedure similar to the 

synthesis of 11 (Scheme 21). [132] 

SS SnMe3Cl SSMe3Sn SnMe3

N,N,N´,N´-tetramethyl-
 ethylenediamine

-78°C  

                        12                                                               13 

Scheme 21:  Synthesis of 5,5´-bis(trimethylstannyl)-2,2´-bithiophene 13 

1H-NMR spectroscopy of 5,5´-bis(trimethylstannyl)-2,2’-bithiophene 13 shows 

3 signals, 2 signals for non-equivalent aromatic protons at 7.20 and 7.02 ppm, 

both showing a doublet signal, and one signal for the methyl protons. 

The 13C-NMR spectrum shows 5 signals, 4 for non-equivalent aromatic 

carbons (δ: 143.1, 137.6, 136.3, 125.1 ppm) and one for the methyl carbons (δ: 

7.73 ppm). The signal at 143.1 ppm stands for the carbons of the thienyl-

thienyl bridge, the signal at 125.1 ppm belongs to the carbon which is directly 

attached to the Sn(CH3)3 group. Peak at 491.8 (M+) was observed in mass 

spectrum, which was the base peak. 

The monomers 13 and 4 in a 1:1 molar ratio were reacted using a palladium(0) 

catalyst in a Stille-type cross-coupling reaction for 3 days. Poly[9,9-bis(4-

sulfonylbutoxyphenyl)fluorene-co-2,2´-bithiophene] 20 was obtained as a 

reddish brown solid (Scheme 22). It was purified by dialysis using a membrane 

cutoff of 3,500 gmol-1. The copolymer 20 was water-soluble and obtained in 

around 64 % yield. Poly[9,9-bis(4-sulfonylbutoxyphenyl)fluorene-co-2,2´-

bithiophene] 20 was characterized by 1H-NMR spectroscopy. 
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Scheme 22:  Synthesis of poly[9,9-bis(4-sulfonylbutoxyphenyl)fluorene-co-
2,2´-bithiophene] 20 

 

3 broad signals were observed, one signal for the aromatic protons (6.55-7.9 

ppm) and other 2 signals for the outer and inner side chain methylene (-CH2-) 

groups at 3.1-4.45 ppm and 0.9-2.0 ppm, respectively. 

The GPC analysis for this co-polymer was done using DMF (PS calibration), 

providing a number average molecular weight ( nM ) of 3,300 g/mol-1, 

corresponding to a low degree of polymerisation of only 4. However, the 

molecular weight values may be underestimated due to an aggregation of 

polymer chains. 

3.4.1  Absorption and photoluminescence properties of 20  

UV/VIS and fluorescence spectra of poly[9,9-bis(4-sulfonylbutoxyphenyl) 

fluorene-co-2,2´-bithiophene] 20 were recorded in water. 20 shows a structured 

absorption band peaking at λmax = 405 nm (with two shoulders at 530 and 575  

Fig. 18: UV/VIS & fluorescence spectra of 20 in water at room temperature 
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nm). The spectrum is red shifted by 37 and 43 nm, respectively, compared to 

the previously described phenylene and biphenylene containing copolymers 17 

and 18, resp. This low energy shift is caused by the incorporation of the bi-

thiophene spacer group. Optical excitation at λmax= 405 nm gives an emission 

band peaking at λmax = 502 and 530 nm, red-shifted by ca 17 nm each with 

respect to the co-polymers 17 and 18, resp. Fig. 18 shows the UV/VIS and 

fluorescence spectra of 20.  

 

3.5 Synthesis of anionic water-soluble, fluorene-type co-poly-

mers 27 containing alternating phenylene and benzothia-

diazole units 

Efforts have been made to tune the conjugated polyelectrolyte emission to 

match different probe chromophores. [124] Recent experimental and theoretical 

studies indicate that intra- or intermolecular “through-space” energy transfer 

between segments in conjugated polymers may be substantially more 

important than along the backbone. [130, 131] External perturbations that decrease 

backbone elongation, or that bring segments closer together can be used to 

substantially modify the emissive properties of a polymer in solution. With this 

considerations a CPE-type, copolymer with fluorene, phenylene, and a small 

number of 2,1,3-benzothiadiazole units was synthesized and characterized. 

Synthesis of anionic poly[9,9-bis(4-sulfonylbutoxyphenyl)fluorene-1,4-pheny-

lene]-co-([1,2,5]benzothiadiazole-4,7-diyl-1,4-phenylene) 27 started from the 

commercially available 1,2,5-benzothia-diazole 14, which was brominated 

with aq. HBr and Br2. Recrystallisation from methanol gave 4,7-dibromo-

benzo-[1,2,5]-thiadiazole 15 in about 59 % yield (Scheme 23).  

N
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Scheme 23: Synthesis of 4,7-dibromobenzo-[1,2,5]-thiadiazole 15 
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The 1H-NMR spectrum of 15 showed a singlet at 7.78 ppm for the two 

aromatic protons.  

In the 13C-NMR spectrum, 3 signals were observed for 3 non-equivalent 

aromatic carbons (δ: 152.9, 132.24, 113.83 ppm). The deshielded signal at 

152.9 ppm stands for the carbon adjacent to the nitrogen group. In the mass 

spectrum, the M+- peak was observed at 293. 

Anionic poly[9,9-bis(4-sulfonylbutoxyphenyl)fluorene-1,4-phenylene]-co-([1, 

2,5]-benzo-thiadiazole-4,7-diyl-1,4-phenylene) 27 was synthesized with 3 

different mole ratios (0.90:0.10; 0.75:0.25; 0.50:0.50) of 2,7-dibromo-9,9-

bis(4-sulfonylbutoxyphenyl)fluorene 4 to 4,7-dibromobenzo-[1,2,5]-thiadia-

zole 15 and 1,4-phenylenediboronic acid. The Suzuki-type cross-coupling 

reaction gave water-soluble copolymers (Scheme 24). Purification was done by 

dialysis (details in section 4.5). There was a solubility problem so it was not 

possible to do the G.P.C measurement. 
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Scheme 24: Synthesis of anionic poly[9,9-bis(4-sulfonylbutoxyphenyl)-fluo-
rene-1,4-phenylene]-co-([1,2,5]benzo-thiadiazole-4,7-diyl-1,4-phenylene) 27 
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3.5.1 Absorption and photoluminescence properties of 27 
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Fig. 19: UV/Vis & fluorescence spectra of 27 in water at room temperature 

UV/VIS and fluorescence spectra of the copolymers 27 are shown in Fig. 19. 

Absorption and emission spectra of 27 in different mole ratios have been 

measured in water. Surfactant C12E3 was added to deaggregate the polymer 

chains. The absorption bands peak at ca. 372+1-2 nm for all copolymer 

compositions. The main absorption bands originate from the fluorene/ 

phenylene units, the weaker contributions around 420-480 nm from the 

benzothiadiazole units (they increase with increasing amount of the 

heteroaromatic building blocks). The emission spectra peak at 531-538 nm 

with a moderate bathochromic shift with increasing amount of 

benzothiadiazole units. The PL spectra are dominated by the benzothiadiazole 

emission. 

 

3.6 Synthesis of the cationic water-soluble fluorene-type co-

polymer with a phenylene spacer group. 

Cationic, conjugated polyelectrolytes can be used as the optical platform in 

fluorescent chemical and biological sensors. [46, 75] Solubility in water is 

essential for interacting with biological substrates such as DNA and can be 

achieved by attaching ammonium functionalities to the side chains of the 

conjugated backbone. Bazan and coworkers have synthesized cationic oligo- 

and polyelectrolytes for DNA sensing. Electrostatic interactions between 
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cationic oligomers/polymers and negatively charged DNA can be applied to 

design sequence-specific DNA assays. 

We have used the route developed by Bazan and coworkers for the synthesis of 

known and related cationic, water-soluble fluorene-type polymers. First, we 

have synthesized the known fluorene-type copolymer with phenylene spacer 

groups in a Suzuki-type cross-coupling reaction. 

 Synthesis of 2,7-dibromo-9,9-bis(6-bromohexyl)fluorene 8 monomer started 

from the commercially available 2,7-dibromofluorene 7 which was alkylated 

with 1,6-dibromohexane/NaOH. The work-up gave 2,7-dibromo-9,9-bis-(6-

bromohex-yl)fluorene 8 as a viscous oil in about 65 % yield (Scheme 25). 
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Scheme 25:  Synthesis of 2,7-dibromo-9,9-bis-(6-bromohexyl)fluorene 8 

 

8 was characterised by 1H-NMR and 13C-NMR spectroscopy. 1H-NMR 

spectrum showed 8 signals, 3 signals at 7.35, 7.3 and 7.2 ppm respectively for 

6 aromatic protons, and 5 signals (3.34, 1.85, 1.65, 1.15, 0.55 ppm) for the 

alkyl protons. Signal at 3.34 ppm appears as a triplet for 4 protons near 

bromine group, which are more deshielded as compared to other alkyl protons. 

Signals at 1.85 ppm, 1.65 ppm, 1.15 ppm and 0.55 ppm were seen for other 

alkyl protons. 

In the 13C-NMR spectrum, 13 signals were observed, 6 of non-equivalent 

aromatic carbons (δ: 121.4, 121.7, 126.2, 130.2, 139.2, 152.3 ppm) and 7 

signals for the alkyl chain carbons (δ: 23.6, 27.9, 29.08, 32.7, 34.1, 40.1, 55.6 

ppm). Signal at 152.3 ppm is for C10 and C13. Signal at 55.6 ppm is for the 

C9 carbon. In the mass spectrum, the M+- peak was observed at 650. 
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Scheme 26:  Synthesis of 2,7-dibromo-9,9-bis-[6-(N,N-dimethylamino)hexyl] 
fluorene 9 

 

2,7-dibromo-9,9-bis(6-bromohexyl)fluorene 8 was converted to 2,7-dibromo-

9,9-bis[6-(N, N-dimethylamino)hexyl]fluorene 9 in 50 % yield with dimethyl-

amine in THF at -78° C (Scheme 26). 

In the 1H-NMR spectrum of 9, 7 signals were observed, 3 signals for aromatic 

protons at 7.55, 7.5, 7.42 ppm, and 4 signals at 2.1-2.2 ppm, 1.3 ppm, 1.1 ppm, 

0.6 ppm were for alkyl protons. Signal at 2.1-2.2 ppm is for the methylene       

(-CH2-)  protons close to the N(Me)2 group. 

13C-NMR spectroscopy shows 14 signals, 6 signals (δ: 121.1, 121.4, 126.1, 

130.2, 139.0, 152.4 ppm) for non-equivalent aromatic carbons and 8 signals (δ: 

23.6, 27.0, 27.53, 29.7, 40.1, 45.4, 55.6, 59.7 ppm) for aliphatic carbons. 

Signal at 59.7 ppm is for the -CH2 carbon near the N(Me)2 group, the signal at 

55.6 ppm for the C9 carbon. In the mass spectrum, the M+- peak was observed 

at 584 (M+). 

2,7-dibromo-9,9-bis[6-(N,N-dimethylamino)hexyl]fluorene 9 was subjected to 

a Suzuki-type cross-coupling reaction with 1,4-phenylene-diboronic acid using  

a palladium(0) catalyst (5 mol %) in THF as solvent. Reaction time was 3 

days. Extraction and precipitation yielded a yellowish solid in about 50 % yield 

(Scheme 27).  
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Scheme 27:  Synthesis of poly{9,9-bis[6-(N,N-dimethylamino)hexyl]fluorene-
co-1,4-phenylene} 21 

 
1H-NMR spectroscopy of 21 showed 5 broad signals, one broad signal at 7.6-

7.8 ppm for the aromatic protons and 4 signals at 2.0-2.3 ppm, 1.2-1.3 ppm, 

1.1 ppm and 0.7-0.8 ppm for alkyl protons. Signal at 2.0-2.3 ppm is for the 

methylene (-CH2-) group close to the N(Me)2 group. 

The characterization of molecular weight is often a problem for water-soluble 

conjugated polymers. However, the post-polymerization approach involving 

the synthesis of a organo-soluble precursor polymer allows us to characterize 

the molecular weight at the stage of the “neutral” precursor 21. Polymer 21 can 

be readily dissolved in CHCl3, THF and toluene, but is insoluble in DMSO, 

methanol and water. Another advantage of the post-polymerization approach is 

that the quaternization degree can be controlled and thus the “water-solubility” 

of the resulting polyelectrolyte is tunable. A tunable solubility is useful for the 

application of such materials as buffer layers in inkjet fabrication of LEDs. [26] 

The GPC analysis of 21 in THF (PS calibration) showed an average molecular 

weight ( nM ) of 3,500 gmol-1, corresponding to a degree of polymerisation of 

ca. 7. Bazan and coworkers have obtained an average molecular weight of 

( nM ) ~8,000 gmol-1, for the fluorene-type copolymer with phenylene spacer.  

3.6.1 Absorption and photoluminescence properties of 21  

The UV/VIS and fluorescence spectra of poly{9,9-bis[6-(N,N-dimethyl- 

amino)hexyl]fluorene-co-1,4-phenylene} 21 show an absorption maximum at 

λmax = 360 nm and an emission maximum at λmax = 425 nm by excitation at λ 

= 360 nm. The spectra were recorded in chloroform solution (Fig. 20). 
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Fig. 20: UV/VIS & fluorescence spectra of 21 in chloroform at room 
temperature 

 

Quarternization of poly{9,9-bis[6-(N,N-trimethylammonium)hexyl]fluorene-

co-1,4-phenylene} 22 by methyl iodide in mixture of DMF and THF (Scheme 

18), gave poly{9,9-bis[6-(N,N-trimethylammonium)hexyl]fluorene-co-1,4-

phenylene} 22 as a water-soluble cationic polyelectrolyte in 77  % yield after 

purification by dialysis (details in section 4.5). The degree of quarternization 

was around 80 %. With this degree of quarternization the resulting polymer 

shows a solubility opposite to the neutral precursor, 22 is soluble in water but 

insoluble in CHCl3, THF and toluene. Degree of quarternization could be 

determined by 1H-NMR spectroscopy. After quarternization, the peaks in the 

aromatic region remain almost unchanged whereas the peaks corresponding to 

the α-methylene groups are splitted into two group of signals..   

N N

CH3I

I N N I

n n

THF, DMF

RT, stirring

 

    21          22 

Scheme 28:  Synthesis of poly{9,9-bis[6-(N,N-trimethylammonium)hexyl]fluo-
rene-co-1,4- phenylene} 22 
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3.6.2   Absorption and photoluminescence properties of 22  

UV/VIS and photoluminenscence spectras of poly{9,9-bis[6-(N,N-trimethyl-

ammonium)hexyl]fluorene-co-1,4-phenylene} 22 were measured in water. An 

absorption band peaking at λmax=374 nm was observed. Absorption at this 

wavelength suggests that the terminal ammonium functionality has no effect 

on the absorption of the polyfluorene backbone. The spectrum is red shifted by 

6 and 12 nm resp, compared to the copolymers 17 and 18. Optical excitation at 

λ = 374 nm gives an emission peaking at λmax = 423/ 450 nm (Fig. 21). There 

is also a slight red shift of 2 nm observed in the emission spectra of 22 with 

respect to 17 and 18. 

Fig. 21: UV/VIS & fluorescence spectra of 22 in water at room temperature 

 

3.6.3  Optical properties of the water-soluble, cationic fluorene-type co-

polymer 22 in the presence of a nonionic surfactant (C12E5) 

Earlier we have studied the deaggregation and fluorescence enhancement of 

anionic CPE/surfactant system, a poly{1,4-phenylene-[9,9-bis(4-phenoxy 

butyl-sulfonate)]fluorene-2,7-diyl}17-C12E5 mixture. [126] The results suggest 

that 17 is located inside cylindrical C12E5 micelles when critical micell 

concentration (cmc) of C12E5 in water is achieved. The surfactant breaks up 

polymer aggregates resulting in a deaggregation and consequent fluorescence 

enhancement.  
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Now it was interesting to study the related cationic CPE/surfactant system. The 

nonionic surfactant used in this case was also n-dodecyl pentaoxyethylene 

glycol ether (C12E5).  

Mixing poly{9,9-bis[6-(N,N-trimethylammonium)hexyl]fluorene-co-1,4-phen-

ylene} 22 with the surfactant n-dodecyl pentaoxyethylene glycol ether (C12E5) 

seems to visually improve water solubility (clearing of the solution). The effect 

is maximal when ca. ten moles of C12E5 were used for each co-polymer repeat 

unit. Again it is assumed that monomolecular, cylindrical micelles which 

contain single CPE chains covered by surfactant molecules are formed. The 

anionic counter-part of poly[9,9-bis(4-sulfonylbutoxyphenyl)fluorene-co-1,4-

phenylene] 17, the cationic CPE 22. C12E5 seems to behave in good analogy to 

17.  

According to Kato et al. [110] pure C12E5 shows a biphasic behaviour in water 

above 30oC and forms a solution below 30oC, when the volume fraction of the 

surfactant is between 0.01 and 0.1. For our studies the temperature was 

therefore set to 25oC. The surfactant alone forms an isotropic solution at this 

temperature for the studied concentrations.  

Lichterfeld et al. [109] described a ternary phase diagram for the tetradecane-

C12E5 system in water and reported that C12E5 forms an isotropic liquid with 

water when the system contains 15 wt-% hydrocarbon and a two-phase system 

appears when >16 wt-% of tetradecane is added. Importantly, self-organized 

e.g. hexagonal or lamellar mesophases do not appear until a considerable 

amount of surfactant is added ( >10 %) whether tetradecane is present or 

not.[109, 110] Because the cmc of C12E5 is 5±2x10-5 M [113]  which is lower than the 

studied concentrations, the studied solutions are expected to contain 

(cylindrical) micelles.  

C12E5 is non-ionic amphiphile and do not contain sites such as hydrogen 

bonding or donor acceptor sites which could form strong physical bonds with 

22. Therefore, it is unlikely that such system would form supramolecular 

structures via complexation [111, 92] but any inclusion is likely because of polar-

non-polar effects. [112] Therefore, as described by Burrows et al. for the anionic 

copolymer 17, any changes in PL spectra upon dissolution are likely due to 
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break-up of CPE aggregates, not due to complexation effects, affecting the 

electronic structure of the backbone.  

 

3.6.4   Photoluminescence spectra of poly{9,9-bis[6-(N,N-trimethylammo-

nium)hexyl]fluorene-co-1,4-phenylene} 22/C12E5 mixtures in solution and 

the solid state  

The molar ratio of C12E5/poly{9,9-bis[6-(N,N-trimethylammonium)hexyl] 

fluorene-co-1,4-phenylene}22 was 10/1 for each repeat unit of 22 for the 

experiments done. Fig. 22 shows PL spectra of 22-C12E5 films made from 

water. PL peaks are located at 412/433 nm for spin-coated and 425/442 nm for 

drop-cast film.  

 

600 

  

400 440 480 520 560 
 0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

N
or

m
al

iz
ed

 P
ho

to
lu

m
in

es
ce

nc
e 

Wavelength (nm)  

Fig. 22: PL spectra of 22-C12E5 films. Spin-coated (solid line) and drop-cast 
films (dotted line) on quartz 

 

Compared to the mixtures in water, drop-cast films are redshifted by around 10 

nm. Because drop-cast films reveal some macrophase separation, they may 

contain non-isolated, aggregated polymer particles. In contrast to the drop-cast 

22-C12E5 film, a spin-coated 22-C12E5 film behaves differently, and is almost 

similar to the solution spectrum (Fig. 23) peaking at 413/434 nm. We assume 

that the spin-coated films do not form well-developed solid-state aggregates 

but form rather a disordered layer containing isolated surfactant-wrapped 

macromolecules. 
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Fig. 23: PL spectra of 22-C12E5 in water. (a) Solid line represents clear 0.1 

mg/ml and dotted line cloudy 2 mg/ml solution. (b) PL spectra after filtration 

(0.45 µm). Solid line represents filtrated 1 mg/ml and filtrated 0.1 mg/ml 

solution.  

 

Fig. 23 shows also that a cloudy, partially aggregated aqueous solution of 22-

C12E5 does not show considerable red-shifted PL contributions, this behaviour 

is only observed for drop-cast films (Fig. 22). Also a filtration of the mixtures 

(Fig. 23 b) does not lead to significant PL changes. 

 

3.6.5 Small-Angle Neutron Scattering (SANS) 

SANS is conventionally used to study hairy-rod-like molecules like proteins 

[118] or polymers [119, 120]. There are some SANS studies of rodlike π-conjugated 

polymers, (see e.g. Ballauf et al.[121] ), and also a few of water-soluble π-

conjugated polymers, [93, 122] but those of poly(2,7-fluorene)s and related 

copolymers seem scarce. 
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As it is found that the solubility of the {1,4-phenylene-[9,9-bis(4-phenoxy-

butylsulfonate)]fluorene-2,7-diyl} copolymer is influenced in aqueous solution 

by addition of the surfactant n-dodecyl pentaoxyethylene glycol ether (C12E5), 
[126] the same effect has been observed using the corresponding cationic 

polyelectrolyte 22. The micelle formation was tentatively tested using small-

angle neutron scattering (SANS). [123] 

In practice, the scattering studies are divided into two categories. There are 

studies of the short range order accomplished via the determination of the 

radial distribution function (RDF), and studies of larger density fluctuations, 

("real" order). Amorphous materials, such as liquids, glasses, or glassy 

polymers barely reveal sharp diffraction maxima, while stronger scattering 

effects are observed in multicomponent materials, such as polymer blends, or 

single-component materials with well-defined molecular segments, such as 

block copolymers. 

Like small-angle X-ray scattering, (SAXS), SANS is small-angle scattering 

(SAS) method. They are used to study relatively large, periodic structures of 

noncrystalline materials. The size of these objects is of the order of 10 Å or 

larger and information is obtained using either X-rays or neutrons at low 

detection angles, typically scattering angle 2θ less than 2°. This is the regime 

we applied for the solutions of the studied copolymers. 

While X-ray studies only give a high intensity for high excitation energies 

neutrons provide advantages based on the scattering event resulting from the 

nuclei instead of the core electrons. The lower kinetic energy of the neutrons 

(~10 meV) compared with the energy of hard X-ray photons (~10 keV), is an 

additional advantage. Since the frequency is in the order of atomic movements, 

neutrons can provide information on atomic and molecular motions. 

The tentative small-angle neutron scattering (SANS) measurements were 

performed with the small-angle scattering diffractometer Yellow Submarine 

operating on the cold neutron beamline at the Budapest Research Reactor 

(Hungary). The raw data were azimuthally averaged and grouped to about 30 

points equidistant in the magnitude of the scattering vector (q). A broad 

scattering vector (q) range of 0.02-0.45 Å-1 was covered using two sample-

detector distances; acquisition times of several hours were used for each 
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sample at each detector position. The measurements were done at a 

temperature of 25 °C For the measurements quartz cells (Hellma/Germany) 

with a sample thickness of 1 or 5 mm were employed, controlled by a 

thermostat (Julabo/ Germany). The scattered neutrons were detected by a two-

dimensional position sensitive detector with pixel size 1x1 cm2. 

For SANS measurements the 22-C12E5 system was prepared by dissolving both 

components in water and stirring overnight. The molar ratio of C12E5 to 22 was 

either 2 or 10. The concentration of the solution was allowed to vary from 0.1 

to 2 mg/ml when calculated either with respect to 22 or the total system and 

marked by “polym” or “tot”, respectively. This convention was selected, 

because the surfactant may be regarded either as part of the complex or as co-

solvent. 

 

Fig. 24: (a) Porod plot of SANS data of 22-C12E5 in D2O normalized to the 
concentration. 22-(C12E5)2: 1 mg/ml (tot) (solid squares), 22-(C12E5)2: 0.1 
mg/ml (tot) (open squares), 22-(C12E5)2: 0.1 mg/ml (polym) (open down 
triangles), 22-(C12E5)2: 1 mg/ml (open spheres), and 1 mg/ml (polym) (open up 
triangles). (b) Cassasa-Holtzer plot of the same data.  

 



3 Results and Discussion 

 54 

The results of our tentative study of 22-C12E5 complexes are closely related to 

the surfactant-oil system studied by Menge et al. [6] using SANS. These authors 

studied 7 mg/ml aqueous solutions of C12E5 and added decane so that the 

decane fraction varied from 0.02 to 0.1. They found that the system contained 

cylindrical micelles whose cross sectional radius of gyration varied from 1.9 to 

2.5 nm with increasing decane concentration, and showed a crossover from 

rodlike to coil behavior at ca. q=0.02 Å-1.  

Because there was an interest in testing whether surfactant free 22 approaches 

the behaviour of non-ionic polyfluorenes, [49] we decreased the surfactant vs. 

polymer concentration. We have not been able to use pure 22 in the 

concentration region discussed, but when the surfactant to polymer ratio is 

decreased from 10 to 2, a decay with the order of -1 is observed (Fig. 24 a), 

which indicates formation of cylindric micelles instead of a more fuzzy 

structure with a decay of the order -1.6 for the higher surfactant/polymer ratio 

of 10. Similarly, the Cassasa-Holtzer plot (Fig. 24 b) shows a plateau-like 

behaviour for a surfactant/polymer ratio of 10, while for a surfactant/polymer 

ratio of 2, the Iq curve is not increasing monotonically. 

 

3.7 Synthesis of cationic, water-soluble fluorene-type copolymer 

23 with a 2,5-thienylene spacer. 

Cationic, water-soluble fluorene-type copolymer with thienylene building 

block have been also synthesized and compared with the corresponding 

anionic counterparts.  

Poly{9,9-bis[6-(N,N-dimethylamino)hexyl]fluorene-co-2,5-thienylene} 23 as 

non-ionic precursor was synthesized by a Stille cross-coupling reaction of 2,7-

dibromo-9,9-bis[6-(N,N-dimethylamino)hexyl]fluorene 9 and 2,5-bis-(trimet-

hylstannyl)thiophene 11 using a palladium(0) catalyst and toluene as solvent. 

Extraction and precipitation yielded 41 % of poly{9,9-bis[6-(N,N-dimethyl-

amino)hexyl] fluorene-co-2,5-thienylene} 23 (Scheme 29). 

The 1H-NMR spectrum shows 4 signals, one broad signal at 7.3-7.8 ppm for 

the aromatic protons and 3 other signals at 1.8-2.3 ppm, 1.0-1.4 ppm, and 0.7-

0.9 ppm for the alkyl protons.  
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The GPC analysis of poly{9,9-bis[6-(N,N-dimethylamino)hexyl]fluorene-co-

2,5-thieny-lene} 23 showed an average molecular weight ( nM ) of only 1,400 

gmol-1 measured in THF, reflecting a low degree of polymerisation of only ca. 

3. 

However, the problems with the GPC measurements of the polar polymers 

have been already discussed. 
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reflux, 3 days
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Scheme 29:  Synthesis of poly{9,9-bis[6-(N,N-dimethylamino)hexyl] fluorene-
co-2, 5-thienylene} 23 

 

3.7.1   Absorption and photoluminescence properties of 23 
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Fig. 25: UV/VIS & fluorescence spectra of 23 in chloroform at room 
temperature 
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UV/VIS and fluorescence spectra of poly{9,9-bis[6-(N,N-dimethyl-amino) 

hexyl]fluorene-co-2,5-thienylene} 23 shows an absorption maximum peaking 

at λmax = 412 nm and an emission maximum at λmax = 500 nm. Spectra were 

recorded in chloroform solution (Fig. 25). 

Quarternization of poly{9,9-bis[6-(N,N-dimethylamino)hexyl]fluorene-co-2,5-

thienylene} 23 was done with methyl iodide in mixture of DMF and THF. 

Poly{9,9-bis[6-(N,N-trimethylammonium)hexyl]fluorene-co-2,5-thienylene} 

24 was obtained as a water-soluble polyelectrolyte in 58 % yield (Scheme 30). 
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Scheme 30:  Synthesis of poly{9,9-bis[6-(N,N-trimethylammonium)hexyl]- 
fluorene-co-2, 5- thienylene} 24 

 

3.7.2   Absorption and photoluminescence properties of 24 
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Fig. 26: UV/VIS & fluorescence spectra of 24 in water at room temperature 

 

UV/VIS and fluorescence spectra of Poly{9,9-bis[6-(N,N-trimethylammo- 

nium)hexyl]fluorene-co-2,5-thienylene} 24 showed an absorption band 

peaking at λmax = 431 nm and a shoulder at around 455 nm. There is a red shift 
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of 53 and 59 nm resp, as compared to the copolymers 17 and 18 respectively. 

Optical excitation at λmax = 431 nm gives a yellow fluorescence in the range of 

475-600 nm with a maximum at λmax = 503 nm (Fig. 26). There is a slight red-

shift observed in absorption and emission spectra going from 23→ 24. 

(absorption:19 nm, emission:3 nm). The more pronounced red-shift of the 

absorption reflects a higher ordered (more extended) backbone structure. There 

is also a red shift observed in the emission spectra of 24 as compared to 17 and 

18 respectively (78 nm each). 

 

3.8 Synthesis of a cationic, water-soluble fluorene-type co-

polymer 25 with a bithiophene spacer. 

A cationic water-soluble fluorene-type copolymer with a bithiophene spacer 

was also synthesized. Changes in the absorption and photoluminescence 

properties when increasing the size of oligothienylene building blocks have 

been followed. 

Poly{9,9-bis[6-(N,N-dimethylamino)hexyl]fluorene-co-2,2´-bithiophene} 25 

as a non-ionic precurssor was synthesized by a Stille-type cross-coupling 

reaction of 2,7-dibromo-9,9-bis[6-(N,N-dimethylamino)hexyl]fluorene 9 and 

5,5´-bis(trimethylstannyl)-2,2´-bithiophene 13 using a palladium(0) catalyst 

and toluene as a solvent. The work-up and precipitation of 25 into methanol 

gave of poly{9,9-bis[6-(N,N-dimethyl-amino)hexyl]fluorene-co-2,2´-bithio-

phene} 25 as a yellow soild (Scheme 31) in 43 % yield. 
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Scheme 31:  Synthesis of poly{9,9-bis[6-(N,N-dimethylamino)hexyl]fluorene-
co-2,2´-bithiophene} 25 
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The 1H-NMR spectrum of poly{9,9-bis[6-(N,N-dimethylamino)hexyl]fluore-

ne- co-2,2´-bithiophene} 25 shows 4 signals, one broad signal at 7.4-7.8 ppm 

is for the aromatic protons and other 3 signals at 2.1-2.3 ppm, 1.2-1.6 ppm, 

0.8-1.0 ppm for the alkyl protons.  

GPC analysis in toluene gave a low number average molecular weight ( nM ) 

of only 1,300 gmol-1, corresponding to oligomeric products. However, the 

solubility of 25 in toluene is limited. 

 

3.8.1   Absorption and photoluminescence properties of 25 

300 400 500 600 700
0,0

0,1

0,2

0,3

0,0

0,1

0,2

0,3

PL
UV/VIS

 

 P
L intensity [a.u.]ab

so
rb

an
ce

[a
.u

.]

wavelength/nm

 

Fig. 27: UV/VIS & fluorescence spectra of 25 in chloroform at room 

temperature 

 

UV/VIS and fluorescence spectra of poly{9,9-bis[6-(N,N-dimethylamino)-

hexyl]fluorene-co-2,2´-bithiophene} 25 showed an absorption band peaking at 

λmax = 430 nm. This spectrum is red shifted as compared to the thienylene 

copolymer 23 as result of the incorporation of an additional thiophene group. 

Excitation at λ= 430 nm gave an emission peaking at λmax = 530 nm (Fig. 27). 

Poly{9,9-bis[6-(N,N-dimethylamino)hexyl]fluorene-co-2,2´-bithiophene} 25 

was converted to poly{9,9-bis[6-(N,N-trimethylammonium)hexyl]fluorene-co-

2, 5-thienylene} 26 by quarternization with methyl iodide in mixture of DMF 

and THF in 68 % yield (Scheme 32).  
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Scheme 32: Synthesis of poly{9,9-bis[6-(N,N-trimethylammonium)hexyl]-                         
fluorene-co-2,2´bithiophene} 26 

 

3.8.2 Absorption and photoluminescence properties of 26 

UV/VIS and fluorescence spectra of poly{9,9-bis[6-(N,N-trimethylammo-

nium)hexyl]fluorene-co-2,2´-bithiophene} 26 showed an absorption band 

peaking at λmax = 435 nm and a shoulder at around 455nm. Optical excitation 

at λmax = 435 gives a emission at a maxima of λmax = 486 nm (Fig. 28). There 

is a slight red-shift (5 nm) observed in the absorption spectrum going from 

25→ 26. However, the PL displays a distinct blue shift from λmax = 530 nm 

(25) to λmax = 486 nm (26). The origin of this effect is unclear and needs some 

further investigation. 
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Fig. 28: UV/VIS & fluorescence spectra of 26 in water at room temperature 
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3.9 Synthesis of a polyfluorene with liquid-crystalline side 

chains 

Side-chain liquid crystalline polymers are relatively new class of polymeric 

materials. These polymers consist of some type of liquid crystalline molecule 

(mesogen) attached to the polymer backbone though a spacer chain that is 

typically a few carbon atoms long. The possible uses for these materials take 

advantage of their physical properties. Among the potential uses are non-linear 

optical devices, optical data storage, etc. 

Side chain liquid crystalline polymers can undergo several phase changes 

between the crystalline solid and the isotropic liquid state. These “between” 

phases are known as mesophases. The molecular arrangements in these 

mesophases vary with the type of the mesophase. The mesophases are more 

ordered than the liquid state, but they flow, unlike the crystalline state. 

Side chain liquid crystals can be applied to orientation experiments. The 

orientation of nematic liquid crystals close to solid surfaces is of high interest 

for both fundamental physics and application in liquid crystal displays (LCDs). 

All LCDs contain polymeric alignment layers on their inside surfaces inducing 

a well defined ground state of the cell. [127] The current technology mostly relies 

on mechanical rubbing of polyimide surfaces, [128] where the rubbing direction 

defines the in-plane anisotropy. 

Studies on the orientation of LC monolayers are most useful under conditions 

of “strong anchoring” that is, under conditions where the surface-LC 

interaction is stronger than the interaction between the first LC layer and the 

LC bulk. Experimental support for strong anchoring was found for the 

cyanobiphenyl family. [129]  

It was, therefore interesting to study the side-chain, liquid crystalline polymers 

with cyanobiphenyl mesogens and a polyfluorene backbone. Poly[9,9-bis(4-

cyanobiphenyl-4´-oxyhexyl)-fluorene] 28  was synthesized as an novel rigid-

rod, side-chain liquid-crystall-ine polymer with a fluorescent main-chain.  

The monomer 2,7-dibromo-9,9-bis(4-cyanobiphenyl-4´-oxyhexy)fluorene 16 

was synthesized from 2,7-dibromo-9,9-bis-(6-bromohexyl)fluorene 8, 4-cyano-

4´-hydroxy-biphenyl, anhyd. K2CO3 and a trace of KI. Recrystallisation from 
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toluene gave 2,7-dibromo-9,9-bis(4-cyanobiphenyl-4´-oxyhexyl)fluorene 16 in 

around 70 % yield (Scheme 25). 
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Scheme 33:  Synthesis of 2,7-dibromo-9,9-bis(4-cyanobiphenyl-4´-oxyhexyl)- 
fluorene 16 

 

The 1H-NMR spectrum of 16 showed 10 groups of signals, 5 at 7.70, 7.55, 

7.30, 7.18, and 6.95 ppm are for aromatic protons and 5 at 3.9, 1.95, 1.65, 1.21, 

and 1.18 ppm for alkyl protons.  

The 13C-NMR spectrum displays 20 signals, 13 signals (δ: 110.1, 115.1, 119.0, 

121.5, 126.1, 127.0, 128.2, 130.3, 132.5, 139.1, 145.2, 152.3, 159.7 ppm) of 

non-equivalent aromatic carbons, and 7 signals (δ: 21.4, 23.6, 25.6, 29.5, 40.1, 

55.6, 67.9 ppm) for alkyl carbons. The M+- peak was observed at 878. IR-

spectrum showed signals at 2920, 2840, 2220, 1600, 1500, 1250, 1180, 1020, 

820 cm-1. The bands at 2920 and 2840 cm-1 are for alkyl C-H stretch, the signal 

at 2220 cm-1 for the aryl –CN function. The signals at 1600, 1250 and 820 cm-1 

are characteristic for the aromatic C=C bending, C-O stretching, and aromatic 

C-H bending, respectively. 

Poly[9,9-bis(4-cyanobiphenyl-4´-oxyhexyl)fluorene] 28 was synthesized by a 

Yamamoto-type coupling reaction of 2,7-dibromo-9,9-bis(4-cyano-biphenyl-

4´-oxyhexyl)fluorene 16 with Ni(COD)2, bipyridyl, and 1,5 cyclooctadiene at  

80° C  for 5 days (Scheme 34).  

1H-NMR spectroscopy of poly[9,9-bis(4-cyanobiphenyl-4´-oxyhexyl)fluore-

ne] 28 shows 3 broad signals, one signal for aromatic protons at 6.7-7.9 ppm 

and two signals at 3.6-3.9 ppm and 0.8-2.3 ppm for the alkyl protons.  
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The GPC analysis displayed a number average molecular weight ( nM ) of 

9,700 gmol-1, corresponding to a degree of polymerization of ca.13. 
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Scheme 34: Synthesis of poly[9,9-bis(4-cyanobiphenyl-4´-oxyhexyl)- 
fluorene] 28 
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Scheme 35: Mechanism of the Yamamoto-type coupling reaction 
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The Yamamoto-type aryl-aryl-coupling uses stochiometric amounts of 

Ni(COD)2 [95] (Scheme 35). A general catalytic cycle proceeds through the 

following cycle mediated by the organonickel species.  

R-X   +   M R-M-X

(II)

R-M-R
(III)

Oxidative 
addition

M'-R
M'X

Reductive 
elimination M  +  R-R

(I)  
M = Ni 

 

In the reaction cycle oxidative addition of halides to the transition metal 

complex, e.g. Ni(0), occurs followed by transmetallation, and subsequent 

reductive elimination to give the coupling product. However, this mechanism 

is not fully accepted.  

 

3.9.1   Absorption and photoluminescence properties of 28  

UV/VIS and fluorescence spectroscopy of poly[9,9-bis(4-cyanobiphenyl-4´-

oxyhexyl)fluorene] 28 shows a long wavelength absorption band peaking at 

λmax = 370 nm  and an emission maximum at λmax = 430 nm. The absorption 

band peaking at λmax = 297 nm corresesponds to the 4-cyanobiphenyl side 

chain, the band at λmax = 370 nm is the polyfluorene absorption band (Fig. 29). 
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Fig. 29: UV/Vis and fluorescence spectras of 28 measured in chloroform. 

 

The thermal properties of 28 have been analysed by DSC. Fig. 30 gives the 

DSC curve for poly[9,9-bis(4-cyanobiphenyl-4´-oxyhexyl)fluorene] 28 upon 
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heating. A glass transition of the amorphous phase is observed at ca. 98°C. A 

transition of the crystalline phase into a liquid-crystalline mesophase was 

observed at ca. 121°C, the transition into the isotropic melt at 147°C.  

 

 

Fig. 30: DSC for compound 28 on heating. 

 

Polarizing microscopy was used to investigate the liquid crystalline phases of 

the polymer 28. Upon heating compound 28 shows the occurence of a liquid 

crystalline mesophase at temperatures of >120°C. At temperatures >150°C the 

liquid crystalline phase is converted into the isotropic melt. On cooling no 

clear transitions have been observed, it seems that a frozen, glassy LC phase is 

formed (hindered recrystallisation). The texture of the LC mesophase is not a 

typical Schlieren texture of nematic phases (Fig. 31). Further investigation of 

the textures will be done.  
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Fig. 31: Polarising microscopy images of polymer 28 during heating
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  4 Experimental 
__________________________________________ 
4.1 Instrumental details 

Fluorescence spectrometer 

Fluorescence spectra were measured at room temperature in chloroform, 

DMSO, toluene, THF or water on Fluoromax 3, Cary Eclipse, or Varian 

Spectrophotometer. 

Gel permeation chromatography (GPC) 

Gel permeation chromatography measurements were carried out using          

1) Spectra 100, Column MZ sdv-Gel, RI detection-Shodex (RI-71) and UV-

detector (UV 2000), toluene, and THF as a solvents using Polystyrene 

calibration (PSS).  

2) Jasco AS950, Column MZ lineal mixed bed, UV detector (UV-2070), RI-

detection-Jasco (RI-930), Viscotec T60, toluene and THF as a solvents using 

Polystyrene calibration (PSS).  

For water soluble polymers:-1) Waters GPC, UV detector (SOMA S3702), RI-

waters 7512, Calibration was with polystyrene in DMF. 2) Spectra 100, RI-

(Shodex RI-71) and UV-detector (UV 2000), LiBr/NMP as eluents.                                                       

IR-spectroscopy 

Infrared spectroscopy measurements were performed on a Nicolet, Model 

Impact 400 spectrophotometer. Samples were prepared as KBr pellets and 

measured in the 400 to 4000 cm-1 region. 

Mass spectroscopy 

Mass spectra were obtained on VG Instrument ZAB 2-SE-FPD & Bruker 

reflex II by using FD ionization. 

NMR-spectroscopy 

1H-NMR and 13C-NMR spectra are recorded in CDCl3, C2D2Cl4, D2O, d6-

DMSO and d6-acetone on a Bruker ARX 400 and Bruker AMX 300 with use 

of the solvent proton or carbon signal as internal standard.  
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Polarizing light microscopy 

Polarizing Light microscopy was carried out using Nikon Eclipse E 600.  

Images were taken on a digital camera directly connected to the microscope. 

UV/Vis absorption spectroscopy 

UV/Vis spectra were recorded at room temperature on a Jasco V-550 and 

Uvikon 931 spectrometers.  

Chemicals and reagents 

Commercially available chemicals were purchased from Sigma Aldrich and 

Acros, and were used as received. Reagents for Suzuki-type cross-coupling 

method, [PdCl2(dppf)] and Pd(PPh3)4, were used as received from Strem. 

Purification for water soluble polymers was done using dialysis membrane 

with membrane cut-off of nM = 3,500 gmol-1 which was purchased from 

Sigma-Aldrich. 
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4.2 Monomers  

4.2.1   2,7-Dibromofluorene-9-one 2 

 

Br Br

O
1

2

3 4 5 6

7
8910

11
12

13

 
 2 

2,7-Dibromofluorene 1 (10 g, 30.86 mmol) and sodium dichromate (15,72 g, 

60 mmol) were dissolved in 120 ml of acetic acid under argon atmosphere and 

heated to reflux for 6 hours. It was then allowed to cool at room temperature. 

Water was added to the reaction mixture, the mixture was stirred again for 

another 10-15 min. The solid was filtered through the Buechner funnel. The 

residue was washed several times with water to get a yellow solid. It was 

recrystallised from 200 ml of ethanol. The yellow crystals formed were filtered 

off through a funnel to get 8.96 g of 2,7-Dibromofluorene-9-one 2 (86 %). 

 

1H NMR-spectrum (400 MHz, CDCl3):  

δ(1H) [ppm]: 7.93 (d, 2H, H1, H8), 7.68 (d, 2H, H3, H6, J=8.1 Hz), 7.4 (d, 

2H, H4, H5, J=8.1 Hz) 

13C NMR-spectrum (100 MHz, CDCl3)  

δ(13C) [ppm]: 185.5 (C=O), 138.9, 137.2, 136.0, 133.9, 129.3, 121.7 

FD-MS (m/z): 338 (M+) 

Elemental Analysis: (C13H6Br2O) 

                  Calculated (%):  C: 46.20; H: 1.79; Br: 47.28  

                  Found (%):         C: 46.43; H: 1.93; Br: 47.11  
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4.2.2 2,7-Dibromo-9, 9-bis(4-hydroxyphenyl)fluorene 3 

OHHO

Br Br
1

3
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7
89
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3 
2,7-Dibromofluorene-9-one 2 (5 g, 14.8 mmol), phenol (10.44 ml, 118.4 

mmol) and methanesulfonic acid (1 ml, 1 mmol) were refluxed at 100°C for 4 

h under argon. Solvents were evaporated. 100 ml of ethanol was added to it 

and again refluxed overnight. Product falls out in ethanol. Filtered, washed 

with cold ethanol and dried. 2,7-Dibromo-9,9-bis(4-hydroxyphenyl)fluorene 3 

was obtained as white solid (4.54 g, 60.37 %) 

 

1H NMR-spectrum (400 MHz, DMSO):  

δ(1H) [ppm]: 7.82 (d, 4H, H1, H8), 7.62 (d, 2H, H3, H6, J=8.1 Hz), 7.50 (d, 

2H, H4, H5, J=8.1 Hz), 6.85 (d, 4H, H15, H19, H20, H24, J=8.7 Hz), 6.65 (d, 

4H, H16, H18, H21, H23, J=8.7 Hz) 

13C NMR-spectrum (100 MHz, DMSO)  

δ(13C) [ppm]: 63.94, 115.2, 118.7, 122.8, 128.5, 129.2, 130.5, 134.3, 137.4, 

153.8, 156.3. 

FD-MS (m/z): 508 (M+) 

Elemental Analysis: (C25H16Br2O2) 

                  Calculated (%):  C: 59.08; H: 3.17; Br: 31.45  

                  Found (%):         C: 58.97; H: 3.24; Br: 31.59 
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4.2.3  2,7-Dibromo-9,9-bis(4-sulfonylbutoxyphenyl)fluorene 4 

OO
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     4 

2,7-Dibromo-9,9-bis(4-hydroxyphenyl)fluorene 3 (2.5 g, 4.91 mmol) was 

dissolved in a solution of NaOH (0.7615 g, 19 mmol) in 70ml of water under 

argon. A solution of 1,4-butane sultone (1.054 g, 7.7 mmol) in 40ml of dioxane 

was added to the former solution at once. The resulting mixture was stirred at 

room temperature overnight. Then it was heated at 80-100°C for 30 minutes 

and cooled in a water/ice bath. Suspension obtained was vacuum filtered and 

the soild was washed with cold water followed by acetone. 2,7-Dibromo-9,9-

bis(4-sulfonylbutoxyphenyl)fluorene 4 was obtained as a white solid (3.1 g, 

76.44 %) 

 

1H NMR-spectrum (400 MHz, DMSO):  

δ(1H) [ppm] : 7.82 (d, 4H, H1, H8), 7.62 (d, 2H, H3, H6, J=8.1 Hz), 7.50 (d, 

2H, H4, H5, J=8.1 Hz), 6.85 (d, 4H, H15, H19, H21, H25, J=8.7 Hz), 6.65 (d, 

4H, H16, H18, H22, H24, J=8.7 Hz), 3.9 (t, 4H, α-CH2), 3.3 (t, 4H, δ-CH2), 

2.3 (m, 4H, γ-CH2), 1.7 (m, 4H, β-CH2) 

13C NMR-spectrum (100 MHz, DMSO)  

δ(13C) [ppm]: 21.7, 27.9, 51.3, 63.90, 67.2, 114.9, 118.7, 122.8, 128.5, 129.2, 

130.5, 134.3, 137.4, 153.8, 157.7 

IR:  3070, 2942, 2872, 1607, 1569, 1508, 1452, 1178, 1048, 807, 604cm-1. 

FD-MS (m/z): 824 (M+) 
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4.2.4  4,4´-Biphenyl-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) 6 

BB
O

O

O

O
 

6 

40 ml of n-butyllithium (100 mmol, 2.5 M) and 40 ml of dry THF were cooled 

to -78°C under an atmosphere of dry argon. Subsequently 4,4´-dibromo-

biphenyl 5 (12.8 g, 41 mmol) dissolved in dry 40 ml of THF was added 

dropwise over 30 min, followed by stirring for 3 h at -78°C. The resulting 4,4´- 

dilithiobiphenyl was treated with trimethyl borate (32 ml) and stirred for 1 h at 

-78°C. The reaction mixture was warmed to room temperature and stirred for 

30 min before pouring onto crushed ice containing 40 ml of conc. HCl. After 

extraction into diethylether the organic layer was dried over anhydrous 

Na2SO4, and the solvent was removed in vacuum to afford a white solid (7.9 g, 

32.67 mmol). 5.34 g (45.21mmol) of pinacol was added to it. Reaction mixture 

was refluxed in 100 ml dry toluene using a Dean-Stark trap for two days. 

Solvent was evaporated and the crude white powder obtained was purified by 

column chromatography using hexane:ethylacetate (90:10) as eluent. The 

solvent was evaporated giving the product as white powder. 4,4´-Biphenyl-

bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) 6 was obtained as a white solid in 

2.65 g, 20 % yield. 

 

1H NMR-spectrum (400 MHz, CDCl3):  

δ(1H) [ppm]: 7.9 (d, 4H, J=8 Hz), 7.6 (d, 4H, J=8 Hz), 1.26 (s, 24H, -CH3) 

 13C NMR-spectrum (100 MHz, CDCl3)  

δ(13C) [ppm]: 24.8, 83.8, 126.4, 128.7, 135.3, 143.6 

FD-MS (m/z): 406 (M+) 
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4.2.5  2,7-Dibromo-9,9-bis-(6-bromohexyl)fluorene 8 

Br Br

Br Br

1 8

7

6543

2

9
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10 13

 
 

  8 
A 250 ml flask was filled with 2,7-dibromofluorene 7 (5 g, 15.4 mmol), benzyl 

triethylammonium chloride (0.19 g, 3.33 mmol), and 20 ml of DMSO. The 

tube was flushed with argon and sealed with a rubber stopper. Freshly prepared 

aqueous NaOH solution (20 ml 1:1 weight/weight) was added at once with a 

syringe. The mixture turned orange and became viscous rapidly. 1,6-

Dibromohexane (24 ml, 32.4 mmol) was added within 2 minutes. The reaction 

was carried out for 2 h at ambient temperature. tert-Butylmethylether (500 ml) 

and water (200 ml) were added, and mixture was stirred for additional 15 

minutes. The phases were separated; the aqueous phase was extracted once 

again with tert-butylmethylether. The combined organic phases were washed 

with each 100 ml of 2N aqueous HCl, saturated NaCl solution, and deionized 

water. The organic phase was dried over MgSO4, and the solvent was 

evaporated. The crude product was purified by column chromatography using 

hexane as eluent. The solvent was evaporated giving the product as a viscous 

oil. To remove the excess of 1,6-dibromohexane the product was distilled to 

give 2,7-Dibromo-9,9-bis(6-bromohexyl)fluorene 8 (6.5 g, 64.8 %) as a color- 

less liquid. 

 

1H NMR-spectrum (400 MHz, CDCl3):  

δ(1H) [ppm]: 7.35 (d, 2H), 7.3 (d, 2H), 7.2 (s, 2H), 3.34 (t, 4H), 1.85 (t, 4H), 

1.65 (m, 4H), 1.15 (m, 8H), 0.55 (m, 4H) 

 13C NMR-spectrum (100 MHz, CDCl3)  

δ(13C) [ppm]: 23.6, 27.9, 29.08, 32.7, 34.1, 40.1, 55.6, 121.4, 121.7, 126.2, 

130.2, 139.2, 152.3 
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FD-MS (m/z): 650 (M+) 

Elemental Analysis: (C25H30Br4) 

                                  Calculated (%): C: 46.19; H: 4.65; Br: 49.16 

                                   Found (%):       C: 46.36; H: 4.47; Br: 48.89 
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4.2.6  2,7-Dibromo-9,9-bis-[6-(N, N-dimethylamino)hexyl]fluorene 9 

Br Br

N N
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  9 
 

To 2,7-Dibromo-9,9-bis(6-bromohexyl)fluorene 8 (1.54 g, 2.63 mmol) in 30 

ml of THF, dimethylamine (52.5 ml, 2M in THF, 105 mmol) is added at -

78°C. The mixture was allowed to warm up to room temperature and stirred 

for 3 days at this temperature. The mixture was concentrated, and 50 ml of 

aqueous sodium hydroxide solution (5 % w/w) were added. The mixture was 

extracted with 300 ml of Et2O. The organic layer was dried over MgSO4 and 

concentrated. The residue was purified by silica gel column chromatography 

(methanol/ethylacetate/triethylamine 10:88:2) to give 9 as a yellow oil (0.690 

g, 50.36 %). 

 

1H NMR-spectrum (400 MHz, CDCl3):  

δ(1H) [ppm]: 7.55 (d, 2H), 7.5 (d, 2H), 7.42 (s, 2H), 2.1-2.2 (m, 16H), 1.3 (m, 

4H), 1.1 (m, 8H), 0.6 (m, 4H) 

13C NMR-spectrum (100 MHz, CDCl3)  

δ(13C) [ppm]:  23.6, 27.0, 27.53, 29.7, 40.1, 45.4, 55.6, 59.7, 121.1, 121.4, 

126.1, 130.2, 139.0, 152.4 

FD-MS (m/z): 584 (M+) 

Elemental Analysis: (C29H42N2Br2) 

                                  Calculated (%): C: 69.72; H: 8.86; N: 5.61 

                                   Found (%):       C: 68.18; H: 8.24; N: 5.42 
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4.2.7  2,5-Bis(trimethylstannyl)thiophene 11 

S
SnMe3Me3Sn

 
 

 11 

To a stirred cooled solution (-50°C) of thiophene 10 (1.009 g, 12 mmol) and 

N,N,N`,N`-tetramethylethylenediamine (3.98 ml, 26.8 mmol) in anhydrous 

hexane-THF (10:20 ml) was added nBuLi (2.5 M in hexane) (17.56 ml, 28.1 

mmol) dropwise with a syringe. The mixture was heated to reflux for 45 min 

and then cooled to -78°C. Trimethyltinchloride (28.1 ml, 112.4 mmol) was 

added to the resulting mixture, and the mixture was stirred for 2 h at room 

temperature. The solution was then poured into aqueous NH4Cl (2M). The 

aqueous layer was extracted with 500 ml of Et2O. The combined organic layers 

were washed with water, dried over MgSO4, and the solvent was evaporated. 

The resulting solid was recrystallised from ethanol. 2,5-Bis(trimethylstannyl) 

thiophene 11 was obtained as a white solid ( 3.48 g, 70.5 %)   

 

1H NMR-spectrum (400 MHz, C2D2Cl4):  

δ(1H) [ppm]: 7.37 (s, 2H), 0.37 (s, 18H) 

13C NMR-spectrum (100 MHz, C2D2Cl4)  

δ(13C) [ppm]: 143.4, 136.2, 7.68 

FD-MS (m/z): 409 (M+) 

Elemental Analysis: (C10H20SSn2) 

                                  Calculated (%): C: 29.32; H: 4.92; S: 7.83; Sn: 57.93 

                                   Found (%):       C: 29.30; H: 5.27; S: 7.59 
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4.2.8  5,5´-Bis(trimethylstannyl)-2,2´-bithiophene 13 

SSMe3Sn
SnMe3  

13 

To a stirred cooled solution (-50°C) of bithiophene 12 (1.99g, 12mmol) and 

N,N,N`,N`-tetramethylethylenediamine (3.98 ml, 26.8 mmol) in anhydrous 

hexane-THF (10:20 ml) was added nBuLi (2.5 M in hexane) (17.56 ml, 28.1 

mmol) dropwise via a syringe. The mixture was heated to reflux for 45 min 

and then cooled to -78°C. Trimethyltinchloride (28.1 ml, 112.4 mmol) was 

added dropwise via a syringe, and the mixture was stirred for 2 h at room 

temperature. Workup and purification was similar to the above. 5,5´-Bis 

(trimethylstannyl)-2,2´-bithiophene 13 was obtained as a bright brown solid 

(4.25 g, 72 %). 

 

1H NMR-spectrum (400 MHz, C2D2Cl4):  

δ(1H) [ppm]: 7.20 (d, 2H, J=3 Hz), 7.02 (d, 2H, J=3.3 Hz), 0.31 (s, 18H) 

13C NMR-spectrum (100 MHz, C2D2Cl4)  

δ(13C) [ppm]: 143.1, 137.6, 136.3, 125.1, 7.73 

FD-MS (m/z): 491.8 (M+) 

Elemental Analysis: (C14H22S2Sn2) 

                                  Calculated (%): C: 34.19; H: 4.51; S: 13.04; Sn: 48.27 

                                   Found (%):       C: 34.26; H: 4.14; S: 12.70 
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4.2.9  4,7-Dibromo-benzo[1,2,5]thiadiazole 15 

N
S

N

BrBr

 

15 

A mixture of 1,2,5-benzothiadiazole 14 (5g, 36.81 mmol) in 35 ml of aqueous 

hydrobromic acid (48%) was heated to reflux with stirring, while bromine 

(5.67 ml, 103.20 mmol) was added slowly within 10-15 min. Towards the end 

of the addition, the mixture became a suspension. To facilitate stirring, 20 ml 

of aq HBr was added and the mixture was heated to reflux for 2 h after 

completion of the bromine addition. Mixture was cooled, filtered, washed with 

water. Recrystallisation from methanol gave 4,7-Dibromo-benzo[1,2,5]thiadia- 

zole 15 as white crystals in 58.5 % (6.28 g) yield. 

 

1H NMR-spectrum (400 MHz, C2D2Cl4):  

δ(1H) [ppm]: 7.78 (s, 2H) 

13C NMR-spectrum (100 MHz, C2D2Cl4)  

δ(13C) [ppm]: 152.9, 132.24, 113.83 

FD-MS (m/z): 293 (M+) 

Elemental Analysis: (C6H2Br2N2S) 

                  Calculated (%): C: 24.51; H: 0.69; Br: 54.36; N: 9.53; S: 10.91  

                  Found (%):        C: 24.11; H: 0.48; Br: 54.17; N: 9.14; S: 10.65  
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4.2.10  2,7 Dibromo-9,9-bis(4-cyanobiphenyl-4´-oxyhexyl)fluorene 16 

BrBr

CNNC OO

1
2

3 4 5 6

7
8

9
10

11
12

13
14

1516

1718

1920

14 '

15 ' 16 '

17 ' 18 '

19 ' 20 '
2122

2324

2526
27

28 29 30 31 29 '30 '31 ' 28 '

27 '
21 ' 22 '

23 '

24 '

25 ' 26 '

 

16 
2,7-Dibromo-9,9-bis(6-bromohexyl)fluorene 8 (2 g, 3.076 mmol), 4-cyano-hydoxy-

biphenyl (1.3212 g, 6.76 mmol), anhydrous potassium carbonate (1.2756 g, 9.228 

mmol) and a trace of potassium iodide were taken in a two neck flask. 40 ml of DMF 

was added to it and heated to 90-100° C for 2 hours. Complete conversion was 

observed by TLC. Then large excess of demineralised water was added. Product was 

precipitated out and filtered and dried on the high vacuum pump. The product was 

recrystallised from toluene. 2,7-Dibromo-9,9-bis(4-cyanobiphenyl-4´-oxyhexyl)flu-

orene 16 was obtained as a white solid (1.39 g, 70 %). 

 
1H NMR-spectrum (400 MHz, CDCl3):  

δ(1H) [ppm]: 7.70 (dd, 4H), 7.55 (m, 6H), 7.30 (dd, 4H), 7.18 (dd, 4H) 6.95 

(d, 4H), 3.9 (t, 4H), 1.95 (m, 4H), 1.65 (m, 4H), 1.21 (m, 4H), 1.18 (m, 8H). 

13C NMR-spectrum (100 MHz, CDCl3)  

δ(13C) [ppm]: 21.4, 23.6, 25.6, 29.5, 40.1, 55.6, 67.9, 110.1, 115.1, 119.0, 

121.5, 126.1, 127.0, 128.2, 130.3, 132.5, 139.1, 145.2, 152.3, 159.7 

IR:  2920, 2840, 2220, 1600, 1500, 1250, 1180, 1020, 820 cm-1. 

FD-MS (m/z): 878 (M+) 
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4.3   Polymers 

4.3.1  Poly[9,9-bis(4-sulfonylbutoxyphenyl)fluorene-co-1,4-phenylene] 17 

(Suzuki-type coupling) 

 

O

NaO3S

O

SO3Na

n

 
 

    17 
 

A mixture of 2,7-dibromo-9,9-bis(4-sulfonylbutoxyphenyl)fluorene 4 (0.824 g, 

1 mmol), 1,4-phenylenediboronic acid (0.166 g, 1 mmol), Pd(PPh3)4 (50 mg) 

and Na2CO3  (1 g, 9.4 mmol) in 5 ml of distilled water, 50 ml of toluene and 

5ml of butanol was reacted for 3 days at 135°C (reflux). 100 ml of chloroform 

was added and the mixture was extracted with 300 ml of water.  The aqueous 

layer was washed with chloroform and concentrated to dryness. The residue 

was redissolved in water and purified by dialysis with water using a dialysis 

membrane with a cutoff at nM =3,500 gmol-1 to yield 0.50 g (54 %) of 

poly[9,9-bis(4-sulfonylbutoxy phenyl)fluorene-co-1,4-phenylene] 17.  

 

1H NMR-spectrum (400 MHz, D2O):  

δ(1H) [ppm]: 6.8-7.9 (ar-H), 3.4-4.0 (α, δ -CH2), 1.2-2.0 (β,γ -CH2) 

GPC (NMP/LiBr): nM = 6,500 gmol-1 

UV/Vis (water): λmax, abs = 368 nm 

Photoluminescence (water): λmax, PL = 425, 455 nm 
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4.3.2  Poly[9,9-bis(4-sulfonylbutoxyphenyl)fluorene-co-4,4´-biphenyl] 18 

(Suzuki-type coupling) 

O

NaO3S

O

SO3Na

n

 

    18 

A mixture of 2,7-dibromo-9,9-bis(4-sulfonylbutoxyphenyl)fluorene 4 (0.618 g, 

0.75 mmol), 4,4´-biphenyl bis[4,4,5,5-tetramethyl-1,3,2-dioxaborolane] 6 

(0.305 g, 0.75 mmol), Pd(PPh3)4 (35 mg) and Na2CO3  (0.75 g, 7.05 mmol) in 4 

ml of distilled water, 35 ml of toluene and 4 ml of butanol was reacted for 3 

days under reflux at 135°C. 100 ml of chloroform was added and the mixture 

was extracted with 300 ml of water. The aqueous layer was washed with 

chloroform and concentrated to dryness. The residue was redissolved in water 

and purified by dialysis with water using a dialysis membrane.                                   

Poly[9,9-bis(4-sulfonylbutoxyphenyl) fluorene-co-4,4´-biphenyl] 18 was 

obtained in 49 % yield (450 mg).  

 

1H NMR-spectrum (400 MHz, D2O):  

δ(1H) [ppm]: 5.5-7.9 (ar-H, broad), 2.5-3.5 (α, δ -CH2), 1.1-2.2 (β,γ -CH2) 

GPC (NMP/LiBr): nM = 8,400 gmol-1 

UV/Vis (water): λmax, abs = 362 nm 

Photoluminescence (water): λmax, PL = 425, 455 nm 
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4.3.3  Poly[9,9-bis(4-sulfonylbutoxyphenyl)fluorene-co-2,5-thienylene] 19 
 
 
 
 
 
 
 
 
 
 

  19 
 

A solution of the 2,5-bis(trimethylstannyl)thiophene 11 (0.4097 g, 1 mmol), 

2,7-dibromo-9,9-bis(4-sulfonylbutoxyphenyl)fluorene 4 (0.8245 g, 1 mmol) 

and Pd(PPh3)4 (40 mg) was refluxed in degassed, anhydrous toluene (25 ml) 

for 4 days under argon. After cooling to room temperature, toluene (50 ml) was 

added. The aqueous layer was removed carefully and evaporated to give a 

crome yellow solid. The residue was purified by dialysis with water using the 

dialysis membrane to yield 350 mg (42 %) of poly[9,9-bis(4-sulfonylbutoxy 

phenyl)fluorene-co-2,5-thienylene] 19.  

 

1H NMR-spectrum (400 MHz, DMSO):  

δ(1H) [ppm]: 6.0-7.6 (ar-H), 3.1-3.7 (α,δ -CH2), 0.9-2.0 (β, γ -CH2) 

GPC (DMF): nM =3,500 gmol-1  

UV/Vis (water): λmax, abs = 418 nm 

Photoluminescence (water): 505 nm 

 

 

 

 

 

 

O

S

O

SO3NaNaO3S

n
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4.3.4  Poly[9,9-bis(4-sulfonylbutoxyphenyl)fluorene-co-2,2´-bithiophene] 20 
 
 
 
 
 
 
 
 
 
 
 

20 
 

A solution of the 5,5´-bis(trimethylstannyl)-2,2´-bithiophene 13 (0.492 g, 1 

mmol), 2,7-dibromo-9,9-bis(4-sulfonylbutoxyphenyl)fluorene 4 (0.8245 g, 1 

mmol) and Pd(PPh3)4 (40 mg) was refluxed in degassed, anhydrous toluene (25 

ml) for 4 days under argon. Workup and purification was similar to the above 

19, poly[9,9-bis(4-sulfonylbutoxyphenyl)fluorene-co-2,2´-bithiophene] 20 was 

obtained in 64 % yield (500 mg). 

 

1H NMR-spectrum (400 MHz, DMSO):  

δ(1H) [ppm]: 6.55-7.9 (ar-H), 3.1-4.45 (α, δ -CH2), 0.9-2.0 (β, γ -CH2) 

GPC (DMF): nM  = 3,300 gmol-1  

UV/Vis (water): λmax abs = 405 nm 

Photoluminescence (water): λmax, PL = 502, 530 nm 

 

 

 

 

 

 

 

O

S

O

SO3NaNaO3S

S
n
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4.3.5 Poly{9,9-bis[6-(N,N-dimethylamino)hexyl]fluorene-co-1,4-phenylene} 

21 (Suzuki-type coupling) 

N N

n

 
 

 21 
 

A mixture of 2,7-dibromo-9,9-bis[6-(N,N-dimethylamino)hexyl]fluorene 9 

(0.5784 g, 1 mmol), 1,4-phenylenediboronic acid (0.166 g, 1 mmol), PdCl2 

(dppf) (15 mg) and K2CO3 (0.56 g, 4 mmol) in 20 ml of THF and 20 ml of 

water was degassed and stirred for 3 days at 80°C. The resulting product was 

extracted with 500 ml of chloroform. The organic layer was washed with water 

and brine, dried over MgSO4, and concentrated. Poly{9,9-bis[6-(N,N-dimethyl 

amino)hexyl]fluorene-co-1,4-phenylene} 21 was isolated by precipitation into 

methanol as a yellowish solid (250 mg, 50.4 %). 

 

1H NMR-spectrum (400 MHz, CDCl3):  

δ(1H) [ppm]: 7.6-7.8 (m, 10 H), 2.0-2.3 (20 H), 1.2-1.3 (4 H), 1.1 (8 H), 

0.7-0.8 (4 H).  

GPC (THF): nM  = 3,500 gmol-1  

UV/Vis (CHCl3): λmax, abs = 360 nm 

Photoluminescence (CHCl3): λmax, PL = 431 nm 
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4.3.6  Poly{9,9-bis[6-(N,N-trimethylammonium)hexyl]fluorene-co-1,4-

phenylene} 22 

N N

n

II
 

 
22 
 

Methyl iodide (3.2 g, 22.5 mmol) was added to poly{9,9-bis[6-(N,N-

dimethylamino)hexyl]fluorene-co-1,4-phenylene}21 (100 mg) in 10 ml of 

THF and 10 ml of DMF at room temperature. After 1 min stirring, the 

formation of a precipitate was observed, which was redissolved by addition of 

10 ml of water. After 24 h, 100 ml of Et20 was added, and the mixture 

extracted with additional 300 ml of water. The aqueous layer was concentrated 

to dryness. The residue was purified by dialysis with water using a dialysis 

membrane to yield 120 mg of 22 (77 %).  

 

UV/Vis (water): λmax, abs = 374 nm 

            Photoluminescence (water): λmax, PL = 423, 450 nm 
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4.3.7  Poly{9,9-bis[6-(N,N-dimethylamino)hexyl]fluorene-co-2, 5-

thienylene} 23 

N N

n
S

   

23 

A mixture of 2,7-Dibromo-9,9-bis[6-(N,N-dimethylamino)hexyl]fluorene 9 

(0.5784 g, 1 mmol), 2,5-bis(trimethylstannyl)thiophene 11 (0.409 g, 1 mmol), 

Pd(PPh3)4 (40 mg) in 40 ml of toluene was degassed and stirred for 3 days at 

80°C. The resulting product was extracted with 500 ml of chloroform.The 

organic layer was washed with water and brine, dried over MgSO4, and 

concentrated. Poly{9,9-bis[6-(N,N-dimethylamino)hexyl]fluorene-co-2,5-thie-

nylene} 23 was isolated by precipitation into methanol as a yellowish solid 

(400 mg, 41 %). 

 

1H NMR-spectrum (400 MHz, CDCl3):  

δ(1H) [ppm]: 7.3-7.8 (m, 8 H), 1.8-2.3 (20 H), 1.0-1.4 (4 H), 0.7-0.9 (18 H). 

GPC (toluene): nM = 1,400 gmol-1  

UV/Vis (CHCl3): λmax, abs = 412 nm 

           Photoluminescence (CHCl3): λmax, PL = 532 nm 
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4.3.8  Poly{9,9-bis[6-(N,N-trimethylammonium)hexyl]fluorene-co-2, 5-   

thienylene} 24 

N N

n
S

 

24 

Methyl iodide (3.2 g, 22.5 mmol) was added to poly{9,9-bis[6-(N,N-

dimethylamino)hexyl]fluorene-co-2, 5-thienylene}23 (100 mg) in 10 ml of 

THF and 10 ml of DMF at room temperature. After 1 min stirring, the 

formation of a precipitate was observed, which was redissolved by addition of 

10 ml of water. After 24 h, 100 ml of Et20 was added, and the mixture 

extracted with additional 300 ml of water. The aqueous layer was concentrated 

to dryness. Poly{9,9-bis[6-(N,N-trimethylammonium)hexyl]fluorene-co-2,5-

thienylene} 24  was isolated in 58 %, 67 mg yield.  

 

UV/Vis (water): λmax, abs = 431 nm 

 Photoluminescence (water): λmax, PL = 503 nm 
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4.3.9  Poly{9,9-bis[6-(N,N-dimethylamino)hexyl]fluorene-co-2, 2´ 

bithiophene} 25 

N N

n
S S

 

25 

A mixture of 2,7-dibromo-9,9-bis[6-(N,N-dimethylamino)hexyl]fluorene 9 

(0.5784 g, 1 mmol), 5,5´-bis(trimethylstannyl)-2,2´-bithiophene 13 (0.492 g, 1 

mmol), Pd(PPh3)4 (40 mg) in 40 ml of toluene was degassed and stirred for 3 

days at 130°C. The resulting product was extracted with 500ml of 

chloroform.The organic layer was washed with water and brine, dried over 

MgSO4, and concentrated. Poly{9,9-bis[6-(N,N-dimethyl amino)hexyl] fluore-

ne-co-2,2´ bithiophene} 25 was isolated by precipitation into methanol as a 

yellowish solid (435 mg, 43 %). 

 

1H NMR-spectrum (400 MHz, CDCl3):  

δ(1H) [ppm]:  7.4-7.8 (m, 10 H), 2.1-2.3 (20 H), 1.2-1.6 (4 H), 0.8-1.0 (18 H), 

GPC (toluene): nM =1,300 gmol-1  

UV/Vis (CHCl3): λmax, abs = 430 nm 

           Photoluminescence (CHCl3): λmax, PL = 532 nm 
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4.3.10  Poly{9,9-bis[6-(N,N-trimethylammonium)hexyl]fluorene-co-2,5-

thienylene) 26 

 

 

 

 

 

26 

Methyl iodide (3.2 g, 22.5 mmol) was added to Poly{9,9-bis[6-(N,N-dimethyl 

amino) hexyl] fluorene-co-2,2´ bithiophene} 25 (100 mg) in 10 ml of THF and 

10 ml of DMF at room temperature. After 1 min stirring, the formation of a 

precipitate was observed, which was redissolved by addition of 10 ml of water. 

Stirred at room temperature for 24 h, 100 ml of Et20 was added to it. Work up 

and purification was similar to Poly{9,9-bis[6-(N,N-trimethylammonium) 

hexyl]fluorene-co-2,5-thienylene}17. Poly{9,9-bis[6-(N,N-trimethylammoni-

um)hexyl]fluorene-co-2, 2´´bithiophene} 26 was isolated in 68 % yield (75 

mg). 

 

UV/Vis (water): λmax, abs = 435 nm 

           Photoluminescence (water): λmax, PL = 486 nm 

 

 

 

 

 

 

 

N N

n

S S
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4.3.11  Poly[9,9-bis(4-sulfonylbutoxyphenyl)fluorene-1,4-phenylene]-co-

([1,2,5]benzo-thiadiazole-4,7-diyl-1,4-phenylene) 27 

 

 

 

 

 

 

27 

A mixture of 2,7-dibromo-9,9-bis(4-sulfonylbutoxyphenyl)fluorene 4 

(different mole ratios), 1,4-phenylenediboronic acid (0.166 g, 1 mmol), 4,7-

dibromo-benzo [1,2,5] thiadiazole 15 (different mole ratios), Pd(PPh3)4 (50 

mg) and Na2CO3  (1 g, 9.4 mmol) in 5 ml of distilled water, 50 ml of toluene 

and 5ml of butanol was reacted for 3 days at 135°C (reflux). 100 ml of 

chloroform was added and the mixture was extracted with 300 ml of water.  

The aqueous layer was washed with chloroform and concentrated to dryness. 

The residue was redissolved in water and purified by dialysis with water.  

 Monomer 
3 

Monomer 
9 

UV / Vis  
(water, λ max) 

Photoluminescence 
(water, λmax, PL) 

0.4122 g 
(0.50 

mmol) 
 

0.1470 g 
(0.50 

mmol) 

382 nm, 
420-480 nm 
(shoulder)   

538 nm 

0.6183 g 
(0.75 

mmol) 
 

0.0735 g 
(0.25 

mmol) 

388 nm 
420-480 nm 
(shoulder)   

537 nm 

0.7420 g 
(0.90 

mmol) 
 

0.0294 g 
(0.10 

mmol) 

385 nm 
420-480 nm 
(shoulder)   

531 nm 

1H NMR-spectrum (400 MHz, D2O):  

δ(1H) [ppm]: 6.4-8.6 (ar-H), 3.8-4.3 (α, -CH2), 3.0-3.7 (α, -CH2), 1.4-2.7 (β,γ 

-CH2) 

O

NaO3S SO3Na

O

nN
S

Nm
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4.3.12  Poly[9,9-bis(4-cyano-biphenyl-4´-oxyhexyl)fluorene] 28 

 
 
 
 
 
 
 
 
 
 

     28 
 

Yamamoto-type coupling reaction [95] 

Two Schlenk tubes sealed with rubber stoppers were taken. They were 

evacuated and dried thoroughly with a heat gun. One schlenk tube was flushed 

with argon and filled with the monomer under a light stream of argon. It was 

sealed with a rubber stopper and 45 ml of dry toluene was added using a 

syringe. The monomer was completely dissolved using an ultrasonic bath. The 

first schlenk tube was transferred into a glove box and flushed with argon. The 

tube was filled with Ni(COD)2 and 2,2’-bipyridyl and sealed again with a new 

rubber stopper. Once outside the glovebox, 15 ml of dry DMF and 15 ml of 

dry toluene were added to the schlenk tube using a syringe. The solution turned 

deep blue after a while. The tube was put in an ultrasonic bath for one minute 

and wrapped completely with aluminium foil to exclude light. The tube was 

transferred into an oil bath (80° C) and vigorously stirred.1,5-Cyclooctadiene 

(COD) was added with a syringe, and the tube was kept at that temperature for 

35-40 minutes. Next, the monomer was transferred from the second schlenk 

tube into the reaction mixture using a syringe. The reaction was carried out at 

80° C for 7 days. 

 The reaction was stopped by adding 10 ml of a 4M solution of HCl in 

dioxane. After addition HCl the mixture was stirred for 15 minutes. The tube 

was then filled with chloroform, stirred for another 15 minutes at 80 °C and 

finally shaken well. The complete mixture was transferred into a extraction 

funnel and 100 ml of 2N HCl and 200 ml of chloroform were added. The 

phases were separated; the organic phase was treated once again with 2N HCl. 

The organic phase was then treated with saturated aqueous Na2-EDTA solution 

CNNC OO

n
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and washed with saturated aqueous NaHCO3 solution and treated once again 

with the aqueous Na2-EDTA solution. The organic phase was passed through a 

short column with a filter plate of high porosity and a small layer of celite 545, 

a considerable amount of silica gel and a thin layer of sand. Afterwards, the 

solvent was evaporated until the solution becomes viscous. Then, the polymer 

was precipitated into mixture of methanol:acetone:2N HCl (400:20:20) ml. 

The polymer was collected by filtration and dried under vacuum to obtain 

poly[9,9-bis(4-cyano-biphenyl-4´-oxyhexyl) fluorene] 28, (250 mg).  

Compound Amount Mol. wt. mmol Equivalent 

2,7 dibromo-9,9-bis(4-cyano-

biphenyl-4´-oxyhexyl)fluorene 

0.8787 878.73 1.0 1.0 

Ni (COD)2 0.6325 275.08 2.3 2.3 

2,2´ Bipyridyl 0.3588 156.18 2.3 2.3 

COD 0.1783 108.18 1.45 1.45 

 

Solvents : 15 ml of toluene for monomer and 15 ml of DMF + 50 ml of toluene 

to dissolve Ni (COD)2 / 2,2´- Bipyridyl 

 

1H NMR-spectrum (400 MHz, CDCl3):  

δ(1H) [ppm]: 6.7-7.9 (ar-H), 3.6-3.9 (terminal CH2), 0.8-2.3 (alkyl protons) 

IR:  2920, 2840, 2220, 1600, 1500, 1250, 1180, 1020, 820 cm-1. 

GPC (THF): nM = 9,700 gmol-1 

UV/Vis (CHCl3): λmax, abs = 297, 370 nm 

Photoluminescence (CHCl3): λmax, PL = 430 nm 
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4.3.13  Poly[9,9-bis(6-bromohexyl)fluorene] 29 

 
 
 
 
 
 
 
 
 
 

   29 
 

Yamamoto coupling of 2,7-dibromo-9,9-bis(6-bromohexyl)fluorene 8 (2 g, 3 

mmol) using Ni(COD)2 (1.946 g, 8 mmol), 1,5 cyclooctadiene (0.456 ml, 4.2 

mmol) and  2,2´ bipyridyl (1.105 g, 8 mmol) gives the desired polymer. 

Purification was done by extracting it with acetone in a soxhlet extractor for 4 

days. The product was dissolved in 150 ml of chloroform and washed with 

aqueous Na2-EDTA solution. The organic solution was dried over MgSO4 and 

evaporated until the solution becomes viscous. The polymer was precipitated 

into methanol and acetone (2:1). Poly[9,9-bis(6-bromohexyl)fluorene] 29 (1.2 

g, 60 %) was finally collected and dried under high vacuum. 

   

1H NMR-spectrum (400 MHz, CDCl3):  

δ(1H) [ppm]: 7.2-7.4 (ar-H), 3.0-3.4 (terminal CH2), 0.5-2.2 (alkyl protons) 

GPC (toluene): nM =10,200 gmol-1  

UV/Vis (toluene): λmax abs =  348 nm 

  Photoluminescence (toluene): λmax, PL = 446 nm 

 

 

 

 

 

Br Br

n
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4.3.14  Poly[9,9-bis(6-bromohexyl)fluorene-co-1,4-phenylene] 30 

BrBr

n

 

30 

A mixture of 2,7-dibromo-9,9-bis(6-bromohexyl)fluorene 8 (2.0 g, 3 mmol), 

1,4-phenylenediboronic acid (509 mg, 3 mmol), PdCl2(dppf) (45mg) and 

K2CO3 (5.10 g, 36 mmol) in 36 ml of THF and 18 ml of water was degassed 

and stirred for 3 days at 80°C. The mixture was extracted with 500 ml of 

chloroform.The organic layer was washed with water and brine, dried over 

MgSO4, and concentrated. Poly[9,9-bis(6-bromohexyl)fluorene-co-1,4-pheny- 

lene] was precipitated from methanol to yield 1.16 g (78 %) of 30. 

 

1H NMR-spectrum (400 MHz, CDCl3):  

δ(1H) [ppm]:7.5-7.8 (m, ar-H), 3.0-3.4 (terminal CH2), 0.8-2.1 (alkyl protons)  

GPC (THF): nM =11,700 gmol-1 

UV/Vis (THF): λmax abs = 346 nm 

Photoluminescence (THF): λmax, PL = 430nm 
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4.3.15  Poly[9,9-bis(6-carboxyhexyl)fluorene] 31 

 

 
 
 
 

  
 

 

 
31 

To a three-necked 100 ml round bottom flask was added 2,4,4-

trimethyloxazoline (2.452 ml, 19 mmol) and 30 ml of dry THF was added via 

syringe. The flask was cooled to -70°C, and the solution was stirred for 10 

minutes. 1.6 M n-BuLi (2.12 ml) was added dropwise with a syringe to the 

solution. The solution was stirred for 2 h. Poly 9,9-bis(6-bromohexyl)fluorene 

29 (100 mg)  was dissolved in 10 ml of THF. The polymer solution was 

transferred to oxazoline lithium salt solution with a syringe, and the addition 

was completed in 30 s. The cooling bath was removed, and the mixture was 

stirred for 1 h and quenched in hexane. The solid polymer was washed with 

hexane by using soxhlet extractor. Thus 150 mg of polymer was obtained. To 

this 60 ml of 3N HCl was added and refluxed for 12 h. The solid was filtered, 

rinsed with water and dried to recover Poly[9,9-bis-(6-carboxyhexyl)fluorene] 

31 in 60-70 % yield. 

 

IR:  3433, 2927, 2852, 2220, 1707, 1458, 1259, 813, 740 cm-1. 

UV/Vis (CHCl3): λmax abs =  375 nm 

  Photoluminescence (CHCl3): λmax, PL = 440 nm 

 

• The GPC characterisation of Poly[9,9-bis-(6-carboxyhexyl)fluorene] 31 

was not possible as there is a solubility problem.  

 

HOOC COOH

n
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4.4  Fabrication of PLEDs using 17 [125] 

Procedure 

1) Small pieces of glass which were coated with ITO and already had been 

etched were firstly wiped with acetone and to brake small ITO tips. 

2) The glass was put into toluene followed by isopropanol and exposed to 

ultrasonic each for twenty minutes. 

3) After that the plasma etching process was applied with the purpose of 

reducing the dust on the sample and achieving a better ITO layer and changing 

its work function. The plasma etching discharge took 10 minutes at a base 

pressure of 5·10-1mbar for each series. 

4) After the plasma etching two steps of spin coating follows firstly PEDOT 

(from Bayer Incorporation Baytron P HO 154) was dropped on the carefully 

cleaned glass substrates via a 0,45 nylon filter and then spin coated at a spin 

rate of 1500 rpm for 12 sec. followed by 3000 rpm for 40 sec. Before drying 

up the films, the vacuum chamber was flooded by argon for a few minutes.  

5) Then using an integrated heater the films were heated up to about 70°C for 

60 minutes and afterwards to ca. 140°C for 15 hours. After that, 17 dissolved 

in water was spin coated on top of the PEDOT layer. 

6) The film was dried in the same oven but now at 70°C under argon 

atmosphere for 2-3 hours and after that at 100°C for 20-24 hours under 

vacuum.  

7) The first step under the argon atmosphere is to avoid damages of the 

polymer film caused by quick evaporating water out of the film. To except 

such damages AFM investigation were made. A Balzers MED010 vacuum 

coating unit was used at a minimum base pressure of approximately 1·10-6 

mbar in the worst case for depositing the aluminum top electrodes. 

8) All devices were contacted on air and than measured in an argon 

atmosphere. 
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4.5  Purification of water-soluble polymers  

For neutral polymers (water-insoluble) catalysts and impurities present can be 

removed by washing it with water or acids. But in case of water-soluble 

polymers, excess catalysts, impurities and low molecular weight compounds 

have to be removed by special purification techniques.  

Water-soluble polymers can be purified by dialysis, ultrafiltration or size 

exclusion. The size exclusion effect becomes overshadowed by a host of other 

effects, most of which stem from molecular interactions. A serious difficulty in 

ultrafiltration derives from the fact that the pores are somewhat distorted by 

pressure and become more or less plugged as filtration proceeds, thus altering 

the effective pore size. Dialysis is free from this disadvantage because only 

diffusional activity would tend to cause a particle to enter a pore. If the particle 

should be too large to pass through, the diffusional activity of the solvent in the 

reverse direction should be effective in dislodging it.  

Dialysis: Dialysis involves separation of lower molecular weight compounds 

from macromolecular solutions. It is a simple technique to separate/purify 

different sized molecules. Macromolecules are dialyzed by placing them in 

size-selective permeable tubing and subsequently equilibrating the sample with 

large volumes of distilled water. Efficient dialysis relies upon appropriate 

selection of dialysis tubing and effective ‘washing’ that results from large 

volumes of distilled water. 

Dialysis tubing is made of either regenerated cellulose (RC) or cellulose ester 

(CE). Cellulose has long been used for dialysis as it is uncharged. The 

selectivity of cellulose membranes is not altered greatly by many chemicals or 

reasonable pH and temperature ranges. Processed cellulose contains crystalline 

regions. Depending upon how the cellulose is processed the number of 

crystalline areas varies and the regions in between can act as size-selective 

pores. 

The method of dialysis makes use of semi-permeable membranes. In the 

simplest example, this membrane is manufactured in the form of a tube. The 

pore size of the membrane allows smaller molecules to pass through the 

membrane, larger molecules cannot (i.e. they are retained, Fig. 32). The 

dialysis membranes are characterized by the molecular mass of the smallest 
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molecule which will be retarded. This is commonly referred to as the cutoff of 

the membrane. 

Procedure for dialysis: 

Dialysis proceeds by placing the polymer solution in a dialysis tube (i.e. the 

dialysis "bag") and putting it into a beaker filled with water. The low 

molecular mass solutes pass through the membrane into the beaker filled with 

water. The water was changed several times and checked with the help of UV, 

until no low molecular weight compounds pass through the membrane (see 

Fig. 32). 

 

Fig. 32: Dialysis using a semi-permeable membrane 

1) A membrane of appropriate molecular weight cutoff (MWCO) is selected. 

The dry bag was cut to the proper length.  

2) The tube was immersed in distilled water. 

3) One end of the tube was closed with the corresponding clip.  

4) The sample was filled in with the help of a funnel. When the sample 

addition was complete, the funnel was removed and the tube was squeezed 

with the fingers to eliminate the air space. Now the other end was also closed 

with a clip. The bag was checked for the absence of leakages.  

5) The filled dialysis bag was placed in a beaker with a stir bar containing at 

least ten times distilled water compared to the sample volume at room 

temperature. 

6) The progress of the dialysis was followed by monitoring the fluorescence of 

the aqueous phase in the beaker. The water was repeatedly replaced with an 

equal volume of fresh water. Replacing the water was continued until no more 

low molecular weight molecules pass through. 
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Fig. 33: Dialysis membranes handling  

 

7) The dialysis bag was removed from the beaker and rinsed with water. The 

dialysed sample was transferred carefully in a round bottom flask, evaporated 

to dryness and carefully dried to get the desired water-soluble anionic/cationic 

copolymer. 
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 5  Summary  

_____________________________________________________________________ 

The aim of the present work “Ionic, Water-Soluble Polyfluorene-Type 

Copolymers” was 

a) to synthesize water soluble semiconducting polymers, 

b) to investigate the effect of surfactant on the aqueous polymer solutions, 

c) to check applications in optical, electronic & optoelectronic devices. 

Water-soluble conjugated polymers are of particular interest as fluorescent 

components in sensors both for chemical and biological analysis as well as for 

OLEDs which are built in a layer-by-layer self assembly approach. Solubility 

in water is essential for an interaction with biological substrates and this can be 

achieved by introducing neutral or charged hydrophilic functionalities to the 

terminal position of the polyfluorene backbone. 

In case of anionic polyelectrolytes, the water solubility was achieved by 

functionalizing the side chain by attaching sulfonate group. In case of cationic 

polyelectrolytes, water solubility was achieved by functionalizing the side 

chain by attaching ammonium groups.  

Anionic, water-soluble fluorene-type copolymers were synthesized in three 

steps. The first step, 2,7-dibromofluoren-9-one was reacted with phenol/ 

methane sulfonic acid to give 2,7-dibromo-9,9-bis(4-hydroxyphenyl)fluorene. 

The second step was the etherification of 2,7-dibromo-9,9-bis(4-hydroxy-

phenyl)fluorene with 1,4-butane sultone to 2,7-dibromo-9,9-bis(4-sulfonyl-

butoxyphenyl)fluorene in dioxane/NaOH. The key step was a Suzuki- or Stille-

type cross coupling of this monomer (2,7-dibromo-9,9-bis(4-sulfonyl-

butoxyphenyl)fluorine) with a suited comonomer (1,4-phenylene diboronic 

acid, 4,4´-biphenylene diboronic acid, 2,5-bis(trimethylstannyl)thiophene, 5,5´-

bis(trimethylstannyl)-2,2´-bithiophene).  
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                                                                 A     
  

Structure of the anionic copolymer poly[9,9-bis(4-sulfonylbutoxy-phenyl) 
fluorene-co-1,4-phenylene] A 

 

Solutions of the anionic copolymer poly[9,9-bis(4-sulfonylbutoxyphenyl)- 

fluorene-co-1,4-phenylene] in water were turbid (low PL efficiency of ca. 23 

%). Addition of surfactants leads to a clear solution (PL efficiency increases to 

~100%). The surfactant used in our study was C12E3 (Triethyleneglycol 

monododecyl ether) as a non-ionic surfactant, the experiments have been done 

in collaboration with Burrows et. al. The dramatic increase of the fluorescence 

quantum yield of the copolymer A on incorporation into surfactant (C12E5) 

micelles can be important for sensor applications. Further efforts are being 

made to check the applicability of this copolymer in polymer LEDs with active 

layers which have been processed from aqueous solution. Other anionic, water-

soluble copolymers B-D with biphenyl, thienylene and bithiophene spacer 

groups were synthesized by Suzuki- or Stille-type cross-coupling reactions.   
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Structures of other anionic water-soluble copolymers B) poly[9,9-bis(4-sulfo-
nylbutoxy-phenyl)fluorene-co-4,4´-biphenyl], C) poly [9,9-bis(4-sulfonylbuto-
xyphenyl) fluorene-co-2,5-thienylene], D) poly[9,9-bis- (4-sulfonylbutoxyphe-
nyl)fluorene-co-2,2´-bithiophene] 
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Corresponding cationic, water-soluble copolymers were synthesized using the 

procedure developed by Bazan et. al, [58] who used related oligomers and 

polymers for DNA sensing. The synthesis involves four steps with a Suzuki-

type cross-coupling reaction in the key step towards a non-ionic precursor 

polymer. 

N(Me)3(Me)3N

n

E  

Structure of the cationic, water-soluble copolymer poly{9,9-bis[6-(N,N-trimet-
hylammonium)hexyl]fluorene-co-1,4-phenylene} E 

 

Studies of a polyelectrolyte-surfactant system, poly{9,9-bis[6-(N,N-trimethyl-

ammonium)hexyl]fluorene-co-1,4-phenylene} E/C12E5 have been done by 

Monkman et. al. [123] Other cationic, water-soluble copolymers with thienylene 

and bithiophene spacer units have been also synthesized. 

The purification of the water-soluble polyelectrolytes was done by dialysis 

with water using a dialysis membrane with a cutoff of 3,500 gmol-1.  
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 6  Future research  

_____________________________________________________________________ 

Water-soluble conjugated polymers are of great interest in various application 

fields as fluorescent component in chemical and biological sensors or for 

OLEDs made by the layer-by-layer approach. Structurally related ionic 

polymers and co-polymers can be synthesized using different building blocks 

to modify the optical and optoelectronic properties of the polyelectrolytes. 

Novel copolymers with pyridine and bipyridine spacing will be available using 

Stille-type cross-coupling reactions and may be applicable in OLEDs and for a 

modification of optoelectronic properties. 

 

 

 

 

There is an increasing interest in effective two photon absorption (2PA) 

molecules with high 2PA cross sections because of possible applications in 

multiphoton fluorescence imaging, optical data storage, optical power limiting, 

3D microfabrication and photodynamic therapy. Towards this goal, also water- 

soluble molecules are very attractive. 

Symmetrical conjugated molecules with two electron donating (D) or two 

electron withdrawing (A) end groups should exhibit high non-linear absorption 

properties and large 2PA cross section values δ. Enhancement in δ was 

correlated to an intramolecular charge redistribution that occurs between the 

ends and center of the molecule. 

Additionally, a water-soluble fluorene derivative containing a benzothiazole 

acceptor group and diphenylamine donor group could be synthesized. Some of 

the target structures are depicted in the following scheme. 
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