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Summary 
Our society heavily relies on electronic devices in our everyday lives for communication (cell phones), 

work (computers) and leisure (lighting). These electronic devices generally utilize the semiconducting 

properties of inorganic or organic π-conjugated molecules/polymers. Organic π-conjugated 

molecules/polymers are desired over inorganics due to their lower cost and more facile processing. 

π-Conjugated polymers have the additional advantages of flexible film formation when compared with 

small molecules or larger well-defined macromolecules. Their use in applications such as in organic light-

emitting diodes (OLEDs), organic solar cells (OSCs) and organic field-effect transistors (OFETs) have been 

well explored. However, design of molecular structures with controlled architecture for device 

application remains challenging due to the different length scales (from molecular structure to 

macroscopic properties) involved in the process. Therefore, enormous research has been directed in 

understanding the structure-property relations.  

The supramolecular organization of a π-conjugated polymer is dictated by the interplay of the 

following three structural features; backbone repeat unit (monomer), regioregularity and polymer side 

chains. Variation in these structural elements has shown major influence on eventual device properties. 

These properties are closely related to the polymer ordering in thin films. Notably, while the synthesis of 

new monomeric units is extensively explored  due to the vast knowledge in synthetic organic chemistry, 

understanding the organization of polymers in thin-film is an actively pursued topic, with new insights 

emerging at a rapid pace. 

Introducing chirality into π-conjugated polymers is sought after due to i) it provides another handle 

to study the organization of the polymers in thin-film and ii) chiral organization by itself can lend very 

interesting applications such as the chiral induced spin-selectivity effect or circularly polarized 

electroluminescence. Chiral polyfluorenes are promising materials for circularly polarized 

electroluminescence applications in OLEDs due to their preferential absorption and emission of light 

with a certain circular polarization (gabs and glum) and high photoluminescence quantum yield. The high 

gabs and glum have been attributed to cholesteric arrangement.  Ideally, rational design of fluorene based 

copolymer to tune the emission wavelength while maintaining the advantages of fluorenes is necessary 

to develop devices covering the entire visible part of the solar spectrum. However, the relation between 

the molecular structure and the chiroptical properties remain to be elucidated. 

For this purpose, a set of model polymers comprising of alternating fluorene and phenyl repeat units 

has been designed with chiral (enantiomeric) and achiral side chains. This set consists of diastereomers 

and constitutional isomers by variation of chiral and achiral side chains on the repeat units. The polymer 

backbone has been designed to have a low dihedral barrier as previous research suggests that this might 

be required for high chiral order (gabs and glum). The polymers are synthesized via Suzuki 

polycondensation (Chapter 2). 
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In Chapter 3 these polymers were investigated by various spectroscopic and microscopic methods.  A 

liquid crystalline phase was observed for the polymers with chiral side chains on the fluorene repeat 

unit. In contrast, achiral side chains on the fluorene repeat unit did not exhibit the liquid crystalline 

phase.  

The liquid crystalline phase was identified to be cholesteric. For the liquid crystalline polymers that 

have chiral side chains on the fluorene repeat unit, high gabs and glum were found in thin-films. The side 

chains on the phenyl repeat unit are shown to influence the pitch length of the cholesteric arrangement. 

The polymer which lacked the liquid crystalline phase did not have high gabs. Therefore, we conclude 

that chiral side chains are required on the fluorene repeat unit of alternating fluorene based copolymers 

to introduce cholesteric ordering upon annealing that in turn gives rise to high gabs and glum in thin film.  

The influence of the side chains on the phenyl repeat unit is less pronounced. Moreover, a sufficiently 

low dihedral barrier between the monomer units is required to accommodate the structural distortions 

imposed by the fluorene side chains.  

The identified requirements for high chiral order in fluorene copolymers (chirality on the fluorene 

repeat unit, a flexible backbone, non-crystallizable comonomer) can be used in selecting appropriate 

comonomers to tune the wavelength in polyfluorenes while maintaining high chiral order for possible 

applications in circularly polarized electroluminescent devices. 
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Chapter 1 
Introduction 

Electricity has become a major part of our everyday life. Globally, the electricity demand is rapidly 

increasing due to economic growth in countries such as China.1 One way of generating electricity is 

burning fossil fuels. However, this is not sustainable as coal, oil and gas reserves are depleting. 

Therefore, renewable energy sources are developed to collect energy from naturally sources such as 

wind (turbines) and the sun (solar cells). Solar cells are generally made from inorganic semiconductor 

materials such as Si, CdTe, GaAs due to better performance characteristics when compared with organic 

semiconductors.2,3 However, processing inorganic materials generally requires high-temperatures and 

complex manufacturing techniques such as molecular beam epitaxy.4,5 In contrast, organic 

semiconductors can be solution processed into flexible thin films which is more facile and 

cost-effective.6,7 These advantages have caused organic semiconductors to be widely researched for use 

in organic solar cells. As a result of the major interest in organic semiconductors of both academia and 

industry, organic semiconductors also have found applications in other devices such as organic light-

emitting diodes (OLEDs), organic field-effect transistors (OFETs) and Lithium-Ion batteries.8–14 

 

1.1 Organic semiconductors 

1.1.1 Designing conjugated systems for device applications 

For devices made of organic semiconductors it is highly desirable to control the performance based 

on the choice of the molecular building block.15 However, rational design of structures for optimal 

device performance is difficult due to the amount of complementary processes and different length 

scales involved.16–19 For improved device performance it is expected that introduction of new building 

blocks alone will not be sufficient, and a thorough understanding of the design principles is required.20,21  

 

One of the most important aspects related to device performance is intermolecular interactions.16 

Experimental and theoretical studies on small molecules such as stilbene have shown that strong 

intermolecular interactions lead to a blue-shift in absorption when compared to their molecularly 

dissolved state.22–24 In contrast, polymers such as poly(p-phenylenevinylene) (PPV) and 

polybenzobisoxazole show a red-shift in absorption upon increased interchain interactions (going from 

solution to thin film).24,25 Interchain interactions also influence the fluorescence quantum yield. For PPV 

based polymers (e.g. PPV block copolymer with norbonene or cyanosubstituted PPV) the fluorescence 

quantum yield decreases upon increasing the concentration or going to thin films.26,27 For applications, a 

high fluorescence quantum yield in thin films is desired. Fortunately, the quantum yield of PPV in thin 

films can be enhanced upon going from a crystalline to an amorphous phase.28 However, a crystalline 

phase gives better charge-transport properties.16 Therefore there will always have to be a certain 

trade-off between properties. As many factors influence the aggregation state and molecular 
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conformation and subsequently the device properties, designing systems that have desirable properties 

based on small molecules or polymers is complex. 

Semiconducting small molecules, macromolecules and π-conjugated polymers are studied to better 

understand the intermolecular interactions related to device performance. The main advantage of small 

molecules and macromolecular semiconductors is that they are available in high purity and of a single 

composition.9 As a result they can be extensively characterized using conventional spectroscopic 

techniques. Polymers, however, are more difficult to fully characterize due to their molecular weight 

dispersity and variability between batches. Despite this variability, π-conjugated polymers are desired 

for semiconducting applications due to their higher flexibility in thin film with respect to more fragile 

smaller molecules.29  Research into semiconducting small molecules, macromolecules and π-conjugated 

polymers all give important design principles that, when combined, aid in understanding the 

structure-property relations upon transitioning from simple conjugated building blocks to π-conjugated 

polymers and eventually towards functional devices (Figure 1).16,20,30,31 

 

 
Figure 1. The transition from small molecules to extended conjugated molecules with predictable properties in functional 
devises remains an important challenge in organic semiconducting materials. Figure adapted from reference 

20
. 

 

1.1.2 Influence of monomer molecular design on device properties 

For π-conjugated polymers, three structural elements can be varied to change their properties; the 

conjugated backbone repeat unit, the regioregularity of the repeat unit and the side chains.32–34 By 

introducing alternating donor and acceptor units in the backbone through copolymerizing, optical 

properties such as the bandgap can be influenced in these “push-pull” conjugated polymers 

(Figure 2).35,36 The end groups of the polymer backbone have also been identified to have significant 

impact on polymer properties as they can alter the crystallization behavior or lead to luminescence 

quenching.20,37 

Macromolecules 

Polymers 

Small 
molecules 
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Figure 2. Position of the fluorescence colors of several donor acceptor polymers with variable copolymers based on the 
acceptor benzothiadiazole. The inset shows the repeat unit of donor acceptor polymer with Ar indicating the copolymers shown 
in the rest of the figure. Emission values are taken from reference 

36
. 

In poly(3-hexylthiophene) (P3HT), an enhancement of the regioregularity from 81% to > 91% 

(percentage head-to-tail conformations) has been shown to increase the charge-carrier mobility three 

orders of magnitude to 10-1 as a result of improved interchain packing (Figure 3).38,39 

 
Figure 3. Charge-carrier mobility (μsat) as a function of regioregularity (left) in P3HT (right) prepared via spin-coating (downward 
triangles) and solution-casting (upward triangles). The graph is reproduced from reference 

38
. 

Although side chains as a structural element are frequently solely used as solubilizing groups to make 

solution-processing more facile, they can also tune the charge transport and molecular packing.34 For 

example, the π-π stacking distance of CDT-BTZ is increased by ~0.2 Å when linear alkyl side chains 

(hexadecyl) are replaced with more bulky alkyl branched side chains (2-ethylhexyl).40,41 For 

isoindigo-based conjugated polymers a π-π stacking distance decrease from 3.76 Å to 3.58 Å was 

observed by changing from straight alkyl side chains (2-octyldodecane) to 

1,1,1,3,5,5,5-heptamethyltrisiloxane.42 As a consequence of this reduced π-π stacking distance, the hole 

mobility was increased from 0.57 cm2·V-1·s-1 to 2.00 cm2·V-1·s-1. Side chains also influence the thermal 

phase behavior through the formation of crystalline, liquid crystalline and/or isotropic phases.31 As 

polymer side chains influence many polymer properties, side chain engineering is recognized as an 

important field of study.34,43–45 While the three structural elements of π-conjugated polymers (backbone, 

regioregularity and side chains) have been extensively researched, the interplay of these parameters 

makes complete comprehension and molecular design for enhanced properties difficult.16,20,30,31 

Fortunately, partial understanding of design principles can already lead to enhanced device 

performance.8,46 

 

400 nm 500  nm               600 nm  700 nm 800 nm

UV NIR
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1.1.3 Factors influencing the aggregation in π-conjugated systems 

Besides the polymer structure, other factors also play a role in the aggregation of π-conjugated 

polymers and relatedly in their properties. For example, a higher molecular weight has been shown to 

lead to higher charge-carrier mobilities in homopolymers (e.g. P3HT) and donor-acceptor copolymers 

(e.g. CDT-BTZ).40,47 High molecular weight regioregular P3HT forms a well-connected network in films, 

while low molecular weight P3HT has the  tendency to form crystalline fibers.47 Fiber formation 

inherently results in grain boundaries that reduce the charge-carrier mobility. High molecular weight 

P3HT is therefore beneficial as less grain boundaries present. In addition to molecular weight, dispersity 

influences the aggregation behavior of polymers and thereby the device properties.20 Device properties 

can also be influenced by blending or doping π-conjugated polymers.48–51 Additionally, the preparation 

of polymer films plays a significant role in the final device properties as the polymer aggregation 

depends on film preparation which can be done by for example drop-casting, spin-coating and 

dip-coating. The solvent composition and concentration from which films are prepared influence the 

final aggregation state in the film as pre-organization can take place in the solvent mixture.52 After films 

have been deposited post treatment through solvent or temperature annealing can be used to further 

alter their aggregation state. Post treatment via annealing is identified to be of major importance for 

liquid crystalline polymers. Annealing in the mesophase gives the polymer backbone enough energy to 

freely move and reorganize into a more ordered structure with less defects.53 The liquid crystalline 

ordering is maintained during cooling through side chain recrystallization. The advantage of liquid 

crystallinity is exemplified here for polythiophenes. Regioregular P3HT forms a microcrystalline lamellar 

structure and as a result has many microcrystalline domains with undesirable grain boundaries.54 Liquid 

crystalline thiophene based polymers and copolymers, such as poly(3,3’’’’-dialkyl-quaterthiophene)s, 

form monodomain samples without grain barrier defects after annealing and as a result have higher 

charge carrier mobilities.53,55–57 Despite the numerous publications on thiophene based molecules, the 

structure and film preparation continue to be optimized to obtain better device performance.41,46,54,58,59 

As a result, device performance inaccurately reflects the potential and capability of a given polymer 

structure.20 
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1.2 Chirality in π-conjugated polymers 

1.2.1 Introduction of chirality in polymer systems 

Chirality can easily be introduced in π-conjugated polymers by chiral side chains.60 As discussed 

before, the side chains are important in determining the morphology and device performance. 

Additionally, chirality can be induced by incorporating chiral dopants in π-conjugated polymers.61,62 

When chirality is introduced in π-conjugated polymers additional interesting chiral properties arise such 

as optical rotary dispersion, circular dichroism, or electrochemical chiral sensing.63–65 Recently, research 

in spin-selection has identified chiral π-conjugated polymers as potential candidates for harnessing the 

chiral induced spin-selectivity effect, adding additional possible applications to this class of materials.66 

All these chiral properties are a result of the chiral order in the system. Chiral order is observed in 

optical properties through the preferential intensity of either left or right circularly polarized light and 

can be quantified by the anisotropy factor (g), also known as the (Kuhn) dissymmetry ratio or the 

dissymmetry factor.9,64,65,67  

 

1.2.2 Chiral order in absorption: gabs 

Generally anisotropy factors in absorption (gabs) have maximum values of 10-2 for chiral small 

molecules and polymers in solution.68,69 This arises from the inherent dissymmetric structure found in 

chiral molecules, as first reported by Pasteur.70,71 For a solution of chiral and achiral soluble disc 

molecules gabs was found to depend on the ratio of soluble disc molecules with chiral side chains and 

achiral side chains. This dependence is of the “sergeant and soldier” type, where gabs becomes larger 

when the ratio of chiral to achiral is increased. This “sergeant and soldiers” mechanism was first shown 

by Green and co-workers for polyisocyanates to induce a helical screw sense in dissolved polymers.72 

Later, chiral amplification through this “sergeant and soldiers” mechanism was also found in 

π-conjugated polymers such as chiral regioregular polythiophenes (Figure 4).63,73 In addition, a 

“majority rules” behavior has been observed for chiral regioregular polythiophenes in decanol, where a 

polymer with (R) and (S) side chains aggregate in a way dictated by the most abundant chirality.63 

 

 
Figure 4. gabs dependence on the enantiomeric excess of chiral versus achiral alkyl side chains in regioregular polythiophenes. 
Graph adapted from reference 

73
. 
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The gabs
 of π-conjugated polymers such as polythiophenes (PT), poly(2,5-dialkoxy-1,4-phenylene) 

(PPh), poly(phenylacetylene)s (PPhA) and poly(p-phenylene vinylene) (PPV) are of similar magnitude in 

solutions of poor solvents (10-2) as in thin films.54,69,74,75 In good solvents these polymers do not show 

circular dichroism, but upon addition of a poor solvent a lyotropic liquid crystalline phase is observed.76 

As a result, gabs in thin films of these π-conjugated polymers is thought to arise from aggregation.54,65,75 

 

In stark contrast to the low gabs (10-2) found in thin films of PT, PPh, PPhA and PPV are annealed films 

of chiral poly(p-phenyleneethynylene) (PPE) and fluorene based polymers that show high gabs in the 

order of 10-1.77,78 For PPE, the highest reported gabs after annealing is 0.38 just below the liquid 

crystalline to isotropic phase transition.77 The high gabs is thought to be of supramolecular origin through 

nanoscopic assembly processes that form fibrils during annealing (Figure 5).77 These fibrils are thought 

to comprise of a helical twisted bundle of polymers where the helicity is induced by the chiral side 

chains.79  

  
Figure 5. Dark field transmission electron micrograph of an annealed thin film of random PPE copolymer with as side chains 
50% (S)-3,7-dimethyloctyl and 50% 2-ethylhexyl showing fibril formation. Micrograph taken from reference 

77
. 

For the high gabs in annealed chiral polyfluorenes films different structural origins are given; namely 

chiral arrangement of the polymer backbone,80 and cholesteric liquid crystalline ordering.81 Both 

explanations hold for the observation that the backbone of polyfluorenes on glass substrates rearrange 

upon annealing.82 However, in addition it has been observed that for annealed polyfluorene films gabs is 

an additive, or extensive, property as gabs increases with increasing film thickness (d) as shown in 

Figure 6 for the widely used poly(9,9'-bis(3S)-3,7-dimethyloctyl)-2,7-fluorene) (PF).78,83,84 Cholesteric 

ordering can better explain this thickness dependence than the chiral backbone conformation. Upon 

increasing the film thickness, the number of polymer chains that helically stack perpendicular to the 

substrate increases. Consequently, more incoming light of a certain circular polarization is absorbed, 

leading to larger gabs. In contrast, the chiral backbone conformation does not vary with thickness as it is 

induced by the chiral side chains and can therefore, on its own, not account for the thickness 

dependence of gabs. The actual origin of high gabs can also be a combination of these intrachain - and 

mesoscopic cholesteric effects. 
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Figure 6. Thickness dependence on gabs of poly(9,9'-bis(3S)-3,7-dimethyloctyl)-2,7-fluorene) (PF). Squares indicate gabs 
measured with the spectropolarimeter and triangles as measured with photon counting instrument. Graph adapted from 
reference 

78
. 

1.2.3 Chiral order in luminescence: glum 

Another interesting chiroptical property chirality introduces is circular polarized luminescence (CPL). 

CPL has possible applications in optical information storage, 3D displays and circularly polarized 

electroluminescent devices.76,85,86  In circularly polarized electroluminescent devices (OLEDs) CPL is 

interesting for increasing the device efficiency.85 Currently, antiglare filters are used for OLED displays 

that have a circular polarization filter to eliminate glare from external light sources by filtering light of a 

certain polarization. However, with this method 50% of the nonpolarized light emitted from the OLED 

display cannot pass the antiglare filter and is therefore lost.9 If OLEDs solely emit circularly polarized 

light with the circular polarization that can pass the filter, no emitted light be lost. Comparison between 

OLEDs with preferential circular polarized luminescence (glum = 0.38) and OLEDs with unpolarized 

luminescence has shown a 19% increase in brightness of the display for a given efficiency.62 

 

The largest anisotropy factor in luminescence (glum
 or gem) is found in solution for a complex of the 

lanthanide  europium (glum = 1.38).87 For lanthanides, CPL originates locally and therefore higher 

concentrations do not increase glum.87,88 The large locally induced glum is attributed to a magnetic-dipole 

allowed but electric-dipole forbidden transition for these complexes.89 In contrast, much lower glum 

(< 0.01) is found for the majority of organic chiral molecules.88,90 While chiral lanthanides currently have 

a significantly larger CPL activity than organic molecules, organic molecules and more specifically 

polymers have the advantage of high quantum yields, tunable wavelengths and excellent 

processability.88,91 

 

Various methods have been described to increase the glum for organic molecules. For example, 

supramolecular self-assembly in solution has been shown to enhance glum in chiral perylene bisimide 

systems where the largest increase was found when helical fibers formed (from 0.003 to 0.018).92 

Incorporation of these helical fibers in films of polymethylmethacrylate (PMMA) has shown that doping 

of an achiral polymer can be used to introduce glum in thin films.52,93 Aggregation into helical assemblies 

is also shown to amplify glum of pure organic compounds to -0.32.94 For films of nonafluorene, a 

luminescent cholesteric liquid crystal, a comparable value (glum = 0.35) is found.95 For luminescent 

cholesteric liquid crystals glum comes from a nonlocal mechanism as a mesoscopic cholesteric 

g
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s
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arrangement results in anisotropy in the dielectric medium.96–100 Cholesteric behavior in polythiophenes 

(R-P(TTP*) Figure 7) has been shown to result in significant glum (0.29).101 Even higher glum (0.72) has 

been found in achiral π-conjugated poly(9,9’-dioctylfluorene-alt-benzothiadiazole) (PFBT) when 

cholesteric ordering was induced by doping with a nonemitting chiral dopant.61 Recently, a glum of -0.8 

has been reported in OLEDs as a result of cholesteric ordering for undoped, unaligned chiral PFBT.96 For 

this polyfluorene system glum increases with thickness, as found for gabs.
78,96 

 

 
Figure 7. (Left) Schematic representation of the helical packing in (right) (R)-P(TTP*) that has glum = 0.29 as a result of 
cholesteric ordering in thin film. Schematic taken from reference 

99
. 

1.3 Polyfluorenes 

Polyfluorenes as a class of conjugated polymers are thoroughly investigated over the past years due 

to high photoluminescence (PL) quantum efficiency, thermal stability, good charge-transport properties 

and wide-band-gaps (Eg) between 2.8 and 3.5 eV.32,102–107 As a consequence, polyfluorenes have been 

used in various polymer optoelectronic devices, such as light-emitting electrochemical cells, memories, 

lasers, chemical and biosensors, LEDs, OPVs and FETs.8,96,103,108 

 

1.3.1 Monomer synthesis 

A multitude of different polyfluorenes have been reported as a result of facile monomer 

synthesis.32,102–107 Fluorene can easily undergo electrophilic aromatic substitutions at the 2 and 7 

positions to yield a polymerizable monomer (Figure 8).109 In addition, electrophiles can be used in the 

presence of a base to introduce side chains at the 9-position.110–112 This is due to the significant CH 

acidity at the 9-position through efficient resonance stabilization of the fluorenyl anion.  
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Figure 8. Reaction scheme of fluorene. Electrophilic aromatic substitutions are most likely at the 2 and 7 position. After 
deprotonation of the acidic proton at the 9 position electrophiles can react easily with electrophiles. Only a selection of the 
possible resonance structures are shown. 

1.3.2 Chemical degradation processes in polyfluorenes 

While the significant CH acidity at the 9-position allows for facile functionalization with side chains, it 

inherently introduces the problem of unwanted oxidation to fluorenone.104,113–115 Fluorenone defects 

can arise in polyfluorenes where some monomers are not fully dialkylated. This has been shown to lead 

to unstable LED performance for 9,9-dialkyl fluorene homopolymers, as observed by a shift of light 

emission from blue to green (Figure 9).104,116,117 The pathway of the fluorenone formation via radical 

reactions and by deprotonation and subsequent reaction with oxygen is also shown in Figure 9. Possible 

solutions to prevent the occurrence of these unwanted low-energy emission bands are reduced ketone 

formation by using ultra-pure dialkyl monomers117,118, or chemical doping of polymers with 

antioxidants114. A different way to maintain stable blue-light emission is by blending polyfluorenes with 

other polymers or low molecular-weight hole-transporting molecules.119,120 Additionally, a higher 

resistibility towards oxidative degradation is found when aromatic side chains instead of alkyl side 

chains are used.114,121,122 

 
Figure 9. (Left) Increasing green photoluminescence after annealing (200 °C) in air of thin films of poly(9,9’-dialkylfluorene). 
(Right) Mechanistic pathways suggested for the fluorenone formation from monoalkylsubstituted fluorene repeat units leading 
to green emission bands. Graphic adapted from reference 

116
. 
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1.3.3 Effect of side chains in polyfluorenes 

Polyfluorenes (PFs) have been reported in literature with side chains varying between linear (from 

methyl to hexadecyl),123–125 branched (most commonly 2-methylbutyl, 2-ethylhexyl and 

3,7-dimethyloctyl)126–129 and spirocyclic116,130 alkyls as well as aromatic substituents.121,131,132 These 

structural variations have shown an increase of solubility with increasing alkyl length and degree of 

branching. PFs with hexyl, methylbutyl or longer substituents attached to the 9-position are highly 

soluble in common apolar organic solvents while PF with shorter side chains such as methyl and ethyl 

are poorly soluble.133,134 For aggregated poly(9,9’-dihexylfluorene) and poly(9,9’-dioctylfluorene) 

β-phase formation is observed in which the fluorene repeat units are planarized.135,136 The same 

polyfluorenes show red shifted optical spectra in their amorphous phase when their backbone has a 

helical conformation (Figure 10). While polyfluorenes with branched side chain have been shown 

solution to form a β-phase,137 they usually do not show this behavior as polyfluorenes with branched 

side chains generally have a helical backbone conformation.138–140 As a result of the branched side 

chains, a liquid crystalline state is induced that can be vitrified into a nematic or cholesteric (chiral 

nematic) glassy state.95,141–145  

 
Figure 10. Absorption (dotted line) and fluorescence (solid line) spectra of poly(9,9-dioctylfluorene) films in the amorphous 
phase (top) and β-phase (bottom). The schematic representation is included to show the fluorene backbone conformation in 
the amorphous and planar phase as being twisted and planarized respectively. Graph adapted from reference 

146
. 

 
1.3.4 Induction of chiroptical properties through chiral side chains 

Chiral side chains are inherently branched and as result the polyfluorene backbone adopts a helical 

conformation.138–140 The helical backbone conformation is expected to have a preferential helical screw 

sence when enantiomerically pure chiral side chains are used.72 A commonly used chiral fluorene 

monomer is 9,9’-bis((3S)-3,7-dimethyloctyl)-2,7-fluorene (Figure 6, vide supra).80,81,84 For the 

homopolymer of this monomer a gabs dependence on thickness has first been shown. This dependence 

was later also found in alternating copolymers based on the same chiral fluorene monomer 

(9,9’-bis((3S)-3,7-dimethyloctyl)-2,7-fluorene) with comonomers benzene (PFP) , benzothiadiazole 

(PFBT), or dithienylbenzothiadiazole (PFDTBT) (Figure 11).78,82–84 While for PF, PFBT and PFDTBT 

annealing in the liquid crystalline phase was required to get preferential absorption of circular polarized  
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Figure 11. Film thickness dependence on gabs of alternating fluorene based copolymers PFP, PFBT and PFDTBT. For PFBT and 
PFDTBT gabs is shown as measured at 350 nm and 400 nm respectively. Graph for PFP adapted from reference 

82
, graphs for 

PFBT and PFDTBT adapted from reference 
147

. 

 

light, pristine films of PFP already showed significant gabs without annealing (-0.05 for d = 67 nm). This 

gabs in pristine PFP films is attributed to reduced steric hindrance between the repeating units with 

respect to PF. This in turn facilitates the self-organization of the polymer backbones. Upon annealing, 

the gabs of PFP increases, as observed in other alternating  polyfluorenes.78,82,84 This is explained by the 

transition into a mesoscopic cholesteric liquid crystalline phase during annealing and subsequent 

vitrification of the cholesteric ordering. 

 

In addition to film thickness, other parameters have a significant influence on the magnitude of gabs. 

These parameters are molecular weight, molecular structure and annealing time and temperature as 

shown upon comparison by Robert Abbel of the CD of PF, PFBT and PFDTBT thin films.78 For the 

molecular weight a certain minimum molecular weight is required to get any CD effect. Then, for a given 

annealing temperature and time a maximum CD effect is found for intermediate chain lengths 

(molecular weights). The existence of an optimum at intermediate lengths is explained by the relatively 

low concentration of chain ends and short chains without having a too high melt viscosity that slows 

down the ordering kinetics. At what molecular weight the optimal CD was found depends on the 

molecular structure. The molecular structure and molecular weight also significantly influence the 

optimal annealing time. For the annealing temperature an optimum was found for annealing in the 

liquid crystalline phase. Unfortunately, no clear relation was found between the molecular structure of 

the polyfluorenes, optimal annealing temperature and the location of the liquid crystalline to isotropic 

temperature (TLC-,iso).78 Therefore, the optimal conditions have to be experimentally determined for each 

new polyfluorene.  
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1.4 Requirements for high chiral order 

Previous research has already identified some requirements for high chiral order in enantiomerically 

pure chiral polyfluorenes. Firstly, cholesteric liquid crystallinity is thought to be essential for reaching 

high gabs as upon annealing into the liquid crystalline phase a supramolecular helicity is introduced that 

results in the chiroptical properties.96,99,127 Secondly, a low rotational barrier between monomer units is 

thought to be required for high gabs to more easily accommodate the distortions necessary for achieving 

a helical backbone conformation.72,84,148,149 A low rotational backbone also helps in reorganizing upon 

annealing. Here, a low rotational barrier is identified to be ~4 kcal·mol-1, while ~9 kcal·mol-1 is too high 

to get any CD in thin films.148 These values are based on calculations using density functional theory 

(DFT) for related structures148 and are in agreement with recent unpublished research in our group on 

polyfluorenes copolymers. This unpublished research showed that fluorene based copolymers with 

rotational barriers less than 4 kcal·mol-1 give high gabs and fluorene based copolymers with rotational 

barriers closer to 9 kcal·mol-1 only give low gabs.
150 

 

1.5 Aim of this work 

In this work, we aim to further investigate the design requirements for high gabs in polyfluorenes with 

a focus on molecular structure. In addition, the mechanism behind high gabs in alternating polyfluorenes 

will be further elucidated. An increased understanding of the interplay between molecular structure of 

the monomeric unit and mesoscopic ordering of chiral π-conjugated polymer chains on the gabs in thin 

film can accelerate development and implementation of this type of material in various applications.  

 

For this purpose, four alternating polymers will be synthesized based on a 9,9’-dialkylated fluorene 

monomer and a 2,5-dialkoxyphenyl co-monomer (Figure 12). DFT calculations of the monomeric repeat 

unit with methyl groups on the alkyl positions show a flexible polymer backbone with a rotational 

barrier of 3 kcal·mol-1 in vacuum at 0 K (Figure 13). With this value, the backbone flexibility is 

comparable with the backbone flexibility of other polyfluorenes that exhibited high gabs.
78,83,151 The alkyl 

side chains will be systematically varied between achiral n-octyl and chiral (S/R)-3,7-dimethyloctyl to 

obtain a set of polymers consisting of constitutional isomers and diastereomers. While copolymers of 

fluorene and phenyl have been reported,43,82,84,113,152–156  this will be to the authors best knowledge the 

first study employing systematic variation of chirality in both monomers of poly(fluorene-phenyl). The 

polymers in this study will act as a model system to understand the structure-property relation in 

fluorene-based alternating copolymers with high chiral order. Alternating fluorene based copolymers 

are interesting as a thorough understanding of the design principles for high gabs can lead to rational 

comonomer selection for wavelength tunability while maintaining high chiral order, good thermal 

stability and high photoluminescence quantum yield. 
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Figure 12. Chemical structure of the alternating poly(fluorene-phenyl) (P(F-alt-Ph)) polymers used in this study. The side chains 
are varied between enantiomerically pure (S/R)-3,7-dimethyloctyl and n-octyl. 

 

 
Figure 13. Dihedral barrier versus the dihedral angle between the fluorene and phenyl comonomers in vacuum at 0 K as 
calculated using density functional theory (DFT-B3LYP/6-31G). 

 

After synthesis of the monomers and polymerization by Suzuki coupling, all four polymers were 

thoroughly characterized. On a molecular scale this was done using nuclear magnetic resonance 

spectroscopy (NMR), size exclusion chromatography (SEC), elemental analysis and Fourier-transform 

infrared spectroscopy (FT-IR). The molecular organization has been characterized with differential 

scanning calorimetry (DSC), circular dichroism (CD), ellipsometry, polarized optical microscopy (POM), 

and X-ray scattering. A comparison between the results of these techniques is undertaken to clarify the 

structural requirements in polyfluorenes for high gabs. As the focus is solely on elucidation of the 

chemical requirements and the corresponding mechanism for high gabs in chiral polyfluorenes and not to 

obtain the highest gabs possible, annealing time and temperature are held constant and no systematic 

variation of molecular weight and dispersity is performed.  
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Chapter 2 
Synthesis and molecular characterization 
of alternating fluorene based copolymers 

2.1 Introduction 

A plethora of fluorene based polymers and copolymers have been synthesized and reported in 

literature.1–7 For the synthesis of fluorene homopolymers and random co-polymers either Yamamoto 

nickel(0) coupling or Suzuki-Miyaura, or simply Suzuki, polycondensations have been used (Figure 1).7–11 

 
Figure 1. Generalized polyfluorene synthesis schemes using the Yamamoto and Suzuki coupling. 

The Yamamoto-route is limited to homopolymers and random co-polymers as both monomers need 

to have the same dibromofunctionality and can therefore not be coupled in an alternating fashion.10,11 

For the Suzuki polycondensation two different substituents are coupled;  arylboronic acids and aryl 

bromides.8,9 Both functional groups can be on the same monomer in an AB approach to yield 

homopolymers or, when different monomers are used, in random co-polymers (Figure 2). However, the 

Suzuki polycondensation is not limited to homopolymers and random copolymers as the reactive groups 

can also be on different monomers.12 This AA/BB approach yields alternating co-polymers. The polymers 

investigated in this work are fluorene based alternating co-polymers, and are therefore synthesized 

using the Suzuki polycondensation reaction with an AA/BB approach.  

 
Figure 2. Schematic showing different approaches for the Suzuki polycondensation to yield homopolymers or random 
copolymers with the AB approach, or alternating copolymers with the AA/BB approach. 
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2.1.1 Polymerization using Suzuki cross coupling 

The first Suzuki cross coupling was described by Suzuki and Miyaura in 1981 for the reaction of 

phenylboronic acid and haloarenes using Pd(PPh3)4 as the Pd(0) catalyst and is known for its mild and 

basic conditions.8 The same authors later reported the mechanism to consist of subsequent oxidative 

addition, transmetalation and reductive elimination.9,10 Figure 3 shows the Suzuki polycondensation 

catalytic cycle specific for the synthesis in this study. The bromine functionalized phenyl repeat units add 

oxidatively to the Pd(0) catalyst forming a Pd(II) coordination complex. Subsequently, under basic 

conditions by CO3
2- from Na2CO3 transmetalation with the pinacoyl fluorene repeat unit takes place. 

Lastly, reductive elimination restores the Pd(0) complex and gives a coupled fluorene and phenyl 

monomer. 

 
Figure 3. Catalytic cycle of Suzuki cross coupling specific to the polymerization in this study.

9,10
 Firstly, oxidative addition of the 

phenyl (Ph, orange) repeat unit takes place. Secondly, the transmetalation with the fluorene (F, blue) repeat unit takes place 
under the participation of the base CO3

2-
. Finally, reductive elimination of the coupled phenyl and fluorene repeat unit occurs, 

restoring the catalytic ability of the Pd(0) catalyst. Ln indicates the ligands. 

 
For the polymerization to get good yield and high molecular weight some aspects need to be 

considered. Specific to the Suzuki polycondensation reaction is the use of a Pd(0) catalyst. Pd(0) is 

oxygen sensitive13 and therefore oxygen exposure should be minimized. During the synthesis palladium 

nanoparticles can form that are still present in trace amounts in the final polymer after work-up.14 

Palladium traces are undesirable due to their negative influence on device performance.15 For the 

purpose of removing palladium traces scavenger agents have been developed.14  

 

More general precautions for high molecular weight in polycondensation reactions is stoichiometry 

matching of the monomers.16 For stoichiometry matching in Suzuki polycondensations a scale of at least 

500 mg of each monomer has been identified as sufficient.15 In addition, the amount of impurity in the 

monomers should be known for better stoichiometry matching and is ideally below 1%.15 For high 

molecular weights with controlled endgroups, end capper should be added when the majority of the 

monomers have reacted.16 

Transmetalation

Oxidative additionReductive elimination
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2.1.2 Molecular design of the polymers in this study 

As discussed in the introductory chapter, four alternating fluorene based co-polymers with flexible 

backbones have been designed that comprise systematic variations in their side chains. For the chiral 

side chains the widely used enantiopure 3,7-dimethyloctyl with both (S) and (R) stereochemistry have 

been used. n-Octyl was chosen for the achiral side chain, as it has a length comparable to 

3,7-dimethyloctane. The structures of the four different polymers are shown in Figure 4 and will be 

referred to in the remainder of the text as P(F-alt-(S)Ph*), P((S)F*-alt-Ph), P((S)F*-alt-(S)Ph*) and 

P((S)F*-alt-(R)Ph*). This set of polymers includes constitutional isomerism in P((S)F*-alt-Ph) and 

P(F-alt-(S)Ph*) and diastereomerism in P((S)F*-alt-(S)Ph*) and P((S)F*-alt-(R)Ph*). In addition, this set 

includes systematic variation of the side chains of the phenyl comonomer while keeping the (S) chirality 

on the fluorene constant. Through the structural variations in this model system, more knowledge will 

be obtained on the chiroptical properties of fluorene based alternating copolymers. 

 
Figure 4. Chemical structures of the polymers used in this study. The asterisk indicates chirality in the monomer with (S) or (R) 

indicating the corresponding stereochemistry. An absence of the asterisk and (S) or (R) indicates the n-octyl side chain. 

As all synthetic routes and the majority of monomers have been previously reported, the synthetic 

route will be only touched upon briefly in the first part of this chapter. The structural identity and purity 

of the synthesized compounds were confirmed with 1H-NMR and either gas chromatography-mass 

spectroscopy (GCMS) or matrix assisted laser desorption/ionization time of flight spectroscopy mass 

spectroscopy (MALDI-TOF-MS) and compared with corresponding spectral assignments reported in 

literature. Since the above mentioned polymers (Figure 4) have not been reported before, the focus of 

this chapter will be on the polymerization and the characterization of the polymers. An extensive 

description of all synthetic procedures can be found in the experimental section.  
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2.2 Synthesis of the required monomers 

2.2.1 Phenyl monomer synthesis 

To obtain the chiral monomers, first the chiral side chains had to be synthesized via well-established 

literature procedures (Figure 5).17 Enantiomerically pure (S)- and (R)- citronellol (1) were used as starting 

material. First, a catalytic reduction of the double bond was performed under hydrogen pressure. The 

higher yield of the (R) enantiomer of 92% with respect to 67% for the (S) enantiomer is thought to be 

due to the extensive recovery of the product from catalyst by a thorough wash during workup. The 

reduction was followed by substitution of the alcohol functional group by bromine. The conversion was 

checked using gas chromatography-mass spectroscopy (GCMS) and purity was confirmed by NMR. 
 

 
Figure 5. Synthetic route to the chiral (S) and (R) 3,7-dimethylocryl side chains 3. Conditions: (a) H2 gas (350 psi), Pd/C, EtOAc, 
o/n (2(S): 67%, 2(R): 92%)); (b) NBS, PPh3, DCM, 2h (3(S): 87%, 3(R): 79%)). 

For the phenyl based monomers 1,4-benzenediol (4) was first alkylated with chiral (3) and achiral 
(n-octyl) alkyl bromides and this was subsequently brominated to obtain 1,4-dibromo-2,5-dialkoxy 
phenyl derivatives (6) (Figure 6). The achiral dialkoxyphenyl and (S)-dialkoxyphenyl were synthesized by 
Chidambar Kulkarni. The (R)-dialkoxyphenyl was synthesized using the same method as the 
(S)-dialkoxyphenyl. After purification with column chromatography of (R)-dialkoxyphenyl (5(R)) an 
impurity was found present in the product. Therefore, two additional columns were used to remove the 
impurity, giving a yield of 46%. All three dialkoxyphenyls were then brominated to yield the phenyl 
based monomers 6. For the (S) enantiomer a yield of only 48% was obtained due to insufficient 
separation of mono- and disubstituted dialkoxyphenyl on the silica column. In contrast, the achiral and 
(R) monomer were obtained in excellent yields of 92% and 97% respectively.  

 

 
Figure 6. Synthetic route to the phenyl monomers 6. Conditions: (a) 3(R), K2CO3, 90 °C, o/n (5(R): 46%); (b) Br2, CHCl3, 20 °C, o/n 

(6n: 92%, 6(S): 48%, 6(R): 97%). 

2.2.2 Purity of the phenyl monomers 

For Suzuki polymerization high purity monomers are required.12,15 Figure 7 shows the NMR spectra in 

the aromatic region and around 4.0 ppm to show the signals of OCH2 of the phenyl monomers 6. The 

region 6.5 – 4.5 has been omitted for clarity. In this region 0.08 mol%  DCM was found for 6(S) whereas 

no solvent traces were found for 6(R) and 6n. The asymmetry in the peaks for 6(R) arises from poor 

automated shimming. The satellite peaks were integrated to be 0.5% of the main signal and are 

indicated by gray arrows. Small amounts of impurities were found of which the major ones are indicated 

by I, II and III in Figure 7. The signals indicated by I and II in the spectra of 6(S) and 6n are impurities 
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integrated to be of similar intensity as the satellite peaks; 0.5% and 0.4% of the main aromatic signal 

respectively. The impurity in 6n indicated by III overlaps with the satellite peaks of OCH2 and is 

integrated to be 1.6% of the main aromatic signal after subtraction of the satellite peak intensity. As the 

structure of the impurities is not known no quantification of the amount of impurity can be given, only 

an upper limit. Based on the low signal of the impurities, matching peak integrations and chemical shifts 

with literature values18, and the MALDI-TOF-MS spectra it was concluded that monomers 6(S) and 6n 

were of sufficient purity to be used in the Suzuki coupling.12 Compound 6(R) had not been reported 

before in literature and therefore the spectra (1H-NMR, 13C-NMR and MALDI-TOF-MS) were checked 

with its enantiomer 6(S) to confirm its structure and determine its purity.18  

 

 
Figure 7. NMR spectra of 6(R) (top, pink), 6(S) (middle, orange) and 6n (bottom, blue). Gray arrows indicate satellite peaks. 
Inset shows the chemical structure of 6. Chloroform peaks have been assigned, as well as ArH and OCH2.. I, II and III are 
identified as the most abundant unidentified impurities (0.5%, 0.4% and 1.6% of the peak intensity of OCH2). 
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2.2.2 Fluorene monomer synthesis 

The fluorene monomers and endgroups with both chiral and achiral side chains on the 9,9’-position 

were synthesized based on previously reported literature procedures (Figure 8).19 The synthesis of the 

(S)-chiral fluorene monomer (9) started by alkylating 9,9’-dibromofluorene (7) with (S)-1-bromo-

3,7-dimethyloctane. During the work-up the crude mixture was let to react with KOtBu to get rid of 

unreacted reagent and monosubstituted product.20 This is required since as little as 0.06 mol % 

monosubstituted fluorene repeat unit can already lead to undesired green emission in thin films after 

oxidative degradation (Chapter 1, Figure 9).20–22 These low quantities are difficult to quantify in the 

monomer,20 but can be observed as a green emission band in thin films after oxidative degradation.22 

Analysis of the emission and FT-IR spectra of thin film spin-coated polymer showed that the KOtBu 

treatment was insufficient in removing all monosubstituted product (vide infra, Chapter 3). On 

reanalyzing the 1H-NMR spectra it was found that the purity of 9 did not exceed the required 99% purity 

required for stable device performance.12,15 Fortunately, this made it possible to determine the stability 

of the chiroptical properties under ketone formation. The achiral 2,7-dibromo-9,9’-dialkylfluorene (8n) 

was purchased and further purified by recrystallization. Ethane was first used in the recrystallization. 

However, as this did not remove all impurities, a second recrystallization was performed in hexane after 

which the purity was sufficiently increased as determined with 1H-NMR. The bromine groups of both the 

chiral and achiral 2,7-dibromo-9,9’-dialkylfluorene were substituted with boronic esters to yield the 

required monomers (9) (Figure 8). Boronic esters were used as these are stable against unwanted ester 

hydrolysis.23 The higher yield for the achiral diboronic ester fluorene (82%) with respect to (S)-chiral 

(68%) is due to improved removal of dioxane from the reaction mixture before extraction with water 

and optimized column chromatography conditions. The chiral chain stopper was synthesized from 

2-bromofluorene using the same procedure as for the chiral fluorene monomer (9(S)), including the 

KOtBu treatment. Achiral chain stopper was provided by Chidambar Kulkarni. MALDI-TOF-MS and 
1H-NMR confirmed the synthesis of the fluorene based monomers and the chain stoppers. The melting 

points of 8(S), 9(S) and 9n were determined to be respectively 34 – 36 °C (lit. 34 – 35 °C), 128 – 129 °C 

(lit. 128 – 130 °C) and 111.5 – 115 °C (lit. 111 - 112 °C).19 As the melting points were determined visually 

on a melting point apparatus, no information on the absolute purity can be given based on melting point 

analysis.  

 

 
Figure 8. Synthetic route to the fluorene monomer 9 and chain stopper 12. Condition (a): 3(S), TBAB, DMSO, NaOH, RT, o/n 

(8(S): 74%, 11(S): 74%); (b): bispinacolatodiboron, Pd(dppf)Cl2, KOAc, Dioxane, reflux, 80 °C, o/n (9n: 82%, 9(S): 68%, 

12(S):  56%) 
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2.3 Polymer synthesis with Suzuki polycondensation 

The Suzuki polycondensation used for the polymerization is based on the reported synthesis with 

minor variations of similar alternating fluorene polymers (PF, PFBT and PFDTBT see chapter 1, Figures 6 

and  11).19 Figure 9 shows the procedure used for this study. Instead of adding the chain stopper at the 

beginning of the polymerization as reported, the chain stopper was added near the end of the reaction 

to obtain higher molecular weight.16 To obtain a higher molecular weight care, a scale of at least 500 mg 

of each monomer was used and care has been taken to match the stoichiometry of the monomers.15,16 

Before polymerization the monomers were put under high vacuum to get rid of any residual solvent. 

 

Figure 9. Synthetic route for the Suzuki coupling of the fluorene and phenyl monomers. Conditions: (a) Na2CO3, Pd(PPh3)4, 

oxygen-free dioxane/water (2:1), 95 °C, 3 days (b) 12(S) or 12n, oxygen-free dioxane, 95 °C, 20 h (P(F-alt-(S)Ph*): 89%, 

P((S)F*-alt-Ph): 78%, P((S)F*-alt-(S)Ph*): 51%, P((S)F*-alt-(R)Ph*): 75%). 

 

For the Suzuki polycondensation the most commonly base and catalyst were used in the synthesis; 

sodium carbonate (Na2CO3) and tetrakis(triphenylphospine)palladium(0)  (Pd(PPh3)4) respectively.13  

Oven-dried glassware and thoroughly deoxygenized (freeze-pump-thaw) solvent mixture were used to 

limit oxygen exposure of the catalyst. For this same purpose the solids were deoxygenized with three 

evacuation and backfill cycles. Similar precautions have been taken during the chain-stopper addition. 

Besides limiting oxygen exposure, exposure to light has been limited as the product is light sensitive. For 

this purpose, the reaction flask has been covered with aluminum foil during the reaction. After the 

polymer synthesis and initial extractions, diethyldithiocarbamic acid diethylammonium salt as scavenger 

agent was added to the crude polymer mixture to remove any traces of palladium (Figure 10).14,15,24 All 

polymers were kept under inert atmosphere covered with aluminum foil to minimize exposure to 

oxygen and light. Additional experimental details can be found in the synthetic procedure. 

 

 
Figure 10. Solubilization of Pd nanoparticles left in the cruse polymer mixture with scavenger agent diethyldithiocarbamic 
acid.

24
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2.4 Molecular characterization of the polymer set 

Multiple techniques were used to molecularly characterize the polymers; 1H-NMR, 13C-NMR, size 

exclusion chromatography (SEC), elemental analysis and Fourier-Transform infrared spectroscopy 

(FT-IR). The results of the elemental analysis and the FT-IR spectra are included in the experimental 

section. 

 

The 1H-NMR spectra of the different polymers confirmed the structure of the repeat unit. Figure 11 

shows the 1H-NMR of P((S)F*-alt-(S)Ph*) where the majority of the peaks have been assigned. All other 

polymers showed similar 1H-NMR spectral features. The peak integrals matched their expected values 

indicating an equal incorporation of both monomers in the polymers. The unassigned small intensity 

peaks in the aromatic region (Figure 11, left inset) might be due to the polymer endgroups. 

 
Figure 11. 

1
H-NMR spectrum (400 MHz, CDCl3) of P((S)F*-alt-(S)Ph*), insets are used for clearer peak assignment. The peak at 

7.26 ppm comes is the solvent peak (CDCl3). 
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End capping with 2-pinacoyl-9,9’-dialkoxyfluorene 12 was used to control the polymer endgroups. If 

the end capping were to be insufficient, the endgroups would be boronate attached to the fluorene or 

bromine attached to the phenyl. It is unlikely that either of these undesired endgroups are present in 

significant amounts. The NMR spectra of all four polymers showed no singlet peak at 1.38 ppm in 
1H-NMR or at ~83 ppm in 13C-NMR, characteristic for a boronate endgroup.19 The presence of bromine 

endgroups is unlikely as a large excess of endcapper was used, namely 0.2 equivalents with respect to 

the monomer. A successful and complete end capping is therefore assumed. 

 

To determine the average degree of polymerization and the dispersity of the polymers, size exclusion 

chromatography (SEC) was performed in THF with a polystyrene standard (Table 1). As can be seen in 

Figure 12 displaying the SEC traces, P(F-alt-(S)Ph*) and P((S)F*-alt-(R)Ph*) show a small shoulder at 

lower molecular weights whereas P((S)F*-alt-Ph) and P((S)F*-alt-(S)Ph*) have a more normal 

distribution. SEC showed average degrees of polymerization (DPav) of roughly 30 repeat units for all 

polymers, with an exception of P((S)F*-alt-(R)Ph*) with a DPav of 24. These values are an upper limit as 

the semi-rigid polyfluorenes have, for a given mass, a larger hydrodynamic volume than the utilized 

polystyrene standard.15 Dispersities (Đ) range from 1.56 to 2.09.  

 
Table 1. Molecular weight (Mn and Mw) and dispersity (Đ) of the polymers as determined by size exclusion chromatography 
with a polystyrene standard in THF. 

 Mn (g/mol) Mw (g/mol) Đ 

P(F-alt-(S)Ph*) 23.500 48.000 2.04 

P((S)F*-alt-Ph) 25.500 44.000 1.74 

P((S)F*-alt-(S)Ph*) 24.500 38.500 1.56 

P((S)F*-alt-(R)Ph*) 19.500 40.500 2.09 
 

 
Figure 12. Size exclusion chromatography traces of the polymers as measured with a refractive index detector and THF as 
eluent. 

 

  

12 15
Retention time (min)

 P(F-alt-(S)Ph*)
 P((S)F*-alt-Ph)
 P((S)F*-alt-(S)Ph*)
 P((S)F*-alt-(R)Ph*)



Chapter 2 

28 
 

2.5 Conclusions 

We have demonstrated successful synthesis of the desired polymers P(F-alt-(S)Ph*), P((S)F*-alt-Ph), 

P((S)F*-alt-(S)Ph*) and P((S)F*-alt-(R)Ph*). The alternating fluorene based copolymers were obtained 

via Suzuki polycondensation. Purification included the removal of palladium catalyst residues. Yields of 

51 – 89% were achieved with molecular weights ranging from 19.500 – 25.500 g/mol and dispersities 

ranging from 1.56 to 2.09. 

 

2.6 Experimental section 

2.6.1 Materials and methods 

All reagents were purchased from Aldrich and used as received, unless otherwise specified. All 

solvents were purchased from Biosolve and dry solvents were obtained using MBraun solvent 

purification system (MB SPS-800). Oven-dried glassware (140 °C) was used for all reactions carried out 

under argon atmosphere. Analytical thin-layer chromatography (TLC) was performed on 60-F254 silica gel 

plates from Merck. Visualisation was performed with a 254 nm ultraviolet lamp, potassium 

permanganate (KMnO4) and/or Cerium Ammonium Molybdate (CeMo) stain. Automated column 

chromatography was performed on a Biotage Isolera® One using Biotage Silica Cartridges. 1H-NMR and 
13C-NMR spectra were recorded on a Bruker ASCEND 400 MHz. Proton chemical shifts are reported in 

ppm (δ) downfield from trimethylsilane (TMS) using the resonance frequency of the deuterated solvent 

(CDCl3; 7.26 ppm) as the internal standard. Peak multiplicities are abbreviated as s: singlet; d: doublet; 

m: multiplet; br: broad; dd: doublet of doublets; dt: doublet of triplets. Carbon chemical shifts are 

reported in ppm (δ) downfield from TMS using the resonance frequency of the deuterated solvents 

(CDCl3; 77.16 ppm) as the internal standard. Gas Chromatography-Mass Spectrometry (GC-MS) 

measurements were obtained on a Shimadzu GC-17A gas chromatograph with a Shimadzu AOC-20i auto 

injector, Shimadzu GCMS-QP2010 Plus mass spectrometer and a Phenomenex Zebron ZB-5MS column (l 

= 30 m, ID = 0.25 mm, film thickness (0.25 μm). The temperature profile for the GC-MS measurements 

was 1 minute isothermal at 80 °C, followed by a heating rate of 30 °C/min to 300 °C and a subsequent 

isothermal stage at 300 °C.   Matrix assisted laser absorption/ionization mass time of flight mass 

spectroscopy (MALDI-TOF-MS) spectra were obtained on a Bruker Autoflex Speed. 

Trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCBT) were used as matrix. All 

samples were dissolved in dichloromethane. Melting points were obtained using a Büchi Melting Point 

B-540 with a temperature gradient of 2 °C/min. Gel Permeation Chromatography (GPC) measurements 

were carried out on a Shimadzu Prominence-I LC-2030C 3D equipped with a Shimadzu RID-20A 

refractive index detector, using an eluent flow of 1 mL/min (THF). A polystyrene standard is used for the 

calibration, relating the retention time to molecular weight. Infrared spectra were recorded using a 

Perkin Elmer Spectrum Two FT-IR spectrometer equipped with a Perkin Elmer Universal ATR Two 

Accessory. Elemental analyses were performed on a Perkin-Elmer 2400 series II CHNS/O analyzer. 
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2.6.2 Synthetic procedures 
The synthetic routes to 2, 3, 8, 9, 11 and 12 have been reported by Abbel and coworkers,19  and the 

route to 6 by Zhu et al.18 For all the compounds reported, 1H-NMR and mass spectra were found in 

accordance to literature reports.18,19,25,26 For the newly synthesized compounds 5(R) and 6(R) and the 

polymers the chemical structure and the purity of the sample is confirmed through 1H-NMR, 13C-NMR 

and mass spectroscopy (either GC-MS or MALDI-TOF-MS). The 1H-NMR and mass of 5(R) and 6(R) were 

found to be comparable to their enantiomers.25 Additionally, for compounds 8(S), 9(S) and 9n melting 

points were measured. 

 

(S)-3,7-Dimethyloctan-1-ol ((S)-dihydrocitronellol) (2(S)) 

(S)-3,7-Dimethyloctan-6-en-1-ol (54 g, 0.346 mol) was taken in a thick-walled glass vessel and ethyl 

acetate (100 mL) was added to the vessel. Argon was bubbled through the solution for 30 min, and then 

palladium on activated carbon (10 wt%, 0.73 g, 6.9 mmol) was added. The mixture was put under 

hydrogen gas (70 psi) in a parr apparatus and reacted while shaking. The decrease in H2 gas pressure 

indicated the consumption of the H2 by the reaction and mixture and thus the inlet pressure was 

adjusted to 70 psi. When no decrease of the pressure was observed, the reaction mixture was filtered 

over celite and washed thoroughly with ethyl acetate to dissolve the product in the solvent. The solvent 

was removed in vacuo to give a clear colorless liquid (36.80 g, 0.232 mol, 67%). 
1H-NMR (CDCl3, 400 MHz ): δ 3.68 (m, J =  8.1, 4.4 Hz, 2 H), 1.66 - 1.46 (m, 3 H), 1.43 - 1.34 (m, 1 H), 1.34 - 

1.20 (m, 3 H), 1.20 - 1.07 (m, 3H), 0.88 (dd, J = 11.1, 6.6 Hz, 9 H) ppm. 

GC-MS: Rt = 3.68 min. 

 

(R)-3,7-Dimethyloctan-1-ol ((S)-dihydrocitronellol) (2(R)) 

The same procedure as described for 2(S) was followed, using (R)-3,7-dimethyloctan-6-en-1-ol (2 g, 

12.8 mmol), ethyl acetate (50 mL), Pd/C (10 wt%, 100 mg, 0.94 mmol). Clear colorless liquid, recovered 

yield 1.82 g (92%).  
1H-NMR (CDCl3, 400 MHz ):  δ 3.73 – 3.59 (m, 2H), 1.56 (m, 3H), 1.42-1.33 (m, 1H), 1.33 – 1.20 (m, 3H),  

1.20 - 1.07 (m, 3H), 0.88 (dd, J = 9.6, 6.6 Hz, 9H) ppm. 

GC-MS: Rt = 3.67 min. 

 

(S)-1-Bromo-3,7-dimethyloctan ((S)-dihydrocitronellylbromide) (3(S)) 

(S)-3,7-Dimethyloctan-1-ol (15.6 g, 0.098 mol) and triphenyl phosphine (28.40 g, 0.108 mol) were 

taken in a round bottom flask, dissolved in dichloromethane (150 mL) and cooled to 0 °C in an ice bath. 

N-bromosuccinimide (18.3 g, 0.103 mol) was added slowly in portions while stirring. After complete 

addition of the NBS the cooling was removed and the reaction mixture stirred at room temperature for 

two more hours. The reaction was followed by GCMS. The solvent was removed in vacuo and the 

residue was thoroughly extracted several times with hexane and filtered over silica. The combined 

extracts were concentrated in vacuo to give a clear colorless liquid (18.87 g, 0.085 mol, 87%). On 

another occasion, 4.05 g of starting material gave 4.3 g product (76%).  
1H-NMR (CDCl3, 400 MHz ): δ 3.51 - 3.35 (m, 2H), 1.96 - 1.79 (m, 1 H), 1.74 - 1.58 (m, 2 H), 1.58 - 1.46 

(m, 1 H), 1.38 - 1.21 (m, 3H), 1.20 - 1.06 (m, 3H), 0.88(t, J = 7.1 Hz, 9 H) ppm. 

GC-MS: Rt = 4.04 min. 
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(R)-1-Bromo-3,7-dimethyloctan ((R)-dihydrocitronellylbromide) (3(R)) 

The same procedure as described for 3(S) was followed, starting from (R)-3,7-dimethyloctan-1-ol (1.7 

g, 0.011 mol), triphenyl phosphine (3.1 g, 0.0118 mol), in dichloromethane (22 mL), n-bromosuccinimide 

(2.08 g, 0.0117 mol). Clear colorless liquid, recoverd yield 1.874 g, 8.5 mmol (79%). 
1H-NMR (CDCl3, 400 MHz ): δ 3.52 – 3.34 (m, 2H), 1.96 – 1.82 (m, 1H), 1.73 – 1.59 (m, 2H), 1.59 – 1.45 (m, 

1H), 1.37  - 1.21 (m, 3H), 1.21 - 1.08 (m, 3H), 0.88 (t, J = 7.1 Hz, 9H) ppm. 

GC-MS: Rt = 4.04 min. 

 
1,4-Bis(((R)-3,7-dimethyloctyl)oxy)benzene (5(R)) 

p-Benzenediol (0.363 g, 3.297 mmol) and potassium carbonate (2.73 g, 19.75 mmol) were taken in a 

round bottom flask and evacuated and backfilled after which dry DMF (13 mL) was added. The reaction 

mixture was heated to 90 °C for 30 minutes. To this (R)-1-bromo-3,7-dimethyloctan (1.86 g, 8.4 mmol) 

was added together with 2 mL dry DMF. After overnight reaction at 90°C under argon atmosphere the 

reaction mixture was cooled down to RT and transferred to a separating funnel with ethyl acetate (50 

mL) and de-ionized water (100 mL). The water layer was washed three times with 50 mL ethyl acetate. 

The combined organic fractions were washed with de-ionized water (100 mL, 5 times) and subsequently 

dried over Na2SO4. The solvent was removed under reduced pressure to obtain a dark oily material. This 

residue was purified with column chromatography (SiO2, gradient 10% DCM to 40% DCM in n-heptane). 

The combined fractions gave a clear liquid (591 mg, 1.514 mmol, 46%). 
1H-NMR (CDCl3, 400 MHz ): δ = 6.82 (s, 4H), 3.93 (m, 4H), 1.80 (m, 2H), 1.66 (m, 2H), 1.54 (m, 4H), 1.31 

(m, 6H), 1.16 (m, 6H), 0.93 (d, J = 6.6 Hz, 6H), 0.87 (d, J = 6.6 Hz, 12H) ppm. 
13C-NMR (CDCl3, 100 MHz):  δ 161.2, 153.2, 115.4, 67.0, 62.6, 39.3, 39.2, 37.3, 37.1, 36.4, 35.4, 29.9, 

29.7, 28.0, 24.7, 24.6, 22.7, 22.7, 22.6, 19.7, 19.4 ppm. 

MALDI-TOF-MS: m/z calcd. for C26H46O2: 390.35; found: 390.40. 

GC-MS: Rt = 5.54 min. 

 

General procedure for bromination of alkoxy phenyls (5) 

All bromination steps to yield (6) were performed using the same general procedure18: 

1,4-bis(alkyloxy)benzene (1.0 eq) was taken in a round bottom flask, dissolved in DCM (0.07 M) and 

cooled to 0 °C. To this a solution of Br2 (2.4 eq) in DCM was added dropwise in 30 minutes at 0 °C 

through an addition funnel. The solution was allowed to warm to room temperature and stirred 

overnight. The reaction mixture was diluted with DCM and extracted with water (3 x 50 mL). The organic 

phase was dried over Na2SO4 and reduced in vacuo. The residue was purified by column 

chromatography (SiO2, gradient 0% DCM to 40% DCM in heptane). 

6n (1,4-Dibromo-2,5-bis(n-octyloxy)benzene):  

1,4-Bis(n-octyloxy)benzene (3.00 g, 8.97 mmol), Br2 (1.1 mL, 21.4 mmol). White crystals (4.05 g, 8.26 

mmol, 92%). 
1H-NMR (CDCl3, 400 MHz ): δ 7.08 (s, 2H), 3.94 (t, J = 6.5 Hz, 4H), 1.87 – 1.72 (m, 4H), 1.52 – 1.20 (m, 

20H), 0.95 – 0.79 (m, 6H) ppm. 

MALDI-TOF-MS: m/z calcd. for C22H36Br2O2: 492.11; found: 492.13.  
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6(S) (1,4-Dibromo-2,5-bis((S)-3,7-dimethyloctyloxy)benzene):  

1,4-Bis((S)-3,7-dimethyloctyloxy)benzene (3.12 g, 8.0 mmol), Br2 (1.1 mL, 21.4 mmol). Yellowish solid 

(2.12 g, 3.9 mmol, 48%). 
1H-NMR (CDCl3, 400 MHz ): δ 7.09 (s, 2H), 4.08 – 3.84 (m, 4H), 1.85 (m, J = 13.8, 6.9, 5.2 Hz, 2H), 1.77 – 

1.45 (m, 6H), 1.40 – 1.11 (m, 6H), 0.95 (d, J = 6.6 Hz, 6H), 0.87 (d, J = 6.6 Hz, 12H) ppm. 

MALDI-TOF-MS: m/z calcd. for C26H44Br2O2: 548.44; found: 548.19. 

 
6(R) (1,4-Dibromo-2,5-bis((R)-3,7-dimethyloctyloxy)benzene):  

1,4-Bis((R)-3,7-dimethyloctyloxy)benzene (0.564 g, 1.44 mmol), Br2 (2 mL, 38.9 mmol). Colorless 

liquid (765 mg, 1.39 mmol, 97%). 
1H-NMR (CDCl3, 400 MHz ): δ = 7.09 (s, 2H), 3.98 (m, 4H), 1.85 (m, 2H), 1.71 (m, 2H), 1.56 (m, 4H), 1.33 

(m, 6H), 1.17 (m, 6H), 0.95 (d, J = 6.6 Hz, 6H), 0.87 (d, J = 6.6 Hz, 12H) ppm. 
13C-NMR (CDCl3, 100 MHz):  δ 150.1, 118.4, 111.1, 68.6, 39.2, 37.2, 36.0, 29.8, 28.0, 24.7, 22.7, 22.6, 19.7 

ppm. 

MALDI-TOF-MS: m/z calcd. for C26H44Br2O2: 548.44; found: 548.19. 

 

2,7-Dibromo-9,9’-di((S)-3,7-dimethyloctyl)fluorene (8(S)) 

NaOH pellets (8 g) were dissolved in 12 mL deionized water in a round bottom flask. After stirring for 

5 minutes dimethylsulfoxide (110 mL) was added and stirred under argon. To this mixture 2,7-

dibromofluorene (8.06 g, 0.025 mol) was added upon which the solution turned orange and over time to 

red and finally dark purple. To this mixture tetra-n-butylammonium bromide (0.43 g, 0.001 mol) was 

added and after 30 minutes of stirring under argon (S)-1-bromo-3,7-dimethyloctan (13.9 g, 0.063 mol) 

was added through a septum. After 20 hours the solution was diluted with dichloromethane and 

transferred to a separating funnel where it was extracted twice with deionized water and brine. The 

collected orange organic phase was washed twice with HCL (1 M in water) and once with deionized 

water. The organic phase was then dried over Na2SO4 and afterwards concentrated in vacuo to obtain a 

dark colored oil. To this oil dry THF (93 mL) was added under argon through a septum. Subsequently, 

excess KOtBu (6g) was added after which the solution turned dark red. After 2 hours the solution was 

filtered through a sintered funnel to obtain viscous deep purple oil. This oil was dissolved in excess n-

hexane and again filtered through a sintered funnel. The gray liquid phase was reduced in vacuo to 

obtain a dark colored oil. This oil was purified by column chromatography (SiO2, n-heptane), giving a 

clear viscous oil that crystallized into a white paste upon cooling overnight at -20 °C (11.07 g, 0.018 mol, 

74%). 

Mp. Observed 34 – 36 °C, lit. 34 – 35 °C.19 
1H-NMR (CDCl3, 400 MHz ): δ 7.52 (d, J = 8.0 Hz, 2H), 7.47 - 7.42 (m, 4H), 1.92 (m, J = 13.4, 11.5, 4.9 Hz, 4 

H), 1.45 (m, J = 6.4 Hz, 2H), 1.17 - 0.96 (m, 12H), 0.92 - 0.85 (m, 2H), 0.82 (d, J = 6.6 Hz, 12H),  

0.69 (d, J = 6.5 Hz, 6 H), 0.55 (m, J = 11.3, 5.4 Hz, 2H), 0.48 - 0.37 (m, 2H) ppm. 
13C-NMR (CDCl3, 100 MHz):  δ 152.2, 138.8, 129.8, 125.8, 121.2, 120.8, 55.2, 38.9, 37.1, 36.2, 32.5, 30.0, 

27.6, 24.2, 22.4, 22.3, 19.2 ppm.  



Chapter 2 

32 
 

2-Bromo-9,9’-di((S)-3,7-dimethyloctyl)fluorene (11(S)) 

2-Bromofluorene was added to a mixture of NaOH (1.81 g), DI water (3 mL) and DMSO (25 mL) in a 

round bottom flask. The addition of reagent turned the solution orange and over time red. 

Tert-n-butyl ammonium bromide (0.12 g, 0.37 mmol) was added and after 30 minutes stirring under 

argon (S)-1-bromo-3,7-dimethyloctan (4.2 g, 0.0189 mol) was added through a septum. After 5 hours 10 

mL DMSO was added to ensure that everything remained dissolved. After 21 hours, the dark purple 

mixture was diluted with dichloromethane and transferred to a separating funnel where it was 

extracted twice with DI water and some brine. The organic phase was then washed twice with 50 mL 1N 

HCl, once with DI water and subsequently dried over Na2SO4. This was reduced in vacuo to 4.3 g orange 

oil. This oil was dissolved in dry THF (24 mL) to which KOtBu (1.69 g) was added under positive argon 

pressure. This turned the solution dark pink. The solution was filtered through a sintered funnel to 

obtain after reduction in vacuo a viscous deep purple oil. This oil was dissolved in excess n-hexane, 

filtered over a sintered funnel and reduced to a dark yellow liquid (4.0 g). This liquid was purified with 

column chromatography with pure n-heptane as solvent. The collected fractions were reduced in vacuo 

to give the pure compound (2.84 g, 0.0054 mol, yield 74%). 
1H-NMR (CDCl3, 400 MHz ): δ 7.68 – 7.63 (m, 1H), 7.55 (d, J = 8.5 Hz, 1H), 7.44 (m, 2H), 7.36 – 7.28 (m, 

3H), 2.05 – 1.83 (m, 4H), 1.44 (dt, J = 13.0, 6.5 Hz, 2H), 1.18 – 0.96 (m, 12H), 0.92 – 0.85 (m, 2H), 0.81  

(d, J = 6.6 Hz, 12H), 0.68 (d, J = 6.5 Hz, 6H), 0.56 (m, 2H), 0.51 – 0.35 (m, 2H) ppm. 

 

General procedure for Miyaura borylation reactions 

All Miyaura borylations were performed according to the same general procedure: bromomonomer 

(1.00 eq.), bispinacolatodiboron (1.25 – 1.3 eq. per bromo), Pd(dppf)Cl2 (0.25 – 0.5 eq. per bromo), and 

anhydrous KOAc (ca. 3 eq. per bromo) were weighted into a two neck round bottom flask. The flask was 

connected to a reflux condenser and evacuated and backfilled thrice with argon. Degassed (by 3 cycles 

of freeze-pump-thaw) dioxane was added via a syringe and the reaction mixture was refluxed under 

argon at 80 °C overnight. The conversion was checked with TLC and 1H-NMR. The reaction mixture was 

diluted with DCM and completely reduced in vacuo. The residue was then dissolved in DCM and washed 

thrice with DI water. After drying over either Na2SO4 or MgSO4, the solvent was removed in vacuo and 

the remaining material purified by column chromatography (SiO2, gradient DCM in n-heptane). 

9n 2,7-Bis(pinacol)-9,9-dioctyl-fluorene bisboronic ester: Br-F-Br (2.22 g, 4.05 mmol, 1 eq.) 

recrystallized from ethane and subsequently hexane (5 mL), bispinacolatodiboron (2.68 g, 10.55 mmol, 

2.6 eq.), Pd(dppf)Cl2 (0.299 g, 0.408 mmol, 10 mol%), KOAc (2.42 g, 24.6 mmol, 6.1 eq.), dioxane (10 

mL), column chromatography (5 CV isocratic 20% DCM in n-heptane, 3 CV gradient to 100 % DCM, 2 CV 

pure DCM). Off-white solid, recovered yield 2.14 g (82%). 

Mp. Observed 128 – 129 °C, lit. 128 – 130 °C.19 

1H-NMR (CDCl3, 400 MHz ): δ 7.80 (d, J = 7.4 Hz, 2H), 7.74 (s, 2H), 7.72 (d, J = 7.5 Hz, 2H), 2.03 – 1.96 (m, 

4H), 1.39 (s, 24H), 1.18 - 1.00 (m, 20H), 0.81 (t, J = 7.1 Hz, 6H), 0.54 (s, 4H) ppm. 

9(S) 2,7-Bis(pinacol)-9,9-di((S)-3,7-dimethyloctyl)fluorene bisboronic ester: Br-F*-Br (3.04 g, 5.0 

mmol, 1.00 eq.), bispinacolatodiboron (3.18 g, 12.5 mmol, 2.5 eq.), Pd(dppf)Cl2 (0.185 g, 0.07 mmol 5 

mol%), KOAc (3.36 g, 3.4 mmol, 6.85 eq.), dioxane (100 mL), column chromatography (gradient 10 to 60 

% DCM in n-heptane, 8 CV). Yellowish solid was obtained from recrystallization from ethanol (5 mL) at 
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0 °C, recovered yield 1.54 g (49%). On another occasion, 3.08 g of starting material gave 2.42 g product 

(68%) after recrystallization with addition of a seed crystal of the first reaction from ethanol (5 mL).  

Mp. Observed 111.5 – 115 °C, lit. 111 – 112 °C.19 
1H-NMR (CDCl3, 400 MHz ): δ 7.80 (d, J = 7.5 Hz, 2H), 7.75 (s, 2H), 7.71 (d, J = 7.5 Hz, 2H), 2.00 (m, J = 13.0, 

6.4 Hz, 4H), 1.38 (s, 24H), 1.01 (m, J = 17.7, 12.4, 6.5 Hz, 12H), 0.82 – 0.77 (m, 14H), 0.64 (d, J = 6.4 Hz, 

6H), 0.52 (m, 2H), 0.41 (m, 2H) ppm. 

13C-NMR (CDCl3, 100 MHz):  δ 150.4, 144.0, 133.6, 129.0, 119.3, 83.7, 55.0, 39.2, 37.3, 36.5, 32.9, 30.9, 

30.5, 27.9, 24.9, 24.6, 22.7, 22.6, 19.5 ppm. 

MALDI-TOF-MS: m/z calcd. for C45H72B2O4: 698.69; found: 698.60. 

 

12(S) 2-Pinacoyl-9,9-di((S)-3,7-dimethyloctyl)fluorene boronic ester: Br-F* (2.460 g, 4.68 mmol, 1 

eq.), bispinacolatodiboron (1.55 g, 6.1 mmol, 1.3 eq.), Pd(dppf)Cl2 (0.1062 g, 0.145 mmol, 3 mol%), KOAc 

(1.4 g, 14.2 mmol, 3 eq.), dioxane (70 mL), column chromatography (3 CV isocratic 10% DCM in n-

heptane, 6 CV gradient 10 to 60 % DCM in n-heptane). Clear viscous liquid, recovered yield 1.5 g (56%). 
1H-NMR (CDCl3, 400 MHz ): δ 7.80 (dd, J = 7.5, 1.0 Hz, 1H), 7.74 (s, 1H), 7.73 – 7.65 (m, 2H), 7.35 – 7.27 

(m, 3H), 2.07 – 1.86 (m, 4H), 1.38 (m, 12H), 1.16 – 0.94 (m, 12H), 0.88 (t, J = 6.8 Hz, 2H), 0.82 – 0.76 (m, 

12H), 0.66 (dd, J = 6.5, 4.2 Hz, 6H), 0.61 – 0.49 (m, 2H), 0.49 – 0.31 (m, 2H) ppm. 

MALDI-TOF-MS: m/z calcd. for C39H61BO2: 572.73; found: 572.49. 

 

General procedure for the polymer synthesis 

All polymers were synthesized according to the same general procedure: diboronic fluorene ester 

(1.00 eq.), dibromocomonomer (1.00 eq.), and anhydrous Na2CO3 (ca. 10 eq.) were weighted into a two 

neck round bottom flask. The flask was connected to a reflux condenser and evacuated and backfilled 

thrice with argon. Pd(PPh3)4 (ca. 5 mol%) was added under argon counterflow and the second neck of 

the flask was closed with a septum. An additional three evacuation and backfill cycles have been 

performed. A degassed mixture of dioxane and water (2:1 v/v) (3 freeze-pump-thaw cycles) was added 

via a syringe through the septum and the reaction mixture was refluxed under argon in the dark at 

95 °C. After three days chainstopper monoboronic fluorene ester (0.19 – 1.22 eq.) was dissolved in a 

minimum of degassed dioxane and added through the septum. The mixture was let to react overnight 

(20 h) after which it was diluted with chloroform and transferred to a separating funnel. The mixture 

was extracted with 1 N HCl, saturated NaHCO3, and twice with DI water. The organic phase was dried 

over either Na2SO4 or MgSO4 and reduced in vacuo to 5 to 10 mL. To this palladium scavenger 

diethyldithiocarbamic acid diethylammonium salt was added and the mixture was stirred under argon 

for 2 hours. Then, the mixture was reduced to a minimum volume and precipitated in cold methanol. 

The precipitate was mechanically crushed into powder, filtered and dried overnight in a vacuum oven 

(40 – 60 °C). The solids were extracted in a Soxhlet setup with acetone overnight, and for some polymers 

also with chloroform. The insoluble remainders from the acetone Soxhlet extraction were dissolved in 

chloroform or, if chloroform Soxhlet extraction was performed, the reduced organic phase was 

precipitated in cold methanol. The precipitate was filtered, dried in vacuo overnight (40 – 60 °C) and 

stored under oxygen and light free conditions.  
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P(F-alt-(S)Ph*) 
Poly(9,9-dioctylfluorene-alt-2,5-di((S)-3,7-dimethyloctyloxy)benzene): 9n (0.753 g, 1.17 mmol, 1.00 eq.), 
6(S) (0.641 g, 1.17 mmol, 1.00 eq.), Na2CO3 (1.25 g, 11.8 mmol, 10.1 eq.), Pd(PPh3)4 (85 mg, 0.073 mmol, 
6 mol%), 35 mL solvent mixture, 12n (120 mg, 0.23 mmol, 0.20 eq.). Yellow grey solid, recovered yield 
0.81 g (89%). 
1H-NMR (CDCl3, 400 MHz): δ =7.79 (d, J = 8.3 Hz, 2H), 7.71 (s, 2H), 7.59 (s, 2H), 7.13 (s, 2H), 4.02 (m, 4H), 

2.05 (br, 4H), 1.79 (br, 2H), 1.58 (br, 4H), 1.51 (m, 2H), 1.35 - 1.03 (br, 38 H), 0.89 (d, J = 6.2 Hz, 2H), 0.86 

(d, J = 6.6 Hz, 12H), 0.80 (m, 8H) ppm. 
13C-NMR (CDCl3, 100 MHz):  δ 150.6, 150.5, 139.9, 137.1, 131.3, 128.0, 124.4, 119.25, 116.8, 68.4, 55.1, 

39.3, 37.3, 36.6, 31.9, 30.4, 30.1, 29.5, 29.5, 29.4, 29.3, 28.0, 24.8, 24.1, 22.7, 22.6, 22.6, 19.7, 14.1 ppm. 

App. Mn 23.500 (g/mol), app. Mw 48.000 (g/mol), PDI 2.04 (anal. GPC). 

Elem. anal. found 84.5 % C, 10.7 % H (calc. for (C55H84O2)n 85.1 % C, 10.9 % H). 

P((S)F*-alt-Ph) 

Poly(9,9-di((S)-3,7-dimethyloctyl)fluorene-alt-2,5-bis-octyloxybenzene):  

9(S) (0.842 g, 1.21 mmol, 1.00 eq.), 6n (0.592 g, 1.20 mmol, 1.00 eq.), Na2CO3 (1.34 g, 12.6 mmol, 10.5 

eq.), Pd(PPh3)4 (78 mg, 0.067 mmol, 5 mol%), 30 mL solvent mixture, 12(S) (132 mg, 0.23 mmol, 0.19 

eq.). Flaky grey solid, recovered yield 0.74 g (78%). 
1H-NMR (CDCl3, 400 MHz):  δ 7.79 (d, J = 8.2 Hz, 2 H), 7.71 - 7.64 (s, 2 H), 7.61 (d, J = 7.3 Hz, 2 H), 7.15 - 

7.06 (s, 2 H), 4.04 - 3.92 (m, 4 H), 2.22 - 1.87 (br, 4 H), 1.74 (m, J = 6.7 Hz, 4 H), 1.60 - 1.50 (br, 2 H), 1.47 - 

1.35 (m, 6 H), 1.34 - 0.95 (br, 30 H), 0.87 (m, J = 6.7 Hz, 8H), 0.79 (d, J  = 6.6 Hz, 12H), 0.76 - 0.68 (d, J = 

6.6 Hz, 6H) ppm. 
13C-NMR (CDCl3, 100 MHz):  δ 150.6, 150.5, 139.9, 137.1, 131.4, 128.1, 124.3, 119.2, 117.0, 70.0, 54.9, 

39.3, 37.0, 33.3, 31.9, 31.1, 29.5, 29.4, 29.3, 27.9, 26.2, 24.8, 22.7, 22.6, 19.5, 14.1 ppm. 

App. Mn 25.500 (g/mol), app. Mw 44.000 (g/mol), PDI 1.73 (anal. GPC). 

Elem. anal. found 83.2 % C, 10.4 % H (calc. for (C55H84O2)n 85.1 % C, 10.9 % H). 

P((S)F*-alt-(S)Ph*)  

Poly(9,9-di((S)-3,7-dimethyloctyl)fluorene-alt-2,5-di((S)-3,7-dimethyloctyloxy)benzene): 9(S) (0.671 g, 

0.96 mmol, 1.00 eq.), 6(S) (0.53 g, 0.96 mmol, 1.00 eq.), Na2CO3 (1.08 g, 10.2 mmol, 10.5 eq.), Pd(PPh3)4 

(57 mg, 0.049 mmol, 5 mol%), 30 mL solvent mixture, 12(S) (120 mg, 0.21 mmol, 0.22 eq.). Grey solid, 

recovered yield 0.41 g (51%). 
1H-NMR (CDCl3, 400 MHz ): δ 7.78 (d, J = 8.3 Hz, 2H), 7.68 - 7.59 (m, 4H), 7.13 - 7.09 (s, 2H), 4.06 - 3.96 

(m, 4 H), 2.19 - 1.91 (br, 4H), 1.84 - 1.74 (m, 2H), 1.65 - 1.56 (br, 4H), 1.56 - 1.46 (m, 2H), 1.46 - 1.36 (m, 

2H), 1.34 - 0.98 (br, 28 H), 0.90 - 0.87 (m, 8H), 0.86 (d, J = 6.9 Hz, 12H), 0.79 (d, J = 6.5 Hz, 12H), 0.74 (d, J 

= 6.4 Hz, 6H) ppm.  

13C-NMR (CDCl3, 100 MHz):  δ 150.6, 150.5, 139.9, 137.1, 131.4, 128.2, 124.2, 119.1, 117.0, 77.3, 77.0, 

76.7, 68.4, 54.9, 39.6, 39.6, 37.3, 37.0, 36.6, 33.2, 31.1, 30.1, 28.0, 27.9, 24.8, 24.8, 22.7, 22.7, 22.6, 22.6, 

19.7, 19.6 ppm. 

App. Mn 24.500 (g/mol), app. Mw 38.500 (g/mol), PDI 1.56 (anal. GPC). 

Elem. anal. found 84.6 % C 10.9 % H (calc. for (C59H92O2)n 85.1 % C, 11.1 % H). 

P((S)F*-alt-(R)Ph*) 

Poly(9,9-di((S)-3,7-dimethyloctyl)fluorene-alt-2,5-di((S)-3,7-dimethyloctyloxy)benzene): 6(R) (0.588 g, 

1.072 mmol, 1.00 eq.), 9(S) (0.751 g, 1.074 mmol, 1.00 eq.), Na2CO3 (1.18 g, 11.2 mmol, 10.4 eq.), 
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Pd(PPh3)4 (99 mg, 0.08 mmol, 8 mol%), 30 mL solvent mixture, 12(S) (147 mg, 0.26 mmol, 0.24 eq.). Grey 

solid, recovered yield 0.67 g (75%). 
1H-NMR (CDCl3, 400 MHz ): δ 7.78 (d, J = 5.7 Hz, 2H), 7.69 - 7.60 (m, 4H), 7.10 (s, 2H), 4.07 - 3.95 (m, 4 H), 

2.18 - 1.91 (br, 4H), 1.83 - 1.74 (m, 2H), 1.64 - 1.54 (br, 4H), 1.54 - 1.45 (m, 2H), 1.45 - 1.36 (m, 2H), 1.33 - 

0.96 (br, 28 H), 0.93 - 0.87 (m, 8H), 0.86 (d, J = 6.6 Hz, 12H), 0.79 (d, J = 6.6 Hz, 12H), 0.75 (d, J = 6.3 Hz, 

6H) ppm.  
13C-NMR (CDCl3, 100 MHz):  δ 150.6, 150.5, 139.9, 137.1, 131.4, 128.2, 124.2, 119.1, 116.9, , 68.4, 54.9, 

39.3, 39.3, 37.4, 37.0, 36.9, 36.6, 33.2, 31.1, 30.1, 28.0, 27.9, 24.8, 24.8, 22.7, 22.7, 22.6, 22.6, 19.7, 19.6 

ppm. 

App. Mn 19.500 (g/mol), app. Mw 40.500 (g/mol), PDI 2.09 (anal. GPC). 

 

 

 

Figure 13. FT-IR spectra of (a) P(F-alt-(S)Ph*), (b) P((S)F*-alt-Ph), (c) P((S)F*-alt-(S)Ph*) and (d) P((S)F*-alt-(R)Ph*) measured in 
solid state. Peaks have been assigned to alkyl C-H stretching (2954 – 2855 cm

-1
), aromatic C=C bending (1609 cm

-1
),  

alkyl C-H bending (1459 cm
-1

 and 1376 cm
-1

), C-O stretching (1200 cm
-1

 and 1054 cm
-1

).  
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Chapter 3 
Side chain effect on the phase behavior 

and chiroptical properties of polyfluorenes 
3.1 Introduction 

Many years of research on polyfluorene polymers have elucidated some important aspects regarding 

aggregation in the bulk phase. Solid state aggregation is found to depend on the side chain morphology 

as well as the thermal treatment.1–9 In general, polyfluorene homopolymers with straight alkyl chains of 

sufficient length (hexyl) give rise to either an amorphous phase in which the polymer backbone adopts a 

helical conformation or give rise to a crystalline phase where the polyfluorene backbone is 

planarized.10,11 When the polyfluorene has branched side chains a helical backbone conformation is 

generally found.12–14 Different side chains lead to different phase behavior such as a nematic liquid 

crystalline phase or hexagonal crystalline phase.1–9 Generally, differential scanning calorimetry is used to 

identify the phase transition temperatures. The nature of the different phase can be identified by 

polarized optical microscopy and X-ray scattering measurements. The study of side chain variation is 

usually performed on polyfluorene homopolymers.1,3,12 Less focus is directed to the effect of side chain 

variation in fluorene based copolymers.  

The chiroptical response in polyfluorenes is attributed to their helical backbone conformation15,16, a 

supramolecular helical order (cholesteric)17,18 or a combination of both effects.19 The chiroptical 

properties result from chiral order in the system (g) and are observed as a preferential left or right 

circularly polarized intensity of optical properties such as absorption and emission. The chiral order in 

absorption (gabs) can be measured on a regular circular dichroism (CD) spectrophotometer or on a 

spectroscopic ellipsometer with ellipsometry. 

Ellipsometry measures the change of polarization in transmission or reflection through interaction 

with a sample. Figure 1 shows a schematic set-up of the ellipsometry in transmission mode. In reflection 

mode the detector is placed on the same side of the sample as the light source. The light emitted by the 

light source gets linearly or circularly polarized before passing through the sample, or reflecting of the 

sample in reflection mode. After transmission the light becomes elliptically polarized which is recorded 

by the detector. The measured elliptically polarized light gets parametrized in an angle (Ψ) and lengths 

in the s and p direction (rs and rp) where s and p denote the orientation of the incoming light and the 

sample. These parameters are described by Stokes vectors in a Mueller matrix. By selecting the 

appropriate Mueller matrix element the chiral order can be calculated. Further details on the 

calculations used to quantify the chiral order can be found in the experimental section. 
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Figure 1. (a) Schematic of the ellipsometry set-up. First light from the light source gets linearly or circularly polarized and 
subsequently passes through the sample. The incident light is through interaction with the sample converted to elliptically 
polarized light that gets detected. (b) Schematic how the elliptically polarized light gets parameterized.  

For polyfluorene homo- and copolymers a thickness dependence has been found on the chiroptical 

properties after annealing that is best explained with cholesteric ordering.19–22 Cholesteric order can be 

determined in films of sufficient thickness (µm) through the presence of a stopband in the UV-VIS 

spectrum observed as a dip in the transmission at a wavelength (λ) related to the pitch (p).23,24 The 

presence of a stopband is generally attributed to selective reflection of either left (LCPL) or right (RCPL) 

circularly polarized light.23 As a result, light of the opposite handedness than the cholesteric is 

transmitted more strongly. 

Recently, a new method was reported by Kulkarni and co-workers to identify cholesteric 

arrangement in polymer films as well as determining the pitch and handedness of the cholesteric.25 One 

of the advantages of this recently reported method is that is uses thin films (nm) with thicknesses below 

the pitch. The method is based on the linear dichroism of aligned polymer thin films as measured using 

ellipsometry.7 Figure 2 gives a schematic representation of the film orientations during the 

measurements. To show cholesteric arrangement, the linear polarization in a vertical (V) and horizontal 

(H) direction are measured for thin films of different thicknesses with the rubbing direction of the 

polyimide alignment layer both in the vertical direction and rotated +45° clockwise with respect to the 

incoming light. From the change in dichroic ratio, it can be determined if cholesteric ordering is present 

in the film and if it is left or right handed.  

 
Figure 2. Schematic representation of the alignment layer direction (white lines) and polymer transition dipole moment 
orientation (white arrows) of a left handed cholesteric film with thickness d = 1/8·pitch. By measuring the linear dichroism with 
ellipsometry in both orientations, alignment layer parallel with the vertical axis (Rub V) and rotated  clockwise  +45° (Rub cw 
+45°) with respect to the light source,  cholesteric ordering and the related handedness can be determined for films thinner 
than the pitch (d < p) as shown by Kulkarni and co-workers.

26
 

Kulkarni and co-workers additionally report the combination of experiments and modelling to 

determine the pitch of cholesteric fluorene copolymers.25 For this, the degrees of polarization in 

extinction (𝑝𝐸
𝑉𝐻) and in reflection (𝑝𝑅

𝑉𝐻) are measured for different thicknesses. To determine the pitch 

a model is fitted to the experimental data. 
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In this chapter, the phase behavior of the set alternating fluorene based copolymers described in 

Chapter 2 will be studied with differential scanning calorimetry (DSC), polarized optical microscopy 

(POM) and X-ray scattering. Furthermore, the chiroptical properties of the polymers will be investigated 

with circular dichroism (CD) spectroscopy and spectroscopic ellipsometry as a function of annealing 

temperature and film thickness. In addition, cholesteric ordering as a possible explanation for the 

chiroptical properties will be examined by ultraviolet-visible spectroscopy (UV-VIS) and ellipsometry. 

With this information at hand, we aim to give a detailed description of the relation between the 

molecular structure of alternating fluorene based copolymers and their chiroptical properties. 

Additionally, the stability of the chiroptical properties is monitored by CD, absorption and emission 

spectroscopy over a two month period. 

3.2 Phase behavior of the polymers set 

To determine the influence of the side chains on the phase behavior of the alternating fluorene 

based copolymers  P(F-alt-(S)Ph*), P((S)F*-alt-Ph), P((S)F*-alt-(S)Ph*) and P((S)F*-alt-(R)Ph*) a 

combination of differential scanning calorimetry (DSC), polarized optical microscopy (POM) and X-ray 

scattering has been used. 

Differential scanning calorimetry (DSC) has been performed with various heating and cooling rates to 

get clear transitions (Figure 3). Around 90 °C the first thermal transition was identified for all polymers. 

For diastereomers P((S)F*-alt-(S)Ph*) and P((S)F*-alt-(R)Ph*) this transition clearly showed a change of 

heat capacity indicative of a glass transition (Tg), while the transitions for P(F-alt-(S)Ph*) and 

P((S)F*-alt-Ph) could not be assigned definitely to a Tg solely based on the DSC trace. A second 

endothermic transition was found for P((S)F*-alt-Ph),  P((S)F*-alt-(S)Ph*) and P((S)F*-alt-(R)Ph*). This 

second transition was well pronounced for P((S)F*-alt-Ph) and P((S)F*-alt-(S)Ph*) while only a small 

transition was found for P((S)F*-alt-(R)Ph*). Strikingly, no second transition was found for 

P(F-alt-(S)Ph*) that has achiral instead of chiral side chains on the fluorene repeat unit.  

To investigate the nature of the transitions identified with DSC, (polarized) optical microscopy was 

used. Above the first thermal transition at ~90 °C a slight flowing of the material under applied pressure 

was observed for all four polymers. As a result, this temperature has been identified as their Tg. When 

the polymers were investigated under cross polarizers a clear birefringence became apparent for 

P((S)F*-alt-Ph), P((S)F*-alt-(S)Ph*) and P((S)F*-alt-(R)Ph*) above their Tg at 120 °C (Figure 4). 

Interestingly, above the Tg of 94 °C of P(F-alt-(S)Ph*) an isotropic phase was found instead of 

birefringence. Birefringence therefore appears to be solely induced by chirality on the fluorene repeat 

unit in these alternating fluorene based copolymers as no influence of the chirality on the phenyl repeat 

unit is found. 
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Figure 3. DSC traces (second or higher heating run) for (a) P(F-alt-(S)Ph*) (10 °C/min), (b) P((S)F*-alt-Ph) (5 °C/min), 

(c) P((S)F*-alt-(S)Ph*) (black line 40 °C/min, orange line 5 °C/min) and (d) P((S)F*-alt-(R)Ph*) (40 °C/min). Arrows indicate 

heating. Tg = glass transition temperature and T2 = second endothermic transition. 

 
Figure 4. Polarized optical microscopy (POM) images under cross polarizers of (a) P((S)F*-alt-Ph), (b) P((S)F*-alt-(S)Ph*) and (c) 

P((S)F*-alt-(R)Ph*). Picture taken after 5 minutes isothermal in their liquid crystalline phase at 120 °C. Scale bar equals 50 μm. 

Above the second endothermic transition (T2) at 200 °C P((S)F*-alt-Ph), P((S)F*-alt-(S)Ph*) and 

P((S)F*-alt-(R)Ph*) became less viscous and started to flow without external applied force. As above the 

T2 birefringence was not lost this second transition does not correspond to melting. The birefringence, 

however, as observed between their Tg and T2 became less pronounced above the T2. Therefore, the 

temperature range between their Tg and T2 was identified as the liquid crystalline phase for the 
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polymers with chiral side chains on the fluorene. Table 1 summarizes the location of the thermal 

transitions. 

Table 1. Glass transition (Tg) and a second endothermic transition (T2) temperatures for the polymers as  based on DSC and 
optical microscopy. 

a)
 heating with 10 °C/min, 

b)
 heating with 5 °C/min, 

c)
 heating with 40 °C/min. 

 

To further investigate the differences in birefringence and melting behavior between the polymers, 

X-ray scattering has been measured. For this, polymer was sealed in a glass capillary, annealed in an 

oven above their Tg (100 – 120 °C, 1h) and subsequently vitrified through cooling to ambient 

temperature. In addition, the polymers have been measured in their pristine state and after slow 

cooling. Here, slow cooling is used to indicate an annealing above their Tg (120 °C, 1 h), followed by 

annealing at 10 °C below their Tg (80 °C, 1 h) and subsequent slow cooling in the oven to room 

temperature overnight. This should reorganize the polymers into a more favorable interchain order.27  

For all polymers a peak was found with a maximum between 16.1 and 18.8 Å (Figure 5). This length is 

assigned to the end-to-end distance of the fully stretched alkyl chains. Semi-emperical modelling of a 

single P((S)F*-alt-Ph) monomer showed fully extended alkyl chains perpendicular to the fluorene with 

an end-to-end length of 17.7 Å in its minimum energy conformation (Figure 5b). Gaussian RHF/6-31G 

calculations of a similar chiral 9,9’dialkylated fluorene also showed full extension with comparable 

lengths of its side chains perpendicular to the fluorene.12 Additionally, a peak at 4.5 – 4.6 Å was found 

with a shoulder at 5.9 Å that is thought to be related to the spacing between intercalated alkyl chains.1,10   
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Figure 5. (a) X-ray scattering data of unannealed polymers measured in a glass capillary. For all thermal treatments these 
three peaks are found corresponding to d-spacings of 16.1 – 18.8 Å, 5.9 Å and 4.5 – 4.6 Å. (b) Optimized structure of the 
monomeric building block of P((S)F*-alt-Ph), based on semi-emperical modelling. The length of 17.7 Å corresponds to the 
fully stretched alkyl chains on the fluorene. 
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The width of the stretched alkyl chain peak provides information on the amount of ordering. For the 

thermally treated liquid crystalline P((S)F*-alt-Ph), P((S)F*-alt-(S)Ph*) and P((S)F*-alt-(R)Ph*) polymers 

only minor differences were found for the peak maxima and the full widths at half maximum (FWHM) 

(Figure 6 b-d). In stark contrast, the stretched alkyl peak of P(F-alt-(S)Ph*) (Figure 6a) that did not show 

liquid crystalline behavior has a significantly lower FWHM in the slow cooled state (0.28 Å-1) than in the 

annealed state (1.80 Å-1). This is indicative of a crystalline phase.  

The combined results of DSC, POM and X-ray scattering indicate that, interestingly, the thermal 

behavior is solely determined by the side chains on the repeat unit. When these side chains are chiral, 

two thermal transitions (Tg and T2) are found in between which a clearly birefringent liquid crystalline 

phase is present. In contrast, P(F-alt-(S)Ph*) that has achiral side chains on the fluorene repeat unit only 

one transition (Tg) is found and a complete lack of birefringence above this temperature. This is 

explained by the tendency of straight alkyl chains on fluorenes to crystallize due to favorable Van der 

Waals interactions.10,11,28 In comparison, the Van der Waals interactions of the chiral fluorene repeat 

unit are lower as a result of branching. This allows P((S)F*-alt-Ph), P((S)F*-alt-(S)Ph*) and P((S)F*-alt-

(R)Ph*) to exhibit liquid crystalline behavior. Unexpectedly, no significant influence of the side chains of 

the phenyl repeat unit is observed. 

 

Figure 6. MAXS data for (a) P(F-alt-(S)Ph*), (b) P((S)F*-alt-Ph), (c) P((S)F*-alt-(S)Ph*) and (d) P((S)F*-alt-(R)Ph*) measured at 

room temperature in their pristine state (black line), annealed (orange line) and slow cooled (blue line). 
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3.3 Chiroptical properties of the polymer set 

Having shown that chiral side chains on fluorene are the sole requirement in this polymer set for 

liquid crystallinity, we studied the effect of this liquid crystallinity or the lack thereof on the chiroptical 

properties. For this, the annealing temperature dependence and thickness dependence on the 

chiroptical properties of thin films were investigated. Films were prepared by spin-coating from 

chloroform on glass substrates. These polymer films were subsequently annealed for 15 minutes at 

various temperatures under inert atmosphere and subsequently vitrified into their glassy state upon 

cooling.7 After annealing at various temperatures and varying film thicknesses by changing the 

spin-coating conditions, circular dichroism spectrometry and spectroscopic ellipsometry was used to 

quantify the chiral order in the anisotropy factor g. A comparison of the gabs from both methods gave 

similar results and will therefore be used without further specification of the measurement technique. 

3.3.1 The influence of annealing on the absorption behavior 

To calculate gabs, the absorption spectra of the spin-coated thin films are required. While the 

absorption spectra expectedly varied in intensity for films of different thicknesses, no major differences 

were found in the normalized absorption spectra.  For a given thickness, a lower absorption was 

observed for the annealed films than for the unannealed films shown in Figure 7a for a spin-coated thin 

film of P((S)F*-alt-Ph) (d = 48 nm). The differences in absorption after annealing are thought to arise 

from chain reorganization. As a result a slightly broader absorption peak was found in the normalized 

absorption spectra (Figure 7b). From these spectra the major region of light absorption has been 

identified to be at wavelengths (λ) between 300 – 410 nm, with no absorption occurring at higher 

wavelengths (λ > 410 nm). This allowed S0  S1 optical transition has its maxima at ~375 nm, with only 

minor variations between samples (± 3 nm). The absorption spectra of these chiral alternating fluorene 

phenyl polymers are similar to their achiral analogues reported in literature.29,30  

 
Figure 7. (a) Absorbance and (b) normalized absorbance spectra of spin-coated thin film P((S)F*-alt-Ph) (d = 48 nm) on a glass 
substrate before annealing (black) and after annealing at 100 °C for 15 minutes. These spectra are representative for the other 
polymers and are found to match their achiral analogues.

29,30
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3.3.2 Temperature dependence of gabs 

The influence of the annealing temperature on the CD spectra required to calculate gabs is shown in 

Figure 8. As expected, negligible CD effect (maximum of -8 mdeg) was found for the unannealed samples 

(black line). After annealing thin films of P((S)F*-alt-Ph), P((S)F*-alt-(S)Ph*) and P((S)F*-alt-(R)Ph*) in 

their liquid crystalline phase (Tann = 100 – 120 °C), a clear negative Cotton effect was found in the lowest 

energy transition (λ = 300 – 410 nm) of the polymer (Figure 8, blue lines). The CD spectra also show CD 

signal at wavelengths where the material does not adsorb (λ > 410 nm) and is attributed to circular 

differential scattering.18 In contrast to the other polymers, annealed thin films of P(F-alt-(S)Ph*) (Figure 

8a) show much lower CD (15 mdeg) and of opposite sign. In addition, no significant dependence on 

annealing temperature was found. The low values and limited effect of annealing is related to the 

absence of a liquid crystalline phase for P(F-alt-(S)Ph*) and is attributed to local chiral ordering. 

 

 
Figure 8. CD spectra of thin films of (a) P(F-alt-(S)Ph*) (d = 50 nm), (b) P((S)F*-alt-Ph) (d = 115 nm), (c) P((S)F*-alt-(S)Ph*) 
(d = 55 nm), P((S)F*-alt-(R)Ph*) (d = 75 nm) measured at room temperature. Black lines indicate unannealed samples, pink 
dotted line in (b) indicates machine cut-off. P(F-alt-(S)Ph*) is annealed at 90 °C (blue line) and at 110 °C (orange line). 
P((S)F*-alt-Ph), P((S)F*-alt-(S)Ph*) and P((S)F*-alt-(R)Ph*) have annealed in their LC phase (100 °C, 120 °C and 120 °C 
respectively, blue line) and above their T2 (160 °C, orange line). 

The films with the largest CD signals also have the largest gabs in their absorption region (λ < 410 nm). 

Figure 9 shows the relation between the circular dichroism and gabs for an annealed thin film of 

P((S)F*-alt-(S)Ph*) (Tann = 120 °C, d = 81 nm). As can be seen, the maximum gabs is found at a slightly 

higher wavelength (λ = 392 nm) than the wavelength at maximum CD (λ = 387 nm). The maximum gabs is 

used in the upcoming Figures. 
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Figure 9. gabs (black) and CD (orange) spectra of spin-coated annealed P((S)F*-alt-(S)Ph*) (Tann = 120 °C, d = 81 nm). The units on 
the axis are for gabs and the CD units are arbitrary. 

3.3.3 Thickness dependence of gabs 

To investigate if the gabs of these polymers is an extensive (additive) or intensive (non additive) 

property, a thickness dependent study has been performed on a minimum of seven samples with d = 40 

– 100 nm. All samples were annealed at temperatures above their first thermal transition (100 – 120 °C) 

before measuring their circular polarized transmittance. Figure 10a shows gabs versus the film thickness, 

with 10b zoomed in on d = 0 – 200 nm for clarity. A contribution of linear dichroism to the gabs is 

excluded as only negligible amounts of linear dichroism were measured.31 

 

 
Figure 10. Film thickness dependence of gabs for P(F-alt-(S)Ph*) (black triangles), (P((S)F*-alt-Ph) (blue squares), 
P((S)F*-alt-(S)Ph*) (orange circles) and P((S)F*-alt-(R)Ph*) (pink rhombus). (b) shows the zoomed in region of d = 0 – 200 nm. 

As can be clearly seen from Figure 10, P((S)F*-alt-Ph), P((S)F*-alt-(S)Ph*) and P((S)F*-alt-(R)Ph*) 

(blue, orange and pink respectively) all show large negative gabs (~10-1) combined with a thickness 

dependence. For these polymers the gabs is therefore an extensive property. For d = 40 – 200 nm, the 

general trend is larger gabs for thicker films of P((S)F*-alt-Ph), P((S)F*-alt-(S)Ph*) and P((S)F*-alt-(R)Ph*). 

Above 200 nm no clear relation is found between gabs and the film thickness. More experiments have to 

be performed to determine if for d > 200 nm films an oscillation or saturation of gabs occurs and what 

the exact differences between the three polymers differing in side chains on the phenyl repeat unit are 

for these thicknesses. In contrast to these high gabs polymers, P(F-alt-(S)Ph*)  (black) neither shows high 

gabs nor thickness dependence. The intensive nature of gabs for P(F-alt-(S)Ph*) corresponds to a local  

chiral ordering of the polymer.16 
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3.3.4 Chiroptical properties in luminescence 

To investigate if the chiral order observed in absorption expresses itself in emission, circular polarized 

photoluminescence (CPPL) has been measured. Figure 11a shows the anisotropy factor in 

photoluminescence (gPL) to have a similar profile as found for its photoluminescence (PL) of a thin film of 

P((S)F*-alt-Ph) (d = 160 nm) after annealing.  These spectra are representative for the liquid crystalline 

polymers in this study. The PL spectrum is comparable as measured for similar achiral polymers.29 As the 

sign of both gPL and gabs are negative, a preferential absorption and emission of right circularly polarized 

light occurs. To see if the high gabs observed for thicker films (Figure 10a) translates into higher gPL, 

thickness dependence studies were performed for the three polymers (Figure 11b). For 

P((S)F*-alt-(S)Ph*) an increase in gPL with thickness is found. For P((S)F*-alt-(R)Ph*) and  P((S)F*-alt-Ph) 

an initial increase is found (d < ~300 nm), followed by a plateau and decrease at higher thickness. This 

later decrease is thought to arise from self-absorption. 

 
Figure 11. (a) Thin film circularly polarized photoluminescence (black, λex = 365 nm, d = 160 nm) and emission (orange, λex = 
370 nm, d = 60 nm) film of P((S)F*-alt-Ph). The y-axis depicts the anisotropy factor in photoluminescence (gPL), the 
photoluminescence (PL) intensity is arbitrary. (b) Film thickness dependence of gPL of (P((S)F*-alt-Ph) (blue), P((S)F*-alt-(S)Ph*) 
(orange) and P((S)F*-alt-(R)Ph*) (pink). Lines are drawn to guide the eye. 

3.4 Liquid crystalline ordering  

High gabs and its related thickness dependence in polyfluorenes has been attributed to cholesteric 

liquid crystalline order.17,18 To investigate the liquid crystalline phase of P((S)F*-alt-Ph), 

P((S)F*-alt-(S)Ph*) and P((S)F*-alt-(R)Ph*) ellipsometry and UV-VIS spectroscopy have been used to 

examine if the characteristics of cholesterics can be observed.  

3.4.1 Characterizing the type of liquid crystalline order 

First, the recently reported method utilizing linear dichroism explained at the beginning of the 

chapter was used.25 Films were prepared by spin-coating on alignment layers of rubbed polyimide and 

subsequently annealing in their liquid crystalline phase (Tann = 100 – 120 °C). Figure 12 shows the results 

for P((S)F*-alt-(R)Ph*) (d = 176 nm). In the transmission spectra where the alignment layer is parallel 

with the vertical direction (rub V), a preferential absorption of linear polarized light in the vertical 

direction is observed. This is expected when the polymer backbones, and with it their transition dipole 

moment, are aligned parallel to the rubbing direction for film thicknesses well below their pitch. Upon 

clockwise rotation  of +45° (rub cw 45°)  with respect to the incoming light,  a preferential absorption  of  
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Figure 12. (Top) Schematic of the direction of the polyimide alignment layer and the orientation of the transition dipole 
moments of the π-conjugated polymer chains in a thin film of annealed polymer. (a-d) linear dichroism in transmission and 
reflection of an annealed thin film of P((S)F*-alt-(R)Ph*)  (d = 176 nm). The rubbing direction is parallel with the vertically 
polarized light (left) and rotated clockwise over 45° (right). 

linear polarized light in the horizontal direction is observed. This indicates a left handed cholesteric 

arrangement as shown schematically in Figure 12. The reflection spectra agree with the assignment of a 

left handed cholesteric using the same reasoning with aligned transition dipole moments. Similarly, for 

P((S)F*-alt-Ph) and P((S)F*-alt-(S)Ph*) left handed cholesteric arrangement is found. 

To determine the pitch of the cholesteric arrangement aligned, annealed films of varying thickness 

were made.25 The degrees of polarization in extinction ( 𝑝𝐸
𝑉𝐻)  and in reflection (𝑝𝑅

𝑉𝐻)  were 

experimentally determined by measuring the linear polarized extinction and reflection in the vertical 

and horizontal direction for both film orientations (rub V and rub cw 45°). A damped oscillation curve is 

then fitted to the thickness dependence of 𝑝𝐸
𝑉𝐻. A damped oscillation is used as for thicker films more 

extinction occurs. To the thickness dependent data of 𝑝𝑅
𝑉𝐻 an undamped oscillation is fitted as it 

assumes that the linear polarization is solely determined by the orientation of the polymers in the top 

layer. Figure 13 shows the results for P((S)F*-alt-(R)Ph*). By using this theoretical model the pitches are 

estimated to be 720, 1500 and 850 nm for P((S)F*-alt-Ph), P((S)F*-alt-(S)Ph*) and P((S)F*-alt-(R)Ph*) 

respectively. The different pitches are explained by the different side chains on the phenyl repeat unit. 
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Figure 13. Experimental (dots) and modelled (line) degrees of linear polarization in extinction (a) and reflection (b) of annealed 
and aligned films of P((S)F*-alt-(R)Ph*) plotted against film thickness for orientations with rubbing direction vertical (black line, 
rub V) and rotated clockwise +45° (orange line, rub cw 45°). 

3.4.2 Identification of a stopband characteristic for cholesterics 

For the cholesteric polymers a stopband is expected to be observed for a 10 μm thick film based on 

the pitch lengths determined with the linear dichroism method (720 – 1500 nm).  Therefore, polymer 

has been put between two glass slides separated by a distance of 10 μm. These films have subsequently 

been annealed for 15 minutes in their liquid crystalline state to induce the cholesteric order. More 

experimental details can be found in the experimental section. 

Figure 14 shows the transmission spectra of the annealed 10 μm thick films. The oscillations on the 

curves come from the interference of the two glass substrates. The 0% transmission for λ < 410 nm 

corresponds to the absorption range of the polymers. For P((S)F*-alt-Ph) a stopband can be seen with a 

minimum at λ = 1100 nm. At this minimum 54% of the light is transmitted, which is close to the 

maximum of 50% for cholesterics using unpolarized light.32 For P((S)F*-alt-(S)Ph*) a minimum can be 

seen at λ = 2200 nm. Strikingly, for P((S)F*-alt-(R)Ph*) no stopband was found while its pitch was 

intermediate to the other two polymers. The continuous decrease in transmission for 

P((S)F*-alt-(R)Ph*) between wavelengths of 500 and 2000 nm is thought to arise from scattering, 

masking the presence of a stopband. 

 
Figure 14. Transmission spectra of 10 μm thick films of P((S)F*-alt-Ph) (black line), P((S)F*-alt-(S)Ph*) (blue line) and 

P((S)F*-alt-(R)Ph*) (orange line). 
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The pitch of the cholesteric P((S)F*-alt-Ph) and P((S)F*-alt-(S)Ph*) can be determined from the 

stopband using the Good-Karali model.33 This model is used as an additional technique to confirm the 

pitches found with the linear dichroism method. The sample thickness (10 μm) and dielectric function as 

measured with ellipsometry are required as input for the model. Through an iterative process the pitch 

can be found by comparing the modelled and experimental transmission spectra (Figure 15). This 

process confirmed the pitches to be 720 nm for P((S)F*-alt-Ph) and 1500 nm for P((S)F*-alt-(S)Ph*).  

 
Figure 15. Experimental (black line) and modelled (orange) transmission spectra of 10 μm films of (a) P((S)F*-alt-Ph) and 
(b) P((S)F*-alt-(S)Ph*) assuming a pitch of 720 nm and 1500 nm respectively. 

3.4.3 Origin of the stopband 

To investigate the origin of the stopband, preferential transmission and reflection of circularly 

polarized light was measured using ellipsometry on the 10 μm films. A preferred transmission of right 

circularly polarized light (RCPL) was observed for the three cholesteric polymers in this study through 

the positive degree of circular polarization in transmission (p
T

RL) near the pitch (Figure 16). This confirms 

the assignment of a left handed cholesteric arrangement. For P((S)F*-alt-(S)Ph*) only a small positive p
T

RL  

(0.085 at λ = 17000 nm) is found as the stopband lies outside the detection limit of the ellipsometer. 

Preferential RCPL transmission was observed for P((S)F*-alt-(R)Ph*) at lower wavelengths than for  

P((S)F*-alt-(S)Ph*). The opposite effect is expected as P((S)F*-alt-(R)Ph*) has a larger pitch (p = 850 nm) 

than  P((S)F*-alt-(S)Ph*) (p = 720 nm). The origin of this effect remains to be elucidated. 
 

 
Figure 16: Degree of circular polarization in transmission of P((S)F*-alt-Ph) (black), P((S)F*-alt-(S)Ph*) (blue) and 

P((S)F*-alt-(S)Ph*) (orange). Lines are drawn to guide the eye.   
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Additionally, the degree of circular polarization in reflection (p
R

RL) has been measured. For all three 

polymers only small p
R

RL is measured excluding a major contribution of preferential LCPL reflection to p
T

RL. 

As in this wavelength region no light absorption occurs, the major contribution to p
T

RL and therefore the 

major contribution to the stopbands of P((S)F*-alt-(S)Ph*) and P((S)F*-alt-(R)Ph*), is preferential 

scattering of left handed circularly polarized light. This is in contrast with the usual explanation of a 

stopband as a result of preferential reflection of circularly polarized light.23 

 

3.5 Effect of polymer degradation on chiroptical properties 

To determine the stability of the chiroptical properties in spin-coated annealed thin films exposed to 

air, the circular dichroism, absorption, emission and FT-IR spectra of P((S)F*-alt-Ph) and 

P((S)F*-alt-(S)Ph*) were monitored over a two months period. After 6 days a decrease in CD and 

absorption signal was observed (Figure 17). This initial decrease had no influence on gabs as the CD and 

absorption signals decreased proportionally. After two months however, the CD signal had almost 

completely vanished and with it gabs (0 – ~10-3). In this time period the absorption had decreased to 70% 

of its initial value, averaged over both polymers and various thinknesses.  

 

 
Figure 17. CD and absorption spectra for (a,b) P((S)F*-alt-(S)Ph*) (d = 65 nm) and (c, d) P((S)F*-alt-Ph) (d = 90 nm). 
The films were measured initially (black line), after 6 days (blue line) and after 2 months (orange line). 
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After 2 months, a bathochromic shift is observed in the emission spectra of the P((S)F*-alt-(S)Ph) and 

P((S)F*-alt-Ph) (Figure 18) indicative of fluorenone formation.34–37   For P((S)F*-alt-(S)Ph) the emission 

maximum had shifted from 417 nm to  446 nm, for P((S)F*-alt-(S)Ph) from 417 nm to 450 nm. The 

emission spectrum also became much broader. This red shift in the alternating fluorene copolymers is 

similar as reported for fluorene homopolymers and random fluorene copolymers.38 Fluorenone 

formation is observed for P((S)F*-alt-(S)Ph) and P((S)F*-alt-Ph) through the presence of a clear C=O 

stretch vibration at 1738 cm-1
 in the FT-IR spectra of the thin films after 2 months. This vibration was 

initially not present in the thin films. 

 
Figure 18. Normalized emission intensities of (a) P((S)F*-alt-(S)Ph*) (d = 65 nm) and (b) P((S)F*-alt-Ph) (d = 90 nm) 
 measured directly after spin-coating (black line) and after 2 months (orange line). 

These results indicate that fluorenone formation significantly influences the chiroptical properties in 

addition to resulting in broad low-energy emission bands. Therefore, for constant chiroptical properties 

the same solutions are suggested as proposed for stable blue emission. Of the various solutions 

discussed in Chapter 1, the use of ultra-pure dialkyl monomers for polymerization is suggested as this 

does not influence the cholesteric packing required for the chiroptical properties.36,39 As the other 

solutions (doping with antioxidants or blending the polyfluorenes) are expected to change the 

cholesteric packing, these solutions are not advised as they will influence the chiroptical properties.40–42 

3.6 Conclusion 

We have shown that solely the side chains on the fluorene repeat unit dictate the thermal phase 

behavior of P(F-alt-(S)Ph*), P((S)F*-alt-Ph), P((S)F*-alt-(S)Ph*) and P((S)F*-alt-(R)Ph*). The thermal 

phase behavior was investigated by DSC, POM and X-ray scattering. Two thermal transitions (Tg and T2) 

were found for P((S)F*-alt-Ph), P((S)F*-alt-(S)Ph*) and P((S)F*-alt-(R)Ph*) that have branched chiral 

side chains on the fluorene repeat unit. Between the Tg and T2 birefringence was observed by POM, and 

above the T2 this birefringence became less pronounced. This indicates the presence of a liquid 

crystalline phase between the Tg and T2. In contrast, only one thermal transition (Tg) is observed for 

P(F-alt-(S)Ph*) that has achiral side chains on the fluorene. POM showed no liquid crystalline phase, 

only an isotropic phase. This is attributed to the crystalline order introduced by the strong Van der 

Waals interactions of the straight alkyl chains on the fluorene repeat unit as evidenced by X-ray 

scattering.  
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Additionally, the chiral order (g) is also mainly influenced by the side chains of the fluorene repeat 

unit. When achiral side chains are present on the fluorene repeat unit, gabs is small (~10-3) and an 

intensive property. On the other hand, chiral side chains on the fluorene repeat unit lead to cholesteric 

liquid crystalline order and high gabs (~10-1, maximum value found -0.82). The high gabs observed is an 

extensive property as a dependence on thickness was observed where generally thicker films give higher 

gabs. The side chains on the phenyl repeat unit are expressed in different pitches of the cholesteric 

arrangement, and in different thickness dependent behavior of the chiroptical properties for thicknesses 

above 200 nm.  

These results combined show that cholesteric liquid crystallinity is induced by the chiral side chains 

on the fluorene and that a cholesteric arrangement is leads to high gabs in polyfluorenes. Furthermore, 

oxidation of the fluorene repeat unit into fluorenone leads to an almost complete loss of chiroptical 

properties. 

3.7 Experimental section 

3.7.1 Materials and methods 

Differential scanning calorimetry (DSC) data were collected on a DSC Q2000 from TA instruments, 

calibrated with an indium standard. The samples (3.7 – 8.5 mg) were weighed directly into aluminum 

pans and hermetically sealed. The samples were initially heated to 200 °C and then subjected to two 

heating/cooling cycles from 0 °C to 200 °C with rates of 5, 10 or 40 °C min-1. The data that is presented 

represents a second or higher heating cycle. The peak maximum is specified as the second endothermic 

thermal transition (T2). Glass transition temperatures (Tg) were assigned at the mid-point of the 

transition.  

Polarized optical microscopy (POM) images were recorded using a Nikon Ci-POL polarizing 

microscope equipped with a Berek compensator (retardation 0 to 1800 nm) with diascopic illumination 

under crossed polarizers. A Linkam LTS 420 temperature controller has been used to heat the samples. 

The samples were additionally measured after cooling from 200 °C to 120 °C with 40 °C/min. 

Bulk X-ray scattering was performed on an instrument from Ganesha Lab. The flight tube and sample 

holder are all under vacuum in a single housing, with a GeniX-Cu ultra low divergence X-ray generator. 

The source produces X-rays with a wavelength (λ) of 0.154 nm (CuΚα) and a flux of 1 × 108 ph s-1. 

Scattered X-rays were captured on a 2-dimensional Pilatus 300K detector with 487 × 619 pixel 

resolution. The sample-to-detector distance was 0.084 m (WAXS mode) or 0.431 m (MAXS mode). The 

instrument was calibrated with diffraction patterns from silver behenate.43 

Film thicknesses of the spin-coated polymer on clean glass slides have been determined for using 

Dektak 150 Surface Profiler. The thickness of films spin-coated on a rubbed polyimide layer are assumed 

to be of similar thickness as determined for those on clean glass slide under similar conditions of spin-

coating.  

Circular and linear polarized transmission of the thin films was measured on a Jasco J-815 CD 

spectrometer (λ = 305 – 600 nm; Δλ = 0.1 nm; continuous mode; scan speed = 200 nm/min; bandwidth = 

3 nm, response time = 0.5 seconds) for samples with CD < 2000 mdeg (generally d < 100 nm). The 

samples were positioned with the polymer layer directly facing the light source. Films with larger CD 
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signals than 2000 mdeg and films on rubbed polyimide layers were measured on a Woollam WVASE 

ellipsometer using the general Mueller matrix measurement protocol. 

Unpolarized absorption and transmission has been measured on PerkinElmer Lambda 1050 UV-VIS 

spectrophotometer with a PerkinElmer 3D WB Detector module (λ = 305 – 3000 nm; Δλ = 0.2 nm). 

Emission spectra were recorded on a Luminescence Spectrometer LS50B from PerkinElmer 

(λex = 330 nm or 370 nm). Circular polarized photoluminescence spectra were recorded on a SpectraPro-

300i from Acton Research Corporation (PM-voltage = 800 V, 5 measurements of 30 s per film) using a 

home-built setup with a photoelastic modulator and a 16-channel photomultiplier array with a photon 

counting detection scheme. The excitation light was generated from a Hg lamp. Appropriate 

interference and bandpass filters and optical fibers were used to select depolarized light of λex = 365 nm. 

The thin film was placed perpendicular to the excitation light and emission collection. 

Modelling of the Good-Karali model was performed with an in house model written by dr. S.C.J. 

Meskers based on the equations reported by Good and Karali.33 The required dielectric function of the 

polymer thin films on polished silicon wafers (Silicon Materials, d = 525 ± 25μm) was measured with 

ellipsometry. 

FT-IR spectra were recorded in thin film on a Bruker Alpha Platinum-ATR. 

  

3.7.2 Sample preparation 

The X-ray scattering samples were prepared by filling the polymer (to about ~2 mm) in a glass 

capillary from Hilgenberg with a diameter of 0.1 mm, glass thickness 0.01 mm and length of 80 mm. For 

annealing samples were put in an oven at 120 °C for 1 hour and subsequently taken out of the oven to 

cool down to room temperature (RT). The slow cooled samples were heated in an oven to above their Tg 

at 120 °C for 1 hour, followed by 1 hour below their Tg at 80 °C. Cooling from 80 °C to RT occurred 

overnight as the oven cooled down to RT. The pristine sample underwent no thermal treatment. All 

samples were measured at room temperature. 

Polyimide alignment layers were prepared on 2.5 cm x 2.5 cm glass slides cleaned by sonication for 

10 min each with acetone and isopropyl alcohol. Subsequently, the glass slides were etched in a 

UV-ozone photoreactor (PR-100) for 30 min. Polyimide (AL 1051) was spin-coated on etched glass-slides 

(5000 rpm, 40 s, 500 rpm acceleration) and then annealed at 180 °C for 90 min. The polyimide facing 

side was rubbed on a velvet cloth to induce planar alignment. 

The solution for spin-coating was prepared by heating the polymer in chloroform (c = 10 – 51 mg/mL) 

for 2 hours in an oil bath at 70 °C. This solution was spin-coated (500 – 4000 rpm, 60 s, maximum 

acceleration) within an hour after cooling down to RT on clean glass slides (cleaned by sonication for 10 

min each with acetone and isopropyl alcohol) or rubbed polyimide coated glass slides. Spin-coating was 

carried out on a spin-coater from Headway Research. To obtain different film thicknesses, various 

concentrations of stock solution (10 – 51 mg/mL) and rotational speeds (500 – 4000 rpm) of spin-coating 

have been employed. The films required for the dielectric function measurements were spin-coated (60 

s, maximum acceleration, 1000 rpm, 8 mg/mL) on silicon wafers (cleaned by sonication for 10 min each 

with acetone and isopropyl alcohol). Samples were stored under ambient conditions covered with 

aluminum foil to minimize exposure to light. 

Films of 10 μm were prepared by heating polymer in the center of a clean glass slide to above its Tg 

(120 °C) on a hot plate. After 10 minutes the polymer became less viscous and photoactive glue (UVS 91, 
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Norland Products) with glass beads (SP-210, micropearls (10 μm), Sekisui) were applied to the corners of 

the glass slide. Then, a second clean glass slide was carefully lowered onto the sample and pressed to 

get a 10 μm thick film, as determined by the size of the glass beads. Care was taken to not let the glue 

and polymer touch. Subsequently the glue was cured under an UV-lamp with a mask to keep the light 

from illuminating the polymer. After 20 minutes the sample was removed from the UV-light and 

annealed on a hot plate (120 °C, 15 minutes) to ensure a uniform spreading and thickness of the 

polymer between the two glass plates. Using the same procedure aligned 10 μm films were prepared by 

using glass slides with rubbed polyimide. The two aligned glass slides had their alignment in the same 

direction. 

 

3.7.3 Calculation of gabs 

Circular polarized absorption spectra were used to calculate gabs of films prepared throughout this thesis. 

For most dilute samples in solution, the dominant process is the absorption. However for thin-films, 

scattering and reflection of circularly polarized light become significant in addition to absorption. Thus, a 

more accurate description of gabs calculated from CD spectroscopy for thin-films is gE (anisotropy factor 

in extinction). For the sake of simplicity and ease of understanding gabs is used throughout this report, 

although a more accurate description would be gE.
44  

The spectrometer directly reports the circular dichroism (CD) data required to calculate gabs using the 

following formula44: 

𝑔𝑎𝑏𝑠 =  
𝐴𝐿 − 𝐴𝑅

1
2

(𝐴𝐿 + 𝐴𝑅)
=

∆𝜀

𝜀
=  

𝐶𝐷 (𝑚𝑑𝑒𝑔)

�̅�(𝑎𝑏𝑠) × 32980
 

The factor of 32980 abs×mdeg-1 is used as a conversion factor between millidegrees and absorbance. 

The maximum gabs for the thin-films studied is reported. 

To calculate gabs from ellipsometry results, both the degree of circular polarization in transmission 

(𝑝𝑇
𝑅𝐿) and the average transmission (𝑇𝑎𝑣) are required. 𝑝𝑇

𝑅𝐿 is obtained as the 1,4 element of the 

normalized Mueller matrix. The maximum 𝑝𝑇
𝑅𝐿  at a particular wavelength has been used in the 

calculations. 𝑝𝑇
𝑅𝐿  has the same sign as gabs and is defined as: 

 𝑝𝑇
𝑅𝐿 =  

𝑇𝑅− 𝑇𝐿

𝑇𝑅+ 𝑇𝐿
=

𝑇𝑅− 𝑇𝐿

2 × 𝑇𝑎𝑣
  

This can be rewritten to obtain the transmission of right and left handed circularly polarized light, TR and 

TL respectively. By taking TR = 2 ×Tav - TL with Tav = ⅟2 (TR + TL), and similarly TL = 2 × Tav - TR, the following 

equations are found expressing the circularly polarized transmission in 𝑝𝑇
𝑅𝐿 and 𝑇𝑎𝑣: 

𝑇𝑅 = (1 + 𝑝𝑇
𝑅𝐿) × 𝑇𝑎𝑣;           𝑇𝐿 = (1 − 𝑝𝑇

𝑅𝐿) × 𝑇𝑎𝑣 
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Subsequently, the negative logarithm of TR and TL was taken (ER and EL, respectively). Using ER and EL, 

anisotropy in circularly polarized absorption was calculated from the following equation:  

𝑔𝑎𝑏𝑠 =  
𝐸𝐿 − 𝐸𝑅

1
2

(𝐸𝐿 + 𝐸𝑅)
=  

𝐸𝐿 − 𝐸𝑅

�̅�
 

The polarized transmission measured with CD spectroscopy is baseline corrected. The ellipsometry 

data is baseline corrected by using the absorption from the spectrophotometer measurements, when 

the UV-VIS and ellipsometry were measured on the same day. For samples measured on different days, 

0.109 correction factor has been substracted from the average absorbance measured with the 

ellipsometer to account for its absorbance overestimation. The value of 0.109 is based on comparison 

between the absorption as measured by the ellipsometer and the dual beam spectrophotometer. 
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Conclusions and outlook 
Organic semiconductor based devices are more and more implemented in our everyday society. To 

optimize these devices their structure-properties have to be understood.1–4 One type of interesting 

organic semiconductors are polyfluorenes due to their  high photoluminescence quantum efficiency, 

good charge-transport properties and easy processing.5 It is shown that when chirality is introduced in 

polyfluorenes, interesting chiroptical properties such as circularly polarized luminescence (CPL) occurs.6–

8 Ideally, one could tune the emission wavelengths of the fluorene by copolymerization while 

maintaining the advantages of high photoluminescence and CPL. However, the relation between the 

molecular structure and these chiroptical properties remains to be elucidated. 

In this study, we aim to further understand the relation between the molecular structure and the 

properties in fluorene based polymers. To achieve this, a set of four structurally related alternating 

copolymers has been designed based on dialkylated fluorene and dialkoxylated phenyl repeat units. This 

polymer set is comprised of diastereomers and constitutional isomers by side chains variation between 

achiral n-octyl and chiral (S/R)-3,7-dimethyloctyl while maintaining the same flexible π-conjugated 

backbone (dihedral barrier between monomers of ~3kcal/mol). We show the successful synthesis of 

these polymers using Suzuki polycondensation yielding polymers with molecular weights ranging from 

19.500 to 25.500 g/mol and dispersities ranging from 1.56 to 2.04. 

These polymers are thoroughly characterized with a variety of microscopic and spectroscopic 

techniques to identify the following structure-property relations. Chiral side chains on the fluorene 

repeat unit induce a cholesteric liquid crystalline order. This cholesteric arrangement is found to give 

high gabs and glum. In stark contrast to the cholesteric polyfluorenes is the polymer with achiral side 

chains on the fluorene that did not show liquid crystalline behavior and no high gabs. This difference is 

explained by the strong favorable Van der Waals interactions between achiral side chains that induce 

crystallization and therefore hamper the formation of a liquid crystalline phase and its related 

chiroptical activity. 

The influence of the side chains on the phenyl repeat unit is expressed in different cholesteric pitch 

lengths. Surprisingly, below thicknesses of 200 nm no major differences in chiroptical properties are 

found between the cholesteric polymers with different side chains on the phenyl repeat unit and the 

same chiral side chains on the fluorene repeat unit. We explain this as follows: the side chains on the 

fluorene are bound to a sp2 carbon, whereas the side chains on the phenyl are bound to a sp3 hybridized 

oxygen atom. As a result, the side chains on the fluorene are limited in their adoptable conformations, 

while the side chains on the phenyl have more conformational freedom.4 As a result, the properties of 

the alternating polyfluorenes are mainly determined by the side chains on the fluorene. A flexible 

backbone is required to accommodate the structural distortions imposed by the side chains on the 

fluorene repeat unit.  
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To summarize, the following requirements have been found to induce cholesteric liquid crystalline 

behavior and high chiral response (gabs or glum) in alternating fluorene based copolymers; i) chiral side 

chains located on the fluorene repeat unit; ii) a comonomer that has a low dihedral barrier with the 

fluorene monomer to accommodate structural distortions; iii) a comonomer that has a low tendency to 

crystallize as to not hamper the formation of the cholesteric liquid phase.  

The thickness dependence on the chiroptical properties for d > 200 nm of the cholesteric polymers 

remains to be elucidated. Therefore, the chiroptical response at more data points for d > 200 nm has to 

be measured. The thickest film obtained is this study (d = 750 nm) did not homogenously cover glass 

slide. Therefore, for thicker films, other techniques may have to be utilized. Thicker films are interesting 

as then the film thickness comes close to the pitch of the cholesteric. 

The design requirements identified in this study explain the high chiroptical response in alternating 

fluorene benzothiadiazole copolymers.9,7 In order to further explore the possibilities of the design 

requirements for high chiral order in polyfluorenes, other comonomers than benzothiadiazole can be 

investigated to be used in a donor-acceptor type polymer following the requirements found is this 

study. A fluorene based donor-acceptor repeat unit can tune the emission wavelength while maintaining 

the advantages of the fluorene system such as high photoluminescence quantum efficiency, thermal 

stability and high chiral order. This can help in increasing the efficiency of optoelectronic devices such as 

organic light emitting diode displays.10 
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hier aan mee te doen een wekelijks smulmomentje in stand houdt; Diederik, Geert, Simone, Lioba, 

Lisette, Tom, Christiaan, Rick, Koen, Marle, Marnie, Jorn en natuurlijk ook Sandra. Met plezier kijk ik 

terug naar het fotoshoppen, dansen, zingen en lachen wat ik in het kantoor heb kunnen doen met jullie 

enthousiaste ontvangst. 

Natuurlijk moet ik ook mijn vrienden op de begane grond bij SFD bedanken. Sterre, Daniëlle en 

Nadia, jullie hebben me erg geholpen tijdens sommige sample bereidingen en door mee te denken met 

mijn project als het over de eigenschappen van vloeibare kristallen ging. 

Verder dank ik al mijn vrienden voor de leuke tijd, zowel binnen de studie als er buiten. 

Tot slot wil ik graag mijn familie bedanken voor hun ondersteuning tijdens dit project. Pap, mam, 

Henri, bedankt voor jullie steun gedurende mijn gehele studie zodat ik deze goed af kon ronden terwijl 

ik al mijn hobby’s kon blijven beoefenen. 


