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SUMMARY 

Structure Creation of P3HT in Solution 

 

 

 

 The global energy demand will continue to increase in the coming decades. The 

drawbacks of the main energy sources which are currently used (fossil fuels, 

nuclear fission), are part of the incentive to further develop technologies capable of 

using renewable energy sources, such as solar energy. Solar cells convert solar 

photons into electricity and the amount of electricity that can be produced is 

strongly dependent on the efficiency of the photovoltaic device and the available 

surface area. Organic solar cells are a promising low-cost alternative to silicon-

based solar cells, as they can be fabricated by inkjet or roll-to-roll printing of 

organic materials. However, they are characterized by lower power conversion 

efficiencies and limited life times.  

 

 In polymer/fullerene photovoltaic cells, the photoactive layer of consists of a 

donor (D) material (polymer, here poly(3-hexylthiophene), P3HT) and an acceptor 

(A) material (fullerene, e.g., PCBM). The morphological requirements are sufficient 

layer thickness (photon absorption, exciton generation), large D-A interface area 

accessible within the exciton diffusion limit (free charge generation) and co-

continuous pathways to the electrodes (charge transport).  

 P3HT/PCBM solar cells have been profiled in literature as a model system and 

the photoactive layer of these devices is generally prepared by casting an ink, a 

homogeneous solution of both D and A materials in organic solvent, on a substrate 

by spin coating. During deposition and evaporation, the photoactive layer 

morphology is formed by crystallization of the components (P3HT forms semi-

crystalline nanowire structures) and this “kinetically frozen” morphology can be 

further optimized by post-production thermal annealing. Therefore, the final 

photoactive layer morphology is strongly dependent on processing conditions and 

external factors. The development of an ink, which contains already the desired 

P3HT nanostructures or their precursors, can provide increased control over the 
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formed morphology since structure formation can then be decoupled from the 

deposition step. 

 In the research described in this thesis, we have investigated the intrinsic 

conformational properties of P3HT, as function of molar mass and regioregularity 

(RR), as well as the structure formation of P3HT in solution (toluene), with respect 

to time and temperature.  

 

 Chapter 2 starts with the experimental study of the fundamental single chain 

properties of different P3HT polymers by small-angle neutron scattering (SANS). We 

use limiting low q analysis to obtain estimates for molar mass (Mw) and radius of 

gyration (〈Rg
2〉1 2⁄ ). We show that conventional characterization by SEC significantly 

overestimates the molar mass of P3HT and observe an effective scaling relationship 

between chain length and 〈Rg
2〉1 2⁄  where the exponent ν = 0.66 is determined both 

by stiffness and excluded volume interactions in the chain. A measure for the 

chain stiffness of the polymer chain, persistence length (Lp), was determined by the 

Holtzer method. The persistence length scales linearly with polymer regioregularity 

(studied for 89% ≤ RR ≤ 99%, with 38 Å ≤ Lp ≤ 51 Å).  

These estimates are obtained via model-independent analyses and can, 

therefore, be considered the best available experimental values for these polymers. 

In the Appendix to Chapter 2, we show that widely employed form factors 

developed for semi-flexible polymers, do not accurately fit the SANS patterns of 

P3HT.  

 

 To provide better understanding of the influence of chain stiffness and excluded 

volume interactions on the chain conformational properties, we describe the 

computational study of coarse-grained semi-flexible polymer chains (without and 

with excluded volume interactions) in Chapter 3. Configurational-bias Monte Carlo 

(cbMC) simulations of chains with different length and bending stiffness are 

analyzed for the average squared end-to-end distance 〈R2〉 and radius of gyration 

〈Rg
2〉, and persistence length Lp. The form factor P(q) is calculated and the Holtzer 

method, to experimentally determine Lp, is validated with proportionality constant 

C = 3.6 ± 0.2. The size of the chains shows a variety of intermediate scaling 

exponents depending on chain length N and bending constant kb. Excluded volume 

interactions, implemented as a hard sphere interaction potential, influence the size 

and persistence of flexible polymer chains. With increasing stiffness, the excluded 
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volume contribution diminishes gradually, with the decay being slower for longer 

chains. At the rigid rod level, the excluded volume effect is absent and, therefore, 

the Holtzer analysis remains unaffected. 

 Simulation of P3HT polymers as semi-flexible hard sphere chains (SFHSC) and 

comparison with the experimental form factors (studied in Chapter 2), show that 

excluded volume effects should be included when accurately describing these 

polymers.  

 

 Chapter 4 describes the phase behavior of P3HT as investigated with differential 

scanning calorimetry (DSC). We study the melting behavior of different P3HT 

polymers (in powder form) and the influence of molar mass and regioregularity. For 

short chains with low RR, the effect of regioregularity dominates the melting point 

depression. For solutions of P3HT with toluene or ODCB, binary phase diagrams 

are constructed and an additional reversible invariant thermal transition is 

observed. At low concentrations, the melting point depression with respect to RR is 

similar to the behavior observed for the powders. We have strong indications of a 

different morphology of the P3HT dispersions in toluene versus ODCB. 

 

 Solutions of low-polymer content RR-P3HT in toluene undergo gelation when 

stored at ambient temperatures. The network formation and its internal structure 

are investigated in Chapter 5, by combining rheological measurements and SANS 

and varying the isothermal aging temperature and time. Upon cooling the 

homogeneous P3HT solution and crossing the sol-gel point, the network structure 

grows rapidly and continues to evolve for isothermal aging times of up to 8 hours 

at room temperature.  

Cryo-TEM images of the gelled samples indicate an inhomogeneous 

morphology, which we show consists of a P3HT-depleted matrix phase and P3HT-

enriched domains, the latter containing cross-link clusters. The elastic modulus of 

the bimodal P3HT network is dominated by the internal structure of the P3HT-

enriched clusters, i.e., the cross-link domains.  

 



 

 

 



 

 

 

CHAPTER 1 

Introduction 

 

 

 

 The global energy problem and the drawbacks of current energy producing 

technologies serve as motivation for research on organic solar cells. Basic working 

principles, device architecture and standard solar cell characterization are 

discussed, before highlighting two major routes leading to improved performance: 

active layer morphology optimization and molecular design. More detailed 

information on the properties of the model system P3HT/PCBM is given and 

influential processing parameters are discussed. Finally, the objective of this thesis 

is formulated, followed by the organization of the chapters.  
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1.1  The Energy Challenge 

 Throughout history, people have become increasingly dependent on energy. 

Western societies even demand a guaranteed and continuous supply of energy as it 

is required in all aspects of daily life. In 2012 the global primary energy 

consumption increased by 1.8%, less than the 10-year average of 2.6%, but still 

estimated at approximately 524 EJ. This corresponds to an overall power of 17 TW. 

China was the most consuming country with a share of 21.9%, comparable to the 

regions North America (21.8%) and Europe as a whole (23.5%), placing Asia in the 

energy consumption statistics with a share of 40.0% and a 4.7% growth since 

2011. The continent of Africa also noted a +4.7% change during 2012, but this 

developing region only makes up for 3.2% of the global primary energy 

consumption, for now.1 In addition, the prospected growth of the human 

population from 6.9 billion in 2011 to 9.3 billion in 2050 is believed to occur 

mainly in less developed regions, while the population in more developed countries 

will remain essentially unchanged (1.2 billion in 2011 to 1.3 billion in 2050).2 Both 

phenomena combined will lead to a severely increased global demand for energy in 

the coming decades.  

 

 Nowadays, the main sources of energy are fossil fuels (87%, of which 33% oil, 

24% natural gas and 30% coal), nuclear fission (4.5%) and renewable energy 

sources (8.5%).1 Both fossil fuels and nuclear fission technologies come with 

serious drawbacks and (can) have a large impact on the environment. The limited 

supply of fossil fuels makes this energy source destined to fall short in the future. 

The geographic distribution of oil, natural gas and coal sources is restricted to 

certain regions of the world, which results in political and economic imbalance. 

Furthermore, the use of fossil fuels is inevitably linked to the production of 

greenhouse gases and the issue of global warming, as 56.6% of the greenhouse 

gases emitted by human activity originate from the consumption of fossil fuels.3 

 Nuclear fission of uranium, on the other hand, does not contribute to climate 

change but creates large amounts of nuclear waste which need to be stored for 

decades, if not centuries, awaiting the decay of the formed isotopes. The potential 

danger of this technology has been confirmed by nuclear disasters, the most recent 

in Fukushima, Japan in 2011 where an earthquake caused equipment failure 

leading to nuclear meltdowns and the release of radioactive materials from the site.  
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 Renewable energy is considered a potential replacement for these traditional 

energy sources as they are often also referred to as “clean” sources of energy with a 

smaller ecological footprint. Some examples of renewable energy sources are 

hydroelectric (78% of the total energy consumption from renewables),1 solar, wind, 

geothermal and biomass. Disregarding hydroelectricity, renewable energy 

consumption noted a 15.2% increase over 2012,1 illustrating the growing relevance 

of these technologies. Scarcity of elements or materials is less of an issue in this 

case, but while the combustion of biomass is still related to the production of 

greenhouse gases impacting climate change, other renewable sources are 

characterized by notable geographical limitations.  

 Solar energy, however, is distributed abundantly, albeit not evenly,3 over the 

entire earth’s surface, allowing technologies which exploit this source to be used 

without geographical restrictions. Approximately 1.2·105 TW of solar energy 

continuously reaches the earth’s surface, of which an estimated maximum of 

1.5·103 TW is available to be put to human use, significantly (almost 100 times) 

higher than the present annual global consumption.3 As solar energy can be 

transformed into both heat and electricity, further references to solar energy 

technology are directed towards the conversion of solar energy into electricity by 

use of photovoltaic devices or solar cells (SCs).  

 

 There are still a number of challenges to overcome before solar energy 

technology can provide a large part of the energy demand. The amount of electricity 

that can be produced from solar energy depends heavily on the efficiency of the 

devices used and the available surface area. For silicon-based solar cells, averaging 

at an efficiency of 15-20%, an area the size of at least 425·103 km2 (covering, e.g., 

85% of Spain) is required to meet the 2012 global energy consumption of 17 TW.4 

The requirement for vast areas covered with solar panels makes the total 

production cost an important consideration. Silicon-based solar cells are 

characterized by a high cost per unit area due to the sensitivity of the fabrication 

process to impurities, requiring large clean room facilities. Also, the limited 

availability of silicon will make this raw material increasingly more expensive with 

time.  

 Organic solar cells (OSC), fabricated by inkjet or roll-to-roll printing of organic 

materials, can be a promising low-cost alternative. Challenges in different aspects 

of this technology still hamper its commercial development, as they are 



Chapter 1 

4 

characterized by lower power conversion efficiencies and shorter life times than 

their inorganic substitutes.  

 

1.2  Organic Photovoltaic Cells 

 In 1839, Becquerel first demonstrated the photovoltaic effect, by which photons 

are converted into electricity.5 The first silicon solar cell was reported in 1954,6 

while the presence of the photovoltaic effect in organic semiconductors was first 

patented in 1979.7  Photovoltaic cells can be categorized according to the types of 

materials used in the photoactive layer of the devices. Inorganic solar cells are 

often based on silicon and come in two varieties. Traditional silicon solar cells have 

a hundreds of micrometer thick layer of high-purity defect-free silicon single 

crystals. They hold the majority of the market share of currently available 

photovoltaic technology with a reported record performance of 25.0%.8 Thin film 

devices have an active layer in the range of only few hundred nanometers thick and 

can be made from nanocrystalline (10.1%) or amorphous silicon (10.1%) or other 

materials, e.g., copper indium gallium diselenide (CIGS, 19.6%) or cadmium 

telluride (CdTe, 18.3%).8 

 Organic solar cells typically group photovoltaic technologies that contain at 

least one organic component in the photoactive layer. The most common categories 

are: dye sensitized (Grätzel, 11.9%) solar cells,8 hybrid solar cells, which use 

organic materials as matrix in which inorganic semiconducting nanoparticles are 

embedded (3%)9 and all-organic technologies. The latter contain small molecule 

solar cells,10 fabricated through vacuum deposition, and solution processed SCs. 

Solution processed organic solar cells (10.7%)8 can be all polymer cells, small 

molecule cells10 or polymer/fullerene cells,11–14 the latter being by far the more 

developed and most promising technology, often referred to simply as organic solar 

cells. 

 

 Figure 1-1 shows the organization of layer stacks that make up a conventional 

OSC device. The transparent substrate (here glass) is coated with a transparent 

electrode, in laboratory devices mostly indium tin oxide (ITO). A hole conductive 

layer such as poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) 

is deposited on top to facilitate hole extraction. An electron collecting electrode, 

often lithium fluoride/aluminum, is placed on top of the photoactive layer. The 

difference in work function of the two electrodes creates the internal electric field 
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responsible for the generated free charges to move in opposite directions to their 

respective electrodes. 

 

Figure 1-1. Device architecture of a typical organic solar cell. 

 

 A solar cell is characterized by the current that can flow as a voltage is applied 

across the electrodes. From the measured current density-voltage (J-V) curve, a 

number of characteristic properties can be determined (Figure 1-2). The open-

circuit voltage (Voc) is defined in the condition where the total current through the 

illuminated cell is zero. The short-circuit current density (Jsc) is defined at zero 

applied bias, as if the circuit was short-circuited. The maximum power point (MPP) 

is the point where the product of J and V is maximal and the cell produces its 

maximum power Pmax. The ratio of Pmax and Jsc∙Voc is defined as the fill factor (FF), 

a measure of ideality (Equation 1.1). The power conversion efficiency (PCE, η) is 

defined in relation to the maximum power point as the ratio of Pmax and Pin, the 

power of the incoming light (Equation 1.2).  

 FF = 
Pmax

Jsc∙Voc
 = 

Jmax∙Vmax

Jsc∙Voc
                     (1.1) 

 η = 
Pmax

Pin
 = 

FF∙Jsc∙Voc

Pin
                      (1.2) 

 Standard testing conditions for solar cells set Pin = 100 mW cm-2 at illumination 

by the AM1.5G reference solar spectrum (air mass 1.5 global).15 This spectrum 

represents the light that reaches the earth’s surface with a solar zenith angle of 

48.2° (locations at temperate latitudes) after traveling through 1.5 times the 

thickness of the earth’s atmosphere on a clear sunny day. This spectrum is 
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simulated in the measurement setup by a lamp and the appropriate filters. 

Certified efficiencies are measured at institutes such as the National Renewable 

Energy Laboratory (NREL) (USA) or the National Institute of Advanced Industrial 

Science and Technology (AIST) (Japan). 

 

Figure 1-2. Typical J-V characteristics of an organic solar cell in dark (dashed line) and 
under illumination (solid line). 

 

1.3  Working Principle of Bulk Heterojunction SCs 

 The working principle of an organic photovoltaic cell (OPV) is illustrated in 

Figure 1-3.16 The consecutive steps in the process of converting solar photons into 

electricity are explained in detail, noting the requirements they impose on the 

materials and device structure.  

 The photoactive layer of these cells is built up by an electron-donating (donor, 

D) material and an electron-accepting (acceptor, A) material. In the majority of 

material combinations, the donor is responsible for the absorption of photons, 

therefore this point of view is presented in Figure 1-3. Upon absorption, a tightly 

bound electron-hole pair (exciton) is created which is located on the donor material 

(a). The amount of absorbed photons is directly related to two aspects posing a first 

set of requirements. The overall photoactive layer thickness is an important factor 

determining whether sufficient photons can be absorbed. Generally, dimensions of 

100 nm are considered optimal, as can be checked by optical modeling. Also, the 

absorption spectrum of the photoactive material should be well matched with the 

solar emission spectrum.  
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 In contrast to inorganic materials, the exciton binding energy in organic semi-

conductor materials is several orders of magnitude larger (0.4-0.6 eV)17–19 due to 

the low dielectric constant of this type of materials. Only after diffusing to a 

heterojunction between donor and acceptor (b), the photogenerated exciton can be 

split into free collectable charges (c). The diffusion length of this electron-hole pair 

is limited to approximately 4-20 nm,20–22 the exciton diffusion length in common 

conjugated polymers. Maximizing free charge generation, a heterojunction should 

be present within these spatial restrictions from any point within the bulk of the 

photoactive layer. At the donor-acceptor interface, the electron that was promoted 

to the lowest-unoccupied molecular orbital (LUMO) of the donor by absorption of a 

photon, transfers from the donor material to the lower energetic LUMO of the 

acceptor, effectively splitting the exciton into a free hole on the donor and a free 

electron on the acceptor (d). Provided there are co-continuous pathways of both 

phases to the electrodes, the charges can be collected and a current can flow 

through the cell (e, f). 

 

 

Figure 1-3. Energy diagram showing stepwise the conversion of light into electricity in an 
organic donor-acceptor solar cell; (a) generation of an exciton by absorption of a photon, (b) 
diffusion of the exciton to the interface, (c) charge transfer, (d) charge generation, (e) 
charge transport and (f) charge collection at the electrodes. 

 

 Listed above, the morphological requirements for the active layer, which allow 

efficient power conversion, are sufficient layer thickness, access to a D-A 

heterojunction interface within the exciton diffusion limit and co-continuous 

pathways of both materials to the electrodes. Maintaining a total layer thickness in 
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the range of 100 nm, a bilayer morphology where donor and acceptor materials are 

layer stacked vertically (Figure 1-4a), complies to two of these requirements but 

falls short in converting a sufficient amount of the formed excitons into free 

charges. The average distance an exciton needs to overcome to reach the donor-

acceptor interface is too large and recombination processes hamper the generation 

of free charges. Reducing the overall photoactive layer thickness and thus the 

average distance to the heterojunction, limits light absorption and will negatively 

impact the efficiency (Figure 1-4b). 

 The bulk heterojunction morphology (BHJ) adds a large interface area 

distributed throughout the bulk of the photoactive layer to the conditions already 

met by the thick bilayer construction. Figure 1-4c shows schematically how in the 

bulk heterojunction donor and acceptor are blended together with a phase 

separation in the order of nanometers, while maintaining continuous pathways to 

the electrodes for each of the two materials.23,24 

 

 

Figure 1-4. Photoactive layer morphologies in donor (red) - acceptor (blue) organic solar 

cells; (a) thick bilayer, (b) thin bilayer, (c) bulk heterojunction. 

 

 The large interface between donor and acceptor constitutes the risk of increased 

bimolecular recombination probability as free electrons and holes are in close 

vicinity of each other while traveling to their respective electrodes. This means that 

the dimensions of phase separation should be tuned accordingly, as a trade-off 

between exciton diffusion length and recombination probability.  

 

1.4  Evolution of Organic Solar Cell Materials 

 A nanoscale morphology intermixing both donor and acceptor positively 

influences the power conversion efficiency. Tuning the intrinsic properties of the 

photoactive layer materials is another focal point in the improvement of these solar 
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cells. Below, some historically important, model materials and state-of-the-art 

materials are discussed.  

 

1.4.1  Donors 

 The organic semiconducting polymers used in OPVs have evolved tremendously 

in the past decades. The Nobel prize winning discovery at the end of the 1970s (by 

Heeger, MacDiarmid and Shirakawa, Nobel Prize in Chemistry 2000)25 in which 

doped polyacetylene (the prototype π-conjugated polymer) was shown to reach a 

conductivity level similar to metals,26,27 marked the start of decades of intense 

research. While polyacetylene is an insoluble material, it was recognized that 

highly soluble conductive polymers were needed. The first generation of these new 

materials included polyphenylenevinylenes (PPV) and polythiophenes (PT). The first 

solution processed BHJ solar cell consisted of poly[2-methoxy-5-(2’-ethyl-

hexyloxy)-1,4-phenylenevinylene] (MEH-PPV) in a 1:4 ratio with acceptor PCBM 

(see the section below).24 While the synthesis methods were optimized, improving 

purity, molecular weight and batch-to-batch uniformity, the influence of processing 

parameters became apparent when the use of chlorobenzene instead of toluene 

almost tripled the PCE to 2.5% in poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-

phenylenevinylene] (MDMO-PPV)/ PCBM solar cells.28 A new synthesis route for 

MDMO-PPV delivered high-molecular weight and low-defect level polymers, 

showing the importance of controlling the polymer regularity, with efficiencies of 

nearly 3%.29 The relatively large bandgap and low charge transport mobility moved 

the interest from PPV-based polymers to poly(alkylthiophene)s, among which 

poly(3-hexylthiophene) (P3HT) received most attention. Intense research devoted to 

different aspects of synthesis and processing led relatively quickly to 5% efficient 

P3HT/PCBM solar cells.30,31  

 Polyfluorenes32 and polycarbazoles33 were developed later as deep highest-

occupied molecular orbital (HOMO), high Voc materials. Still suffering from small 

photocurrent and wide bandgap, the attention was shifted to lower bandgap 

materials (lower than 1.8 eV). Bridged bithiophenes (cyclopentadithiophene-based 

polymers), such as PCPDTBT and its silicon-bridged counterpart (Si-PCPDTBT) still 

showed a low Voc.34 

 The first material class combining small bandgap with low HOMO is PTB-based, 

where side chains with electron donating or electron withdrawing properties 

allowed tuning of, respectively, the HOMO and LUMO levels of the polymer and 
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efficiencies of 6% were reported.35,36 Figure 1-5 shows the chemical structures of 

some of the discussed donor polymers. 

 

Figure 1-5. Molecular structure of selected donor polymers. 

 

1.4.2  Acceptors 

 The wide range of donor polymers stands in large contrast with the limited 

amount of acceptor materials developed since the introduction of the bulk 

heterojunction. Making well-performing polymeric acceptors was proven 

challenging, therefore n-type small molecules are most often used, soluble 

derivatives of the C60 and C70 fullerenes in particular. The first reported solution 

processed BHJ solar cells were made with [6,6] phenyl-C61-butyric acid methyl 

ester ([60]PCBM). At the time efficiencies around 1% were reached and this 

acceptor is still today the most popular one for OPVs.23,24,37,38 Noteworthy also is 

[6,6] phenyl-C71-butyric acid methyl ester ([70]PCBM) which shows a higher 

absorption in the visible region due to lower symmetry.39 

 

1.5  Properties Influencing the Morphology in P3HT/PCBM 

 Since the first encouraging P3HT/PCBM solar cell report in 2002,40 record 

efficiencies for this material combination in the range of 5% have been 

achieved.30,31 Furthermore, P3HT/PCBM has been labeled as a model system as 

these active materials are by far the most studied in this field.41 
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 Generally, the photoactive layer is formed by casting an ink, a homogeneous 

mixture of P3HT and PCBM in an organic solvent, on the substrate by spin coating 

or other deposition methods. The phase separation driven by crystallization of the 

components during deposition and evaporation of the organic solvent determine 

the initial morphology which can be considered a kinetically frozen state.12,42,43 

Post-production thermal annealing has been shown to facilitate reorganization and 

further crystallization yielding more efficient solar cells.44–47 The final active layer 

morphology that is achieved when processing these materials is heavily dependent 

on intrinsic properties of the materials, external factors and processing 

parameters. Below we provide an overview of some important material properties 

and influential processing conditions. For more detailed information, we refer to 

the many reviews published on the topic.11–14,41,48–51  

 

1.5.1  P3HT 

 Poly(3-alkylthiophene)s are built up from asymmetric monomers that can 

couple at the 2- and 5-positions leading to polymers with different degrees of 

regioregularity (RR). The formation of head-to-tail (HT), head-to-head (HH) and tail-

to-tail (TT) dyad bonds results in four regioisomeric triads, shown in Figure 1-6 

(HT-HT, TT-HT, HT-HH and TT-HH).52–54 The percentage of HT bonds defines the 

regioregularity of the chain, an intrinsic property which in case of P3HT (and its 

non-hexyl derivatives) influences the chain behavior and its performance in 

devices. The synthesis approach determines the grade of regioregularity achievable, 

e.g., oxidative polymerization uncontrollably links successive monomers producing 

regiorandom P3HT, while highly regioregular P3HT was first prepared by Rieke53 

and McCullough.52,55 

 

 P3HT samples with high regioregularity show beneficial properties such as a 

redshift in the absorption spectrum56 up to 650 nm with a band gap of 1.9-

2.0 eV,12,51 an increased solid state absorption coefficient57,58 and a high mobility of 

charge carriers μ
h
.59 Regioregular P3HT chains adopt a more extended conjugation 

than their regiorandom alternative, due to the possibility of co-planarity of 

successive thiophene rings in the absence of steric hindrance originating from HH 

couplings.51 The nearly planar conformation of HT-P3HT results in efficient 

packing and higher crystallinity. 
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Figure 1-6. Isomeric triads of 3-substituted polythiophenes. 

 

 Also the molar mass of the polymer can be controlled by the synthesis 

procedure. Increasing the molecular weight affects the absorption properties of the 

polymer. The solid state absorption maximum λmax is red-shifted by more than 

100 nm as Mn is increased by a factor 10.60 Also the charge carrier mobility for 

holes μ
h
 in P3HT increases with molecular weight.61,62 Although the polydispersity 

(PDI) will influence, e.g., crystal packing, a clear influence on the performance 

cannot be found.41,63  

 

 Highly regioregular polymer chains of P3HT (with large Mw) form semicrystalline 

nanowires, where laterally stacked thiophene main chains are separated by the 

alkyl side chains and in the length dimension the nanowire is built up by multiple 

of these lamella via  π- π interactions.54,55,59,64,65 These nanowires are formed upon 

evaporation of the solvent as a film is cast from the ink by any deposition method. 

The creation of these semi-crystalline ordered structures is crucial to reach good 

performance (charge carrier mobility and beneficial dimensions for BHJ 

morphology). Another approach grew P3HT nanofibers in solution by lowering the 

sample temperature66–69 or by addition of poor solvent such as hexane.70,71 

 

 The gelation of P3HT in organic solvents such as toluene and xylenes has severe 

influence on the processing abilities as spin coating or inkjet printing experience 

difficulties to produce homogeneous layers. The formation of a dense network is 

described as a two-step process: polymer chains form aggregates through π- π 

stacking, which in a second step form a network as these clusters are linked to 
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each other.63,72 Films produced from gelled P3HT samples have been characterized 

with high charge carrier mobility and efficient charge transport due to the presence 

of an electrically percolated network.73–75 

 The crystallization and melting behavior of regioregular P3HT depend strongly 

on the molar mass and regioregularity of the polymer, resulting in a large spread in 

results. Glass transition temperature Tg values, e.g., of -14, -3, 5.8, 12, 12.1, 45 

and 110 °C have been reported in literature.76–79  

 

1.5.2  PCBM 

 The most prominent functional property of PCBM is its very high electron 

affinity which results from its energetically low-lying LUMO.80 Like other soluble 

fullerene derivatives, PCBM molecules can pack in crystalline structures which can 

conduct charges with high electron mobility.81,82 The absorption of PCBM is limited 

to short wavelengths up to 400 nm.39,83 The phase diagram of pure PCBM is 

characterized by a crystallization peak at 231.8 °C, double melting peaks at 

267.5 °C and 287.7 °C and glass transition at 131.2 °C.78 

 

1.5.3  Influence of Processing Conditions on the Blend Morphology 

 The properties of both donor and acceptor individually are important, and 

also the common influence of presence of both components is crucial to obtain a 

proper morphology and good overall properties. As the photoactive layer is usually 

prepared from a homogeneous solution of both P3HT and PCBM in an organic 

solvent, first parameters of importance are the solvent, D-A ratio in the blend and 

concentration. By comparing different blend ratios of P3HT/PCBM, an eutectic 

phase diagram was constructed from differential scanning calorimetry (DSC) 

thermograms, with the eutectic point at approximately P3HT mass fraction 

wP3HT = 0.65. From the maximal photocurrent, a slightly hypoeutectic composition 

was concluded to be optimal, wP3HT ≈ 0.50-0.60. This can be explained by 

considering the impact of the composition on the efficiency of three important 

processes in the photoactive layer. Photon absorption increases with the polymer 

content, but the gain is limited by the thin layer dimension. The interfacial area is 

maximized at the eutectic point; the ideal composition for efficient charge 

separation. Balanced charge transport on the other hand, is achieved at 

hypoeutectic compositions, by reaching higher electron mobility μ
e
 with increasing 

PCBM content.84,85 As a result of the trade-off between the efficiency gain of the 
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latter two processes, a 1:1 blend ratio is most often used in these polymer/ 

fullerene solar cells.86  

 

 A relatively large range of solvents is accessible for processing P3HT/PCBM 

solutions,87 although chlorobenzene (CB) and ortho-dichlorobenzene (ODCB) seem 

to be best-suited.12,13 The solvent of choice does not seem to influence the solid 

state absorption below 400 nm, attributed to PCBM, but affects the absorption by 

P3HT much like discussed previously.87 Use of two-solvent blends, combining a low 

and high boiling point solvent, have shown to produce thin films with better 

properties such as improved photocurrent density.88 Many groups have used the 

approach of specialized co-solvents (additives) such as octanethiol89 or 1,8-

octanedithiol90 to improve the active layer morphology.91–93 Varying the 

concentration of the ink influences the viscosity of the solution and the 

performance.94 Gelation can take place during the storage of P3HT/PCBM 

solutions at room temperature due to aggregation of the components in solution. 

When choosing a solvent system, however, it is also important to consider 

industrial regulations (and financial consequences) regarding the use of, e.g., 

chlorinated solvents. As a “green” energy source, the production of organic solar 

cells should preferably also be based on environmentally friendly processes and 

materials. 

 

 Optimizing the active layer morphology after deposition and increasing the 

device performance is possible by applying a thermal annealing step. Since first 

reported,95 many groups have investigated the optimal temperature and duration of 

this post processing step, mostly ranging from 110 to 160 °C for 1 to 30 minutes,41 

e.g., depending on regioregularity59,96 and molecular weight of P3HT.97–100 During 

annealing, the small P3HT clusters generated during, e.g., spin coating, grow into 

larger fibrillar crystals or nanowires.44 The faster crystallization of P3HT compared 

to PCBM, enables free diffusion of PCBM molecules into clusters which can then 

slowly crystallize. In case of solvent-assisted annealing, the spin cast film is left to 

dry slowly in, e.g., a covered petri dish, with similar performance enhancement as 

result.31,101 The effects of either type of annealing include increased crystallinity,45 

red-shifted absorption onset and increased absorption coefficient,45,102 larger hole 

mobility46,47 and higher fill factors.  
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 The semicrystalline P3HT phase shows a melting point depression and glass 

transition temperature elevation with increasing PCBM concentration.79,103 The Tg 

of the typical 1:1 P3HT/PCBM blend is less than 40 °C,30,31,103,104 so that at room 

temperature the film morphology is stabilized. However, it is much lower than 

normal solar cell operating temperatures which can go up to 80 °C. Options to 

improve the morphological stability include cross-linking,105 the use of 

compatibilizers106 or replacing P3HT by a polymer with higher Tg and better 

miscibility with PCBM.78 

 

1.6  Objective and Outline of this Thesis 

 The research reported in this thesis is part of a larger project focusing on the 

creation of nanostructures in solution. The photoactive layer in organic solar cells 

is commonly prepared from a solution in which donor and acceptor are molecularly 

dissolved. This homogeneous solution is then used as an ink during solution 

processing, achieved by methods such as spin coating, doctor blading, inkjet or 

roll-to-roll printing. As discussed earlier in this chapter, the bulk heterojunction 

morphology of the photoactive layer is considered crucial in producing efficient 

photovoltaic devices. Starting from a homogeneous blend, phase separation is 

induced by evaporation during deposition and further developed during thermal 

annealing steps. The morphology created is therefore strongly dependent on 

external factors such as evaporation rate, humidity, ambient temperature, which 

are often difficult to control, especially when changing deposition methods. 

Creating the desired nanostructures or their precursors in solution was thought to 

provide increased control over the formed morphologies. The decoupling of the 

deposition step and morphology creation could mean a step forward in morphology 

control and transferability of the technology.66–71 

 With this objective in mind, we investigated the nanostructures which were 

formed by P3HT in solution while varying parameters such as temperature, time, 

concentration, etc. The main solvent choice was toluene, which is a non-

chlorinated alternative to conventional ODCB or chloroform. While the attempt to 

obtain a stable dispersion of functional nanostructures was not successful, we did 

study in great detail the structure formation of P3HT in solution under different 

conditions and investigated fundamental chain properties of P3HT as a semi-

flexible polymer.  
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 In Chapter 2 we discuss how a set of P3HT samples with varying regioregularity 

was synthesized and dilute solutions of these polymers as well as two commercial 

samples were measured with small-angle neutron scattering. We determined the 

fundamental chain properties of P3HT, such as weight average molar mass, radius 

of gyration and persistence length, and a linear dependence of chain stiffness with 

regioregularity was found. Use of models, developed for semi-flexible chains, in the 

analysis did not provide a good estimate for the chain parameters. More details are 

collected in the Appendix to Chapter 2. 

 In Chapter 3 (configurational-bias) Monte Carlo simulations of relatively short 

polymer chains with varying stiffness and excluded volume interactions were 

performed. We study the size and the persistence length for different conditions 

and the single chain scattering form factor, looking at the effects of chain length, 

stiffness and excluded volume. The chapter is built up according to chain models: 

freely jointed chain, semiflexible chain and semiflexible hard-sphere chain model. 

In the final section, we discuss the simulation of equivalent P3HT chains and 

compare the results with experiment (Chapter 2). 

 Chapter 4 discusses the phase behavior of P3HT. Using a selection of the 

sample set introduced in Chapter 2, crystallization and melting is investigated with 

DSC. Then, phase diagrams are constructed, for P3HT polymers with different 

molar masses and grades of regioregularity and in different solvents. Multiple 

phase transitions were identified. 

 In Chapter 5 the structure formation of P3HT in solutions of toluene is 

investigated with a series of techniques such as rheology, DSC, SANS and cryo-

TEM. We measure gel formation and investigated some influential parameters. 

With the variety of analysis techniques we characterize the structure formation 

process at different length scales.  

 Giving an overview of the thesis, the Epilogue serves as an outlook and 

technological assessment. Results from the various chapters are linked together 

and reflected upon in the framework of the original objective and the current ideas 

in the field of organic photovoltaics.  
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CHAPTER 2 

The Influence of Regioregularity on the 

Determination of Fundamental Chain 

Parameters of P3HT by SANS 

 

 

 

 Information on fundamental chain parameters for conjugated polymers widely 

employed in organic electronics is often missing. Nevertheless, these fundamental 

parameters are essential to understand, e.g., the flow, gelation and crystallization 

behavior of polymers during processing. In this study we characterized a self-

synthesized set of poly(3-hexylthiophene) polymers with varied regioregularity 

(89%-98.5% RR) and two commercially available polymers, using SEC, NMR, UV-

vis absorption spectroscopy and small angle neutron scattering (SANS). By SANS, 

the fundamental parameters, Mw, 〈Rg
2〉1 2⁄  and Lp, are determined. We use 

conventional limiting low q analysis to obtain the best possible estimates for the 

values of Mw and 〈Rg
2〉1 2⁄ . A measure for the stiffness of the polymer chains is 

determined by the Holtzer analysis and a linear dependency of Lp on the 

regioregularity can be observed, 38 Å for 89% RR to 51 Å for 99%. The 

experimentally observed scaling relationship of 〈Rg
2〉1 2⁄  versus chain length N 0.66 

cannot be interpreted using available theory for semi-flexible excluded volume 

chains, showing the need for more appropriate theoretical models for P3HT 

specifically and other conjugated polymers in general. 
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2.1  Introduction 

 As generally known for polymers, molar mass and molar mass distribution 

(polydispersity index, PDI) influence, e.g., the crystallization and melting behavior 

of the polymer. This applies also to poly(3-hexylthiophene) (P3HT), as previously 

described in literature.1,2 The regioregularity (RR) of P3HT has been shown to affect 

the rate of crystallization, the degree of crystallinity, the melting point of the 

polymer and the characteristics of the crystals formed.3–5 Molar mass and 

regioregularity can also affect the viscosity and the rheological behavior of the 

polymer solutions that are used in the production process of the solar cell device, 

with possible formation of the gel phase of P3HT during this processing step.  

 Moreover, molar mass and regioregularity are important for additional 

fundamental polymer characteristics, i.e. the radius of gyration 〈Rg
2〉 and the 

persistence length Lp of the polymer molecules. Although some early reports of 

persistence length of regiorandom poly(3-alkylthiophene)s (P3ATs) can be found,6–8 

surprisingly, for highly regular P3HT polymers and for other conjugated polymers 

which are used nowadays in research, information on these fundamental chain 

parameters is largely missing. In a recent publication, the persistence length of 

P3ATs was determined by SANS, as a function of RR and side chain length, with 

attention for backbone torsion.9 However, the analysis was based on form factor 

models and the results were obtained without taking into account the finite 

thickness of the polymer chains. 

 

In this chapter, we describe the synthesis of a set of P3HT polymers with 

varying regioregularity. These polymers and two commercial samples are 

accurately characterized by conventional techniques (size exclusion chromato-

graphy (SEC), NMR, UV-vis absorption spectroscopy) and by small angle neutron 

scattering (SANS) with the aim to determine the basic parameters. The SANS data 

will be interpreted using a model-independent data analysis, revealing the 

influence of regioregularity on the chain characteristics. Weight average molar 

mass Mw and 〈Rg
2〉1 2⁄  are calculated from the behavior at low q; Lp of the polymers 

is determined via the Holtzer approach. 

An alternative approach for data analysis using widely employed form factors 

developed for semi-flexible polymers is available in the Appendix to Chapter 2. The 

Appendix also contains additional information on P3HT synthesis, characterization 

and SANS analysis. 
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2.2  Experimental Section 

2.2.1  Materials 

 P3HT polymers with different molar mass and regioregularity were used in this 

study. Commercially available P3HT samples were purchased from Merck (Lisicon 

SP001) and Plextronics (Plexcore OS2100). The synthesis of eight other samples is 

described in Section 2.3.1. An overview of the P3HT polymers is given in Table 2-2. 

All solvents and chemicals regarding the synthesis were purchased from Sigma-

Aldrich and used without further purification.  

Toluene-d8 with deuteration grade 99.6% was used for SANS experiments. 

Toluene (AR grade) used in UV-vis absorption spectroscopy measurements was 

purchased from Biosolve. 

 

2.2.2  Conventional Characterization Methods 

 Size exclusion chromatography (SEC) was performed in CHCl3 after calibration 

with polystyrene (PS) standards and using a photo diode array at 254 nm. Proton 

nuclear magnetic resonance (1H NMR) spectra of the polymer solutions were 

recorded using a Bruker Avance 500 MHz spectrometer. UV-vis absorption 

measurements were performed employing an Ocean Optics setup consisting of a 

DT-mini-2-GS light source combining a tungsten and deuterium lamp for an 

expanded wavelength range and USB4000 spectrometer.  

 

2.2.3  SANS Setup and Data Treatment 

 Small angle neutron scattering experiments were carried out using instrument 

D11 at the Institut Laue-Langevin (ILL), Grenoble, France.10,11 Data were taken in a 

range of momentum transfer q from 0.00326 ≤ q (Å-1) ≤ 0.52 by using the following 

instrument configurations: a neutron wavelength 𝜆 of 6.0 Å with a wavelength 

spread of 9% in combination with three sample-to-detector distances of 1.2 m, 8 m 

and 20 m (respective collimation distances of 5.5 m, 8.0 m and 20.5 m). The 

exposure time for each setting was 2 minutes, 15 minutes and 45 minutes, with 

transmission of the samples measured for 2 minutes at 8.0 m.  

A two-dimensional 3He detector with 128 × 128 pixels of size 7.5 × 7.5 mm² was 

used to collect the scattering intensities. The toluene-d8 scattering pattern was 

collected for background subtraction. Furthermore, Cadmium was measured for 

taking into account the electronic background and demineralized water of 1 mm 

thickness (and an empty cell as water background) was measured as secondary 
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calibration standard (cross-calibrated against well-characterized h/d polymer 

blends). The data were put on absolute scale with the known differential scattering 

cross-section of water, being 0.983 cm-1 at 6.0 Å, as determined for D11. All 

measurements have been corrected for dead time effects. The data were reduced 

using the ILL software package LAMP. In a first step, the two-dimensional data 

were normalized pixel by pixel, and then subsequently, one-dimensional scattering 

curves were obtained by radial averaging.12  

 

2.2.4  Sample Preparation for SANS and UV-vis 

 For SANS, solutions of P3HT in toluene-d8 were prepared in concentrations of 

(0.25 and) 0.5 wt% and stirred at 70 °C to obtain homogeneous solutions. P3HT 

solutions were placed in fused silica cells (Hellma) with Teflon stopper with an 

optical path length of 2 mm and width of 2 cm, allowing a larger neutron beam 

diameter. The cells were loaded in a sample changer thermostated at 70 °C with a 

water bath. For UV-vis absorption spectroscopy, 0.5 wt% solutions of P3HT in 

toluene were prepared following the same procedure. Samples in fused silica 

cuvettes with a 0.1 mm optical path length (Hellma) were measured at 70 °C in a 

water thermostated cell holder.  

 

2.3  Results and Discussion 

2.3.1  Synthesis 

2.3.1.1  Synthesis of Poly(3-hexylthiophene)s 

 2,5-Dibromo-3-hexylthiophene was prepared according to literature.13 A dry 

250 mL three-neck flask was flushed with nitrogen and charged with 2,5-dibromo-

3-hexylthiophene (5.318 g, 16.31 mmol) and anhydrous THF (8 mL). A 2 M 

solution of t-butyl magnesium chloride (8.16 mL, 16.31 mmol) in diethyl ether 

(Et2O) was added via a syringe and the mixture was stirred at room temperature for 

90 minutes. Anhydrous THF (160 mL) was added to dilute the solution, followed by 

the addition of the corresponding catalysts (ratio amounts shown in Table 2-1). The 

polymerization was allowed to proceed for 10-15 minutes at room temperature and 

then quenched with methanol. The precipitate was filtered and extracted with 

methanol, hexane and chloroform. P3HT samples (labeled 1 to 8) with different RR 

were synthesized by interchanging catalyst combinations, as shown in Table 2-1.  

 From the SEC-traces the number, weight and z-average molar masses and 

polydispersity index (Mw/Mn) were determined. Regioregularity was determined  
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Table 2-1. Overview of the selected catalysts, their ratios and the resulting regioregularity. 

 P3HT Catalyst 
Mol. 

Catalyst 
Ratio 

RR / 
% 

1 P3HT-98.5 Ni(dppp)2Cl2 1 98.5 

2 P3HT-98 Ni(dppp)2Cl2 1 98 

3 P3HT-97 Ni(dppe)2Cl2 1 97 

4 P3HT-96 Ni(PPh3)2Cl2 / Ni(dppp)2Cl2 1 : 1 96 

5 P3HT-95 Pd(dppe)2Cl2 / Ni(dppf)2Cl2 1 : 1 95 

6 P3HT-92 Ni(PPh3)2Cl2 / Ni(dppp)2Cl2 3 : 1 92 

7 P3HT-91 Pd(dppe)2Cl2 / Ni(dppf)2Cl2 1 : 1 91 

8 P3HT-89 Ni(dppf)2Cl2 1 89 

 

with 1H NMR for samples 1 to 8. Previous studies14,15 showed that the α-methylene 

protons of the alkyl group could be resolved by two different dyads: head-to-tail 

(HT) and head-to-head (HH). Taking that into account, the HT and HH distribution 

was determined from the expanded 1H NMR spectrum of the polymers between 2 

and 3 ppm to characterize the regioregularity. The HT distribution typically shows 

up at 2.8 ppm while the HH shows up at 2.58 ppm. Representative 1H NMR spectra 

are available in the Appendix.  

 Two commercial samples were added to this set: Merck Lisicon SP001 (9) and 

Plextronics Plexcore OS2100 (10). Characterization by SEC was performed in 

house; regioregularity of the commercial samples was used as reported by the 

suppliers.  

 

 An overview of the basic molecular characteristics of the samples is given in 

Table 2-2. Regioregularity varies between 89% and 99% HT. Samples 1 to 9 are 

situated within a fairly narrow range of molar mass distribution, while the 

commercial sample of Plextronics differs significantly in Mn and the other averages 

due to its large polydispersity index. 

 

 With this synthesis approach we attempted to construct a sample series with 

varying regioregularity while minimizing differences in molar mass. However, 

independent variation of parameters was not achieved and the molar mass of the 

polymers was influenced depending on the synthesis method. The synthesis 

mechanism utilized in this approach is explained in more detail below.  
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Table 2-2. Overview of P3HT samples used in this work with regioregularity (1H NMR) and 
molar mass (SEC) information.  

 P3HT RR / % 
Mn† /  

kg mol-1 

Mw† /  

kg mol-1 

Mz† /  

kg mol-1 
PDI 

1 P3HT-98.5 98.5 15.9 19.2 22.7 1.2 

2 P3HT-98 98 21.9 23.6 25.1 1.1 

3 P3HT-97 97 18.5 24.7 29.7 1.3 

4 P3HT-96 96 18.7 25.5 31.5 1.4 

5 P3HT-95 95 14.4 21.0 27.0 1.5 

6 P3HT-92 92 12.5 21.6 37.8 1.7 

7 P3HT-91 91 7.9 9.8 12.2 1.2 

8 P3HT-89 89 9.5 11.9 14.6 1.3 

9 P3HT-94.7M 94.7 18.1 39.2 77.3 2.1 

10 P3HT-99P 99 59.8 183.9 469.0 3.1 

  † Uncertainty of ±5% on the determined molar masses needs to be taken into account.16 

 

2.3.1.2  Mechanistic Implications 

 Polythiophene polymerization by the Grignard Metathesis (GRIM) synthesis is 

characterized by a quasi-living nature, evidenced by a nearly linear increase of 

degree of polymerization with degree of conversion. The mechanism of GRIM 

polymerization shows the stability of the putative associated pair between the Ni(0) 

complex and a growing chain with degree of polymerization k. Previous studies 

suggested that the chain growth reaction consisted of a three-step cycle consisting 

of oxidative addition, transmetalation and elimination, where the transmetalation 

step was the rate determining step.17–27 Despite multiple studies on how GRIM 

proceeds, the diffusion capabilities of the Ni catalyst are still under debate.28–32 The 

McCullough group has recently provided insight into the role of the Ni catalyst on 

the chain growth and molecular weight distribution of the resultant polymer.33 In 

particular, we have utilized the possibility that the growing chain undergoes 

reversible dissociation/association with Ni(0), effectively “diffusing” between the 

growing chains. Such Ni(0) diffusion in GRIM has been recently proposed and 

confirmed by Rawlins et al.34 Therefore, in the GRIM mechanism the Ni catalyst, 

much like Pd catalysts which polymerize polythiophenes, can associate and 

dissociate along the polymer chain. More information on the proposed mechanism 

can be found in the Appendix. 
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The regioregularity achieved during the polymerization is a function of the type 

of catalyst and the ligands which surround it during the reaction. For example, 

switching to a more liable ligand leads to a reduction of the regioregularity as 

shown in literature.35 Adding different catalysts to the polymerization mixture and 

utilizing the exchange of catalysts among different polymer strands, the 

mechanism allows for the growth of a regiorandom polymer that is a function of 

type, concentration and ratio of the catalysts in the polymerization. In this study, 

the abovementioned principles have produced polymer chains with different grades 

of regioregularity ranging between 89% and 98.5% HT.  

 

2.3.2  SANS Results 

2.3.2.1  Scattering due to Concentration Fluctuations and Form Factor 

 The neutron scattering cross-section was determined as a function of 

concentration and scattering vector q for all samples indicated in Table 2-2 at 

70 °C. The recorded absolute scattering cross-sections of the samples contain an 

incoherent contribution, carrying no structural information, and coherent 

contributions due to density fluctuations and concentration fluctuations. To obtain 

the scattering related to the concentration fluctuations in quasi-binary mixtures of 

solvent and polymer, the incoherent scattering largely caused by the hydrogenated 

material and the coherent scattering caused by density fluctuations, are removed 

from the measured signal by subtracting the scattering of the pure components in 

the appropriate volume ratio.36 Hence we write 

∂σ

∂Ω
(q)|

conc
= 

∂σ

∂Ω
(q)|

total
- ϕ0

∂σ

∂Ω
(q)|

0
- ϕ1

∂σ

∂Ω
(q)|

1
≅  

∂σ

∂Ω
(q)|

total
- ϕ0

∂σ

∂Ω
(q)|

0
   (2.1) 

with 
∂σ

∂Ω
(q)|

X
the absolute coherent scattering cross-section due to concentration 

fluctuations (X = conc), the total scattering cross-section (X = total), the total 

scattering cross-section of the solvent (X = 0) and of P3HT (X = 1) and ϕi the 

volume fraction of component i in the mixture. The volume fractions of the mixture 

components are calculated from the mass fraction assuming that mixing is not 

accompanied by volume changes; details are provided in the Appendix. In the last 

step use is made of the fact that for the dilute solutions used here, ϕ1 is small and 

the scattering of the pure polymer will not have a significant contribution to the 

total scattering cross-section.  
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In practice, the correction as given by Equation 2.1 will not be perfect due to 

experimental uncertainties in the scattered intensities and volume fractions and a 

residual background signal may remain; hence the experimental scattering cross-

section is represented by  

∂σ

∂Ω
(q)|

conc,exp
= 

∂σ

∂Ω
(q)|

conc
+ B                    (2.2) 

with B a (small) residual background intensity assumed to be independent of q. For 

sufficiently dilute solutions, the scattering cross-section arises solely from the form 

factor P (q), representing the intramolecular correlations in the chain, and the 

neutron scattering cross-section per unit volume can be written as37  

∂σ

∂Ω
(q)|

conc
V ⁄ = bv

2
 ϕ1 

Mw

NA
 vs

1 P (q) S (q, ϕ1) = bv
2
 ϕ1 

Mw

NA
 vs

1 P (q)           (2.3) 

with bv the contrast factor per unit volume, Mw the weight average molar mass, NA 

Avogadro’s number, vs
1 the specific volume of the polymer and S (q, ϕ1)  the 

structure factor, representing intermolecular interactions. Details on the definition 

and calculation of bv and the resulting values can be found in the Appendix. 

 

 We verified the dilute regime of the solutions by measuring the scattering cross-

section at two concentrations (0.25 and 0.5 wt%) and superimposing the scattering 

patterns by applying a vertical shift (Figure A2-4 in the Appendix). This fact 

confirms that, under the imposed conditions, polymer chains are isolated in dilute 

solution and that the measured scattering patterns of the dilute solutions of 

polymer are determined by the chain form factor P (q) of the isolated polymer 

chains. Contributions of intermolecular interferences (S (q, ϕ1)) would change the 

shapes of the scattering curves, but are in this case shown negligible and we 

therefore take S (q, ϕ1) = S (q, 0) = 1 (Equation 2.3).  

 

 The total scattering factor of the bulky P3HT polymer chains stems from the 

backbone as well as the side chains. The finite thickness of the chain will also 

show up in the scattering pattern and it is common practice to write the total 

scattering form factor as in Equation 2.4 with P0(q) the form factor of the backbone 

and Pcs(q) the cross-sectional structure factor which is related to the radial density 

profile of segments in the plane (locally) perpendicular to the backbone.38–42 

 P (q) = P0(q) Pcs(q) = P0(q) e-Rc
2q2  2⁄                   (2.4) 
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 For the short side chains of P3HT we use the expression for the cross-sectional 

structure factor used by, e.g., Aimé et al.7,41,43 with Rc the effective radial radius of 

gyration along the cross-section.44 Equation 2.4 is simpler than the detailed 

expressions considered for, e.g., bottle brushes and hence only provides an 

estimate for the effective cross-sectional radius of gyration without providing 

information on the cross-sectional density profile. 

 

 In Figure 2-1, we show a representative plot used to determine Rc in the range 

q <1 Rc. ⁄  The linear fit (black line) has a slope equal to Rc
2 2⁄ . The results are listed 

in Table 2-3 for the different P3HT samples, together with the residual background 

B (see Equation 2.2). 

Table 2-3. Background B and radial 
radius of gyration Rc for the different 
P3HT samples. 

 

Figure 2-1. Representative plot of ln(q P(q)) 
versus q2 for sample 10, from which Rc was 
determined in the range q < 1 Rc⁄ . 

 

P3HT 
B (× 10-3) 

/ cm-1 
Rc / Å 

P3HT-98.5 10.0 ± 0.1 6.6 ± 0.3 

P3HT-98 5.7 ± 0.1 6.8 ± 0.2 

P3HT-97 5.6 ± 0.1 6.8 ± 0.2 

P3HT-96 5.8 ± 0.1 6.6 ± 0.2 

P3HT-95 6.3 ± 0.1 6.8 ±0.2 

P3HT-92 4.9 ± 0.1 6.9 ±0.2 

P3HT-91 5.2 ± 0.2 6.9 ± 0.3 

P3HT-89 4.5 ± 0.1 6.8 ± 0.3 

P3HT-94.7M 2.5 ± 0.1 7.0 ± 0.3 

P3HT-99P 5.5 ± 0.1 6.8 ± 0.2 

 

 All samples consist of P3HT in toluene-d8 under the same conditions and the 

thickness is not dependent on molecular properties such as molar mass or RR. As 

expected, very similar values were obtained from the measurements on different 

samples. The estimation of the effective radius of gyration of the cross-section 

resulted in an average value of Rc = 6.8 ± 0.2 Å. Earlier determined chain 

thicknesses reported are 7.7 Å for P3HT in THF-d8 7 and 3.5 Å for P3BT (with a 

shorter butyl side chain) in deuterated nitrobenzene,8 comparing quite well with 

the Rc values reported here. 
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2.3.2.2  Limiting Low q Analysis 

 In the limiting low q (LLq) part of the scattering pattern, the form factor P (q) 

can be written as an expansion in q with the z-average radius of gyration 〈Rg
2〉z, 

P (q) = 1 - 
1

3
 q2 〈Rg

2〉z + …                    (2.5) 

Equation 2.5 is exact and allows us to extract the weight average molar mass Mw  

and the z-average radius of gyration 〈Rg
2〉z from the scattering cross-sections at 

sufficiently low q. Table 2-4 summarizes the values obtained for Mw, 〈Rg
2〉z and 

their respective standard errors. We also compare these (absolute) Mw values with 

the results from standard characterization by SEC. Details on the estimation of Mw 

and 〈Rg
2〉z can be found in the Appendix. 

 

 A clear overestimation of Mw by SEC is observed (defined as the ratio of Mw from 

SEC and Mw determined by LLq in SANS) with molar masses scaling with an 

exponent 1.5 as indicated by the black line in Figure 2-2. An equivalent 

comparison of Mn from SEC and MALDI analysis was reported in literature45 

showing that the deviation becomes larger with increasing molar mass. Calculating 

Mw from the data in reference 45 by taking into account the reported average PDI 

and comparing with the scaling here, we observe a very good match between both 

data sets. The divergence of the SEC results is related to differences in the effective  

 

Table 2-4. Absolute weight average molar mass and z-average square radius of gyration 
with standard deviation σ and overestimation factor of SEC Mw versus limiting low q Mw 

determined by SANS. 

P3HT 
Mw /  

kg mol-1 
σ 〈Rg

2〉z / Å2 σ 
Mw (SEC)

Mw (LLq)
 

P3HT-98.5 8.4 0.3 3330 80 2.9 

P3HT-98 10.3 0.3 4070 90 2.8 

P3HT-97 10.9 0.3 4700 100 3.3 

P3HT-96 11.1 0.3 5030 90 3.1 

P3HT-95 10.1 0.3 4800 100 4.0 

P3HT-92 7.1 0.2 2680 90 6.0 

P3HT-91 4.9 0.2 1490 60 2.8 

P3HT-89 5.8 0.2 1950 60 3.0 

P3HT-94.7M 12.5 0.3 6000 100 3.1 

P3HT-99P 29.2 0.9 17400 300 6.3 
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dependence of the hydrodynamic volume on the molar mass for flexible and semi-

flexible polymers. Literature refers to the inability to construct a universal 

calibration curve for more rigid polymers and the dependence of the hydrodynamic 

radius on the polymer contour length, Kuhn length and the hydrodynamically 

effective cross-section of the chain.46,47 
 

 

Figure 2-2. Comparison of Mw determined by limiting low q SANS analysis and SEC (black 

circles). The black line represents a scaling power law with exponent 1.5 linking the molar 

masses determined by both methods (Mw(SEC) = 0.74 Mw(LLq)
1.5

). 

 

2.3.2.3  Determination of Persistence Length via the Holtzer Representation 

 A measure for persistence length is available through a model-independent 

method known as the Holtzer representation.40,48,49 In a double logarithmic plot of 

the product q P0(q) versus q, a plateau shows at the high q-end of the pattern. The 

intersection point q* of the Holtzer plateau at its low q-side with a constant 

negative slope regime, is inversely proportional to the persistence length Lp of the 

polymer chain. 

 

 In Figure 2-3a we show an example of the reduced Holtzer representation (for 

P3HT-99P) and visualize the determination of q* as the intersection of the solid 

lines. The assignment of q* becomes very difficult towards shorted chain lengths 

due to the fading of the slope on the low q-side of the plateau. 

 Several proportionality factors relate q* to Lp, depending on the type of 

polymer.7,39,49,50 Following Lecommandoux49 we determined the persistence length 

from the Holtzer plot using q* Lp = 3.5 and where the constant 3.5 was chosen by 
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different research groups based on observations that semi-flexible chains varying 

in chain length, stiffness with and without excluded volume interactions show q -1 

scaling behavior characteristic of rod like behavior starting at q* Lp = 3.5.41,42,51  

 The persistence length determined by the Holtzer method is depicted for all 

samples with respect to regioregularity in Figure 2-3b. From this plot, it is clear 

that there is a (quasi-linear) relationship between these two parameters showing an 

increased persistence length for the more regioregular polymers. Lp values range 

from 38 Å to 51 Å which is equal to a set of 10 to 13 monomers in one unit of 

persistence length. These numbers are overall significantly higher than values 

previously reported, such as a persistence length of 33 Å 7 for P3HT with a lower 

grade of regioregularity according to the synthesis procedure applied (70 - 80% 

HT).52,53 A value of 30 Å was reported for RR-P3HT (> 97%), which decreases 

significantly with temperature, regioregularity and variations in the side chain 

(length and branching).9 But there have also been reports of higher numbers for 

P3AT persistence lengths.9,54 The large spread in reported values for persistence 

length can be explained by, e.g., variations in the synthesis methods and resulting 

polymer regioregularity, side chains (in case of P3ATs), the use of different solvents 

and different methods of evaluation. 

 Nonetheless, comparing with common polymers, atactic PS has a persistence 

length of 9 Å and PMMA 8.5 Å.55 These values confirm the consideration of P3HT 

as a stiffer polymer.  

 

 

Figure 2-3. The reduced scattering pattern of P3HT-99P in Holtzer representation, with 

indication of q* (a). Plot showing the relationship between regioregularity and persistence 
length Lp calculated as 3.5/q*. The black line serves as a guide for the eye (b). 

 

 Apart from persistence length, conjugation length is much more often used in 

the context of conductive polymers such as P3HT and can be probed by measuring 
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the UV-vis absorption. The position of the absorption maximum λmax, which is 

linked to the conjugation length of the polymer in solution, is red-shifted as the 

regioregularity increases. The UV-vis absorption spectra of the different P3HT 

samples at 70 °C show this trend and are presented in Figure 2-4. The similar 

trend logically links persistence length and λmax. 
 

 

 

Figure 2-4. Overlay of UV-vis absorption spectra of P3HT samples showing a redshift of 
λmax (RR of the samples decreasing from top spectrum to bottom) (a) and λmax plotted 

versus the regioregularity (b). 

 

 Kuhn’s modified free electron theory56–58 offers a conversion of λmax into a 

conjugation length. For P3HT59 this resulted in approximately 5 to 11 thiophene 

monomer units for regioregular polymer chains in chloroform. The estimated range 

is quite wide and we therefore feel that the determined persistence lengths as 

discussed above gives a better assessment of the chain behavior with respect to 

polymer stiffness in solution. 

 

2.3.2.4  Relationship between molar mass and 〈Rg
2〉z  

 The dependence of radius of gyration on molar mass is presented in Figure 2-5, 

with N the number of bonds, calculated from Mw by using M0 = 166.3 g mol-1, the 

molar mass of the repeat unit. The straight solid line is the best fit according to the 

scaling relationship, Equation 2.6. 

〈Rg
2〉z ∝ N 2ν, ν = 0.66 ± 0.04.                   (2.6) 

 For ideal flexible chains, the scaling exponent is ν =1  2⁄  for all chain lengths. 

Also for ideal semi-flexible chains with persistence length Lp, the scaling exponent 

is ν =1  2⁄ , if the chain length is much larger than the persistence length, i.e. 

L  ≫ Lp. Similarly, for sufficiently long real chains in good solvent conditions, for 
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which excluded volume effects dominate, the scaling exponent is ν = 0.588. It must 

be emphasized that the scaling laws and abovementioned scaling exponents are 

only valid when the chain lengths are sufficiently large; for shorter chains the 

effective scaling exponent can deviate considerably. For instance, in the case of 

ideal semi-flexible chains the value of the scaling exponent ν lies in the range 

1 2⁄  ≤  ν  ≤ 1 and depends on the ratio L Lp⁄  as follows:  

 ν =1  2⁄  for L Lp⁄  ≫ 1; 

 ν = 1 for L Lp⁄  ≤ 1 and; 

 
1

2
 < ν < 1 for 1 ≪ L Lp⁄  < 1.  

 Therefore, for a given ideal polymer with an intrinsic stiffness (Lp) the variation 

with molar mass can have effective scaling ν  >  0.588. Also for flexible excluded 

volume chains the effective scaling can deviate from the scaling result ν  ≅  0.588 

for too short chain lengths. For shorter semi-flexible real chains in good solvent 

conditions the effective scaling exponent can thus be different from ν  ≅  0.588 for 

both chain length and stiffness reasons. Consequently, it is not straightforward to 

interpret the effective scaling ν  = 0.66 ± 0.04 shown in Figure 2-5.  
 

 

Figure 2-5. Relationship between N and 〈Rg
2〉z as obtained from LLq analysis (open 

squares) with solid line representing the scaling relationship Equation 2.6 with 
ν = 0.66 ± 0.04. Estimation of the radius of gyration by Mw and Lp for the FRC (shown in 

full circles; dashed line) presents an underestimation. 

 

 Nevertheless, we conclude that excluded volume effects play a role. For ideal 

semi-flexible chains it has been argued that i) the persistence length used in the 

freely rotating chain and the Kratky-Porod wormlike chain is an appropriate 
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measure for the local stiffness of the chain, and ii) this persistence length can be 

determined reliably from scattering data using the Holtzer analysis.39 Using the 

persistence lengths determined from the Holtzer analysis and the theoretical 

relationship of 〈Rg
2〉z on N and Lp for the freely rotating chain (FRC),60 we can 

predict the radius of gyration, assuming the chain is an ideal semi-flexible chain.61 

The result is shown in Figure 2-5 by the closed circles and the dashed line. Clearly 

the assumption that the chains are ideal results in an underestimate of the radius 

of gyration by a factor of about 2-3. 

 

2.4  Conclusions 

 In this chapter, we have discussed the synthesis of a series of P3HT samples 

with varying regioregularity and the detailed characterization of the basic 

molecular characteristics using SEC, NMR, UV-vis absorption spectroscopy and 

SANS analysis. The P3HT series was synthesized utilizing the GRIM mechanism 

and the ability of the catalyst to exchange from polymer strands leading to 

molecules with regioregularity being a function of type, ratio and concentration of 

catalysts.  

We have used the conventional limiting low q analysis to obtain the best 

possible estimates for the values of Mw and 〈Rg
2〉1 2⁄ . A measure for the stiffness of 

the polymer chains was determined by the Holtzer analysis, which up to now is 

considered to give the best available model-independent estimate for the local 

persistence of a chain molecule. The persistence length Lp extracted via this 

procedure scales linearly with polymer regioregularity within the investigated 

range, from 38 Å for 89% RR to 51 Å for 99%.  

The deviating scaling relationship between  〈Rg
2〉1 2⁄  and Mw (effectively N) leads 

to an effective scaling exponent ν  =  0.66 ± 0.04 which cannot be straightforwardly 

interpreted since both stiffness and excluded volume play a role in the origin of the 

effective value of the scaling exponent. More extended analysis of this scaling 

behavior using the QPT theory did not prove successful since the chains used in 

this study only contain a limited number of Kuhn segments, not being sufficient 

for the basic assumptions of the theory to work. A more accurate theory is required 

to distinguish between influences of both effects. Nevertheless, we may conclude 

that the estimated values for  〈Rg
2〉1 2⁄ , Mw and Lp can be considered as the best 

available experimental values for the molecules considered and we hope that these 
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data will help to understand the often complex behavior of P3HT as a conjugated 

polymer, and polymer solar cells prepared from P3HT.  

In the Appendix to this chapter, we show that SANS patterns of these P3HT 

samples in dilute solution of toluene-d8 at elevated temperature cannot be 

accurately fitted using widely employed form factors developed for semi-flexible 

polymers. Therefore, the analysis approach described in this chapter is considered 

to lead to the best estimates of the fundamental single chain parameters. 
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APPENDIX to Chapter 2  

 

 

 

 

 In this Appendix, supporting information is available regarding the 

experiments, data analysis and discussion described in Chapter 2. The 

chronological order of topics is maintained as in Chapter 2. In addition, we show 

that the use of widely employed form factors developed for semi-flexible polymers, 

with and without excluded volume effects leads to biased results for the 

fundamental chain parameters of the investigated P3HT polymers.  
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A2.1  GRIM Mechanism 

 In reviewing the mechanism of GRIM polymerization, we have focused on the 

stability of the putative associated pair between the Ni(0) complex and a growing 

chain with degree of polymerization k (APNiChk) (Figure A2-1). In particular, we 

have considered the possibility that APNiChk undergoes reversible 

dissociation/association with Ni(0), effectively “diffusing” between the growing 

chains (highlighted in yellow). Based on this assumption, the Ni catalyst can 

associate and dissociate along the polymer chain allowing for growth of a 

regiorandom polymer that is a function of type, concentration and ratio of the 

catalysts in the polymerization. 

 

Figure A2-1. Proposed mechanism of Grignard metathesis (GRIM) polymerization. 

 

A2.2  1H-NMR Spectra of P3HT Samples 

 The regioregularity of the P3HT batches (8 non-commercial samples) was 

determined by 1H NMR, interpreting the chemical shift of the -methylene proton 

of the alkyl group and making a distinction between head-to-tail (HT) and head-to-

head (HH) dyads. Figure A2-2 and Figure A2-3 represent the 1H NMR spectra of 

two representative P3HT samples. 
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Figure A2-2. Expanded region of 1H-NMR of sample 3 (P3HT-97), RR =  97%. 

 

 

Figure A2-3. Expanded region of 1H-NMR of sample 7 (P3HT-91), RR = 91%. 
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A2.3  Calculation of the Volume Fractions  

 The volume fractions of the components are calculated from the mass fraction 

assuming that mixing is not accompanied by volume changes, as 

 ϕ1 = 
w1/ρ

1

w1 ρ
1

⁄ + w0 ρ
0

⁄
  and  ϕ0 = 1 − ϕ1               (A2.1) 

with wi and ρ
i
 the mass fraction and density of component i. 

 

A2.4  Calculation of the Contrast Factor per Unit Volume 

 The neutron scattering length bM of a molecule M consisting of atoms of type i 

can be calculated by summation of the neutron scattering lengths bi of each atom 

i 1 

 bM = ∑ bii                        (A2.2) 

This quantity is not dependent on the length of a polymer chain and is only 

calculated for a single repeat unit. 

 

 Here we provide the intermediate and final results obtained during the contrast 

calculation procedure. We label P3HT as molecule 1 and toluene-d8 as molecule 0. 

With neutron scattering lengths bi for all atoms obtained from Equation A2.22,3 

with b1 = 1.694 × 10-12 cm and b0 = 9.991 × 10-12 cm, the contrast factor is 

calculated by the following equation 

 b = v0 (
b1

v1
-

b0

v0
)  = v0 bv                   (A2.3) 

The specific volumes are 

 v1 = 
166.28 g mol

-1

1.000 g cm-3
 = 166.28 cm3 mol

-1
   and   v0 = 

100.21 g mol
-1

0.932 g cm-3
 = 107.52 cm3 mol

-1
 

Dividing the above results by Avogadro’s number provides the specific volume per 

molecule 

 v1 = 2.76 × 10-22 cm3   and   v0=1.79 × 10-22cm3 

This results in the following contrast factors  

 bv = 4.98∙1010 cm-2   and   b̅ = 8.89∙10-12 cm 
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A2.5  Overlap of Scattering Patterns when taking into Account Polymer 

Volume Fraction  

 The scattering patterns at two concentrations (0.25 and 0.5 wt%) could be 

superimposed by applying a vertical shift (shown in Figure A2-4 for sample P3HT-

99P). This fact confirms that, under the imposed conditions, polymer chains are 

isolated in dilute solution and that the measured scattering patterns of the dilute 

solutions of polymer are determined by the chain form factor P (q) of the isolated 

polymer chains and contributions of intermolecular interferences are negligible. 

 

Figure A2-4. Scattering pattern of sample 10 at a concentration of 0.5 wt% (black) and 
0.25 wt% (red) superimposed by taking into account to difference in polymer volume 
fraction in the two samples. 

 

A2.6  Limiting Low q Analysis 

 The limiting low q (LLq) analysis is only valid if the considered data 

obeys q Rg ≤ 1. In Figure A2-5 we show the data at low q for sample P3HT-98.5 

according to the Guinier representation, i.e. ln(I (q)) vs q2. We performed a linear fit 

and extracted values of Rg from the slope and Mw from the intercept at q = 0. The 

uncertainty in the Rg and Mw values is estimated from the standard error in the 

linear fitting procedure. In this figure, it can also be observed that the linear 

relation is extended beyond  q Rg ≤ 1 (corresponding to a q2-value of 0.0003 Å-2) 

indicating that higher order terms in the expansion still do not contribute 

effectively. 
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Figure A2-5. Guinier representation of low q data (P3HT-98.5) with the linear fit shown by 
the black line, from which Mw (intercept) and Rg (slope) are determined. 

 

A2.7  Analysis of the Scattering Pattern by Use of Models 

 The experimental form factors are frequently interpreted using models for the 

chain conformational properties leading to model dependent expressions for the 

form factor P (q). It is assumed that the complete fitting of the scattering curves will 

give a more accurate and simultaneous estimation of multiple chain characteristic 

parameters. Over the past decades, models have been developed and adapted, 

making fitting of the scattering pattern over the entire available q range possible.4–8  

 For semi-flexible polymers, frequently used scattering functions have been 

developed by Pedersen and Schurtenberger.9 Here the form factors of flexible and 

semi-flexible chains without and with excluded volume effects are discussed, 

leading to a series of approximate models to treat the experimental data. We have 

fitted the scattering patterns of all P3HT samples by three different models 

retrieved from reference 9. Here, we will refer to them as noEV (Method 2 without 

excluded volume effects), EV1 (Method 1 with excluded volume effects) and EV3 

(Method 3 with excluded volume effects), respectively.  

 The model referred to as noEV is based on the expressions used by Burchard 

and Kajiwara10 and consists of a combination of the low q behavior (Sharp and 

Bloomfield4 and Daniels approximation11 for chains with L Lk > 2⁄  and an adapted 

expression by Pedersen and Schurtenberger9 for chains with L Lk ≤ 2⁄ ) and high q 

rod-like behavior (Burchard and Kajiwara)10 by means of an interpolation 

expression which is empirically parameterized. 
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 In model EV1 the expressions given by Utiyama12 were fitted to the scattering 

functions calculated by Monte Carlo simulations by Pedersen and Schurtenberger.9 

An approximate expression was constructed to make the numerical calculation 

less elaborate.9,13 

 Model EV3 is partially based on model noEV with adaptation of the Debye 

function into an expression for a flexible chain with excluded volume effects. The 

expressions are parameterized for different conditions of chain lengths and chain 

stiffness (by evaluating the Kuhn segment length). For more detailed information 

and a numerical description of the models we refer to the original references. 

 

 The total scattering factor of the bulky P3HT polymer chains stems from the 

back bone as well as the side chains. The finite thickness of the chain will also 

show up in the scattering pattern and it is common practice to write the total 

scattering form factor as in Equation A2.4 with P0(q) the form factor of the 

backbone and Pcs(q) the cross-sectional structure factor which is related to the 

radial density profile of segments in the plane (locally) perpendicular to the 

backbone.14–18 

 P (q) = P0(q) Pcs(q) = P
0
(q) e -R

c

2
 q2  2⁄                 A2.4) 

 For the side chains of P3HT we use the expression for the cross-sectional 

structure factor used by Cesar et al.17,19,20 with Rc the effective radial radius of 

gyration along the cross-section, giving an effective radius of gyration of the cross-

section.21 Equation A2.4 is simpler than the detailed expressions considered for, 

e.g., bottle brushes and hence only provides an estimate for the cross-sectional 

radius of gyration without providing information on the cross-sectional density 

profile. 

 

 The three models used in this study contain five adjustable parameters defined 

as follows: the scattering cross-section at q = 0,  
∂σ

∂Ω
(q = 0) V⁄ , from which Mw can be 

determined using 
∂σ

∂Ω
(q = 0) V⁄  = bv

2
 𝜙1 

Mw

NA
 vs

1, B the remaining background scattering 

intensity, L the contour length, Lk the Kuhn length and Rc the radial radius of 

gyration. The parameters are fitted simultaneously from the total scattering curves 

by using the Parameter Estimation Program (PEP)22 (more details are provided in 

the following section) and a representative fit is shown in Figure A2-6. The 
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estimated values of the adjustable parameters and their standard deviations for all 

samples are summarized in Tables A2-1, A2-2 and A2-3.  

 

Figure A2-6. Scattering pattern of sample 10 combining three q-ranges (open circles) and 
representative fit using model noEV shown by the solid line. 

 

A2.8  Parameter Estimation Procedure and Fitting Algorithm 

 The parameter estimation procedure was done using the Parameter Estimation 

Program (PEP) developed by Dr. T. Hillegers at the University of Eindhoven.22 This 

program contains a versatile parameter estimation algorithm that allows one to 

estimate parameters from a set of user-defined model equations containing a set of 

parameters (partially) shared by the different model equations. The software makes 

use of the maximum likelihood method and also takes into account experimental 

uncertainties on all experimental data. It performs a variance-covariance analysis 

of the model parameters providing estimates for the uncertainties of the parameter 

values as well as estimates for the pair wise correlations between the parameters. 

 

A2.9  Fitting Parameters 

 Tables A2-1, A2-2 and A2-3 summarize the parameters resulting from the fits 

according to the three methods noEV, EV1 and EV3, respectively. Parameter A is 

related to the axis intercept at zero angle, B is the remaining background 

scattering intensity, L the contour length, Lk the Kuhn length and Rc the mean 

radial radius of gyration, the latter three expressed in Å and all with standard 

deviations σ. 
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Table A2-1. Fitting parameters for model noEV. 

 A σ 
B 

(× 10-3) 

σ 

(× 10-3) 

L / 

Å 
σ 

Lk / 

Å 
σ 

Rc / 

Å 
σ 

1 0.151 0.001 10.0 0.1 265 7 83 5 6.1 0.3 

2 0.195 0.002 5.7 0.1 294 7 84 4 6.4 0.2 

3 0.215 0.002 5.6 0.1 313 6 89 4 6.3 0.2 

4 0.209 0.002 5.8 0.1 322 7 89 4 6.4 0.2 

5 0.193 0.002 6.3 0.1 294 6 96 4 6.5 0.2 

6 0.130 0.001 4.9 0.1 208 7 81 6 6.1 0.2 

7 0.089 0.001 5.2 0.2 158 7 70 7 5.7 0.3 

8 0.099 0.001 4.5 0.1 183 7 78 7 6.0 0.3 

9 0.224 0.002 2.5 0.1 340 9 96 5 6.9 0.3 

10 0.543 0.005 5.5 0.1 757 10 100 2 6.8 0.2 

 

 

Table A2-2. Fitting parameters for model EV1. 

 

 
A σ 

B 
(× 10-3) 

σ 
(× 10-3) 

L / 
Å 

σ 
Lk / 

Å 
σ 

Rc / 

Å 
σ 

1 0.153 0.001 10.0 0.1 263 7 78 5 6.1 0.3 

2 0.197 0.005 5.7 0.1 291 6 78 4 6.4 0.2 

3 0.218 0.002 5.6 0.1 310 6 82 4 6.3 0.2 

4 0.212 0.002 5.8 0.1 315 6 85 4 6.4 0.2 

5 0.197 0.002 6.3 0.1 290 5 93 4 6.6 0.2 

6 0.134 0.001 5.0 0.1 196 4 95 7 6.7 0.2 

7 0.093 0.009 5.4 0.1 142 5 112 20 6.5 0.3 

8 0.103 0.010 4.6 0.1 173 5 92 9 6.5 0.3 

9 0.228 0.002 2.6 0.1 330 7 93 5 7.0 0.3 

10 0.537 0.005 5.5 0.1 750 10 81 2 6.6 0.2 
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Table A2-3. Fitting parameters for model EV3. 

 A σ 
B 

(×10-3) 
σ  

(×10-3) 
L / 
Å 

σ 
Lk / 
Å 

σ 
Rc / 
Å 

σ 

1 0.150 0.001 9.9 0.1 262 7 77 4 6.0 0.3 

2 0.194 0.002 5.7 0.1 289 7 79 4 6.3 0.2 

3 0.214 0.002 5.6 0.1 307 6 84 3 6.3 0.2 

4 0.209 0.002 5.8 0.1 316 7 84 4 6.3 0.2 

5 0.192 0.002 6.2 0.1 289 6 90 4 6.4 0.2 

6 0.130 0.001 4.7 0.2 217 7 67 4 5.8 0.3 

7 0.090 0.001 5.1 0.2 163 6 60 4 5.4 0.3 

8 0.100 0.001 4.4 0.2 190 7 64 5 5.7 0.3 

9 0.225 0.002 2.5 0.2 347 9 81 5 6.6 0.3 

10 0.544 0.005 5.4 0.1 814 10 74 2 6.3 0.2 

 

 The average chain thickness, represented by Rc, determined for the different 

batches of P3HT within a model is characterized by a small standard deviation with 

variations between the different models minimal as well. For models noEV, EV1 

and EV3, Rc values of 6.3 ± 0.3 Å, 6.5 ± 0.3 Å and 6.1 ± 0.4 Å are determined. This 

behavior falls within expectations since all samples consist of P3HT in toluene-d8 

under the same conditions. These results indicate that the chain thickness can be 

extracted from the data and is not biased by the chain model used in the analysis. 

The independent thickness determination performed in Chapter 2 resulted in an 

average Rc = 6.8 ± 0.2 Å, comparing quite well with the Rc values estimated here. 

 

 The estimates for the weight average molar mass by all models give within the 

experimental uncertainty the same values. However, from the fit in Figure A2-6 we 

must suspect that the estimated molar masses from fitting the total scattering 

curve are biased. The fact is that the approximate theoretical models - although 

using the whole scattering curve and thereby allowing for a simultaneous estimate 

of all parameters - may also lead to biased estimates of the characteristic 

parameters due to the approximate nature of the model. This is obviously the case 

for the scattering at low q which is systematically underestimated by all models. 

 Therefore, we must infer that these estimated values of the molar masses are 

not the best values we can obtain from the scattering data. Furthermore, we may 
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expect that also the values for the other model parameters will be biased. However, 

without further analysis this is difficult to ascertain. Therefore, in Chapter 2 we 

performed a data analysis trying to extract from the scattering data molecular 

characteristics that are as model-independent as possible.  

 

A2.10  Comparison Between Model Analysis and LLq 

 In Figure A2-7 we compare the molar masses determined from the limiting low 

q behavior with the molar mass estimates from the different chain conformational 

models discussed in the previous section. Although the deviations are small at low 

Mw, the deviations are systematic and, as expected, the estimates for Mw from the 

approximate models for P (q) systematically underestimate Mw. While all three 

models give identical values (within the individual error margins) for all molar 

masses, the overall deviation from the limiting low q estimate of Mw gets larger with 

increasing polymer chain length according to Mw(model) ~ 0.875 Mw(LLq). The 

smaller Mw resulting from analysis via the model approach is the direct 

consequence of the inability to correctly mimic the shape of the scattering pattern 

over the entire available q range, apparent as an underestimation of the Guinier 

plateau.  

 

Figure A2-7. Plot comparing Mw determined in absolute way and according to the used 

models (black squares: noEV; circles: EV1; triangles: EV3). The black line marks a slope of 
0.875 ± 0.008.  

 

 The second parameter which was determined from the limiting low q behavior is 

the z-average squared radius of gyration 〈Rg
2〉z. Also here a comparison can be 
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made between this model independent estimate for 〈Rg
2〉z and the results from the 

analysis of the full fitted scattering curve. We have obtained values of 〈Rg
2〉z 

suitable for direct comparison by applying the limiting low q analysis procedure on 

the model fitted curves. Results are shown in Figure A2-8. An underestimation can 

be observed using the model fit which increases with 〈Rg
2〉z, analogous to the 

trends that were extracted in the case of molar mass. The three different models 

deviate in a similar way from the LLq analysis results according to 

 〈Rg
2〉z(model) ~ 0.74 〈Rg

2〉z(LLq) as shown by the reference line. 

 

Figure A2-8. Representation of the comparison of 〈Rg
2〉z determined from the limiting low q 

analysis applied to the raw scattering data and applied to the data calculated from the 
model fits (black squares: noEV; circles: EV1; triangles: EV3). The reference line has a 

slope of 0.74 ± 0.03. 

 

A2.11  Persistence Length versus Regioregularity From the Model Fitted 

Patterns 

 The Holtzer analysis was applied to the scattering curves calculated from the 

model fits. For each sample, the model which provided the best fit to the 

experimental data (the criterion used to determine the best fit was the sum of 

squares) was used in this analysis. The resulting persistence length shows no 

trend with regioregularity (Figure A2-9a) indicating that the model fits also give a 

biased estimate of the persistence length of the chains.  
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Figure A2-9. Plot of the persistence length Lp determined through the Holtzer approach 

performed on the model fits versus polymer regularity (a). Plot of the determined 
persistence length Lp for all three models showing no correlation with the polymer 

regioregularity: black squares: noEV; red circles: EV1; blue triangles: EV3 (b). 

 

 The models used in this work also specifically include the Kuhn length, 

originating from the equivalent chain model. The estimated values for Lk are 

included in Tables A2-1, A2-2 and A2-3. Following common practice in literature, 

we use Lk = 2 Lp to obtain from the simultaneous parameter fits the persistence 

length, which is plotted versus regioregularity in Figure A2-9b.  

 No clear relationship between regioregularity and chain persistence length as 

estimated from the single chain model fits can be established, which in this case is 

due to the construction of the specific models. Looking for example at method EV3, 

the scattering pattern is fitted by a linear combination of a Debye function which 

was modified to take into account local stiffness and excluded volume effects and a 

scattering function representing the local rod-like structure of the chain. Both are 

combined along the q-range by a switching function parameterized with empirical 

constants. The position of the determined persistence parameter is located in the 

q-region which is dominated by the switching function. Since the switching 

function is defined and parameterized for each model independently, it is not 

surprising that there are large deviations. While in a double logarithmic 

representation of the scattering pattern the fit seems of good quality in the relevant 

area, other representations show that the chain models fail to give a quantitative fit 

of the scattering data and lead to biased estimates for the persistence length of the 

chains.  
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CHAPTER 3 

Conformational Properties of Excluded Volume  

Semi-Flexible Polymers: 

Simulation Approach 

 

 

 

 The fundamental chain parameters of semi-flexible polymers, such as poly(3-

hexylthiophene) (P3HT), are affected both by molar mass and stiffness. In Chapter 

2, SANS experiments on a series of P3HT polymers, were inconclusive in the 

determination of the relative influence of Mw, stiffness and excluded volume on the 

radius of gyration of the chain. In this chapter, we present a systematic 

computational study of coarse-grained semi-flexible chains without and with 

excluded volume interactions. Configurational-bias Monte Carlo (cbMC) 

simulations of chains with different length and stiffness are analyzed for the 

average squared end-to-end distance 〈R2〉, radius of gyration 〈Rg
2〉 and persistence 

length Lp. The form factor P(q) as a function of the amplitude of the scattering 

vector, q, is used to determine Lp with the Holtzer method and the proportionality 

constant C = 3.6 ± 0.2, relating the onset of the Holtzer plateau q* to the 

persistence length as L̃p = C q̃⁄ *.  

 We find a good comparison between the experimental P(q) for P3HT and the 

simulated result when considering P3HT molecules as semi-flexible hard sphere 

chains. The radius of gyration scaling with molar mass is comparable with the 

experimental results, but absolute values are underestimated.  
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3.1  Introduction 

 In Chapter 2, we encountered experimental limitation first-hand; i.e., the 

influence of the catalyst/synthesis method on both regioregularity (RR) and molar 

mass (Mw), while we had aimed for a series of poly(3-hexylthiophene) polymers 

(P3HT) with a fixed degree of polymerization (DP). Therefore, the RR dependency of 

the fundamental single chain parameters was tainted by the coincident influence of 

varying molar mass. Computing the chain properties by performing molecular 

simulations with absolute control over the input parameters is an efficient track for 

the systematic investigation of a wide range of molecular properties, difficult to 

achieve experimentally.  

 At the same time, computer simulations are able to predict behavior of 

molecular systems which have no analytical solution and dependencies can be 

explored in great detail. The polymer of interest in this thesis, P3HT, can be 

thought of as a semi-flexible polymer with excluded volume interactions 

(considered in a dilute solution of toluene, a good solvent). In Chapter 2, we have 

reported on the fundamental properties of these chains, such as the scaling 

relationship 〈Rg
2〉z ∝ N 2ν with ν = 0.66 ± 0.04. The interplay of both stiffness and 

excluded volume interactions needs to be considered during the interpretation of 

this scaling law. Furthermore, the P3HT polymers we have described in Chapter 2 

have fairly short chains, while most available models are valid for much longer 

chains and are often derived even with the (implicit) assumption of the chains 

being infinitely long.  

 

 For many of the characteristics that can be investigated by computation, the 

precise chemical (atomistic) details of the polymer are less important. A generalized 

model of the polymer chain is constructed (coarse-graining) by uniting the details 

of several atoms into one segment represented as a mass point or (in case of 

excluded volume interactions, here) as a hard sphere. These segments are 

connected by bonds with fixed (in this study) or variable bond length, depending on 

the type of model and simulation method.  

 

 While chain length possibly is the most intuitive macromolecular property of 

linear polymers, macromolecules can be described by various chain conformational 

parameters. Size is most commonly expressed by the average squared end-to-end 

distance 〈R2〉 and radius of gyration 〈Rg
2〉. The stiffness of the chain is defined by 
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the persistence length Lp. Experimentally, the size and shape of polymer chains 

can be determined by scattering techniques. The form factor of the single coil is 

dependent on the fundamental chain parameters and verification of simulation 

results with experimental data is therefore possible. 

 

 In the current chapter, we discuss configurational-bias Monte Carlo (cbMC) 

simulations performed on polymer chains with different lengths, varying stiffness 

and with excluded volume interactions accounted for by hard sphere (HS) 

interactions. We study chain conformational properties (〈R2〉, 〈Rg
2〉 and Lp) and 

simulate the form factor of the single polymer chain P(q), with q the amplitude of 

the scattering vector.  

 Firstly, the simulation approach is validated by checking the results to the 

available analytical solutions for the freely jointed chain (FJC) and the ideal semi-

flexible chain (SFC). Then, simulations according to the semi-flexible hard sphere 

chain (SFHSC) model are performed over a range of chain lengths and values of 

stiffness. 

 In a last part, we reconstruct the series of P3HT polymers used in Chapter 2 

according to their conformational properties and interpret the experimentally 

observed behavior by means of the simulation results. We also compare the form 

factor obtained from simulations with the experimental P(q) from small-angle 

neutron scattering (SANS), as discussed in Chapter 2.  

 

3.2  Theoretical Background 

 In order to describe the behavior of polymers, we can rely on a variety of 

models.1,2 In the sections below, we will give an overview of the models used in this 

study. We also define the fundamental single chain parameters (conformational 

properties) under investigation and provide the exact analytical expressions where 

available.  

 

3.2.1  Freely Jointed Chain (FJC) Model 

 We represent a linear polymer chain by NS (number of segments) mass points 

sequentially connected by bonds of length lb. The bond length is fixed, but there 

are no restrictions for bending or torsion angles. Interactions between the mass 

points are neglected to the extent that they can occupy the same space. The 
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behavior of a FJC chain resembles a random walk. Polymers behaving according to 

the freely jointed chain model are said to behave ideally.  

 

 For the FJC model, exact analytical expressions are available to calculate the 

size of the polymer chain, such as the average squared end-to-end distance 〈R2〉 

and the average squared radius of gyration 〈Rg
2〉. They read, respectively, 

 〈R2〉FJC= N lb
2
   and                  (3.1) 

 〈Rg
2〉FJC= lb

2
 

N(N+2)

6(N+1)
                  (3.2) 

with N the number of bonds (N = NS - 1). We define the dimensionless reduced 

parameters 〈R̃
2

〉 = 〈R2〉 lb
2⁄  and 〈R̃g

2
〉  = 〈Rg

2〉 lb
2⁄ , independent of bond length. All 

parameters will be discussed in this general way and therefore also the scattering 

vector q ̃ = q lb. The form factor P(q̃) of the FJC is accessible through the following 

expression 

 P(q ̃) = 
N - NΩ

2 + 2Ω (-1 + ΩN
)

N (-1 + Ω)
2                  (3.3) 

with Ω = 
sin q̃

q̃
. 

 

3.2.2  Semi-Flexible Chain (SFC) Model 

 In the semi-flexible chain model, short range interactions are accounted for by 

imposing a constraint on the bending angle between two consecutive segments. In 

this way, stiffness is introduced to the polymer chain model. The total potential 

energy USFC of the SFC model is given by 

 USFC = Ubend = ∑ ubend(r⃗i, r⃗i+1, r⃗i+2) 
N-1

1             (3.4) 

with r⃗i the position vector corresponding to the ith segment. The bending potential 

is a function of the bending constant Kb and the complementary bond angle γ, 

given by 

ubend(r⃗i, r⃗i+1, r⃗i+2) = 
Kb

2
 (1-cos γ)              (3.5) 

Using dimensionless parameters in this study, the bending constant Kb 

(expressed in Joule) is reduced to kb by dividing by the Boltzmann constant kB and 

the absolute temperature T. 
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kb= 
Kb

kBT
                     (3.6) 

The end-to-end distance for the SFC model is given by 

 〈R̃
2

〉SFC = 
〈R2〉SFC

lb
2  = N [

1 + 〈cos γ〉

1 - 〈cos γ〉
 - 

2

N
 〈cos γ〉 

1-〈cos γ〉N

(1-〈cos γ〉)
2]         (3.7) 

with the expression for the average cosine of the complementary bond angle γ 

 〈cos γ〉 = 
(1 + e2kb)kb + 1 - e2kb 

(e2kb - 1)kb
                (3.8) 

 The radius of gyration for the SFC chain is given by 

 〈R̃g

2
〉SFC = 

〈Rg
2〉SFC

lb
2  = [

F (1 + 〈cos γ〉)

1 - 〈cos γ〉
- 

2〈cos γ〉

(1 - 〈cos γ〉)
2  (G - H)]  2(N+1)

2⁄       (3.9) 

with F  = 
1

3
(2N + 3N 2 + N 3) 

   G  = (1 + N)
2
 

    H = 
1 - 2〈cos γ〉 - 〈cos γ〉2 + 2〈cos γ〉N+2  + N - N〈cos γ〉2

(1 - 〈cos γ〉)
2  

 The stiffness of the polymer chain is expressed by the persistence length Lp. We 

will use here the dimensionless equivalent L̃p= Lp lb⁄ . Various definitions for the 

persistence length are available, as discussed by Cifra.3 Here, we will use Equation 

3.10 where L̃p is calculated as the average projection of the end-to-end distance on 

the first bond of the chain. The persistence length can take values ranging 1 ≤ L̃p ≤  

L̃, with the contour length L̃ = L lb⁄  = Nlb lb⁄  = N.  

 L̃p = 
1 - 〈cos γ〉N

1 - 〈cos γ〉
                       (3.10) 

Under the condition kb = 0, the SFC model reduces to the FJC model with L̃p(FJC) = 

1, or Lp(FJC) = lb. 

 

3.2.3  Semi-Flexible Hard Sphere Chain (SFHSC) Model 

 Thus far, the monomers of the chain have been represented by point masses; 

however, in real polymers, segments cannot overlap in space. In the hard sphere 

(HS) chain model, the monomer units are given a physical volume by introducing a 

hard sphere interaction potential. The total potential energy is then given by 
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 USFHSC = Ubend + UHS = ∑ ubend(r⃗i, r⃗i+1, r⃗i+2) 
N-1

1 + ∑ ∑  uHS(r⃗i, r⃗j)
N+1
j=i+2

N-1

i=1
      (3.11) 

with the hard sphere potential as a function of distance r between segments and 

with the diameter of the hard sphere, chosen in this study to be equal to the bond 

length. 

 uHS(r⃗i, r⃗j) = uHS(r) = {
∞,  r ≤ lb
0,  r > lb

                  (3.12) 

Via the hard sphere potential, we account for so-called long range excluded 

volume interactions: these long range interactions occur between segments which 

are far apart along the contour length of the chain, but situated in close proximity 

of each other in 3D space, depending on the chain conformation.  

 

3.2.4  Models for the Single Chain Form Factor 

 In addition to the discrete models presented above, we compare the simulated 

results with a selected set of models, subject to assumptions and approximations. 

Below, we give a concise overview of the form factor models according to Debye,4 

for the rigid rod5 and according to Kholodenko.6 

 

 The Debye model describes ideal linear polymer chains with Gaussian behavior. 

With the assumption of long chain length, the form factor is given by4  

 P(q̃) =  
2 (e -q̃

2
R̃g

2

 + q̃2R̃g
2
 - 1)

q̃
4R̃g

4                   (3.13) 

At low q̃, for q̃ R̃g ≪ 1, the Debye function can be approximated with the lowest-

order terms of the expansion of the form factor, i.e., 

 P(q̃) ≅ 1 - 
q̃
2R̃g

2

3
                      (3.14) 

Equation 3.14 is exact, independent of the model chosen for the molecule to 

calculate the form factor, i.e., at low q̃ the form factor can be used to determine the 

radius of gyration of the molecule without approximation. This Limiting Low q 

Analysis (LLq) approach was used in Chapter 2 to experimentally determine molar 

mass Mw and radius of gyration from SANS.  
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 At the other end of the conformational spectrum, the chain can behave as a 

rigid rod with the asymptotical behavior L̃p → L̃. Des Cloizeaux5 derived the form 

factor of the perfectly rigid rod to be 

 P(q̃) =  
π

q̃ L̃
 + 

2

3 q̃2 L̃
2                     (3.15) 

Also, the rigid rod form factor model can be adjusted to incorporate the local chain 

stiffness by the persistence length Lp. For L ≫ Lp, this yields the approximate 

result5,7 

 P(q̃) =  
π

q̃ L̃
 + 

2

3 q̃2 L̃p L̃
                    (3.16) 

 The form factor of the ideal semi-flexible chain was given an approximate 

analytical expression by Kholodenko.6 The model complies with the limit of both 

the Gaussian chain and the rigid-rod and is given by 

 P(q̃) =  
2

x
[I(1)(x)- 

1

x
I(2)(x)]                   (3.17) 

with I(n)= ∫ dz zn-1f(z)
x

0
, n = 1, 2  

  x = 3N/2L̃p 

and f(z) = {

1

E
 

sinh(Ez)

sinh z
,  q̃ ≤ 3 2L̃p⁄

1

Ê
 

sinh(Êz)

sinh z
,  q̃ > 3 2 L̃p⁄

  with  

E = [1 - (2L̃p q̃ 3⁄ )
2

]
1 2⁄

 

Ê= [(2L̃p q̃ 3⁄ )
2
- 1]

1 2⁄  

 

3.3  Simulation Methods 

 In order to obtain accurate estimates of chain conformational properties, a large 

number of different yet representative conformations are required. The Monte Carlo 

(MC) method is known for its capacity to study systems with many degrees of 

freedom, such as a polymer chain. Generated conformations are subjected to an 

acceptance criterion to ensure an ensemble of uncorrelated states (Metropolis 

method).8 The configurational-bias Monte Carlo (cbMC) approach provides, 

compared to the standard Metropolis MC method, improved sampling efficiency for, 

e.g., topological constraints, here excluded volume. 

 The used cbMC method, as described by Frenkel et al.,9 and the analysis 

programs based on the block averaging method of Flyvbjerg and Petersen,10 are 
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described elsewhere.11 Calculations were performed on the ThinKing cluster, part 

of the Flemish Supercomputer Center (VSC).  

 

 Polymers are represented as linear chains built up by point masses (Sections 

3.4.1-2) or hard spheres (Sections 3.4.3-4), connected by N bonds with fixed length 

lb. The effect of chain length (number of segments, 10 ≤ NS ≤ 200) was studied and 

the stiffness of the chain is varied by the bending constant (0 ≤ kb ≤ 40). Using the 

(configurational-bias) Monte Carlo algorithm, we generated 107 independent 

conformations, which is a sufficiently large sampling set as shown by the results.  

 We will discuss 〈R2〉, 〈Rg
2〉, Lp and the form factor P(q). The chain 

conformational properties are calculated from the spatial x,y,z-coordinates of the 

monomers. P(q̃) is calculated numerically as the Fourier transform (FT) of the mass 

density distribution function P(r).  

 

3.4  Results and Discussion 

 In the analysis of the computational data, we have chosen as size measures the 

average squared end-to-end distance and the average squared radius of gyration. 

As a measure of stiffness, we focused on the persistence length which was 

determined both by projection of the end-to-end distance on the first bond vector 

and by performing the Holtzer analysis of the simulated form factor. The form 

factors are further evaluated by fractal dimension analysis. We discuss 

dependencies on chain length and bending constant (stiffness) and consider both 

the ideal and excluded volume cases. In the final section, we compare experimental 

and simulation results for P3HT. 

 

3.4.1  Method Validation for Ideal Chains 

 In this work, the FJC model was used to validate the simulation method, as it 

provides a direct comparison between chain conformational properties from 

simulations and analytically determined values. MC simulations, in which 107 

independent chain conformations are generated, are analyzed for the end-to-end 

distance 〈R̃
2

〉FJC  and radius of gyration 〈R̃g

2
〉FJC. As listed in Table 3-1, we find 

quantitative agreement between the theoretical values and the estimated values  
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Table 3-1. End-to-end distance and radius of gyration as estimated from MC (with 
standard deviation σ) and calculated from theory (according to Equations 3.2, 3.3) for 

different chain lengths NS (number of segments). 

 MC Simulation (10
7
 conformations) Theoretical 

NS 〈R̃
2

〉FJC   Σ 〈R̃g

2
〉FJC σ 〈R̃

2
〉FJC   〈R̃g

2
〉FJC 

10 8.999 0.002 1.6498 3 ∙ 10-4 9 1.65 

20 18.998 0.005 3.3246 5 ∙ 10-4 19 3.325 

50 49.01 0.01 8.330 0.001 49 8.33 

100 99.02 0.03 16.668 0.003 99 16.665 

200 199.07 0.08 33.342 0.006 199 33.333 

  

within a single standard deviation σ, determined by the block averaging method of 

Flyvbjerg and Petersen.10 Therefore, also the theoretically predicted scaling laws, 

e.g., 〈R̃
2

〉  ∝ N 2ν with ν = 1 2⁄ , are obtained from the simulation results of these 

ideal chains. 

 

The form factor, P(q̃), of the freely jointed chain, calculated from the simulations 

and calculated from the exact expression, Equation 3.3, is presented in Figure 3-1, 

in a log-log plot versus the magnitude of the scattering vector q̃ for different chain 

lengths. Quantitative agreement between simulation and the exact results is 

observed. In this work, we will not consider the high q̃ region further, where the 

atomic contributions and information on the bonds are located. The observed 

“oscillation” at large q̃ is due to the discrete nature of the chain model and is 

dominated by the bond length. This contribution to the form factor is usually not 

observed in the q-range experimentally used to determine form factors and is 

totally absent in continuum models.  

 

 In Figure 3-1, we see P(q̃) limiting to 1 at low q̃ for all NS according to the form 

factor definition and at large q̃ a limiting value inversely proportional to the chain 

length. The respective form factors calculated with the Debye function (Equation 

3.13) are shown by the dotted lines. The Debye model accurately predicts the form 

factor at low q̃, i.e., in the range where the determination of R̃g takes place. In the 

intermediate q̃-region, small but systematic deviations between the FJC and the 

Debye approximation occur, in particular for the slope defined as P(q̃) ∝ q̃ -D, with 
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fractal dimension D = 1/ν. While the Debye model predicts D = 2 (ν = 1/2), the 

simulation results here show a slightly different scaling in the intermediate q̃-

region. This is not an artefact but is due to the short chain length and discrete 

nature of the simulated macromolecules. Moreover, the form factors obtained from 

the simulations are in quantitative agreement with the analytical result (Equation 

3.3) for all investigated chain lengths. 

With the method to estimate the form factor validated for the freely jointed 

chain by this comparison, we continue in the next sections by simulating semi-

flexible chains and performing similar analyses.  
 

 

Figure 3-1. Plot of the simulated form factor for the FJC model with different chain length 

(NS). Form factors according to Debye are represented by the dotted lines.  

 

3.4.2  Semi-Flexible Chains (SFC) 

 In Section 3.2.2 the semi-flexible chain model was presented, where chain 

stiffness is introduced via the bending constant kb. Therefore, in addition to the 

properties discussed above for the FJC (〈R̃
2

〉, 〈R̃g

2
〉 and P(q̃)), the persistence length 

L̃p is estimated. We study both the correlation with chain length (10 ≤ NS ≤ 200) 

and with bending constant (0.1 ≤ kb ≤ 40).  

 

 In Figure 3-2 we show the results for 〈R̃
2

〉SFC (a) and 〈R̃g

2
〉SFC (b) versus chain 

length for a range of values of kb. We have indicated the scaling exponents ν 

observed in the different regimes as 〈R̃
2

〉, 〈R̃g

2
〉  ∝ N 2ν. The results for the FJC model 
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(grey) with ν =1 2⁄  are reproduced, considering the FJC a reference condition. For 

data at high values of kb, which represent chains with higher stiffness, the power 

law relating the polymer size and the chain length changes with N: a steeper 

dependency for short chains (oligomers) than at relatively larger chain lengths (NS 

= 100, 200). The short stiff chains are close to behaving as a rigid rod approaching 

 〈R̃
2

〉 = N 2 (ν = 1).  

 The value of the bending constant kb qualitatively influences 〈R̃
2

〉 and 〈R̃g

2
〉 in 

the same way. In Figure 3-2c, 〈R̃g

2
〉 is plotted versus kb for various chain lengths. 

The double logarithmic representation shows the continuous coil-to-rod transition 

as the chain is simulated with increasing restriction of the bending angle. The 

transition occurs at larger kb values for longer chains.  
 

 

Figure 3-2. Chain conformational properties of semi-flexible chains: end-to-end distance (a) 

and radius of gyration (b) versus chain length, coil size as 〈R̃g

2
〉 (c) and persistence length 

(d) versus kb. Solid lines in (a) and (d) represent analytical solutions for the SFC model.  

 

 The persistence length, calculated according to Equation 3.10, is shown in 

Figure 3-2d as a function of kb. Initially the persistence length is unaffected by the 

chain length. Upon the introduction of stiffness and from NS ≅ 20, the persistence 

length shows a regime where it scales L̃p ∝ kb, for the longest chains extending over 
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almost the entire considered range. At kb values beyond that, the persistence 

length approaches its limit of the contour length, in quantitative agreement with 

Equation 3.10. 

 Overall, we conclude that the MC simulations give accurate results for 〈R̃
2

〉, 

〈R̃g

2
〉 and L̃p when compared to the analytical expressions given by Equations 3.7, 

3.9 and 3.10.  

 

 For the FJC we previously reported the changes in the form factor depending on 

the chain length (Figure 3-1). For semi-flexible polymers also their stiffness 

determines the shape of P(q̃). In Figure 3-3 we visualize the effects of both 

parameters: in (a) we show an overlay of form factor curves simulated for semi-

flexible chains with varying length and fixed bending constant (kb = 20) and in (b) 

we overlay form factor simulations for 100mers with increasing stiffness (0 ≤ kb ≤ 

40). 

 The general features of P(q̃) versus NS are similar to the observations made for 

the freely jointed chains: limit for P(q̃) to 1 for q̃ → 0 and at high q̃ the discrete 

segment contributions and a limiting value inversely proportional to the chain 

length (P(q̃) ∝ 1 NS⁄ ). When compared to the ideal case shown in Figure 3-1, the 

form factor curve in the intermediate q̃-region has a different shape for chains with 

increased stiffness: in the log-log representation we observe a q̃-region which can 

be described by a scaling q̃ -D with exponent D = 1, the characteristic fractal 

dimension of a rigid rod model.  

 

Figure 3-3. Double logarithmic representation of the form factor P(q̃) versus q̃, as simulated 

for the SFC: chain length dependency for SFC with fixed kb = 20 (a), stiffness dependency 
(variation of kb) for chains with NS = 100 (b). The rigid rod model shows slope with D = 1 

for the 200mer (a), 100mer (b): fully rigid (Equation 3.15, dashed line) and according to 
Equation 3.16 (dotted, with kb = 20 (a), 40 (b)). 
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 The rigid rod approximation is shown in Figure 3-3 by the dashed line 

(Equation 3.15). The dotted line represents the rigid rod approximation modified for 

the persistence length (Equation 3.16). This results in an effective shift in the onset 

of the rigid rod scaling regime to higher q̃ values and an influence in the lower q-

regime, but quantitative agreement is not reached. 

 

 The influence of kb on the form factor is more clearly shown in the overlay in 

Figure 3-3b. The form factors shown here are all simulated for a chain length of 

NS = 100, resulting in the convergence of P(q̃) at high q̃. By increasing the stiffness 

of the polymer chains, we can see the gradual development of the above-mentioned 

q̃ -1-regime, starting from high q̃ and expanding towards lower values for more rigid 

chains.  

 

The persistence length L̃p can be determined from the form factor by plotting 

the data according to the Holtzer representation: q̃ P(q̃) versus q̃ in a double 

logarithmic graph, as shown in Figure 3-4. The q̃-1-regime we observed in P(q̃) 

(Figure 3-3) now manifests itself as a flat region, also referred to as the “Holtzer 

plateau”. The onset of this plateau, q̃*, is inversely proportional to the persistence 

length. In Figure 3-4a, the black dotted and dashed lines represent the rigid rod 

approximation and the rigid rod approximation modified for the persistence length, 

respectively.  

 

 

Figure 3-4. Holtzer representation showing q̃ P(q̃) versus q̃ for semi-flexible chains with 

different length (NS) and set kb = 20 (a); with varying stiffness (kb) for the 100mer SFC (b). 

Rigid rod approximations in (a) for NS = 200 in the limit of L̃p→L̃ (dashed, Equation 3.15) 

and L̃p = kb = 20 (dotted, Equation 3.16). Approximation according to Kholodenko6 in (b) 

for NS = 100 and selected semi-flexibility (dotted lines). 
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In Figure 3-4b, dotted lines represent the approximation according to 

Kholodenko6 given by Equation 3.17, for a selection of semi-flexible chains 

(NS = 100, kb = 1, 2, 5, 10 with L̃p calculated via Equation 3.10). We obtain a 

relatively good estimation of the form factor by this approximate model, although 

clearly poorer for more flexible chains (red) and with the difference that the SFC 

model contains the discrete segmential contributions. 

 

The Holtzer approach was previously used in Chapter 2 to determine the 

persistence length of P3HT polymers with different molar mass and regioregularity 

experimentally, following Lecommandoux et al. by applying the relation q̃* = 

3.5 L̃p⁄ .7 In Chapter 2, we raised a concern regarding the determination of the 

Holtzer plateau onset for specific samples, such as the distinction of the “bump” in 

the Holtzer plot for short chains and also noise in the plateau region. In the 

systematic series of simulations discussed here, we observe similar issues 

regarding the determination of q̃*.  

 We have performed the Holtzer analysis by defining the onset of the plateau, q̃*, 

as the intersection between a horizontal line over the Holtzer plateau and a single 

slope fitted through the right hand side of the bump at low q̃. The plateau was not 

clearly visible for the shortest chain lengths and the stiffest chains; therefore the 

persistence length could not be determined in these cases. The persistence length 

and the onset of the plateau are inversely proportional to each other as L̃p = C  q̃*⁄  

with the proportionality constant C. For the determination of C, we use a 

representation of 1  q̃*⁄  (as it is experimentally accessible from scattering 

experiments) versus the theoretical value for the SFC persistence length L̃p, 

determined by the projection of the end-to-end distance on the first bond.  

 

 In Figure 3-5a, we give an overview of the results of 1/q̃* for different chain 

lengths and values of kb. The proportionality constant C for the Holtzer method 

applied to the SFC model is estimated from Figure 3-5b by linear regression. Over 

a range of chain lengths and bending stiffness, the experimentally accessible 

parameter q̃* is fitted to relate it to the theoretical value of the persistence length 

yielding L̃p = 
3.6 ± 0.1

q̃*
 , which is in agreement with the proposed value of C = 3.5 by 

Lecommandoux et al.7 The estimated error on the value of C (± 0.1) should be 

considered a minimum error, arising solely from the linear regression procedure; 
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we did not estimate the error on the determination of q̃* by the Holtzer method. A 

more detailed look at the data points in Figure 3-5b, reveals a minor chain length 

dependency with, e.g., slightly larger values of C for shorter chains.  
 

 

Figure 3-5. Overview of persistence length measure (1/q̃*) versus kb for different chain 

lengths (a); plot showing the linear relationship between 1/q̃* and the theoretical 

persistence length, L̃p = C q̃*⁄   with C = 3.6 ± 0.1. 

 

3.4.3   Semi-Flexible Hard Sphere Chains (SFHSC): Excluded Volume and 

Stiffness 

 In the simulation results discussed thus far, by simply defining the monomers 

as point masses, we have not considered excluded volume interactions. To 

approximate the description of real polymer chains better, the monomers are given 

a physical volume; here, by representing them as hard spheres (HS) with diameter 

lb. The inability of different segments to occupy the same space gives rise to so-

called excluded volume interactions, which can be both of short and long range. 

Therefore, the amount of excluded volume interactions which can take place within 

a single polymer chain is related to the chain length and inversely proportional to 

the stiffness. 

 We have performed cbMC simulations on polymers with different chain length 

NS (10 ≤ NS ≤ 200) and stiffness (0 ≤ kb ≤ 40), according to the semi-flexible hard 

sphere chain (SFHSC) model. In Figure 3-6, we show the dependencies of the chain 

conformational properties 〈R̃
2

〉SFHSC, 〈R̃g

2
〉SFHSC and L̃p as a function of N and kb for 

semi-flexible chains with excluded volume and make the comparison with the 

results for the SFC reference state, i.e., without the hard sphere potential. 
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 We start in Figure 3-6 by showing the effect of excluded volume interactions on 

the size of the freely jointed chain, represented as 〈R̃
2

〉 in (a) and as 〈R̃g

2
〉 in (c), by 

considering the grey (FJC) and black (FJHSC) lines. We observe both a higher value 

of the measured chain parameter and a scaling exponent increase from νFJC = 1 2⁄  

to νFJHSC = 0.6 at large N. The change of the end-to-end distance and radius of 

gyration with kb occurs qualitatively similar as for the SFC and the hard sphere 

SFC. The slightly greater exponents ν at kb = 40 and high N indicate a more rod-

like behavior in case of the HS chains.  
 

 

Figure 3-6. Chain parameters of the SFHSC model as a function of N and kb and 
comparison with FJC and SFC: average squared end-to-end distance (a), radius of 

gyration (c), persistence length (e). Overview of the influence of excluded volume on 〈R̃
2

〉 

(b), 〈R̃g

2
〉 (d) and L̃p (f) as the ratio SFHSC/SFC.  
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 The effect of the introduction of the hard sphere potential can be demonstrated 

more clearly by plotting the ratio of the SFHSC and SFC conformational properties. 

In case of the end-to-end distance 〈R̃
2

〉 in (b) and radius of gyration 〈R̃g

2
〉 in (d), 

excluded volume effects are dominant only at smaller kb; with increasing kb the 

effects of excluded volume are reduced and 〈R̃
2

〉 and 〈R̃g

2
〉 of the SFHSC 

asymptotically approach the SFC result. Since the number of excluded volume 

interactions is related also to the number of segments, the longer chains are 

affected more and the excluded volume effects decay slower to the SFC result.  

 

 The persistence length of the hard sphere chains is shown versus the bending 

constant in Figure 3-6e. The black dashed line serves as a guide for the eye and 

represents L̃p = kb. Although qualitatively similar to the trend predicted for the 

SFC, at small kb the influence of excluded volume leads to a slightly larger 

persistence length than for the SFC. At large kb values, the effect of long-range 

interactions is minimal and L̃p is equal to the value for ideal semi-flexible chains. 

In (f), the effective influence of excluded volume is more directly visualized, 

confirming that the persistence length is only affected at the lower kb values.  

 

 In addition to the chain conformational properties, also the form factor is 

influenced when excluded volume interactions are included in the simulation. 

Figure 3-7 is a collection of plots showing P(q̃) versus q̃ for different chain length 

under the condition kb = 20 (a) and stiffness for NS = 200 (b). The exponents of the 

scaling laws in the different regimes are indicated as P(q̃) ∝ q̃ -D, with fractal 

dimension D = 1/ν. We distinguish D = 1 for the locally rod-like behavior (ν = 1), D 

= 2 for the FJC (ν = 1/2), D = 1.7 for the FJHSC (real chain in athermal solvent, 

ν ≅ 0.588) and D = 1.2 for 200mer with kb = 40 for excluded volume chains, 

SFHSC (ν ≅ 0.833). 

 

 Analogous to previous analyses we performed on the form factor, the Holtzer 

method is also used here to extract a measure for the persistence length for the 

modeled SFHS chains by determining the onset of the rigid-rod plateau, q̃*. 

Representative Holtzer plots are shown in Figure 3-7c and (d).  
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Figure 3-7. Form factor versus q̃ for SFHSC of different length with kb = 20 (a), for 

200mers with different stiffness (b) and respective Holtzer representations, q̃ P(q̃) versus q̃ 
(c,d). Fractal dimension D of the scaling laws are indicated. 

 

 The results of the Holtzer analysis for SFHSC simulations are shown in Figure 

3-8a. The Holtzer measure for persistence, q̃*, behaves similar to the results shown 

in Figure 3-6c for the ideal SFC. Like in Figure 3-6f at values of kb ≥ 10, the 

influence of excluded volume (HS) on the persistence length is minimal. This is 

reflected by the resulting proportionality factor C = 3.6 ± 0.2, being the same for 

ideal and excluded volume semi-flexible chains (all data fitted simultaneously in 

Figure 3-8b). Within this data series, we notice a small chain length dependency. 

 

 Lecommandoux et al. proposed the value of C = 3.5,7 and this value of the 

proportionality constant has been chosen by different research groups based on 

the observed onset of q-1 scaling, characteristic of rod-like behavior, for semi-

flexible chains varying in chain length, stiffness with and without excluded volume 

interactions.12–14 From here on, we will use C = 3.6 ± 0.2, valid for the investigated 

ranges of N and kb. 
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Figure 3-8. Plot showing 1/q̃* versus kb for different chain lengths (a); linear relationship 

between 1/q̃*and the theoretical persistence length by C = 3.6 ± 0.2 (SFHSC closed, SFC 
open). 

 

 By plotting the ratio of the form factors with and without the HS potential, 

P(q̃)SFHSC/P(q̃)SFC, we can show in which q̃-region excluded volume interactions have 

the largest impact. Figure 3-9 shows an overlay of the form factor ratio for different 

values of kb and NS = 100 (a, magnification in b). The most flexible chains (FJHSC-

FJC) experience the largest excluded volume effect for the widest q̃-range. With 

increasing values of kb, the effect becomes less pronounced and presents itself at 

smaller q̃-values.  

 

The excluded volume effect is maximal at q̃
EVmax

, which we show in Figure 3-9c 

versus kb for different chain lengths NS. In the form factor of longer chains, q̃
EVmax

 

has smaller values, which can be interpreted as that the excluded volume effect 

manifests itself at larger real-space dimensions for longer chains. Also the bending 

constant shifts the maximal effect of excluded volume interactions in the form 

factor towards smaller q̃.  

 

When looking at the value of the form factor ratio at q̃
EVmax

, presented here in 

Figure 3-9d, we see the largest relative contributions by excluded volume for the 

longest and most flexible chains. These observations are in line with the 

observations we made regarding the excluded volume effect on the size and 

persistence length of semi-flexible chains (Figure 3-6). 
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Figure 3-9. Ratio of P(q̃) with and without excluded volume interactions for NS = 100 (a, 

magnification in b) and with kb values in legend, q̃
EVmax

 with maximal excluded volume 

effect (c) and P(q̃
EVmax

) ratio (d) versus kb for different NS. 

 

 Regarding the excluded volume effect and the Holtzer analysis, we already 

showed in Figure 3-8b that the SFC and SFHSC give very similar results for q̃*. We 

find the onset of the Holtzer plateau at higher q̃ than q̃
EVmax

 and the relative 

contribution of the HS interactions to P(q̃) at q̃* is very small and is ignored in the 

relationship between L̃p and q̃*. Locally, at the rigid rod level, the excluded volume 

effect is absent. Therefore, we can conclude that the Holtzer method successfully 

provides a measure of stiffness via q̃*. 

 

3.4.4  P3HT Single Chain Properties by Simulation 

 Simulations of semi-flexible hard sphere chains over a range of N and kb values 

have shown diverse scaling laws due to the combined effect of stiffness and 

excluded volume. In Chapter 2, we measured small angle neutron scattering 

(SANS) on a series of polymers (poly-(3-hexylthiophene), P3HT) characterized by 

varying molar mass and stiffness. Current available theory has failed to provide an  
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interpretation of, e.g., the scaling law 〈Rg
2〉z ∝ N 2ν with ν = 0.66 ± 0.04, since we 

are interested in relatively short chains with high stiffness.  

 

 This section describes the attempt to separate the effect of stiffness and 

excluded volume for P3HT, according to the SFHSC model. We use experimentally 

determined molecular parameters of P3HT (Chapter 2) as input for the 

construction of a set of coarse-grained SFHSC models. Mw and 〈Rg
2〉z are 

determined by LLq. The persistence length is determined through the Holtzer 

method; however, recalculated as Lp  = 3.6 q*⁄ , given the newly determined value of 

C in the previous section. The number of segments NS is calculated from Mw and 

the repeat unit mass M0 = 166.3 g mol-1. The persistence length data L̃p is 

calculated with the P3HT repeat length lb = 3.9 Å. Table 3-2 contains an overview of 

the P3HT chain properties: experimental data, simulation input and simulation 

results. We labeled the samples 1 to 10, ascending by degree of polymerization.  

 

 With chain length and persistence length given for P3HT, we interpolated for 

values of kb, using, e.g., Figure 3-6e. After the estimation of bending constant 

values for the various P3HT chains, we performed a simulation series according to 

these input parameters and analyzed the ensembles (5∙105 conformations) for the 

average chain conformational properties. End-to-end distance 〈R2〉, radius of 

gyration 〈Rg
2〉 and persistence length Lp are given, using lb = 3.9 Å such that direct 

comparison with the experimental results (Chapter 2) is possible (Table 3-2). Also 

the form factor of the P3HT model chains will be discussed.  

 

 In Figure 3-10 we show the size of the P3HT chains versus chain length N. The 

radius of gyration, as determined by simulation, is shown by the black circles and 

leads to a power law fit 〈Rg
2〉 ∝ N 2ν, ν = 0.76 ± 0.02 (black line). In Chapter 2, we 

showed experimentally for P3HT 〈Rg
2〉 ∝ N 2ν, ν = 0.66 ± 0.04, data which is 

reproduced here in red. We observe an underestimation of 〈Rg
2〉. The absolute 

value of the radius of gyration resulting from simulation is underestimated by an 

average factor 0.47 ± 0.04 in comparison to the experimentally determined values.  

 

 When focusing only on the samples with higher molar mass (here N), a better 

match with the experimental scaling law can be achieved. This is indicated in 
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Figure 3-10 by the blue dotted line. Possibly two regimes can be observed, 

depending on chain length; the radius of gyration of the shorter chains scales with 

a higher exponent (blue dashed line). The scatter in the experimental results does 

not allow a similar conclusion and more accurate measurements would be required 

to investigate this.  
 

 

Figure 3-10. Radius of gyration versus N for P3HT, comparing simulation (cbMC) and 
experiment (Chapter 2), and showing power law scaling with indicated 𝜈.  

 

 The persistence length was determined as the average projection of the end-to-

end vector on the first bond and is given in Table 3-2. From an experimental 

characterization point of view, the Holtzer method is the best available route to 

obtain the persistence length in a model independent way from scattering 

information. The simulation of the form factor of SFHSCs makes it possible to 

compare it with the experimentally measured scattering profile and perform the 

Holtzer analysis.  

 In Figure 3-11a we show the scattering curves for 3 P3HT samples (2 red, 9 

green, 10 grey) in reduced Holtzer representation: experimental scattering curves 

(Chapter 2) are shown by the dotted lines, the Kholodenko approximation by the 

dashed lines and the calculated SFHSC scattering patterns by the solid lines. 

Following Kholodenko,6 the scattering function of ideal semi-flexible polymers can 

be calculated analytically but approximately with chain length and stiffness as 

parameters (Table 3-2). The approximation by Kholodenko is in good agreement 

with the simulated and exact P(q)SFC, considering the range of N and Lp, e.g., Figure 

3-4b. At high q-values all curves overlap, showing the rigid-rod scattering 
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contribution. In contrast to the Kholodenko model, the simulated scattering curves 

calculated according to the SFHSC model have excluded volume interactions 

accounted for and also contain the discrete segmental contributions, at high q-

values. 

 The ratios of the form factor P(q) better visualize the effect of excluded volume 

interactions on the calculated scattering pattern. In Figure 3-11b, the data reveals 

that the largest contribution of excluded volume shifts to lower q-values with 

increasing chain length. 

 

 The comparison in Figure 3-11a shows the form factors in good agreement for 

the 3 representative chains, with the experimental scattering curves showing only 

slightly higher intensity than the calculations at low q, which was observed for all 

form factor pairs. The SFHSC model predicts the form factor of P3HT single chains 

better than the Kholodenko approximation for ideal semi-flexible chains. For the 

complete set of P3HT chains investigated in Chapter 2, chain stiffness dominates 

the form factor and excluded volume effects are present with a maximum 

contribution of approximately 4% in the intermediate q-range (0.01 < q (Å
-1

) < 0.1). 
 

 

Figure 3-11. Reduced Holtzer representation of scattering curves for 3 P3HT samples (a), 

comparing experimental data (dotted), approximate scattering factors according to 
Kholodenko 6 (dashed) and calculated scattering factors for the SFHSC model (solid lines). 

Ratio of P(q) with and without excluded volume effects versus q (b). 

 

 We can further quantify the quality of the simulation by performing the Holtzer 

analysis on the simulated form factors. The Holtzer approach provides a measure 

for the chain persistence (1/q*), related to a persistence length value Lp by a factor 

C. In the previous sections we have shown that, for the SF(HS)C models, C = 3.6 ± 

0.2 reproduces persistence length values determined as the projection of the end-
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to-end distance on the first bond. Therefore, we note here that reporting the 

analysis approach in the discussion of Lp values is essential for a valid comparison. 

 

 We performed the Holtzer analysis to the simulated SFHSC scattering curves 

and calculated Lp = 3.6/q*. These results are shown in Figure 3-12 (open squares), 

together with the values determined earlier in the chain conformational properties 

section (closed squares) and versus the experimental values for P3HT (used as 

simulation input). The values can also be found in Table 3-2. The estimated error 

on Lp is calculated from a combination of the standard deviation of C (σ = 0.2) and 

the average error on q*, determined in Chapter 2 (σ = 0.005). 

 

 The results obtained by block averaging (full symbols) confirm that our 

estimation of kb was acceptable since Lp(simulation) ≈ Lp(exp). The Holtzer method 

is able to successfully determine the persistence length for the P3HT chains in our 

series, with larger deviations for the smaller chains (1-3) and the largest chain (10). 

This is a chain length effect that can be understood when looking closely at the 

distribution of data points in Figure 3-8b. We have used the average relation Lp = 

3.6 ± 0.2/q*.  

 

 

Figure 3-12. Persistence length of P3HT samples determined experimentally versus via 

simulation. Dashed line represents Lp(simulation) = Lp(exp). 

 

 A factor which was not accounted for in this simulation study, is the 

distribution of the stiffness over the polymer chain. In case of P3HT specifically, 
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stiffness is dependent on the regioregularity (fraction of head-to-tail (HT) 

connections) and a head-to-head (HH) dyad bond results in a kink in the chain for 

steric reasons. Inhomogeneous distribution of stiffness over the length of the 

chain, will lead to a larger effect of the excluded volume interactions and increase 

of the radius of gyration. 

 Incorporation of this effect could be accomplished, e.g., by using two bending 

angle constraints (kb) representing HT and HH bonds and creating a large 

ensemble of chains with random distribution of stiffness over the length of the 

polymer, but complying with a given total stiffness. 

 

3.5  Conclusions 

 In a follow-up to the scaling relation observed experimentally for P3HT in 

Chapter 2, 〈Rg
2〉 ∝ N 2ν with ν = 0.66, we have turned to a simulation approach to 

study the influence of chain stiffness and excluded volume on chain 

conformational properties over a wider range. The configurational-bias MC method 

was used to generate chain statistics over 107 conformations for the freely jointed, 

semi-flexible and semi-flexible hard sphere chain models in a systematic approach. 

We focused on the behavior of relatively short chains (10 ≤ NS ≤ 200) and 0.1 ≤ kb 

≤ 40, to allow comparison with our experimental data (presented in Chapter 2). 

 The size of the chains, 〈R2〉 and 〈Rg
2〉, shows a variety of intermediate scaling 

exponents ν, depending on chain length N and bending constant kb. We observe 

that the hard sphere interactions affect longer chains to a larger extent and the 

size and persistence length of short and flexible chains also experience the hard 

sphere potential. 

 The scattering functions of SF(HS)Cs are simulated and the Holtzer analysis 

provides an independent measure for chain persistence (in case the onset of the 

Holtzer plateau can be determined). We find a proportionality factor C = 3.6 ± 0.2 

over both SFC data and SFHSC data in the relation between the persistence length 

calculated statistically: L̃p = C  q̃*⁄ . The value of the assigned proportionality 

constant will determine the absolute value when discussing persistence lengths. 

We demonstrated here that the Holtzer approach is a valid method to determine 

the persistence length of (semi-)flexible chains, but can be fine-tuned for chain 

length effects, to get more accurate results.  

 In the final part of this chapter, we simulated SFHSC according to the P3HT 

polymers studied in Chapter 2. The experimental form factors are compared with 
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an approximate semi-flexible ideal chain model (Kholodenko6) and the SFHSC 

model. We show that the excluded volume effect should be included when 

accurately describing P3HT polymers. The Holtzer method successfully delivers the 

persistence length, with deviations presenting themselves for longer chains, due to 

chain length and excluded volume. It is expected that the agreement between the 

experimental data and the simulation results can be made more quantitative when 

accounting for the inhomogeneous distribution of the chain stiffness that is related 

to the head-to-head defects in the P3HT chains. However, to investigate this 

further more details about the HH defect distribution are needed as input for the 

simulations. 
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CHAPTER 4 

The Phase Behavior of P3HT:  

Influence of Regioregularity and Molar Mass 

 

 

 

 Polymer/fullerene solar cells have been investigated thoroughly with P3HT/ 

PCBM as the most-studied material combination, e.g., by the phase behavior of 

these blends. In this chapter, we use DSC to investigate the melting behavior of 

different P3HT powders and the influence of molar mass and regioregularity. In 

addition, we study the phase behavior of P3HTs in binary mixtures with toluene or 

ODCB. The localization and identification of the phase transitions are essential 

information for the concept of creating a stable dispersion of aggregate precursors 

in solution.  
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4.1  Introduction 

 In literature, the phase behavior of the P3HT/PCBM (poly(3-hexylthiophene)/ 

[6,6] phenyl-C61-butyric acid methyl ester) blend has been investigated in an 

attempt to determine the optimal blend ratio and the temperature window for 

thermal annealing (above the glass transition temperature Tg).1–3  

 With the aim of this project being the creation of a stable dispersion of P3HT 

aggregates (or its precursors) in solution, the phase behavior of the blend is not our 

main interest. Forming P3HT nanostructures in solution in a regulated fashion for 

better control over the film morphology requires knowledge of the aggregation 

behavior of P3HT in solution. A binary phase diagram of P3HT/organic solvent 

provides information on the phase transitions of the polymer at different 

concentrations. It allows, e.g., the localization of the temperature window where 

polymer aggregates can be formed. Regarding concentration dependence, the phase 

diagram shows with increasing polymer content which transitions can occur 

during film deposition or drying.  

 

 The crystallization and melting behavior of polymers is affected by molecular 

properties such as chain length, molar mass distribution, branching and side 

chain regularity. For P3HT, we have demonstrated the influence of the 

regioregularity (RR) on intrinsic polymer properties in Chapter 2. This study was 

restricted to the single chain level as in very dilute solutions. In literature, several 

studies report the influence of molar mass and/or regioregularity of P3HT on the 

semi-crystalline structure, photoactive layer morphology and performance of 

devices.4–17 

 

 This chapter describes the thermal analysis of different P3HT polymers by 

differential scanning calorimetry (DSC), either as a solid or in solution of organic 

solvent. The samples are a selection of those investigated in Chapter 2, varying 

both in molar mass and regioregularity. In the first part, we analyze the melting 

behavior of the different P3HT samples in powder form and place the results in the 

framework of current studies considering the influence of molar mass and RR (via 

Flory’s copolymer melting point depression) on the melting temperature Tm.  

In the second part, we discuss the phase behavior of different P3HTs in 

solutions with relatively low polymer content. Binary phase diagrams of P3HT/ 
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organic solvent (toluene or ortho-dichlorobenzene (ODCB)) are constructed, 

showing multiple transitions.  

 

4.2  Experimental Section 

4.2.1  Materials  

 P3HT polymers with different molar mass and regioregularity were used in this 

study. Table 4-1 contains the molecular specifications of the different batches of 

P3HT that were used. Commercially available samples were obtained from Merck 

(Lisicon SP001, here labeled P3HT-94.7M) and Plextronics (Plexcore OS2100, here 

P3HT-99P). The other samples were synthesized in a series, utilizing the Grignard 

metathesis (GRIM) mechanism and the ability of the catalyst to exchange between 

polymer strands, leading to molecules with regioregularity being a function of type, 

ratio and concentration of catalysts.18 All solvents and chemicals regarding the 

synthesis were purchased from Sigma-Aldrich and used without further 

purification.  

 

 The number Mn and weight average molar mass Mw and the polydispersity index 

(PDI) of the polymers were determined from size exclusion chromatography (SEC) 

calibrated with polystyrene standards in CHCl3. Mw values obtained from small 

angle neutron scattering (SANS) on dilute solutions in toluene-d8 indicate a large 

overestimation of molar mass by SEC in case of P3HT.13,19–21 Mn(SANS) was  

 

Table 4-1. P3HT samples listed with their specifications Mn and Mw from SEC and SANS, 
PDI and RR. The contour length L was calculated from Mw(SANS), M0 = 166.3 g  
mol-1 of the monomer and the length per monomer unit l = 3.90 Å 22. 

P3HT 

SEC † SANS 
RR / 

% 
L / 
nm Mn /  

kg mol-1 
Mw /  

kg mol-1 
PDI 

Mn /  
kg mol-1 

Mw /  
kg mol-1 

P3HT-89 9.5 11.9 1.3 4.5 5.8 89 13.6 

P3HT-91 7.9 9.8 1.2 4.1 4.9 91 11.5 

P3HT-94.7M‡ 18.1 39.2 2.1 6.0 12.5 94.7 29.3 

P3HT-95 14.4 21.0 1.5 6.7 10.1 95 23.7 

P3HT-96 18.7 25.5 1.4 7.9 11.1 96 26.0 

P3HT-98.5 15.9 19.2 1.2 7.0 8.4 98.5 19.7 

P3HT-99P‡ 59.8 183.9 3.1 9.4 29.2 99 68.5 

† Uncertainty of ±5% on the SEC determined molar masses needs to be taken into account.23 
‡ Commercially available samples. 
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calculated from Mw(SANS) and PDI (from SEC). Further on in the analyses, we will 

use SANS determined molar masses (unless specified otherwise). Regioregularity 

was estimated from 1H NMR measurements. The results can be found in Table 4-1. 

The synthesis and the characterization of the samples were described extensively 

in Chapter 2. 

 

 Organic solvents for the preparation of the P3HT solutions were purchased from 

Acros Organics (ODCB) and VWR (toluene) and used without further purification. 

 

4.2.2  Solution Preparation 

 The polymer was dissolved in organic solvent by stirring at elevated 

temperature (up to 90 °C for high concentrations) for a minimum of 1 hour. Upon 

dissolution of P3HT, the solution visually changes from dark brown and 

heterogeneous to bright orange and homogeneous, a phenomenon called 

thermochromism. 

 

4.2.3  Differential Scanning Calorimetry 

 DSC thermal analysis experiments were performed with a TA Instruments 

Q2000 heat flux DSC. Aluminum TA Tzero pans and lids sealed the samples 

hermetically. We have performed two temperature cycles per sample with a scan 

rate of 10 °C min-1 and a 10 minute isothermal period at the temperature limits. 

P3HT powder samples were measured between the estimated equilibrium melting 

temperature of the polymer (see Section 4.3.1.2) and 30 °C. Homogenization of the 

polymer solutions was ensured at elevated temperature (depending on the sample); 

the lower temperature limit during these measurements was -30 °C.  

 

 In the analysis of the measurements of the solids, the peak maxima of the 

exothermic and endothermic transitions are taken as the crystallization (Tc) and 

melting (Tm) temperatures. In case of solutions of P3HT, showing multiple 

transitions, the onset of the main exothermic peak and the end point of the main 

endothermic (melting) peak were labeled as Tc and Tm. For the other observed 

transitions - both exo- and endothermic and characterized by small enthalpy 

changes - the onset or end point of the peak could not be determined with 

sufficient accuracy. Therefore, the peak maxima were defined as the transition 

temperatures, which we labeled Tc,i and Tm,i. 
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4.3  Results and Discussion 

4.3.1  Thermal Analysis of Crystallization and Melting of P3HT 

 Both molar mass and regioregularity impact the phase behavior of polymers. 

From Figure 4-1 it is clear that the less-regioregular samples of this P3HT series 

are characterized also by a lower Mn, caused by the use of different catalysts in the 

synthesis method. P3HT-99P has the largest Mn of the series. The polydispersity of 

both commercial samples, P3HT-94.7M and P3HT-99P, is considerably higher than 

the others which have an average PDI of 1.3. No clear influence of the 

polydispersity on the performance of devices has been reported in the current 

literature.16,24  

 

Figure 4-1. Number average molar mass (closed symbols) and polydispersity (open 
symbols) versus regioregularity of the studied P3HT samples. The dotted line represents 
the average PDI = 1.3 of the non-commercial samples. 

 

 Thermal analysis of the powder samples allows us to investigate the effect of 

chain length and regioregularity on the phase transitions within this sample series, 

prior to establishing the phase behavior of these polymers in solution. Table 4-2 

lists Tc and Tm as determined from the DSC heat flow traces and ΔHm, the melting 

enthalpy of the P3HT crystals. The fraction of crystalline P3HT, Xc, is determined 

using the enthalpy of fusion of the perfectly regioregular P3HT crystal as 

determined by Snyder et al., ΔHf
0 = 50 J g-1.5  
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Table 4-2. Crystallization and melting temperatures, Tc and Tm, and melting enthalpy 
ΔHm, of the P3HT crystals, determined from DSC and the fraction of crystalline material 

Xc, based on ΔHf
0 = 50 J g-1 for the perfectly regular P3HT crystal.5 

P3HT 
Mn(SANS) / 

kg mol-1 
Tc / °C Tm / °C ΔHm / J g-1 Xc 

P3HT-89† 4.5 169 190 5.7 0.11 

P3HT-91† 4.1 180 199 4.4 0.09 

P3HT-94.7M‡ 6.0 208 234 20.9 0.42 

P3HT-95‡ 6.7 204 231 16.9 0.34 

P3HT-96‡ 7.9 206 234 16.7 0.33 

P3HT-98.5‡ 7.0 211 235 23.0 0.46 

P3HT-99P‡ 9.4 215 237 18.9 0.38 

  † Samples belonging to subgroup 1; ‡ subgroup 2. 
 

The crystallization temperature is determined largely by kinetics. The 

thermodynamical aspects of the transitions can be better described from studying 

the melting behavior and therefore, in the following analyses, we focus on the 

melting temperature.  

 

In Figure 4-2 we present the measured crystallization (Tc, blue squares) and 

melting (Tm, red circles) temperatures of the P3HT samples, determined from DSC 

heat flow traces, versus regioregularity (a) and versus molar mass (b). The melting 

point depressions represented by the black and red lines are discussed further on.  

 In Figure 4-2a, Tc and Tm show clearly two subgroups, separated by the grey 

dashed line: 2 data points at low RR (89-91%) and 5 data points at higher RR (95-

99%). We will denote these in the following as subgroup 1 and subgroup 2, 

respectively (see Table 4-2).  

 Although less obvious, also in Figure 4-2b the two subgroups are discernable. 

In particular Tc and Tm at the low molar mass are much lower than in the higher 

molar mass range. This can be understood from the molar mass dependence of the 

melting point which is inversely proportional to Mn. However, in subgroup 1 the 

transition temperatures show the opposite trend; the lowest molar mass has a 

higher Tc and Tm than the higher molar mass.  

 

In Figure 4-3 we show furthermore that our Tm measurements (in red) are 

overall in good agreement with the results of Zen et al. (in black) when plotted 
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versus molar mass (here Mn(SEC) for comparison).10 These data were obtained 

under similar experimental conditions as used in our work.  

In the subsequent paragraphs the data are discussed in more detail using 

theoretical concepts. 
 

 

Figure 4-2. Tc (blue squares) and Tm (red circles) of different P3HT samples versus 
regioregularity (a) and molar mass (b) with the melting point depression for equilibrium 
crystals (black) and the fitted relation (red line). Grey dotted line indicates subgroups 1 
(left side) and 2 (right side). 

 

Figure 4-3. Melting temperature Tm versus Mn(SEC) comparing our data (red circles) with 

the results from reference 10 (black squares). 

 

4.3.1.1  Molar Mass Dependence of Tm 

 The influence of molar mass can be investigated through Equation 4.1, with Tm 

the melting temperature, Tm
0

 the equilibrium melting temperature of the perfect 

crystal, R the ideal gas constant, ΔHf
0 the enthalpy of fusion per mole crystalline 

repeat units, M0 the molar mass of the end repeat unit and Mn the number average 

molar mass.10 

1

Tm
 - 

1

Tm
0  = 

R

ΔHf
0  

2M0

Mn
                     (4.1) 
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 Due to the different chemical structure of the endmers of a polymer chain, 

these units can be considered a special type of non-crystallizable impurity. 

Equation 4.1 is valid in case of identical endmers at either side of the chains and 

for sufficient chain length, Mn ≫ M0.25 In the case of different end groups, the 

equation is still usable with M0 the average molar mass of the two endmers. 

 

 Recently, the equilibrium melting temperature and the enthalpy of fusion of the 

perfectly regioregular P3HT crystal were determined as Tm
0

 = 296 °C and ΔHf
0 = 50 J 

g-1 (using 98% RR polymer).5 These values are different from the values used in 

earlier studies (Tm
0

 = 300 °C and ΔHf
0 =  99 J g-1), which were determined for a 92% 

RR polymer,26 and are being considered as too high.5,27  

 

 In Figure 4-4, we present by the black line the melting point depression with 

decreasing Mn, as predicted for P3HT equilibrium crystals according to Equation 

4.1, and Tm by the red circles. The experimentally determined Tm data points show 

in agreement with the theory a similar 1/Mn relation approaching a limiting Tm at 

high molar mass, but the data appear shifted as a whole to lower temperatures. 

The reason for this is simple: the experimental data as determined by DSC are 

dynamically determined. Upon cooling, polymer crystals are formed which upon 

heating melt again. Crystallization is predominantly kinetically controlled which in 

polymers leads to non-equilibrium crystals. Upon subsequent heating and when no 

rearrangements to a lower free energy state occur in the crystals upon heating, the 

melting point is characteristic of the kinetically formed crystal and not of the true 

equilibrium crystal. The transition is described as metastable equilibrium melting. 

It has been argued and discussed that although the observed melting points are 

not equilibrium crystals, Equation 4.1 can still be applied provided that Tm
0

 is 

replaced by Tm,1
 *

. Equation 4.1 then represents the molar mass dependence of the 

melting point of the kinetically formed but metastable equilibrium melting of the 

crystals. If reorganizations occur (such as perfecting of crystals, transformations 

between crystal forms) the observed melting points will not be representative of the 

crystals formed during cooling. Our data show a clear correlation between 

crystallization temperature and melting temperatures, giving a good indication that 

no rearrangements take place in the crystals after crystallization.28 We can 

therefore use Equation 4.1 with the modification of replacing Tm
0

 by Tm,1
 *

.  
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Figure 4-4. Plot showing Tm (red circles) versus Mn, with in black the melting point 
depression according to Equation 4.1 as predicted for P3HT equilibrium crystals 

( Tm
0

 = 296 °C, ΔHf
0 = 50 J g-1) and in red the estimation for subgroup 2 ( Tm,1

 *
 = 245 °C, ΔHf

0 

= 50 J g-1). 

 

 We have used Equation 4.1 to estimate the melting point Tm,1
 *

 at high molar 

mass in our sample series by fitting the experimentally determined melting 

temperatures. This value of Tm,1
 *

 is then used to predict the change in melting point 

with Mn. The red line in Figure 4-4 represents a very good fit, considering only the 

data of subgroup 2 according to Equation 4.1, with ΔHf
0 = 50 J g-1 and Tm,1

 *
 = 

245 °C. In this molar mass region, the melting point does not vary substantially 

with molar mass, in agreement with Equation 4.1.  

 

 The fit we have presented in Figure 4-4 shows that the experimental melting 

points at lower molar mass (subgroup 1) are not described/predicted accurately. 

Therefore, it seems unlikely that molar mass is the only parameter with an impact 

here. In the next section, we present the thermal behavior versus the regio-

regularity of the polymers.  

 

4.3.1.2  Regioregularity Dependence of the Thermal Behavior 

 P3HT can be considered a statistical copolymer of head-to-tail (HT), head-to-

head (HH) and tail-to-tail (TT) units, with the regioregularity, here labeled p, 

defined as the fraction of HT couplings in the polymer chain. The equilibrium 

melting temperature of statistical copolymers, Tm,cop, can be estimated according to 
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Equation 4.2, following Flory’s expression for the copolymer melting point 

depression as a function of regioregularity p, with Tm
 0

 the equilibrium melting 

temperature of the perfect crystal of the homopolymer (i.e. 100% RR), R the ideal 

gas constant and ΔHf
0 the enthalpy of fusion of the perfect crystal of the 

homopolymer.29 

1

Tm,cop
 - 

1

Tm
 0  = - (

R

ΔHf
0) ln p                     (4.2) 

This copolymer model assumes the exclusion of non-crystallizable units from the 

crystals. In case of P3HT, a HH unit resulting in a kink in the polymer chain would 

likely be expelled from the crystal.  

 

For the sake of completeness the equilibrium melting point depression of the 

P3HT polymers versus the regioregularity according to Equation 4.2 is calculated 

with Tm
 0

 = 296 °C and ΔHf
0 = 50 J g-1.5 The result is shown in Figure 4-5 (black), 

together with Tm (red circles). In the regioregularity interval considered here, a 

close-to-linear dependence of Tm,cop with regioregularity can be observed, with 

predicted values significantly higher than the measured melting temperatures.  

 

Figure 4-5. Tm (red) of P3HT from DSC measurements versus RR with in black the 
copolymer melting point depression as predicted for P3HT equilibrium crystals according 

to Equation 4.2 ( Tm
0

 = 296 °C, ΔHf
0 = 50 J g-1) and in red the estimation based on subgroup 

2 ( Tm,1
 *

 = 243 °C, ΔHf
0 = 50 J g-1). 

 

Of course, also here the dynamic effects play an important role and following 

the same reasoning as in the previous section, Equation 4.2 can be used to 
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determine the effective melting point of the samples. The red line in Figure 4-5 

represents the prediction according to Equation 4.2, with ΔHf
0 = 50 J g-1 and the 

fitted melting temperature for 100% RR P3HT, Tm,1
 *

 = 243 °C. The prediction 

represents fairly well the data at high RR. However, the melting point depression 

seems slightly underestimated in case of subgroup 1 and clearly overestimated in 

case of subgroup 2.  

 

 The reason for the deviations at low RR is again the molar mass effect (in 

combination with RR). Unfortunately, so far no theory is available to discuss the 

combined effect of molar mass and regioregularity. In what follows we will limit 

ourselves to a qualitative discussion of the remaining (major) deviations.  

 

4.3.1.3  Combining Molar Mass and Regioregularity Dependence 

 The melting temperature of a polymer crystal depends on the crystal 

thickness. For highly regular P3HT (considered the homopolymer), it has been 

shown that short P3HT chains can form crystallites of high order dispersed in a 

matrix of disordered domains.14,30 With increasing molar mass, the number of 

chains contributing to the organized domains grows, while the crystallite perfection 

decreases.9,10,30,31 Moreover, a linear increase of P3HT crystal thickness is reported 

up to a molar mass Mn(SEC) ≅ 15 kg mol-1.10,32  

At higher molar masses, chain folding limits nanowire widths. Like for other 

polymers, chain folding in P3HT is very likely: first reported by Ihn et al., after 

observing that P3HT chains form so-called whiskers in poor solvents with the 

whisker width smaller than the contour length of the chain33 and later shown by 

Mena-Osteritz et al. with scanning tunneling microscopy (STM).34 Nanofiber widths 

of 15 nm are generally reported for P3HT.35,36  

 

For the homopolymer (100% RR) kinetic nucleation barriers (and chain folding) 

control the crystal thicknesses. For the copolymer of P3HT with characteristic 

grade of regioregularity, the distribution of HH couplings over the polymer chains 

determines the characteristic length of crystallizable sections of the chains 

thermodynamically.29 HH units are considered non-crystallizable and will be 

excluded from the crystal according to Flory’s copolymer melting theory.5  

However, also for crystals of equal size, the melting temperature of the 

homopolymer is higher than that of the copolymer. The melting temperature of a 
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copolymer crystal is lowered due to an entropic term ΔSmix accounting for the 

mixing of HH and HT units in the melt.29 

 

Using the relation between molar mass estimations by SEC and SANS from 

Chapter 2, we calculated the equivalent threshold of the linear increase of P3HT 

crystal thickness as Mn(SANS) ≅ 6.5 kg mol-1. Most samples of subgroup 2 are 

situated in the molar mass region and our observations of a melting temperature 

plateau coincide with the molar mass effect described in reference 10. Flory’s 

theory however, seems to overestimate the melting point depression versus RR. We 

therefore assign the behavior of the melting temperature of subgroup 2 to the high 

molar mass of the polymers. 

 

The 1/Mn dependence of the melting temperatures results in a significant 

reduction of Tm towards lower molar mass (Figure 4-4). The measured melting 

temperatures of subgroup 1, however, are located at even lower temperatures and 

furthermore, (although we are just considering 2 points) the trend within the 

subgroup is reversed. The effect of regioregularity for these samples is clearly 

shown in Figure 4-5. Lacking a melting point depression theory which combines 

both effects, we suggest qualitatively, the superposition of the regioregularity effect 

in this region on top of the molar mass influence. The crystal thickness is reduced 

firstly by the low molar mass of the polymer chains and further by the exclusion of 

regiodefects from the polymer crystal, effectively restricting the length of the 

crystallizable segments. 

 

Also the measured melting enthalpy ΔHm associated with the different P3HTs 

(Table 4-2) shows a clear distinction between the behaviors of the two subgroups. 

This results in two ranges of crystallinity: Xc ≅ 0.1 for subgroup 1 and Xc ≅ 0.4 for 

subgroup 2. The very low average crystallinity for subgroup 1 fits with the 

proposed major impact of irregularities on the crystallization of these P3HT chains. 

 

4.3.2  The Phase Behavior of P3HT in Solution 

 Molecular characteristics such as chain length and regioregularity can also 

influence the phase behavior of P3HT in solution. In the current section we discuss 

the thermal analysis of binary mixtures of P3HTs in toluene or ODCB. Since we 

previously established that regioregularity affects the fundamental single chain 
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properties of P3HT and the melting behavior, we maintain focus on RR in the 

presentation of the DSC results. We furthermore present phase diagrams of 

selected P3HT/solvent combinations to get a better overview of the phase behavior 

of P3HT in solution.  

 

 

 

 

Figure 4-6. Representative DSC cooling (a) and heating (b) thermograms (wP3HT-99P = 0.013 

in toluene), showing the transitions from which Tc and Tc,i (a) and Tm and Tm,i (b) are 

determined (magnification of sections around Tc,i in (a) and Tm,i in (b)). 

 

(a) 

(b) 
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4.3.2.1  General Phase Transition Observations in Solution 

 When subjecting P3HT solutions to thermal analysis, four transitions were 

observed within one temperature cycle. Figure 4-6 shows representative DSC heat 

flow traces of cooling and heating. Starting from high temperature, upon cooling 

(a), Tc is defined as the onset of the first exothermic transition, accompanied by a 

rather large enthalpy change, designated as the crystallization of P3HT. Decreasing 

the temperature further, a second exothermic transition with small ΔHm value is 

observed at sub ambient temperatures (magnification in inset, peak maximum Tc,i). 

In the subsequent heating (b), a small endothermic transition (magnification in 

inset, peak maximum Tm,i) occurs prior to reaching Tm, defined as the end point of 

the larger melting peak. Above this melting temperature, the sample returns to the 

homogeneous (reference) state.  

 The thermal transitions characterized by Tc,i and Tm,i appear at a fairly constant 

temperature independent of the sample concentration. From here on, we will refer 

to them as invariant transitions.  

 

The glass transition temperature Tg could not be located from our experimental 

data; most likely because the glass transition temperatures of the solutions are 

lower than the experimental temperature range.  

 

4.3.2.2  Phase Behavior at Low P3HT Concentrations 

 Solutions of the photoactive components used to process the active layer in 

organic solar cell applications, contain low concentrations of polymer; often as low 

as mass fractions wP3HT = 0.01-0.02. We have investigated the phase behavior at 

low P3HT mass fractions in toluene (up to wP3HT = 0.25 for some samples) for all 

samples listed in Table 4-1 and for P3HT-99P/ODCB (wP3HT-99P < 0.30). The latter 

is being investigated since currently, chlorinated solvents such as ODCB are 

generally used when solution processing P3HT/PCBM solar cells in the laboratory. 

The sets of measurements performed at low concentrations, made it possible to 

construct partial binary phase diagrams for all samples, a selection of which will be 

discussed further on in Section 4.3.2.3 (Figure 4-8).  

 

 From the phase diagrams in the concentration range 0.01 < wP3HT < 0.30, we 

focus on the transition temperatures Tm and Tc at wP3HT = 0.05 (determined by 

interpolation where necessary). For the temperature of the endothermic invariant 
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transition Tm,i, we averaged the values from all measurements at different 

concentrations as 〈Tm,i〉. The invariant transition temperature during cooling could 

not be clearly determined for all measurements and was therefore not included in 

this comparison. Figure 4-7 shows Tm by the red full circles, 〈Tm,i〉 by the red open 

circles and Tc by blue squares for solutions of wP3HT = 0.05 in toluene, represented 

versus P3HT regioregularity; data points for P3HT-99P/ODCB are added as stars 

(with the same color coding).  

 The regioregularity dependence of the melting temperature of P3HT in toluene 

at fixed concentration clearly shows again the subgroups also identified in the pure 

samples (compare to Figure 4-2b), as illustrated by the grey dotted line.  

 

Figure 4-7. Influence of P3HT RR on Tm (red, full), 〈Tm,i〉 (red, open) and Tc (blue) in toluene 

(circles, squares) and in ODCB (99% RR sample only, stars) for wP3HT = 0.05.  

 

 We observe over the measured RR interval, a constant ratio between the 

experimental melting point depression of the solids versus the solutions, being 

1.54 ± 0.02. Table 4-3 gives the ratio Tm,1  Tm,ϕ1
⁄ for the different polymer samples. 

This constant value indicates that the crystallites formed in solution and in the 

pure polymer are similar; the dilution effect is only determined by the decreasing 

mass fraction of the polymer and crystals formed in the pure polymer samples and 

in solution do not differ significantly.  
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Table 4-3. Ratio of P3HT melting temperatures Tm,1 of the solids and Tm,ϕ1
 of the solutions 

in case of 𝜙1 = 0.05. 

P3HT Tm,1  Tm,ϕ1
⁄  

P3HT-89 1.51 

P3HT-91 1.53 

P3HT-94.7M 1.55 

P3HT-95 1.51 

P3HT-96 1.55 

P3HT-98 1.55 

P3HT-99P 1.55 
 

 

 

4.3.2.3  Phase Diagrams of P3HT/Toluene and P3HT/ODCB 

 In Figure 4-8 we present the partial binary phase diagrams of the following 

P3HT/solvent combinations: P3HT-96/toluene (a), P3HT-99P/toluene (b) and 

P3HT-99P/ODCB (c). The detailed concentration dependencies of Tc and Tm are 

slightly different in the three cases, but a comparison of general features leads to 

the following observations. In all binary mixtures, a melting point depression with 

decreasing polymer content was observed with a fairly constant temperature 

difference between Tc and Tm.  

 

Comparing the Tm curves in the binary phase diagrams, the melting of P3HT-96 

in toluene takes place at lower temperatures than the more regular and longer 

P3HT-99P. Both melting curves show a significantly reduced slope (possible 

indication of a plateau) at approximate mass fractions 0.1 to 0.2. A plateau can 

suggest the presence of liquid-liquid demixing, however, we have no other 

indications or literature reports of this phenomenon occurring for P3HT/toluene. 

On the other hand, the melting curve recorded in ODCB has an almost linear 

shape in the investigated composition range. 

 

 The invariant processes, occurring at a similar temperature independent of 

polymer mass fraction, may be an indication of a reversible intramolecular 

association or reorganization with temperature.  
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Figure 4-8. Partial binary phase diagrams of P3HT-96/toluene (a), P3HT-99P/toluene (b) 
and P3HT-99P/ODCB (c) showing Tc (blue, full) and Tm (red, full) and Tc,i (blue, open) and 

Tm,i (red, open). Solid lines as guide for the eye, dotted lines represent the average value 

〈Tc,i〉 and 〈Tm,i〉. 
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In the following we will use the constant ratio of the melting temperature (Table 

4-3) as an indication and assume that the morphology of polymer crystals formed 

in solution in the dynamic DSC experiment are similar to the morphology of the 

crystals formed in the pure state. The concentration dependence can be described 

by the Flory-Huggins (FH) melting point depression theory. 

 Using Tm,ϕ1
 at a given concentration in solution and the melting point Tm,1

 *  of the 

pure polymer and with literature values for the specific volume of the solvent Vs, 

and the polymer repeat unit Vu, the density of the polymer, Equation 4.3 can be 

used to estimate a value for the effective interaction parameter χ.  

 
1

Tm,ϕ1

-
1

Tm,0
 *  = - 

RVu

Vs ∆Hf
0 (

1

m2
ln(ϕ2) + (

1

m2
-1)ϕ1 + (χs+

χ1

Tm,ϕ1

) ϕ1
2       (4.3) 

 In Figure 4-9 we show the melting point depression calculated using Equation 

4.3 for the different molar masses used in the experiments with χs = 0.34 and χ1 

estimated from the solubility curves. These estimated values for χ1 are too low to 

predict phase separation. 
 

 

Figure 4-9. Estimation of the melting point depression according to the Flory-Huggins 

theory, Equations 4.3 and 4.4, for P3HT-96 / toluene (a, χ1 = 11.2), P3HT-99P / toluene (b, 
χ1 = 11.2) and P3HT-99P / ODCB (c, χ1 = 12.3) in black and in red the experimentally 

determined melting temperatures Tm. 
 



Phase Behavior of P3HT 

103 

For P3HT in toluene the experimental melting points are described reasonable 

by the simple FH theory (Figure 4-9a,b). However, the data in ODCB cannot be 

described by Equation 4.3 (Figure 4-9c).  

 

The melting curves of P3HT-99P in ODCB and toluene cross each other at an 

approximate mass fraction of 0.1, as shown in Figure 4-10. At lower 

concentrations, P3HT aggregates formed in ODCB melt at lower temperatures than 

those formed in toluene; above this mass fraction P3HT aggregates in toluene melt 

prior to those in ODCB. We must remark here that crossing of the melting curves 

of the same polymer in two different solvents, under the assumption that only 

Flory’s interaction parameter is changed, is physically impossible. It is probable 

that the morphology and inner structure of the two different P3HT/solvent systems 

are so different from each other that a direct comparison is just not possible, hence 

allowing this cross-over.  
 

 

Figure 4-10. Melting point depression for P3HT-99P in toluene (red circles) and ODCB 
(black squares), showing Tm in solid (connected by line as guide for the eye), Tm,i by open 
symbols and 〈Tm,i〉 by dotted lines. Intersection of melting curves at wP3HT-99P ≈ 0.1. 

 

4.4  Conclusions 

 The controlled formation of P3HT aggregates in organic solvent, to serve the aim 

of creating a stable dispersion as ink, requires knowledge of the phase behavior of 

P3HT in solution. Many molecular properties influence the crystallization, melting 

and phase behavior of polymers. Previously in Chapter 2, we demonstrated the 

impact of the regioregularity on the fundamental chain properties of P3HT; in this 
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chapter, we presented the results of DSC measurements on different P3HT 

samples, varying in molar mass and RR (divided into subgroups 1 and 2 for 

analysis), in the powder form as well as in solution. 

 

 We first determined the crystallization and melting of different P3HTs and 

analyzed the melting point depression with respect to molar mass Mn and 

regioregularity. We observed for the low-Mn low-RR samples (subgroup 1) a 

dominant effect of RR and extra influence of the shorter chain length. Due to the 

1 Mn⁄  dependency and the possibility of chain folding with increasing degree of 

polymerization, we did not observe an additional molar mass effect on the melting 

temperature in subgroup 2. 

 

 To investigate the phase behavior in solution, we performed thermal analysis on 

binary mixtures of P3HT/organic solvent (toluene or ODCB) of different 

concentrations (up to wP3HT = 0.30). At wP3HT = 0.05 in toluene, we observed a 

melting point depression versus RR similar to the behavior observed for the 

powders. An additional reversible invariant thermal transition is observed in 

solution, with maximum Tc,i during cooling and Tm,i during heating.  

 Phase diagrams of P3HT/toluene show a slope reduction in the melting point 

depression around wP3HT = 0.1-0.2. Comparing to the almost linear shape of the 

melting point depression in P3HT/ODCB, both phase diagrams show a very 

different behavior. The Flory-Huggins melting point depression theory explains the 

behavior in toluene quite well, in contrast to the behavior in ODCB. Moreover, the 

crossing of the melting lines strongly suggests a different internal structure of the 

P3HT aggregates in solution of toluene versus in ODCB.  
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CHAPTER 5 

Time and Temperature Dependence of 

P3HT/Toluene Gel Formation 

 

 

 

 The gelation of low-polymer content RR-P3HT/toluene samples upon storage at 

room temperature has implications for the applicability of printing methods and 

questions the stability of such photoactive inks. In this chapter we investigate this 

gelation process by performing time and temperature dependent experiments with 

rheology, thermal analysis by DSC and small angle neutron scattering (SANS). We 

observe the influence of aging temperature and time (up to 8 hours) on 

macroscopic network properties.  

 During cooling of a P3HT/toluene solution, we measure the rapid development 

of the network, which continues to grow for ~30 minutes while aging at 20 °C. 

Cryo-TEM images show the formation of P3HT-enriched domains. Further increase 

of the gel strength with time is caused by changes in the density and size of the 

P3HT clusters which act as cross-links of the network. This is an evolution towards 

a more tight packing of the chains. Subsequent heating of the gel sample results 

firstly in crossing the gel-sol transition which dismisses correlations at the larger 

length scales of the sample. The P3HT cross-link domains can still grow during this 

initial heating (in case of shorter applied aging times), before their final dissolution 

takes place at higher temperature, where, e.g., the viscosity of the sample is 

returned to the initial solution state.  
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5.1  Introduction 

 Gelation is a common phenomenon for conjugated polymers in organic 

solvents.1–8 Thermoreversible gelation can occur through various physical 

processes,9 e.g., in crystalline polymers the crystallites can act as cross-links10 and 

in rod-like polymers microphase separation or other mechanisms can be 

responsible for the formation of a network.11,12 Poly(3-hexylthiophene) (P3HT) has 

been shown to gel in organic solvents such as xylene, toluene and benzene. 

Mechanistically, a coil-to-rod transition which leads to aggregation, followed by the 

physical linking of these domains into a network, is proposed as the two-step 

gelation process.3,4  

 Photoactive layers of polymer-based organic solar cells are generally formed 

from homogeneous solutions by deposition methods such as spin coating. The gel 

formation of conjugated polymers was long considered a hurdle because of the 

difficulties it presents during processing. However, a network structure consisting 

of interconnected polymer fibers resembles the ideal morphology as proposed for 

organic solar cells. The gel phase of P3HT even shows an increased conductivity 

when compared to conventionally prepared films where charge transport occurs 

between overlapping fibers.13,14 Because of progress in device fabrication, it is 

possible to process these gels while maintaining the beneficial structural features; 

examples include freeze-drying methods, organogel sonication and the use of 

microgel particles in aqueous dispersions.6,7 The porosity of the network could 

allow backfilling of the P3HT phase with the acceptor component PCBM, while 

maintaining the preformed structural features.6,15 Moreover, self-assembly of the 

polymer chains prior to coating decouples the morphology formation from the 

deposition step. 

 

 In Chapter 4, we described the thermal behavior of solutions of P3HT in organic 

solvents with differential scanning calorimetry (DSC). We observed multiple 

thermal transitions which we, thus far, did not assign to specific physical 

phenomena. In the current chapter, we are focusing on the time and temperature 

dependent behavior. Since rheology indicates gel formation in our samples, the 

rheological properties of P3HT/toluene are investigated first. We also discuss the 

results of thermal analysis of these samples (DSC). We expand the analysis to 

include small angle neutron scattering (SANS). In-line rheology-SANS experiments 
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made it possible to simultaneously probe the macroscopic network characteristics 

and the evolution of the network morphology at small length scales.  

 

5.2  Experimental Section 

5.2.1  Materials and Solution Preparation 

 P3HT was provided by Plextronics (Plexcore OS2100); in previous chapters 

labeled P3HT-99P. The molar mass (Mw  = 29.2 kg mol-1) of this polymer was 

determined by SANS on dilute solution of P3HT in toluene-d8 at 70 °C (Chapter 2). 

The reported polydispersity index (PDI = 3.1) is obtained from size exclusion 

chromatography (SEC) in CHCl3, calibrated with polystyrene standards. Regio-

regularity (RR = 99%) was determined by 1H NMR.  

 

 Solutions of P3HT in toluene (Sigma-Aldrich) and toluene-d8 (Sigma-Aldrich, 

99.6% deuterated) were prepared by adding solvent to the weighed amount of P3HT 

powder and dissolving the polymer at 70 °C, while stirring for at least 1 hour. 

Measurements were performed on samples containing P3HT mass fraction wP3HT = 

0.01. All materials and solvents were used without further purification. 

 

5.2.2  Methods 

5.2.2.1  Differential Scanning Calorimetry 

DSC thermal analysis experiments were performed with a TA Instruments 

Q2000 heat flux DSC. Aluminum TA Tzero pans and lids sealed the samples 

hermetically.  

 

5.2.2.2  In-House Rheology 

Rheological measurements were conducted with an Anton-Paar Physica 

MCR301 rheometer equipped with a concentric cylinder measurement system in 

Searle configuration (CC27 with inner/outer cylinder difference of 2.26 mm). The 

Physica VT2 temperature controller allowed temperature regulation between 70 °C 

and 5 °C. Oscillatory measurements with different frequency f and strain γ were 

performed, as indicated in the results section. Recorded data points with torque 

values below the lower instrumental limit were discarded (G' > 0.02 Pa).  
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5.2.2.3  In-Line Rheology – SANS  

In-line rheology–SANS measurements were carried out on the instrument D11 

at the Institut Laue-Langevin (ILL), Grenoble, France.16,17  

Rheometer 

We used a Bohlin CVO120 rheometer, equipped with concentric cylinder Searle 

type measurement cell made from quartz and with the outer cylinder fitted in a 

stainless steel heating jacket.18 A water bath allowed temperature regulation 

between 70 °C and 20 °C. With inner/outer cylinder opening of 1 mm, the 

measurements were performed in the radial beam configuration (effective path 

length of 2 mm). Oscillatory measurements with frequency f = 1 Hz and strain γ  = 

10-2 were carried out. Due to the lower sensitivity of this setup, we measure G' > 

0.1 Pa. 

SANS setup 

SANS data were taken in a range of momentum transfer q from 8.7 × 10-4 ≤ q ≤ 

0.0856 Å-1 by using the following instrument settings: a neutron wavelength 𝜆 = 

6.0 Å with a wavelength spread of 9% in combination with two sample-to-detector 

distances of 8 m and 20 m (respective collimation distances of 8.0 and 20.5 m) and 

𝜆 = 13 Å with sample-to-detector distance 39 m (collimation distance of 40.5 m). 

The exposure time was 1 minute for the 𝜆 = 6.0 Å settings and 2 minutes for 𝜆 =  

13 Å. Transmission was measured for 2 minutes at 8 m. 

 A two-dimensional 3He detector with 128 × 128 pixels of size 7.5 × 7.5 mm² was 

used to collect the scattering intensities. The toluene-d8 scattering pattern was 

collected for background subtraction. Furthermore, Cadmium was measured to 

take into account the electronic background. The empty cell was measured as well 

as demineralized water of 2 mm thickness as secondary calibration standard 

(cross-calibrated against well-characterized h/d polymer blends). The data were 

put on absolute scale with the known differential scattering cross-section of water, 

being 0.983 cm-1 at 6.0 Å and 1.491 cm-1 at 13 Å, as determined for the 

instrument D11. All measurements have been corrected for dead time effects. The 

data were reduced using the ILL software package LAMP. In a first step, the two-

dimensional data were normalized pixel by pixel, and then subsequently, one-

dimensional scattering curves were obtained by radial averaging.17  

The scattering patterns at the different instrument settings were manually 

combined into the complete scattering curve. Some experimental problems are 

discussed in the Appendix to Chapter 5.  
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5.2.2.4  Cryo-Transmission Electron Microscopy (Cryo-TEM) 

 The vitrification robot Vitrobot Mark III (FEI) was used to make vitrified toluene 

layers. 3 μL of a P3HT/toluene solution (1 wt%) was brought on to the copper grid 

(Quantifoil R2/2 200-mesh Cu grids, Quantifoil Micro Tools) in the vitrobot 

chamber, was then blotted with filter paper for 2 s and plunge-frozen in liquid 

nitrogen. The grids were kept in liquid nitrogen until sample loading. Transmission 

electron microscopy was performed with TU/e cryoTitan (FEI), equipped with a field 

emission gun operating at 300 kV and energy filter. Images were recorded using a 

2k × 2k Gatan charge-coupled device (CCD) camera.  

 

5.2.3  General Time-Temperature Profile 

 After preparation and sample loading, the solutions were subjected to a specific 

time-temperature profile containing the following steps. Homogenization and 

temperature equilibration of the polymer solution was ensured at elevated 

temperature (1 hour at 70 °C). At a controlled rate (1 or 5 °C min-1) the sample was 

cooled down to the isothermal aging temperature Tiso (5 ≤ Tiso ≤ 30 °C), where it 

was kept isothermally for various time intervals tiso of up to 8 hours. The sample 

was then either mechanically tested by imposing oscillations with increasing 

amplitude or reheated at a controlled rate up to 70 °C, beyond the melting of the 

formed structures.  

To avoid confusion, the specific temperature and rheological conditions of each 

experiment will be indicated in the respective sections. 

 

5.3  Results and Discussion 

 In the laboratory, we noticed that a solution of 1 wt% Plexcore P3HT in toluene, 

while homogeneous at 70 °C, rapidly turns into a gel when stored at room 

temperature. Starting from this simple observation, we studied firstly, the 

rheological and the thermal behavior of the sample after various aging times. We 

present results from rheology and DSC measurements with specific attention for 

the time dependence of the properties and transition temperatures. Later in this 

chapter, we describe the results of in-line rheology-SANS measurements and 

discuss the network structure at different length scales. 
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5.3.1  Time Dependent Gelation at Room Temperature 

 After controlled cooling of a homogeneous solution from 70 °C to Tiso = 25 °C 

(1 °C min-1) and aging of the gels for various timespans, ranging between 5 minutes 

≤ tiso ≤ 8 hours, an oscillatory strain sweep was applied to the sample; we steadily 

increased the amplitude of the oscillation (f = 1 Hz, 10-4 ≤ γ ≤ 10). Under increasing 

deformation, the rheological parameters are monitored and the properties of the 

gels are studied. Figure 5-1 shows the results for the storage modulus G' of strain 

sweep experiments after different aging times. 
 

 

Figure 5-1. Double logarithmic plot of G'  versus γ  during a strain sweep, applied to 
P3HT/toluene after cooling at 1 °C min-1 from 70 °C to 25 °C and isothermal aging for tiso 

= 5 minutes (black squares), 15 minutes (red circles), 30 minutes (blue triangles up), 1 
hour (green triangles down), 2 hours (pink diamonds), 5 hours (violet triangles left) and 8 
hours (orange triangles right). 

 

 In Figure 5-1, the results of measurements, performed after aging times of 

minimal 15 minutes,19 are displayed that show a plateau-like region at the lowest 

strains at G'LVE, i.e., the storage modulus in the linear viscoelastic regime, where 

storage and loss moduli are independent of the strain amplitude. This is followed 

by a local increase of the storage modulus to a maximum value G'max at strain at 

break γbreak. The increase of the storage modulus to its maximum value points to 

the presence of a phenomenon much like strain hardening and in absence of better 

terminology we will continue to use the term “strain hardening” further in the text. 

This phenomenon occurs when, with increasing oscillatory amplitude, the sections 

of polymer chain between cross-links are being stretched. This manifests itself by a 

localized increase of the storage modulus, as a sign of stiffening of the network.  
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 Further increase of the oscillatory amplitude beyond γbreak rapidly disrupts the 

network which is revealed by the drop of the signal. At the end of each sweep, the 

last data points of each series indicate that the sample did not return to its 

homogeneous state. A “residual” modulus value was observed at the end of the 

experiment. From visual observation of the gel, it appears to consist of smaller gel 

domains dispersed in a more homogeneous solution phase. 

 

 With aging time, the LVE storage modulus G'LVE increases while the maximal 

strain at break γbreak decreases. We observe a gradual evolution of gel stiffness with 

time. The time dependence of the rheological parameters will be discussed further 

in the following sections.  

 

 The influence of the oscillatory frequency on the rheological behavior was 

assessed by performing the same measurements at different oscillation 

frequencies. Figure 5-2 shows partial results of these measurements, where over 2 

orders of magnitude (0.1 Hz ≤ f  ≤ 10 Hz) no clear frequency dependence of the 

storage modulus in the LVE regime could be observed. The data point for f = 0.1 Hz 

and after tiso = 15 minutes is likely located higher due to the increased 

measurement time required at smaller frequencies. Frequency independent 

behavior was also observed for the other rheological parameters. 
 

 

Figure 5-2. Frequency dependence of G'LVE over 2 orders of magnitude for aging at Tiso= 
25 °C and cooling at 1 °C min-1. Timespans tiso: 15 minutes (red circles), 30 minutes (blue 

triangles up), 1 hour (green triangles down), 2 hours (pink diamonds), 5 hours (violet 
triangles left) and 8 hours (orange triangles right). Dotted lines represent average values. 
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5.3.2  Influence of Mild Changes in Thermal History 

 Now, we expand the rheological analysis of the gelation in P3HT/toluene by 

varying the following parameters which define the thermal history of the samples: 

cooling ramp (1, 5 °C min-1) and aging temperature (Tiso = 25, 30 °C).  

 Homogeneous solutions at 70 °C were subjected to different temperature 

profiles, followed by an aging interval at Tiso (ranging between 5 minutes ≤ tiso ≤ 8 

hours). After the aging step, the storage modulus G' was recorded during a strain 

sweep experiment (f = 1 Hz), increasing γ from 10-4 to 10. We include the results 

discussed in Section 5.3.1 in this comparison. 

 

 In analogy to the previous section, we define three characteristics from the 

strain sweep experiments, G'LVE, G'max and γbreak, which enable us to reconstruct 

the properties of the gel as a function of time. In Figure 5-3, the results of the four 

sets of measurements are presented. The increasing value of G'LVE with aging time 

demonstrates a long term evolution of the gel. The break point at strain γbreak is 

reached at smaller amplitudes with increasing aging time, which can be related to 

a lower molar mass between cross-links. As the gel ages further, the average length 

of the sections of chain between cross-links become shorter and the sections can 

withstand less strain. Therefore, we can state here that with aging time, the 

network is characterized by higher modulus values and increased stiffness, while it 

can endure less strain and will break at smaller deformation.  
 

 

Figure 5-3. Plot showing the time dependence of the following characteristics: G'LVE (a, 
closed symbols), G'max (a, open symbols) and strain at break γbreak (b, closed symbols) 

for the different sets of measurements: Tiso = 25 °C and cooling at 1 °C min-1 (black 

squares), Tiso= 25 °C and cooling at 5 °C min-1 (red circles), Tiso= 30 °C and cooling at 1 °C 

min-1 (blue triangles up), Tiso= 30 °C and cooling at 5 °C min-1 (green triangles down). 
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 Comparing the four chosen experimental conditions, we have made the 

following observations regarding the influence of the isothermal aging temperature 

and the thermal history of the solution (i.e., the cooling rate). The gels with the 

largest stiffness are formed by cooling the homogeneous P3HT/toluene solution to 

25 °C at a rate of 1 °C min-1 (Figure 5-3, black squares). After 8 hours, a plateau is 

reached at a G'LVE value about two orders of magnitude larger than the starting 

value measured after 5 minutes. A faster cooling rate of 5 °C min-1 results in a 

similar time evolution, but with lower absolute values for the moduli (red circles) 

reached in the same time interval.  

 Isothermal evolution of the gel at 30 °C results in different behavior (blue and 

green triangles). The gels are formed slower and a plateau of stable gel morphology 

is anticipated only at longer times. The modulus values are significantly smaller 

and the gels are much less extensible than what was observed at 25 °C.  

 

5.3.3  Rheological Behavior for P3HT Gels formed at Tiso = 5 °C 

 In Chapter 4 we reported on the phase behavior of P3HT and we presented the 

partial phase diagram of P3HT-99P/toluene (Figure 4-10b). During both cooling 

and heating of the solutions, two thermal transitions were identified. Considering 

the location of these transitions and the accessible temperature range in the 

rheology setup, an aging temperature Tiso of 5 °C was selected with aging times tiso 

from 10 minutes up to 8 hours. With a temperature ramp of 1 °C min-1, we 

imposed the identical time-temperature profile on the sample during rheology and 

DSC measurements. We opted for a different rheology approach in this section; no 

amplitude sweep but monitoring of the dynamic moduli during the entire 

temperature cycle (cooling, isothermal aging and heating). From the measurements 

described in the previous sections, we were able to choose oscillation parameters 

within the linear viscoelastic regime of the formed gels (f = 1 Hz, γ = 0.01).  

 

 In Figure 5-4 we show the rheological response, in the form of storage and loss 

moduli G' (black) and G'' (red), for a sample aged at 5 °C for 5 hours. We will 

describe the general features of the rheology runs observed in Figure 5-4 and 

discuss the aging time dependent behavior.  

 Cooling the sample down, the polymer solution shows only a loss component 

(G'') until at approximately 23 °C the storage response crosses the loss component. 

Following the work of Winter et al., the cross-over between G' and G'' is defined as 
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the gel point Tgel (sol-gel transition).20 This is accompanied by a rapid increase of 

the moduli by several orders of magnitude (e.g., in this experiment 3 orders of 

magnitude for ΔT  ≅ 5 °C). This indicates the formation of a percolating network of 

P3HT, between the inner and outer cylinder of the measurement cell.  

 During the isothermal period, we observed a drop in the modulus values, which 

is in direct contrast to the reconstructed time dependency during aging at 25 °C 

(Figure 5-3). This might be due to the more pronounced bleeding of the gel at this 

(lower) aging temperature, creating a small lubrication layer of solvent between the 

gel and rheometer. Therefore, this part of the rheology curve will not be considered 

in the discussion. 
 

 

Figure 5-4. Storage G' (black) and loss modulus G'' (red) versus temperature with an iso-

thermal period of 5 hours at 5 °C (arrows indicate the direction in which the experiment 
was conducted). 

 

 Reheating the gel, hysteresis becomes apparent. We observe a two-step process 

in the decrease of the dynamic moduli. Around Tδ  = 30-35 °C a local peak is 

present in the loss modulus signal (or in tan δ ). This is followed by a regime 

showing viscoelasticity, with storage and loss moduli approximately equal to one 

and other (tan δ  ≅ 1). The gel-sol transition is defined at the temperature where G' 

drops definitively below G''; in Figure 5-4 at Tsol = 42 °C. At higher temperatures, 

the sample is gradually returned to its homogeneous state, characterized by only 

the loss component and a similar viscosity as at the beginning of the experiment, 

here at dissolution temperature Tdis = 61 °C. 
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 Rheology experiments performed with different aging times showed the same 

features as discussed above in the case of tiso = 5 hours: during cooling, crossing of 

G' and G'' at Tgel ≈ 23 °C, followed by a large and rapid increase of the moduli; 

decrease of the signal during the isothermal period (the extent of which could not 

be correlated to the aging time); a two-step process during heating containing a 

small local peak at Tδ  = 30-35 °C, followed by a temperature region showing 

viscoelastic behavior prior to Tsol ≈ 45 °C and final dissolution at Tdis ≈ 60 °C. The 

temperature ranges in which these characteristics can be observed seem 

unaffected by the applied aging time. Therefore, we must conclude that the 

rheological data do not show definite aging time dependence, for this aging 

temperature.  

 

5.3.4  Thermal Analysis of the Gel Samples 

 The thermal behavior of P3HT/toluene solutions was first described in this 

thesis in Chapter 4, where we presented partial phase diagrams limited to low 

polymer mass fractions. Two endothermic transitions were observed during 

heating. Here, we further investigate the thermal behavior with DSC by performing 

aging experiments at 25 °C, and in the second part of this section we discuss 

experiments with Tiso = 5 °C.  

 For comparison with the rheology results, we controlled the thermal history of 

the samples by applying a temperature profile like in the previous Section 5.3.1, 

i.e. cooling from 70 °C to 25 °C at 1 °C min-1 and isothermal aging for timespans of 

5 minutes ≤ tiso ≤ 8 hours. At the end of the applied isothermal period, the samples 

are quenched to 5 °C to better visualize both endothermic transitions during the 

subsequent heating (to 70 °C at 1 °C min-1). The thermograms during heating are 

shown in Figure 5-5.  

 

 We label the transition temperatures consistent with the definitions proposed in 

Chapter 4. The small endothermic signal of the first transition, with maximum Tm,i 

around 28 °C, is comparable for all aging times. In the temperature range 45-

65 °C, we notice a significant trend with aging time. After tiso = 10 minutes, we 

observe a small exothermic transition followed by a wider endothermic peak. This 

could point to a reorganization event, prior to the final dissolution of the gel. With 

longer aging times, the enthalpy change of the wider endothermic process 

increases significantly. After tiso of 5 and 8 hours, the exothermic transition is no 
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longer visible, but might be entirely overshadowed by the broad endothermic peak 

with an asymmetric shape. The onset of this transition Tm,on can be located at 45-

50 °C and the end at Tm,end ≈  66 °C does not depend on aging time. The 

interference of the endothermic and exothermic phenomena makes quantification 

of the observed enthalpy exchange difficult, if not impossible. However, we clearly 

observe an increasing contribution of the endothermic peak with aging time.  

 
 

 

Figure 5-5. DSC heating thermograms recorded after cooling to 25 °C at 1 °C min-1, aging 
at Tiso for time tiso of 10 minutes (blue), 30 minutes (red), 2 hours (green), 5 hours (black) 

and 8 hours (purple). Samples were quenched to 5 °C after tiso, prior to heating. 

 

 In case of an aging temperature of 5 °C, DSC measurements were performed 

under similar conditions as for the rheology measurements described in Section 

5.3.3. The thermograms obtained during heating are presented in Figure 5-6 and 

show two transitions. The enthalpy exchange associated with each of these 

transitions is very small. Again, we label the transition temperatures consistent 

with the proposed definitions in Chapter 4. The first endothermic peak has a 

maximum around Tm,i ≅  27-28 °C. The second endothermic peak, which is 

associated with the final dissolution of the sample, has an asymmetrical shape 

with Tm,end ≅ 55 °C and a minor peak end variation (∆Tm,end ≅  2 °C). The onset of 

the dissolution peak Tm,on is situated between 40 and 45 °C. 
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Figure 5-6. DSC thermograms recorded during heating after aging at Tiso 5°C for time tiso 
of 10 minutes (blue), 30 minutes (red), 2 hours (green), 5 hours (black) and 8 hours 
(purple). Indicated from left to right are Tm,i, Tm,max and Tm,end. 

 

 The transition temperatures Tm,i are independent of both aging temperature and 

time. The final melting temperature Tm,end is not related to aging time, but is 

situated at a considerably lower temperature in case of Tiso = 5 °C, in comparison 

to samples aged at Tiso = 25 °C; Tm,on is shifted down about 5 °C due to the lower 

aging temperature. Samples subjected to an aging temperature of 25 °C, show time 

dependent changes in both rheology (moduli values) and thermal analysis (much 

larger and increasing ∆Hm). An aging temperature of 5 °C, however, does not show 

this kind of behavior. These experimental observations seem to suggest that an 

ambient gelation temperature allows changes in the network to take place. At a 

temperature as low as 5 °C, the mobility of the chains might be too restricted or 

the changes in the sample are not detectable with the analysis techniques.  

 

 For the latter set of measurements (Tiso = 5 °C), we can compare the transition 

temperatures determined from rheology and DSC analyses. Figure 5-7 shows that 

in both the rheological and the DSC data, there is no significant trend which 

relates the isothermal aging time to the transition temperature. Therefore, no aging 

time dependence is apparent, as can be seen from the distribution of measurement 

points around the solid and dashed lines, representing the respective transition 

temperatures averaged over tiso. 

 Rheology and DSC are analysis techniques which probe very different sample 

properties. It is therefore not our intention to interpret the absolute temperature 
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difference between the different transition temperatures. For example, Tsol refers to 

the melting of the gel, i.e. the network covering the gap between both cylinders of 

the measurement cell, while Tm,end indicates the final dissolution of all P3HT 

aggregates discernable with DSC. We therefore added Tdis as the temperature 

where the viscosity of the solution is returned to its initial value, i.e. of the 

homogeneous solution. The absolute temperature difference between these two 

parameters is due to the high sensitivity of viscometric techniques to the final 

dissolution temperature of a polymer solution.21 Also the large volume of the 

rheology sample in comparison to the small DSC sample can contribute to the 

temperature difference between both estimations. The presence of both Tδ and Tm,i 

in a fairly narrow temperature range (∆T ≅ 5 °C ) indicates that these two transition 

temperatures could also be an expression of the same transition phenomenon. 

 However, we must conclude that overall, we do not possess conclusive 

information on the nature of the transitions during the dissolution/melting of the 

gels.  

 

Figure 5-7. Transition temperatures and their average, determined from rheology (open, 

dashed) and DSC (closed, solid) versus tiso.  

 

5.3.5  In-Line Rheology – SANS: Analysis of the Network Structure 

 In the previous sections, we focused on macroscopic properties of P3HT gel 

samples by studying the rheological and thermal responses. By measuring small 

angle neutron scattering (SANS) during the gelation at ambient temperature, we 

can obtain information at smaller length scales (initial gel formation and further 

evolution with time). Moreover, the combination with rheology in-line, allows a 
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direct comparison of the time/temperature dependent behavior from two 

perspectives. 

 

 The P3HT/toluene-d8 solution (wP3HT-99P = 0.01) was loaded in the concentric 

cylinder of the rheometer and homogenized at 70 °C for 1 hour. Under continuous 

oscillation (f = 1 Hz, γ = 10-2, rheological parameters chosen in the LVE region 

based on Section 5.3.1), the homogeneous solution was cooled down to Tiso= 20 °C 

(approximately 1 °C min-1) and kept isothermally for tiso = 10 minutes and 4 hours 

for the different experiments. Afterwards, the sample temperature was gradually 

increased to 70 °C, where the sample returns to the initial solution state.  

 

 As stated in the experimental section on SANS, the q-range of interest was only 

accessible through the combination of three different instrument settings where 

the neutron wavelength 𝜆  and the sample-to-detector distance were adjusted. 

Therefore, every experiment (time-temperature cycle) had to be conducted three 

times to record the scattering patterns under the different instrument settings. The 

rather poor temperature control made it difficult to precisely repeat the same 

experimental conditions. However, we were able to correlate the data sets and 

obtain the complete SANS patterns for the majority of the time/temperature 

experiments. The experimental problems we experienced regarding the temperature 

control are described in the Appendix to Chapter 5. 

 

5.3.5.1  In-line Rheology 

 Performing rheology experiments in-line, enables the direct comparison of 

changes with time and temperature in the SANS data with the gel properties. In 

Figure 5-8, we plot the response of the storage modulus G'  (black) and loss 

modulus G'' (red) versus temperature (a) and versus time for the isothermal period 

(b). The data shown here was recorded during an experiment with tiso  = 4 hours, 

with SANS sample-to-detector distance of 8 m and is considered representative for 

the other rheology runs.  

 

 During cooling, we observe a steep increase of the moduli between 

30 °C > T ≥ 20 °C. In the subsequent isothermal period, the value of G' continues 

to increase as shown in (b), approaching but not reaching a limiting value over the 

course of 4 hours. The heating part of the measurement cycle shows two regimes. 
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Initially during heating, the storage modulus even increases leading up to a local 

peak with maximum approximately 30 °C. At higher temperatures, G' decreases 

gradually. Due to the lower sensitivity of the apparatus used in the in-line 

experiments, we were unable to obtain reliable rheology data for the sol-gel 

transition temperatures and dissolution of the gel. Nevertheless, in-line and in-

house rheology data are in agreement and we can therefore use the in-house 

results when more detailed information is needed. 
 

 

Figure 5-8. Storage G' (black) and loss modulus G'' (red) versus temperature (a) and time 

for tiso = 4 hours (b). 

 

5.3.5.2  Small Angle Neutron Scattering  

In comparison to the measurements discussed in Chapter 2, the measurements 

in this series are i) limited at the high q side (q ≤ 0.0856 Å-1 versus q ≤ 0.52 Å-1 in 

Chapter 2) and ii) data in the homogeneous solution state in the low momentum 

transfer range, recorded with neutron wavelength 𝜆  = 13 Å, show much more 

scatter due to the shorter acquisition time and lower signal-to-noise ratio (SNR). 

The signal-to-noise ratio is not a problem in the gelled state as the scattered 

intensity is orders of magnitude larger than in the solution state. Hence, we are 

able to measure at lower q-values and therefore, larger real space dimensions.  

 

 Figure 5-9 shows an overlay of representative SANS patterns corresponding to 

different time-temperature conditions during the experiment (cooling and aging at 

Tiso = 20 °C). In the first SANS profile obtained at 40 °C (black), we see a clear 

scattering pattern at higher q (data at smaller q suffering from low SNR, was not 

represented). After cooling to 30 °C (red), the intensity has increased slightly and 

there is a beginning larger contribution at lower q. With further decrease of the 
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temperature, the scattered intensity increases tremendously and we see the 

development of two regimes with different slopes.  

 

Figure 5-9. Overlay of SANS patterns during cooling recorded at 40 °C (black), 30 °C (red), 

26 °C (blue), 24 °C (green), 20 °C at t0 (pink) and 20 °C at tiso = 10 minutes (orange). Data 
with insufficient SNR is not represented. 

 

 As the behavior of P3HT is reversible with temperature, we obtain similar 

scattering patterns during the heating part of the experiment. Due to hysteresis of 

this process, the relative temperatures at which similar scattering patterns are 

obtained are shifted to higher values. At the end of the temperature cycle, the 

sample is again a homogeneous solution. 

 

 Literature on P3HT structure formation in solution, describes the aggregation of 

the polymer chains into semi-crystalline nanowires1 and also in fully developed 

P3HT organogels (tiso > 24 hours at room temperature) such fibrillar nano-

structures have been observed.13,22 In reference 13, e.g., Newbloom et al. have used 

a summation of the contributions of two phases (according to their estimated 

volume fraction) to describe the scattering curve in the higher q-range: semi-

crystalline nanofibrils (modeled by a parallelepiped shape) and amorphous single 

chains still in solution (modeled as a polymer with excluded volume interactions). 

At lower q, analysis of the SANS pattern proceeds via a power law, describing the 

network according to its fractal dimension D, which relates to the scattered 

intensity as 

 I(q)  ∝ q -D                     (5.1) 



Chapter 5 

124 

 The measurements on which we report here, are performed on significantly 

shorter time scales and our data indicate that we do not have such well-defined 

nanowires in our gelled samples. In Figure 5-10 we show cryo-TEM images of 

P3HT/toluene gels which represent a projection of the morphology in situ, inside 

the bulk of the gel, by rapidly vitrifying a small volume of the gel in liquid nitrogen. 

The images are taken after an aging time of 1 hour at 30 °C and 20 °C. There are 

no pronounced semi-crystalline nanowires visible in these images. The respective 

2D low-dose electron diffraction (LDED) patterns show the presence of P3HT in the 

field-of-view by a diffuse band, but not like a well-defined ring or, after radial 

averaging of the LDED pattern, a sharp peak associated with the reflection of the 

π-π stacking in the P3HT nanowires. In the images we can see a density contrast 

between the P3HT-enriched phase (dark) and P3HT-poor phase in the vitrified 

solvent layer (light), with the density differences becoming more outspoken at lower 

temperature. Also in situ synchrotron wide angle X-ray diffraction (WAXD) 

experiments on our samples did not show evidence of crystalline P3HT. 
 

    

Figure 5-10. Cryo-TEM images of 1 wt% P3HT/toluene samples after 1 hour at tiso = 30 

and 20 °C. Scale bar 0.2 μm. 

 

 Given the inhomogeneous two-phase morphology, we can better think of the 

P3HT/toluene system in the initial stages of gel formation as consisting of a set of 

(uncorrelated) P3HT-enriched domains embedded in a P3HT-depleted matrix. 

Shibayama et al. have used a Ornstein-Zernike-like (OZ) approach in their study 

on poly(vinyl alcohol)-borate gels, representing the total scattered intensity I(q) by23  

 I(q) = 
IOZ(0)

{1+[
(Df+1)

3
⁄ ]ξ2

q2}
Df 2⁄  + Iex(0) exp[-(q Ξ)α]           (5.2) 

The first term in Equation 5.2 represents the generalized Ornstein-Zernike-like 

(OZ) contribution to the scattered intensity, arising from the internal structure of 

30 °C 20 °C 
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the P3HT-enriched domains, which are characterized by fractal dimension Df and 

correlation length ξ or effective correlation length ξ ' = [
(Df+1)

3
⁄ ]

1 2⁄

ξ. The excess 

scattering at lower q is taken into account by the addition of a stretched 

exponential function defined by Ξ  and 𝛼 , as proposed by Geissler et al.24 to 

accommodate the (uncorrelated) distribution of the polymer-rich blobs. Here, Ξ 

represents a second correlation length (Ξ > ξ ') linked to the distribution of polymer-

rich domains throughout the sample. 

 Equation 5.2 is capable to provide a quantitative fit of our SANS data over the 

measured q-range. In Figure 5-11, we show a representative scattering pattern, 

recorded at tiso = 2.5 hours, and the fit according to Equation 5.2 (red solid line). 

The two terms are also represented separately, by the dashed line for the OZ-type 

contribution and the dotted line for the stretched exponential function.  
 

 

Figure 5-11. SANS pattern recorded at tiso = 2.5 hours with the fits according to Equation 
5.2 (red solid). The separate contributions are shown by the dashed (Ornstein-Zernike-

like) and dotted lines (stretched exponential). 

 

 We have analyzed the scattering patterns recorded at different time-

temperature conditions by fitting Equation 5.2. In Figure 5-12, we show the 

change of the 6 fitting parameters versus isothermal aging time and in Figure 5-13 

versus temperature, to show the changes during heating: scattered intensity at 

q = 0 IOZ(0) (a), intensity at q = 0 Iex(0) (b), effective correlation length ξ '  = 

[
(Df+1)

3
⁄ ]

1 2⁄

ξ (c), correlation length Ξ (d), fractal dimension Df (e) and exponent 𝛼 



Chapter 5 

126 

(f). Data from the experiments with tiso = 10 minutes is represented in black and tiso 

= 4 hours in red.  

 

Figure 5-12. Change of fitting parameters versus isothermal aging time: scattered 

intensity IOZ(0) (a) and Iex(0) (b), correlation lengths ξ' = [(Df + 1) 3⁄ ]
 1 2⁄

ξ (c) and Ξ (d), fractal 

dimension Df (e) and exponent 𝛼 (f). Measurements with tiso = 10 minutes (black closed 

symbols) and tiso = 4 hours (red, open). 

 

In the first part of the measurement cycle during cooling, in the temperature 

window 30 °C > T ≥ 20 °C, changes in the scattering patterns occur quickly (see 

Figure 5-9), much like the behavior in the rheological experiments. We observe a 

rapid increase of the scattering intensity IOZ(0) and Iex(0) as the network is being 

formed. The fractal dimension Df of the P3HT-enriched domains increases as well, 



P3HT/Toluene Gel Formation 

127 

while an opposite trend occurs for the associated effective correlation length ξ '. At 

the larger length scale, the correlation length Ξ  increases and the exponent 𝛼 

decreases. The trends continue throughout the beginning of the isothermal period 

(~30 minutes), as shown in Figure 5-12. 

 

After ~30 minutes of isothermal aging, IOZ(0) no longer changes (Figure 5-12a) 

while the rate of change for ξ ' and Df slows down (c,e). A quantitative interpretation 

of Df is not unique, as deviations of a value of 2 are often found in networks, 

however, with usually Df > 2 for more compact morphologies. We observe an 

increase of Df during isothermal aging and a (slightly) higher maximum value (Df ~ 

2.55) for gels formed with longer aging times. The decrease of the effective 

correlation length leads to a minimum value in the range of ξ ' ~ 180 Å. 

 

The parameters of the stretched exponential contribution (representing the 

behavior at larger length scales in the inhomogeneous P3HT/toluene samples) are 

not affected by isothermal aging for longer times (> 30 minutes). Approximate 

values for the P3HT gel are Ξ  ~  1000 Å and 𝛼 ~  1, the latter making this an 

exponentially decaying correlation in reciprocal space. 

 

During the subsequent heating (Figure 5-13), the intensity IOZ(0) first remains 

fairly constant, then steadily decreases between ~ 30 °C and 50 °C, and more 

rapidly at higher temperatures. For the stretched exponential, we observe a 

continuous lowering of intensity Iex(0), initiated at approximately 30-35 °C until the 

contribution of this exponential function disappears at T > 55 °C, with Iex(0) → 0.  

Up to 50 °C, the correlation length Ξ decreases only slightly with increasing 

temperature, while ξ ' and Df remain unaffected. Above 50 °C all three parameters 

change more abruptly. The exponent 𝛼 of the stretched exponential contribution 

shows a minor change up to 40 °C, above which 𝛼 is gradually affected more with 

increasing temperature.  

 

Moreover, looking in detail, the difference in absolute value of Df and ξ ' between 

the two applied aging times becomes gradually smaller during initial heating, as we 

observe a mild continued evolution for Df,10min and ξ '
10min

 up to approximately 

45 °C (Figure 5-13c,e). This observation points to the further growth of the 
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aggregates with time, during heating, in experiments with a short effective aging 

time (time interval at Tiso, tiso = 10 minutes). 

 

Figure 5-13. Change of fitting parameters versus temperature (heating): scattered 

intensity IOZ(0) (a) and Iex(0) (b), correlation lengths ξ' = [(Df + 1) 3⁄ ]
 1 2⁄

ξ (c) and Ξ (d), fractal 

dimension Df (e) and exponent 𝛼 (f). Measurements with tiso = 10 minutes (black closed 

symbols) and tiso = 4 hours (red, open). 

 

5.3.5.3  Combining SANS, Rheology Observations and Thermal Analysis 

 With the information from both characterization techniques gathered in-line, we 

can now provide a better interpretation of the transitions described above. Where 

appropriate, we also include rheology data presented earlier in this chapter and 

thermal analysis data. 
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 Cooling the homogeneous P3HT solution, the onset of the formation of the gel is 

determined around 30 °C. Regarding rheology, the gel point is estimated to be 

about 30 °C (using the method of Winter et al.20), after which the storage modulus 

of the sample increases over 3 orders of magnitude. In the SANS patterns in Figure 

5-9, we see the first indications of change at 30 °C, followed by a rather sudden 

and abrupt evolution of scattered intensity (can be qualitatively seen in Figure 5-9), 

which is reflected by the steep rate of change of the parameters determined from 

the SANS pattern, by Equation 5.2, in the temperature range 30 °C > T ≥ 20 °C. 

During the first ~30 minutes of the isothermal period, the dynamic moduli and the 

parameters we used to describe the SANS pattern, all continue to increase (except 

ξ ', 𝛼: decrease) at a high rate.  

 

 After 30 minutes, the SANS fitting parameters IOZ(0), Iex(0), Ξ  and 𝛼 , have 

reached a limiting value and do not show significant change at longer tiso. The time 

dependence of the fractal dimension Df (Figure 5-12e) and the effective correlation 

length ξ ' (Figure 5-12c) is seen to be very similar: a strong increase/decrease up to 

tiso ~ 30 minutes followed by an evolution at a gradually lower rate. Also for the 

storage modulus G', we observe an evolution at a gradually reduced rate towards a 

limiting value (not yet reached after 4 hours, see Figure 5-8b). This time dependent 

behavior is very comparable to the aging time dependence of G'LVE (at Tiso = 25 °C) 

we discussed in Section 5.3.2 (Figure 5-3a); that data was obtained from amplitude 

sweeps without applying deformation during isothermal aging. 

 

 Rheology experiments performed in-house (Tiso = 25, 30 °C, Figure 5-3a) and in-

line (Tiso = 20 °C, Figure 5-8b) show a clear evolution of the storage modulus 

during isothermal aging, as also reported in literature.13 Conversely, in Section 

5.3.3, we discussed the time-temperature rheology experiments performed in-

house with Tiso = 5 °C, where a decrease of storage and loss moduli during the 

isothermal period was observed and which could not be directly correlated to aging 

time. At this time, we cannot provide a definite explanation for the decreasing 

modulus with aging time. If bleeding of the gel occurs at Tiso = 5 °C, a phenomenon 

where solvent is expelled from the network, this creates a thin lubrication layer 

between the gel and the concentric cylinders of the rheometer. The recorded moduli 

then no longer represent directly the network characteristics.  
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 During subsequent heating, we observe various dependencies of the SANS 

fitting parameters with temperature. The intensity of the lower q-region, Iex(0) 

shows the fastest and most significant decrease, initiated at ~30 °C, occurring at a 

fairly constant rate and approaching zero at T > 50 °C. IOZ(0) also decreases for T > 

30 °C, but by a faster rate of change at T > 50 °C. A similar two-step decrease upon 

heating can be seen for Ξ and 𝛼. Df and ξ ' on the other hand, remain constant up 

to ~55 °C (Df,10min and ξ '
10min

 even marks a continued evolution due to shortened 

effective aging time), after which they show rapid changes. We can state that with 

increasing temperature, the changes occur first at the larger length scales, before 

the internal configuration of the (denser) P3HT-rich domains is affected.  

 

 In DSC, the enthalpy exchange associated with the second endothermic 

transition also shows aging time dependence at ambient Tiso (Figure 5-5). The 

increasing contribution of this transition with tiso enables us to assign it to the final 

dissolution of the P3HT-rich clusters in the gel.  

 

5.3.6  The Proposed P3HT Network Morphology and its Temperature 

Dependence 

We propose a model of gel formation and dissolution for P3HT/toluene(-d8) 

solutions as shown in Figure 5-14. Upon cooling of the sample, we reach the sol-

gel point and observe the formation of a heterogeneous structure at the largest 

length scale (correlation length Ξ) observed in our SANS experiments, consisting of 

a P3HT-depleted matrix phase and P3HT-enriched domains. Furthermore, we pick 

up the internal structure of the P3HT-rich domains, characterized by ξ ' and Df and 

acting as cross-links of the network. The effective correlation length ξ ' ~ 180 Å is 

smaller than the estimated contour length of the polymer (Ln = 220 Å). Therefore, 

given the rather large PDI of the P3HT polymer, chains are long enough to connect 

domains and form an interconnected network in the P3HT-enriched phase. 

Moreover, also at the larger lengths scale in the P3HT-depleted matrix phase a 

network is formed, connected to the enriched domains. The correlation length at 

this scale, Ξ ~ 1000 Å, is larger than the number average contour length Ln of 

P3HT. It therefore must be the small number of polymer chains with high molar 

mass in the broad distribution that take care of the connectivity in the P3HT-

depleted matrix phase and the connection to the P3HT-enriched domains, i.e. the 

long polymer molecules in the broad molar mass distribution take part in the 
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cross-links in the P3HT-enriched domains, creating a volume spanning 

heterogeneous network, which is similar to a bimodal polymer network made up of 

end-cross linked short and long chains.  

 

 

Figure 5-14. Schematic representation of the P3HT gel during the initial stages of 
formation, showing the P3HT-depleted (light) and P3HT-enriched (darker) phases (Ξ), the 
latter containing P3HT cross-link clusters (characterized by Df and ξ').  

 

The elasticity of bimodal networks under small deformation has been reported 

in literature to be dominated by the short polymer chains in the network.26 The 

P3HT gel can be considered as such a bimodal network consisting of P3HT-

enriched and -depleted domains (larger length scale network, correlation length Ξ), 

with the former containing internal structure at a smaller length scale (cross-link 

domains, effective correlation length ξ '), which effectively determines the elasticity 

(G') of the network. 

 

According to basic ideal rubber theory,25 the elastic modulus is inversely 

proportional to the molar mass between cross-links Mc, i.e. G = ρRT Mc⁄  with ρ the 

network density, R the ideal gas constant and T the absolute temperature. This 

equation can also be applied to the elastic modulus of thermoreversible gels or to 

the storage modulus of these gels, representing the elastic component of the 

complex modulus of such gels, i.e. G' ∝ 1 Mc⁄  ∝ 1  ξ '⁄ , where we assume that the 

effective correlation length ξ '  is a measure for Mc of the shorter chains in the 
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bimodal network. In Figure 5-15, we show the linear dependency between G' and Df 

and 1/ξ ' . The similar rate of change of these parameters illustrates that the 

changes at the smaller length scale, i.e. inside the P3HT-enriched domains, are 

responsible for the increased gel strength at the macroscopic level (storage 

modulus). The increasing value of Df can be interpreted to point to a gradual higher 

density of the P3HT-rich phase with time. Simultaneously the change of ξ ' 

indicates that the molar mass between cross-links decreases. Therefore, with aging 

time, the P3HT-enriched domains show internal changes, as they densify and the 

P3HT-enriched cross-link domains come closer together. 

 

Figure 5-15. Plot of the storage modulus during isothermal aging for 4 hours at 20 °C 
versus Df and 1/ξ′, showing linear dependency. 

 

The growth of the network continues for ~30 minutes at Tiso = 20 °C, with 

increasing modulus values, scattered intensities and correlation length Ξ . The 

polymer-enriched phase becomes denser, contracts and the cross-linked domains 

come in closer proximity of each other. The macroscopic elasticity of the P3HT gel 

is controlled by the smaller length scale of the bimodal network. Also when the 

growth of the network seems to stop, the further increase of the storage modulus is 

due to continued internal evolution of the P3HT clusters (Df, ξ ').  

 

 Subsequent heating of the P3HT gel leads firstly to the disappearing of the 

larger scale correlation (equivalent of the gel-sol transition), while samples with 

short aging times mark a slight continued evolution of the P3HT-rich domains 

internally. Only at higher temperatures the remaining polymer clusters start to 
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disappear, which can be interpreted as the dissolution of the sample towards the 

homogeneous P3HT/toluene(-d8) solution. 

 

5.4  Conclusions 

 While homogeneous at high temperature, P3HT/toluene solutions form a gel 

when stored at room temperature. We investigated the gelation behavior of samples 

with wP3HT = 0.01 by performing time and temperature dependent measurements 

(varying the isothermal aging temperature Tiso and time tiso) with complementary 

characterization techniques: rheology, DSC and SANS. The gel formation and 

development are firstly studied with rheology and we observe the influence of the 

thermal history of the sample (Tiso and cooling speed) on the gel properties.  

 Cryo-TEM images of gelled samples show an inhomogeneous two-phase 

morphology at room temperature. Small angle neutron scattering (SANS) and 

rheology data combine to the following description of the gelation behavior. Upon 

cooling the homogeneous solution, a heterogeneous morphology of a P3HT-

depleted matrix phase and P3HT-enriched domains containing cross-linked 

clusters is formed , effectively forming a bimodal network. After crossing the sol-gel 

point, the network structure grows rapidly during further cooling and aging at Tiso 

= 20 °C for ~ 30 minutes.  

We showed a continued increase of the moduli when applying longer aging 

times (up to 8 hours), due to internal changes of the polymer-rich phase as the 

density increases and the molar mass between cross-links (effective correlation 

length ξ ') becomes smaller, while at the larger length scale of the P3HT-enriched 

and P3HT-depleted phases no changes occur ( Ξ , 𝛼 ). The SANS data can be 

interpreted to give a measure of the molar mass between cross links Mc of the short 

chains in the bimodal network, which are known to be able to dominate the elastic 

modulus of bimodal networks. Indeed, a unique one-to-one correspondence 

between the correlation length ξ ', characterizing the P3HT-enriched domains, and 

the storage modulus G' of the formed network has been established. 

 

 Increasing the sample temperature, the P3HT-enriched phase with cross-link 

domains remains unchanged (or continues to evolve slightly when short applied 

aging times). The spatial correlation at large distances disappears and the gel-sol 

transition temperature is crossed. At higher temperatures, the P3HT-clusters also 

dissolve and the sample returns to the homogeneous solution state.  
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APPENDIX to Chapter 5  

 

 

 

A5.1  In-Line Rheology - SANS: Temperature Control  

 Small angle neutron scattering information over the desired momentum 

transfer range 8.7  × 10-4 ≤ q ≤ 0.0856 Å-1 was obtained by combining three 

scattering patterns, each recorded with different instrument settings. Variations in 

the experimental conditions within one set of data can have negative implications 

on the feasibility of matching of the partial scattering patterns. Having separate 

software controls over the temperature for the rheological part of the experiments 

and the SANS experiments, we made a considerable effort to perform the 

experiments as synchronized as possible. The temperature, however, showed 

unwanted and, at the moment of the experiments, unresolved variations. In Figure 

A5-1 we show two time-temperature plots (tiso = 10 minutes, a; tiso = 4 hours, b) as 

the profiles were recorded by a thermocouple in the cell. The programmed profile is 

represented by the dashed line, while the measured temperature is given by the 

solid line (the onset of the isothermal period defined at t0). On the left we can see a 

clear difference between the effective heating rates of the three runs; in Figure A5-

1b, we observe a deviation of the isothermal aging time. Because of the lack of 

synchronization of the different signals, a detailed manual matching of the different 

SANS profiles and rheology data had to be performed. 
 

 

Figure A5-1. Representative time-temperature profiles comparing the planned profile 
(dashed) with the experimental profiles (solid) for experiments with tiso = 10 minutes (a) 
and tiso = 4 hours (b). 
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EPILOGUE 

 

 

 

 In the final part of this thesis, we summarize first the highlights of this work, 

arranged per topic. Then, we broaden our view gradually and discuss our 

approach, the research project and a general outlook in conclusion of this 

dissertation.  

 

Fundamental Chain Parameters 

 We performed a detailed characterization of a set of poly(3-hexylthiophene) 

polymers (varying in molar mass, molar mass distribution and regioregularity), by 

conventional techniques (molar mass by SEC, regioregularity (RR) by 1H NMR) and 

by means of small angle neutron scattering (SANS). The latter provided an 

independent determination of Mw, 〈Rg
2〉z and Lp.  

 

 Comparing the molar mass estimates by the two characterization techniques 

confirms the significant overestimation of Mw by SEC (calibrated with PS), which is 

due to the absence of a SEC calibration method suitable for these semi-flexible 

polymers. Nonetheless, when molar mass information is provided in literature, it 

generally consists of SEC results. This is the result of the restricted accessibility of 

SANS or other scattering techniques with absolute measure of intensity. However, 

researchers should be aware of the bias on reported molar mass values.  

 

 The radius of gyration was shown to scale with chain length as 

〈Rg
2〉1 2⁄  ∝ N 0.66 ± 0.04, with N the number of bonds. By means of simulation, we 

were able to establish that the exponent is the effect of a combination of stiffness 

and excluded volume (EV) interactions. For the chain lengths and chain stiffness 

values considered, the effect of stiffness is the most important and excluded 

volume alters the scaling behavior only slightly with a few to maximum 10%, the 

excluded volume effect would become more important at higher chain lengths. 
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 Persistence length values ranging 35 Å ≤ Lp ≤ 60 Å were determined for the 

different P3HT polymers. We furthermore presented the linear relationship between 

persistence length Lp and P3HT regioregularity. Therefore, low-RR P3HT shows 

different behavior of at the level of structure formation, where defects hamper 

crystallization by steric hindrance and planarization difficulties, as well as at the 

single chain level of these semi-flexible polymers, with intrinsic chain stiffness 

function directly of regioregularity. The Holtzer approach, used to experimentally 

determine Lp, was validated by simulation, with proportionality constant C = 3.6 ± 

0.2 in Lp = C q⁄ *; in good agreement with C = 3.5 as proposed in the literature. 

 

Semi-Flexible Excluded Volume Polymers 

 Configurational-bias Monte Carlo (cbMC) simulations of semi-flexible hard 

sphere chains (SFHSC) predict the size and persistence length as a function of 

number of bonds in the linear chain N and stiffness (angular bending constant kb). 

Longer chains are affected more by excluded volume interactions, leading to larger 

〈R 2〉, 〈Rg
2〉 and Lp. With increasing stiffness, the contribution of EV will diminish 

and the chain properties gradually approach the results of the ideal SFC (slower 

decay for larger N). In the form factor P(q) excluded volume interactions are present 

at lower q-values (larger real space dimensions) for longer chains and with 

increasing stiffness. Like the size and persistence of the chain, at high stiffness the 

form factor is not affected by excluded volume.  

 

 The systematic simulation approach focused on a range of chain length and 

stiffness (N ≤ 200, kb ≤ 40), and as a result, we obtained a library of fundamental 

chain properties and dependencies for short semi-flexible chains without and with 

excluded volume interactions. A theory, which accounts for both semi-flexibility 

and the excluded volume effect and predicts fundamental chain properties, is 

currently not available for these polymer chains. Therefore, the matrix of chain 

parameters composed in this work, can serve as a tool to the initial estimation of a 

range of fundamental chain characteristics (from, e.g., Mw and Lp as experimental 

input).  

 

 In the research presented in Chapter 3, the chain bending stiffness is evenly 

distributed over the simulated polymers. In the case of P3HT specifically, however, 

chain stiffness is the determined also by regiodefects, i.e. non-head-to-tail bonds, 
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which cause a kink in the chain. Only with information on the distribution of the 

defects over the polymer chain, a more realistic ensemble of chains can be 

produced, parameterized by, e.g., two bending constants representing the different 

linkages. This, as well as the consideration of polydispersity, can lead to simulation 

results for P3HT as a SFHSC in closer agreement with experimental values. 

However, without the construction of these detailed ensembles, we have already 

provided a good estimation of the fundamental chain parameters of P3HT modeled 

according to the SFHSC model.  

 

Phase Behavior 

 The tendency of regioregular P3HT chains to assemble into semi-crystalline 

nanowires inspired us to investigate the crystallization and melting behavior of 

P3HT as function of RR, by DSC. We showed that the melting temperature Tm of 

P3HT polymers with molar mass above a threshold value (Mn ≅ 6.5 kg mol-1) is not 

affected by regioregularity (shown for RR ≥ 95%). Shorter chains are characterized 

by a lower Tm due to a 1/Mn dependency, but more importantly, are affected by the 

regioregularity of polymer. Regiodefects along the polymer chain reduce the length 

of the crystallizable segments and effectively limit the crystal thickness.  

 

 In solution, P3HT structure formation has been shown upon decreasing the 

solvent quality, e.g., by lowering the sample temperature. We established binary 

phase diagrams of P3HT/toluene (or ODCB), with several exo- and endothermic 

transition temperatures. The melting point depression with RR shows 2 groups, 

similar to the behavior of the powder P3HT samples. The crossing of melting lines 

for P3HT/toluene and P3HT/ODCB, suggest the internal structure of P3HT 

aggregates is an effect of the solvent of choice. In contrast to ODCB, low 

concentrations of RR-P3HT (wP3HT = 0.01) form a gel in toluene at room 

temperature.  

 

P3HT/Toluene Gels 

 The formation, growth and dissolution of RR-P3HT/toluene gels was studied 

with rheology, SANS and DSC. Time and temperature dependent aging experiments 

reveal rapid formation of a network upon cooling, which continues to grow during 

initial aging (~30 minutes) at ambient Tiso. Cryo-TEM images indicate an 

inhomogeneous two-phase morphology of P3HT-depleted and P3HT-enriched 
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domains, the latter becoming more dense throughout gel development and with 

cross-link clusters inside growing in closer proximity of each other. The elasticity of 

these bimodal networks is dominated by the internal structure of the P3HT-

enriched domains at a smaller length scale (cross-link domains). 

 Gradual heating of the gelled sample leads in a two-step process to the gel-sol 

transition (~ 50 °C), without affecting the internal structure of the P3HT-enriched 

domains. Higher temperatures ensure the complete dissolution of the remaining 

P3HT dispersion. Both the cooling rate during structure formation and the applied 

aging temperature influence the macroscopic gel properties as reflected in the 

dynamic moduli. 

 

Structure Formation of P3HT in Toluene 

 Photoactive layers of P3HT/PCBM organic solar cells are generally made from a 

homogeneous solution of donor and acceptor in organic solvent. Upon deposition 

and layer drying, semi-crystalline nanowires of P3HT are formed, which are 

beneficial for the device efficiency, and a post-processing thermal annealing step 

can be used to further optimize the photoactive layer morphology. Overall, 

processing conditions have a large impact on the morphology, crystallinity and 

final device efficiency. 

 P3HT aggregates or precursors also develop in solution upon decreasing solvent 

quality. Structure creation and layer deposition may then be decoupled by the 

formulation of an ink consisting of pre-formed P3HT nanostructures. This could 

diminish the impact of processing conditions (e.g., deposition method, drying time) 

on the final layer morphology and, furthermore, the thermal annealing step could 

be modified to a milder process (which is applicable to flexible substrates).  

 

 The stability of the ink is an important consideration, permitting storage of the 

dispersions for limited time spans (preferably at ambient temperature). For 

deposition methods such as inkjet or roll-to-roll printing, which are often proposed 

in the context of low-cost large-scale production, a certain viscosity range needs to 

be respected. Structure creation in low-polymer content P3HT/toluene solutions, 

which was the focal point in this study, does not respect these boundary 

conditions: we observed a large viscosity increase upon storage at ambient 

temperature and a continuous evolution of the morphology of the samples. 
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However, reports in literature have also pointed out the potential benefits of a gel 

morphology regarding, for example, the conductivity of charges. 

 

 Toluene was selected as the solvent of choice in this research, in spite of the 

general preference for CHCl3 or ODCB, which are yielding better efficiency results, 

but because of possibilities in the industrial use of non-halogenated solvents in 

eventual solar cell production. Toluene, however, is not considered the optimal 

solvent choice, since it is still prone to heavy regulations when used in an 

industrial production process.  

 

 In the organic solar cell literature, poly(3-hexylthiophene) has been profiled as a 

model donor material and was used in a wide variety of studies dealing with, e.g., 

solar cell efficiency or photo-active layer morphology versus donor-acceptor ratio, 

casting solvent, P3HT molar mass, P3HT regioregularity or processing conditions.  

 The ability of P3HT to form both semi-crystalline nanowires in solution and an 

extended network, depending on the conditions, renders the behavior of this 

polymer complex. Therefore, in hindsight P3HT might not be a typical or true 

model donor material for polymer solar cells. Nonetheless, it is clear that the 

collective ensemble of studies on P3HT has provided the organic solar cell research 

community with paramount information and insight, useful in, e.g., the 

development of new materials with improved intrinsic properties and the 

optimization of processing conditions for other materials.  

 

 



 

144 

 



 

145 

 

ACKNOWLEDGEMENTS 

 

 

 

 Here I am sitting behind my laptop with just this final piece to write. With all 

the previous pages done, you would think that the toughest is now behind me. But 

after all, the acknowledgements section is the perfect place to express gratitude. So 

I am smiling while I realize that the difficulty is because I have been surrounded by 

so many wonderful and inspiring people while working at TU/e and living in 

Eindhoven. I am truly thankful for every one of you who has walked this path with 

me. 

 

 First of all, I am indebted to my promotors prof.dr. E.L.F. Nies and prof.dr. G. 

de With. Erik, I consider you my most important mentor and guide. Since I first 

followed your lectures on polymers during my Bachelor studies in Leuven, I have 

found the energy with which you teach inspiring and energizing. Our discussions 

always left me with a peak in motivation and I want to sincerely thank you for 

sharing your knowledge with me, for your patience, your positive outlook, and for 

having confidence in me.  

 Bert, I cannot express how thankful I am for the opportunity to pursue my PhD 

degree in SMG. Being a part of your group has given me so much more than I 

could have imagined. Thank you for your genuine interest in my research, for 

always taking the time to think with me and sharing your perspectives. While never 

losing attention for detail, you helped me to also keep the larger picture in mind. 

 

 I also want to thank the committee members for sacrificing their valuable time 

to read and comment on my thesis and for taking part in my defense ceremony. 

Especially to prof.dr.ir. R.A.J. Janssen, Rene, an additional thank you for 

welcoming me to the lunch meetings and to the solar cell device lab, where I could 

learn more about organic solar cells. To the people of ECN and especially dr. S. 

Veenstra, Sjoerd, thank you for your interest in my part of our project and for your 

advice and answers to my questions.  



Acknowledgements 

146 

 I am thankful to the Dutch Polymer Institute for funding my research project 

and for offering a great platform of knowledge exchange as well as exchange of 

experience. I would like to thank John van Haare in particular.  

 

 During the first few years of my PhD studies, I spent also quite some time as a 

guest researcher at the KULeuven. Therefore, I would like to thank all the people of 

the Division of Polymer Chemistry and Materials, especially dr. Ting Li for teaching 

me so much about simulations, dr. Filip Meersman for joining my first trip to 

Grenoble and Marcel Lasker for taking care of all things technical. Also the Master 

students who worked with me on their graduation project for their dedication, 

contribution to my research and for allowing me to learn from them: thank you 

Bram Vanroy, Ellen Bertels and Lies Eykens.  

 I have always considered doing measurements in Grenoble as a highlight and I 

will remember these times as a great opportunity. I am thankful to the people of 

the DUBBLE beam line at ESRF and instrument D11 at ILL, for their guidance and 

support. 

 

 Within SMG, I have been lucky to find so much more than a professional work 

place with pleasant colleagues. My gratitude goes to the scientific and technical 

staff of SMG for creating a kind and friendly atmosphere where you are both 

supported and challenged. Thank you dr. Catarina Esteves (also for sharing the 

office), prof.dr. Nico Sommerdijk (I greatly value your time and input during our 

progress meetings), dr. Jos Laven (for your help with the rheometer experiments), 

dr. Frank Peeters (for advice on my early simulations, although they did not make 

it into this thesis), dr. Heiner Friedrich, dr. Sasha Kodentsov (for your advice on life 

and amazing stories), dr. Günther Hoffmann, prof.dr. Rolf van Benthem and dr. 

Leo van der Ven. Marco Hendrix, for your friendship, creative support in the design 

of the cover and so much more, Huub van der Palen always everything with a 

smile, Paul Bomans, Niek Lousberg and Ingeborg Schreur-Piet. The first member of 

SMG to welcome me into the group, Imanda, you have been a continuous 

immediate support with the paperwork we all so dislike taking care of, and thank 

you also for guarding the group atmosphere and taking interest in our lives.  

 

 Among my (PhD) student and post-doc colleagues in SMG, I have made some of 

my best friends. Experiencing similar hardships and difficulties, and sharing them, 



 Epilogue 

147 

we got to know each other very well. But the unforgettable moments and happy 

memories have enriched my life far more than I could imagine. During the daily 

coffee breaks, Thursdays in the FORT, monthly SMG borrels and so many more 

occasions, I have been surrounded by genuinely wonderful people. I appreciate all 

of you deeply and your friendship is the best reward of all. Thank you, Ana 

(Saudades! I’ll see you in Brazil), Aroa, Baris, Beulah (you are a truly inspiring 

person), Beryl, Camille (always helping me to see the silver lining, with and without 

wine), Cansu, Cem (doctor2), Delei (the master chef! and so much more), Dina, 

Eldhose, Eva, Giulia, Gokhan, Hesam (my caring friend), Indu, João, Jos, Kangbo, 

Karthik (almost my twin brother), Katya (for the kind atmosphere in the office), 

Koen(tje), Kyrill, Laura, Lijing, Maarten, Marcel (Sabbelke?), Marcos (manneke!!), 

Mark (for your appreciation of my Belgian-ness and for sharing/spinning the 

wheel), Maurizio, Nasir (thank you for your hard work and nice contribution to my 

thesis), Oana (with unlimited energy), Paul, Peter, Qingling (you are one of the most 

warm-hearted people I know), Sasha A., Vladimir (with your beautiful family and 

unprecedented presentation skills), Yogesh, Yujing, Zihui... SMG, What Else?! 

 

An additional and very special thank you to my paranimphen Baris and 

Maarten. Baris, my dear friend, although you left Eindhoven already some time 

ago, I never get the feeling that you are truly far away! Thank you for supporting 

me, always. Maarten, working with you on this project, made me feel like I was 

never alone. You were always ready with advice, for a talk about everything and 

nothing and your genuine friendship means so much to me. You have become a 

scientist and person who I admire in many ways.  

 

 At the end of any working day, there were always friends around to spend the 

evening with, go on little trips or in general, just have a relaxing good time. I met so 

many of you in Eindhoven during these past years, and I am grateful for every one 

of you and all the time we got to spend together. Thanks to you, Eindhoven has 

always felt like home. Cheers to all of you, Alberto, Antonio, Ard, Benjamin and 

Florence, Camille D., Carlos, Catalina, Daniele D., Daniele R., Dario, Domenico, 

Dominik, Enrico, Evgeniy, Ezequiel, Ivelina and Nico, Jason, Maria, Martin, 

Matthieu, Mindaugas, Mylene, Paulo, Raymond, Sami… I look forward to visiting 

you, wherever you might end up!  

To my friends from Leuven, who all already earned their doctor’s degree in the 

meantime, thank you for your support, Brecht, Elke, Katrien, Pieter and Ruben.  



Acknowledgements 

148 

 A special thank you to my softball friends. We have known each other now for 

many years, (almost) like sisters, and our friendship has been the perfect 

“distraction”. I am even more happy about all the visits I got in Eindhoven! Femke, 

Karen, Nathalie and Sophie, you are always my champions. Thank you also, coach 

John Corley. 

 

 My dear family, thank you for always being there and for everything. Moeke en 

vake, dank jullie om alles met mij te willen delen, van de warme gezelligheid thuis 

tot mijn ups en downs, werk en vriendschappen in Eindhoven, altijd paraat om 

„wel eventjes tot ginder te komen“. Frederic, ik ben blij dat ik mijn studies altijd 

met jou heb kunnen delen, van samen de slappe lach krijgen aan tafel tijdens de 

blokperiode tot serieuze discussies over polythiofenen. Ik ben enorm fier dat jij de 

volgende doctor in onze familie zal worden! Jouw doorzettingsvermogen is ongezien 

en ik kijk nog steeds op van alles wat je blijft bereiken. Olivier, ik bewonder jouw 

creativiteit en musicaliteit, oprechte hart en brede interesse. Jij haalt echt alles uit 

het leven met als terechte beloning een ton aan ervaringen waarover ik je zo graag 

hoor vertellen. Zonder jullie aanmoediging, steun en hulp zou ik hier niet geraakt 

zijn. Ik geniet ervan om nu thuis zo dicht bij jullie aan mijn volgende hoofdstuk te 

beginnen. 

 

Isabelle 



 

149 

 

CURRICULUM VITAE 

 

 

 

 Isabelle Monnaie was born on December 14th, 1986 in Antwerp, Belgium. After 

finishing her studies at the Damiaan Instituut Aarschot, Belgium in 2004, she 

studied Chemistry at the Katholieke Universiteit Leuven (KUL), Belgium. In 2008, 

as part of her Master’s degree, she carried out a six-month industrial internship at 

Philips Research, in Eindhoven, the Netherlands, working on a project entitled 

“Development of Functionalized Materials for Tissue Engineered Heart Valves” 

under the supervision of dr. D. Halter. She then returned to Leuven to complete 

her graduation project entitled “Properties of P3HT in Solution: Towards High-

Performance Polymer Solar Cells by Controlling Active Layer Morphology” in the 

Division of Polymer Chemistry and Materials, supervised by prof.dr. E.L.F. Nies 

and subsequently obtained her Master’s degree in Chemistry (magna cum laude) in 

2009. In August 2009, Isabelle joined the Laboratory of Materials and Interface 

Chemistry at the Eindhoven University of Technology, the Netherlands, where she 

started her PhD project under the supervision of prof.dr. E.L.F. Nies and prof.dr. 

G. de With. The doctoral research was funded by the Dutch Polymer Institute (DPI), 

project 682 “Creation of Functional Nanostructures in Solution/Dispersion”. The 

most important results of this research are presented in this dissertation. 

 

 

 

 

 

 

 

 

 

 

 

 


	1. voorbladthesis5-1
	2. TOC5-1
	3. Summary5-1
	4. white5-1
	5. Ch1 13-1
	6. white5-1
	7. Ch2 13-1
	8. white5-1
	9. A2 13-1
	10. Ch3 13-1
	11. Ch4 13-1
	12. Ch5 13-1
	13. white5-1
	14. A5 13-1
	15. white5-1
	16. Epilogue 13-1
	17. white5-1
	18. Acknowledgements 13-1
	19. CV 13-1

