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Conjugated polymers (CPs) are a subset of polymers with unique electronic properties 

and are found in the active layers of organic electronic devices, such as organic photovoltaics 

(OPVs), organic field-effect transistors (OFETs), organic LED’s (OLEDs), and bioelectronics. In 

pure forms, CPs are often brittle and prone to environmental degradation, so to improve the 

durability and mechanical properties of organic electronics, CPs are often blended with 

mechanically favorable matrix polymers. The blending process often involves the application of 

heat, pressure, or solvents, and these processing variables can affect how the materials interact 

with each other. This, in turn, can affect the properties of the final product. A fundamental 

understanding of the morphology of conjugated polymer blends and how processing affects them 

is required to develop and optimize materials. In this work, we utilize neutron and X-ray 



scattering techniques to determine the morphology of complex CP blends in both solution and 

solid states, under a variety of processing and sample conditions. We first explore a heat pressed 

elastomeric CP blend and determine how the phase structures of the matrix elastomer change and 

distort with the addition of a conjugated polymer. We also investigate how the heat pressing 

method, including variables such as solvent choice, pressing time, and pressing temperature, 

affect the structure and phases of the blended material. We continue our morphological 

characterization of complex blended systems with a high χ parameter copolymer and conjugated 

polymer in solution. This type of system has been proposed for use in Organic Mixed Ionic and 

Electronic Conductors (OMIECs), but a fundamental understanding of the structure of the 

system is required before optimization of desired properties is possible. We begin with solution-

state analysis of the self-assembling high χ parameter copolymer and track the structural changes 

that result from polymer architecture and solvent quality. With an understanding of the structure 

of the matrix, we further identify how the addition of the conjugated polymer modifies the 

structure and extent of assembly in solution. Throughout these works, we emphasize the need to 

understand the morphology of complex CPs and how choices in materials and processing 

methods can affect the conformations of these blends.   
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Chapter 1: Introduction 

1.1 Conjugated Polymer Blends 

Conjugated polymers (CPs) are a subset of polymers with unique electronic properties. 

They are found in the active layers of organic electronic devices, such as organic photovoltaics 

(OPVs), organic field-effect transistors (OFETs), organic LED’s (OLEDs), and bioelectronics2–5. 

While conjugated polymers provide a useful electronic capability, there are some drawbacks to 

using pure forms of them. They are often thermally and environmentally sensitive, and can be 

physically brittle, making them difficult to incorporate into long lasting devices5. These 

undesirable physical properties can be mitigated through the use of polymer blends. To improve 

the durability and mechanical properties of organic electronics, researchers began to blend 

conjugated polymers with mechanically favorable commodity polymers, such as polystyrene. The 

addition of a commodity polymer does not greatly impact the electronic properties of the material, 

and with careful selection of the newly added matrix polymer, device performance could even be 

improved6–8.

 

Figure 1.1: Polymer blend use cases and examples of common polymer blends components, with 

examples of both conjugated and commodity polymers. 
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These systems can be efficient as well; as Gu et al discussed, only a small amount of 

conjugated polymer is needed in a system to create desired charge carrying capabilities, and 

conductivity can reach peaks as low as 3 wt% (Figure 1.2a)1,7. During the last 50 years there have 

been many discoveries in the optimization of electronic properties with modifications of rings, 

subgroups, bonds, inclusion of dopants, and investigation into the intricacies of the conformation 

of the resulting solid-state product9–12. The unique conductive properties emerge due to the 

polymers conjugated backbone, with alternating single and double bonds that allow electron 

transport along the backbone and between chains through overlapping π-orbitals13,14. As discussed 

by Sirringhaus et al, a correlation between the direction of π-π stacking and charge mobility was 

identified, with improved alignment of π-orbitals resulting in increased charge mobility15. A mix 

of these methods of charge transport allows for a complex network of charge carrying structures, 

creating an electronic polymer (Figure 1.2b). 

  

Figure 1.2: a) plot of conjugated polymer wt% and charge mobility from literature7 showing a 

plateau in charge mobility in P3HT based devices around 3 wt% P3HT. This is an instance of high 

conductivity for lightly loaded blends, and no significant increase in charge mobility beyond this 

loading b) schematic of typical crystallization morphology with directions and methods of charge 

transport labeled, c) schematics of regioregular and regiorandom P3AT. 

As investigated in previous works, crystallinity and regioregularity have a large impact on 

the electronic capabilities of the polymer16. In poly(3-hexylthiophene) (P3HT) films, the highest 
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charge mobilities were found in samples with the highest regioregularity, as well as those with the 

largest size of crystallite in plane with the direction of mobility17. Other researchers, such as 

Schwartz et al, echo these findings, emphasizing the importance of interchain transport facilitated 

by ordered π-π stacking18. Large crystal structures are formed when the CP has molecular 

structures that allow for orderly stacking. Regioregularity describes the ordering of the side chains 

along the backbone, with regioregular materials showing increased ordering over regiorandom 

materials. Example structures are shown in Figure 1.2c. In polymers where the side chains are 

consistently located, multiple chains can lie together nicely, creating an orderly crystalline 

structure which can quickly and efficiently allow for charge transport. In polymers where the side 

chains are ‘randomly’ oriented, the interaction between the side chains prevent orderly stacking, 

and leads to fully amorphous polymers with interference in the charge transport capabilities17. 

Many variables are involved in the creation of conjugated polymer blends, all of which 

impact the morphology and properties of the product. During processing, the materials used, steps 

taken, components added, and duration of processing variables all change the way the materials 

interact and can vastly change the final product19–22. Schwartz, in other collaborations, conducted 

experiments into the “memory” of the chain conformation in solution, through the processing 

stages, and into the final film. They were able to show visible differences in the final films which 

they proposed may be due to solution phase impacts23. These results are supported with multiple 

studies also suggesting a ‘solution memory’ that helps dictate the final blend conformation as the 

assembly in solution is carried through the casting process into the resulting film24–26. Vastly 

different products have also been observed from different components, with materials from the 

same family of polymers producing shapes and structures that are completely different. The 

complexity observed here allows for a vast array of variables to modify, pick and choose from, 

allowing researchers to investigate a multitude of systems that are tangentially related, in hopes of 

connecting and better understanding the entire field. This also allows for researchers to refine a 

polymer system to encourage specific structures, growth patterns, or properties27,28. 

1.2 Elastomers 

Elastomers are a subset of commodity polymers with specific desirable mechanical 

properties. They are ‘elastic polymers’ defined as having increased stretchability and flexibility, 

or a polymer that displays rubber-like elasticity29. Elastomers are often used in devices that have 

a need for increased stretching and flexing, such as artificial skin, biosensors, solar windows, or 
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haptics30–32. The type of elastomer we focus on is a triblock copolymer, but blends made with other 

types of elastomers can also provide insight into our system. Block copolymers are complex 

polymers consisting of two or more sections of homopolymers that are bonded together in chunks. 

These sections have varying molecular weights and lengths, which allow for a large variety of 

polymers to be made. Block copolymers can vary greatly, with different repetition patterns and 

different ratios of concentrations of the homopolymer blocks, affecting and modifying the final 

product created33.  

 

Figure 1.3: a) Tri-block elastomer polystyrene -block- polyisoprene-block-polystyrene (PS-PI-

PS) structure, and b) schematic of PS-PI-PS film with lamellar structure at rest and under strain 

with extended polyisoprene chains 

The specific version of block copolymer of interest to us in this work is a triblock 

copolymer with two sections of identical homopolymer sandwiching a third section of a different 

homopolymer in ABA pattern as shown in Figure 1.3a. When the “A” blocks are semi crystalline 

glassy blocks and the “B” blocks are amorphous rubbery blocks, then the resulting combination 

can create an elastomer. The glassy A blocks assemble into supportive structures linked by the 

rubbery “B” blocks, which stretch and deform when manipulated, but encourage the structure to 

return to the resting state once stresses are removed33,34. This restoring forcing seen in elastomers 

is driven by a mixture of enthalpy, the internal energy in the system due to interchain and intrachain 

interactions in the network, and entropy, resulting from changes in the configurations in the chain 

arrangement35. In experiments by Sharda and Tschoegl to isolate impacts from each component, 
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it was determined that most of the restoring forces in the elastomer of focus was due to entropy 

changes, but a significant contribution was made from internal energy changes35. Entropic changes 

occur during deformation, as some of the rubber chains are forced to shift, typically becoming 

linearly oriented, which causes an overall decrease in entropy in the rubber system36. This 

decreased entropy leads to a driving force to reestablish disorder in the system, leading to a 

restoring force. The specifics of the polymers, including material, block length, cross-linking 

specifics, as well as environmental factors such as temperature or extent of deformation will 

change the impact of both enthalpy and entropy, effecting the amount of restoring force 

present35,36.  

The mechanical properties of an elastomeric polymer make them useful for devices that 

will endure extreme or repetitive physical stresses. Traditional silicon devices are often brittle and 

have weakness in physical flexibility that makes them difficult to incorporate into biosimilar 

materials. For devices that are designed to mimic skin or sensorially ‘disappear’ when worn, 

having bulky, immobile materials is not ideal. By utilizing elastomers to build devices that can 

stretch and move along with the wearer or be placed on curved surfaces such as buildings or cars, 

a balance between form and function can be met. There are many different forms of elastomeric 

electronics that are currently being researched37. In the same vein as more traditional commodity 

polymers, elastomers can be used in blends with other materials to create a final device that has 

blended properties38,39. Researchers have cast electronic materials on or within an elastomeric 

mount, for instance, dispersing single-walled carbon nanotubes within a rubber gel, allowing for 

flexibility, delicate processing, and direct printing, all the while maintaining electronic 

properties40.  Elastomeric mounted devices have been created using organic light diode displays 

made of organic transistors and organic light-emitting diodes sandwiched between two printed 

elastomeric sheets41. Conjugated polymer and elastomer blends have also been used, with block 

co-polymers consisting of a conjugated polymer component and a soft block polymer42, or with 

refined processing techniques allowing rigid polymers to display flexible properties43. Research 

into this direction allows for the blending of desirable properties from each component, this time 

with a focus on mechanical elasticity alongside resilience, processing, and electronic capabilities.  

1.3 OMIEC Materials 

Organic Mixed Ionic Electric Conductive (OMEIC) materials are soft materials, typically 

polymers which can display conduction from both electrical and ionic methods44–46. Materials that 
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are currently in the forefront of OMIEC research were often initially developed without regard to 

their mixed properties. For example, the commonly focused upon poly(2,4-

ethylenedioxythiophene): Poly (styrene sulfonate) (PEDOT: PSS) copolymer showed promises as 

an antistatic coating and conducting interlayer in optoelectronic devices47. As the requirements for 

materials shifted from purely conductive to more complex multi-layer, multi-functional devices, 

more interest was generated by the ionic conductivity as well. Current interest in OMIEC materials 

covers many fields including actuators48, electronic devices 49,50, chemical sensors51, ion pumps52, 

and organic sensors for haptics and feedback50,53–55. OMIECS have found a particularly strong 

foothold in bioelectronics as the ability for the material to receive signals from the body’s natural 

ionic output and translate that into electronic feedback makes these materials strong candidates for 

new devices54. 

OMIEC materials utilize three physical processes to balance their unique properties: ionic-

electronic coupling, ionic transport, and electronic transport44. Ionic transport involves the 

movement of ions, while electronic transport relies on the movement of electrons or holes. Ionic-

electronic coupling describes the mechanism for conversion between ionic and electric 

conductivity and the resulting feedback cycle which leads to improved material conductivity56–58. 

Each of these processes provide a form of conductivity and can be managed and utilized for 

specific device purposes. For example, storing energy in OMIEC batteries relies on ionic-

electronic coupling, whereas charging rates are constrained by ion transport rates. In bioelectronic 

sensors the combination of ion transport and ionic-electronic coupling determine the response time 

of the sensor, whereas electronic transport and ionic-electronic coupling determine the 

transconductance44. In all devices OMIEC materials are used in, these three processes are 

interconnected and interdependent, creating a complex web of considerations for material design.  

While the only requirement for OMIECs is to have both ionic and electronic conductivity 

capability, there are a multitude of materials that fall under these requirements. To help categorize 

these OMEICS, there are a few guidelines that help gather like materials. The first focuses on the 

ionic conductivity, separated into those which contain ionic charge within them, and those which 

do not44. The second categorization is between homogenous (ionic and electronic transport occurs 

within a single material) and heterogenous (ionic conductive-rich and electronic conductive-rich 

regions within the material) OMIECs. The heterogenous category is split into separate categories 

of a blended system or a single component co-polymer system. When these two categorizations 
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are applied, six separate categories emerge with various levels of copolymers and blends in the 

system. This categorization is shown in Figure 1.444.  Understanding the separate categories helps 

to narrow expectations and information for the system at hand. Each category will have slightly 

different needs for synthesis, development, and device creation, for example, if a material does not 

contain ions within its material, a doping agent is required in order for the device to work. These 

categories also help understand the complexity for a system, for example a blended or copolymer 

system will have polymer/polymer interactions on top of the solvent/polymer interactions.  

 

Figure 1.4: Schematic breakdown of OMIEC categorization, separating materials containing ions 

(a,b,c) and materials that require ions to be added (d,e,f) as well as mixed multiple component 

blended systems (a,d) and mixed single component systems with co-polymers (b,e) and single 

component system with a single homopolymer (c,f). Adapted from Paulsen et al Organic Mixed 

Ionic-Electronic Conductors44 

A common trait of all the categories, and the cause for the mixed ionic and electronic 

capabilities, is the existence of a conjugated polymer component (electronic) and an electrolyte 

component (ionic). The property balance between the electronic and ionic component varies from 

category to category, but there are a few overarching trends that stay the same. The structural 

features that improve each property degrade the other, causing complications with balancing the 

two. Electric transport is improved through increased crystallization, rigidity, and regio-regularity, 

but ionic transport relies on flexibility, ion mobility and access to the backbone. These two sets of 

structural characteristics are directly competing and favoring one over the other will lead to an 

electronic-dominate or ionic-dominate system. This structural balance also underlies the need to 
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characterize and understand the structure and morphology of a system with respect to its properties, 

as refinement of properties will require change of structure through additives, processing changes, 

or material choice.  

1.4 Small Angle Scattering 

To fully characterize the polymer blend structure, we need to be able to measure features 

at a large array of length scales, as well as differentiate visually similar components in a system. 

Many common microscopy techniques cover a short range of lengths, typically in the tens to 

hundreds of microns and larger, with electron and x-ray microscopy techniques able to measure 

slightly smaller structures, but often requiring complex experimental set ups59,60. The use of Small 

Angle Scattering (SAS) techniques allows for the measurement of a large range of length scales, 

over many system relevant milestones (Figure 1.5). Another advantage of using SAS for thick 

polymer films is the ability to measure buried bulk structures due to the high energy beam 

transmitting through the material and scattering on the entirety of the material thickness. 

Traditional microscopy can typically characterize surface structures but are unable to fully resolve 

internal bulk structures of thick films.  

  

Figure 1.5: Schematic of measurable length scales of microscopy and scattering techniques, with 

reference to the length scales relevant to polymers  

When studying polymers, interactions, and changes in the smallest structures, such as in 

bond distances (one to tens of angstroms) and monomer interactions (tens to hundreds of 

angstroms), are just as important as larger structures like aggregations or domains (tens of 

nanometers to microns)61. Using small angle scattering, we can utilize a single technique to 
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measure all the length scales of interest, reducing the error and sample variation which becomes 

possible when piecing information from different techniques together. SAS is a uniquely 

modifiable technique, allowing for refinable experiments to optimize the measurement of complex 

systems. For example, to fully understand polymer blend systems, we need to understand the 

morphology or physical structure of the blends throughout various steps in the processing method. 

With SAS instruments, both liquid and solid samples can be run with only changes to the sample 

holders. This allows us to track our samples through multiple stages of the processing timeline, 

observing how various structures are formed and destroyed throughout the process. SAS also 

allows us the capability to conduct complex experiments, such as dynamic time-resolved tracking 

of aggregations, or temperature dependent changes60,62,63. This variation in length scales, sample 

type, and experimental modifications make small angle scattering a powerful tool for this work. 

1.5 Polymer Thermodynamics 

In both the solid and liquid states, thermodynamics dictate the type, extent, and intensity 

of polymer movement and assembly. Tracking the thermodynamics of polymers over the 

processing states, from solution to solid films, aids us in anticipating how the system should work, 

and informs our understanding of the morphology of the resulting films. During the solution phase, 

there are a few metrics we must consider, the two of highest importance being solvent quality and 

χ parameters.  

Solvent quality is a metric of the favorability of the interactions between the polymer and 

the solvent in question64. When considering solvent quality for a polymer of interest, there is not 

a single value that can describe the activity of a single polymer in all solvents, instead this metric 

is reliant on the relationship between the polymer and solvent in question (Figure 1.6). When 

dissolved in a ‘poor’ solvent, it is more thermodynamically favorable for the polymer chains to 

interact with themselves than the solvent, causing the polymer to tightly coil into self-associated 

structures. For ‘moderate’ solvents, the polymer will be increasingly favorable to interactions with 

the solvent over itself and begin to spread out. This trend continues until the polymer is more 

favorable to the solvent than itself and forms a loose chain in a ‘good’ solvent65. A host of research 

has been conducted on polymer systems with respect to solvent quality, including work done on 

conjugated polymers in a single solvent, conjugated polymers in mixed solvents, and commodity 

polymers in solvent systems66–68.  
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Figure 1.6: Schematic of effect of solvent quality on the spread of a polymer with poor, moderate, 

and good solvents with reference to χ parameters  

Solvent quality in blended systems is more complicated, and researchers have been 

working on understanding the complex thermodynamic relationships between the solvent and each 

polymer and the polymers with each other69,70. In a blend, typically the solvent quality differs 

relative to each polymer. This means that although a solvent was added that is a ‘good’ solvent for 

one portion of the blend, it may be ‘poor’ for the other, applying uneven thermodynamic pressures 

across the system. This has effects on the final product as shown in work by Rivillon et al, looking 

at material properties of a blend of two polymers with varying interaction potential for the solvent 

and air interfaces69.  

Along with polymer/solvent interactions, in blends the polymer/polymer interactions come 

into play as well. A few different metrics are available to analyze the polymer/polymer 

interactions, but Flory Huggins parameters are widely used and available for most polymers. Flory 

Huggins theory expands traditional thermodynamic calculations into polymers and calculates the 

Gibbs free energy of mixing for polymer solutions65,71. This can be applied to interactions between 

a polymer and the solvent its dissolved in as well as between the polymers in a solution. While this 

is a useful and helpful metric, there are a series of assumptions that must be made before applying 

to complex polymer systems. We assume there is no volume change on mixing, we compute both 

entropy and enthalpy using random mixing, and we determine local concentration by the bulk 

average71. With these (and a few other) concessions in mind, the Flory Huggins Theory allows us 

to calculate χ parameters that quantify extent of favorability involved in the interaction of the 

systems, with lower χ values suggesting more favorable systems. The use of χ parameters allows 
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us to anticipate how the polymers will interact and assemble based on how each component reacts 

in the system.  

In a solution phase, the system is assembled into a state that is most thermodynamically 

favorable for the experimental conditions, with consideration to the variables above. Once the 

solvent is removed from the system, the thermodynamic pressures change. This may include 

unfavorable impacts from poor solvents66,69,70, drying times72,73, processing conditions74,75, and 

more. Oftentimes the equilibrium point that is thermodynamically most favorable was not 

reachable during the short time allowed during processing. This competition between kinetics and 

thermodynamics leaves materials with structures and arrangements that are often not at 

equilibrium. Once dried, the chains, depending on the glass transition and melting points, slowly 

move towards an equilibrium, and this movement can be encouraged through annealing76,77. 

Thermal annealing is a process of heating up a material, holding that temperature, and then slowly 

cooling. When annealing, the temperature must reach above the glass transition temperature in 

order to free the amorphous portions of the polymer, and above the melting point in order to free 

the crystalline structures. Once these components are free, they can slowly move and form 

energetically favorable structures over variable time periods. Annealing can be used in polymers 

in a variety of ways. It can change material properties, for example improving phase behavior of 

extruded blends, which are more easily extruded at cooler temperatures, but have lacking 

properties78.  This post-processing technique can also be used to relieve stress in polymers with 

cooled locked-in stresses, such as after heat-molding or heavy pressing79,80. 

1.6 Chapter Overview and Goals 

1.6.1: Chapter 2: Theory and Methods  

Chapter 2 will cover the theory and the methods used in this work, focusing specifically on 

small angle scattering (both x-ray and neutron) and the data analysis used on scattering data.  

1.6.2: Chapter 3: Solid Blends of Conjugated Polymer and Polystyrene 

Chapter 3 will cover work conducted in collaboration with Dr. Caitlyn Wolf and Lorenzo 

Guio, including the initial foray into conjugated polymer blends and proposed work to investigate 

effects of the processing methods used previously with this system. This work utilizes contrast 

matched SANS, WAXS, and electronic property measurement techniques to understand solid film 

polythiophene and polystyrene blends.  
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1.6.3: Chapter 4:  Blend Morphology of Conjugated Polymers and Elastomers in Solution 

and Solid States 

Chapter 4 will expand the systems previously investigated by utilizing an elastomeric 

triblock copolymer as a commodity polymer matrix. The conjugated polymer additive of choice is 

P3HT, both semicrystalline and amorphous. With this work we look to understand a single 

complex system and investigate the morphology using SAXS. 

1.6.4: Chapter 5: Processing Effects on Blends of Conjugated Polymers and Elastomers 

Chapter 5 will continue the work conducted in Chapter 4, by investigating the effect of 

processing variables on the morphology and structure of the resulting blend. Variables analyzed 

in this work include pressing temperature, pressing time, solvent, intentional alignment, and post-

processing annealing.  

1.6.5: Chapter 6: High-χ Parameter Copolymers 

Chapter 6 will explore an AB copolymer with blocks that are not thermodynamically 

compatible with each other in solution. These polymers are designed to encourage separation and 

aggregation, and an understanding of their assembly in solution can aid further experimentation 

with similar systems.  

1.6.6: Chapter 7: OMIEC Blends with Conjugated Polymers 

Chapter 7 will explore another conjugated polymer blend system using P3HT, explored in 

previous chapters, and the high-χ parameter copolymer investigated in isolation in Chapter 6. The 

system is designed to encourage separation and aggregation, with the goal of creating materials 

with both ionic and electronic conductivity.  

1.6.7: Chapter 8: Conclusions and Outlook 

Chapter 8 will summarize the work laid out in previous chapters and draw overarching 

conclusions on processing and polymer specificity.   

1.6.8: Chapter 9: Appendix 

Chapter 9 will cover projects worked on alongside those addressed in previous chapters as 

well as elastomer polymer blend dataset that is presented with a caveat. Pallicera is a startup that 

participated in multiple business competitions and accelerators which aimed to improve pediatric 

drug adherence by designing taste masked drug loaded solutions. Phase-IR is a low-cost hardware 

and software system developed from the ChemE data science capstone course to conduct high 

throughput phase identification using IR bolometry. A series of elastomer and conjugated polymer 
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blends were measured using APS USAXS in triplicate and show a unique peak shift that is not 

observed in that intensity in reproduced samples. This shift is interesting for incorporation and 

possible property repercussions but attempts to create samples with the observed shift have not 

been successful and insights provided by processing change experiments (Chapter 4 and 5) have 

not shown an obvious cause. Additional supplementary information and some solo run tensile 

samples are included to flesh out the work done on the elastomeric conjugated polymer system. 
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Chapter 2: Theory and Methods 

2.1 Small Angle Scattering 

Information referenced in this chapter is heavily informed by the scattering textbook 

Neutrons, X-rays and Light: Scattering Methods Applied to Soft Condensed Matter1 and the Sans 

Toolbox2 reference document.  

2.1.1 Fundamentals  

Small angle scattering (SAS) is an instrumentation technique that includes neutron and X-

ray scattering and is similar to commonly used diffraction and crystallography techniques. 

  

Figure 2.1: Schematic of a SAS experiment with 2D and 1D data representation  

A schematic of the method is shown in Figure 2.1 and involves a collimated beam of 

radiation, typically either neutrons or X-ray photons, originating from a source. After generation, 

the produced particles pass through various slits, rotors, or crystals which chop and refine the 

rough beam to produce an aligned and clean beam of specified wavelengths. The collimated beam 

is then directed at and passed through a sample. The sample allows a portion of the beam to pass 

through unobstructed, while the rest of the particles interact with the sample. The extent and 

methodology behind the interactions vary depending on the instrumentation and particle type and 

are addressed in more detail in the next few sections. Past the sample, the unobstructed beam and 

scattered particles enter a chamber where a series of detectors collect the radiation, and depending 

on the type of instrument, either collect or block the unobstructed beam. These detectors are 

excited by the scattered particles and record the number of particles hitting the detector at each 

location. The detector locations each correlate to a solid angle from the sample scattering point, 

and the number of particles hitting over a period of user set ‘counting time’ is calculated to be the 

intensity at that angle. Once the experiment is over, the number of counts per detector pixel can be 
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visualized in 2D images or transformed into a 1D plot of the intensity of photons or neutrons as a 

function of the wave-vector Q.  

𝐼(𝑞) = 𝑛Δ𝜌ଶ𝑉ଶ𝑃(𝑄)𝑆(𝑄) + 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 (2.1) 

For systems consisting of only one type of particle, the data can then be represented by 

equation 2.1. For more complex systems, this equation will need to be modified to express 

scattering from multiple types of particles, such as polydisperse assemblies, but it provides a solid 

starting point for analysis. This guiding equation can be used to plan experiments as well as analyze 

the data collected. For example, contrast (Δρ)ଶ is the variation in the scattering length density 

(SLD) of the components and when planning experiments, contrast must be considered to ensure 

there will be adequate or coherent scattering once conducted. The scattering length density is a 

material dependent property and reliant on the molecular makeup of the material and the type of 

instrument being used. It’s important to note that the Δρ is squared, so if the difference between 

the SLDs is very low, then the contrast will typically be inadequate to collect clean data. In neutron 

systems, contrast can also be intentionally modified in a process called ‘contrast matching’ to 

improve the specificity of the experiment. The term P(Q) is the form factor, which corresponds to 

the scattering from the shape of a particle and can be fit to shape models to gain info on the form 

and size of the scatters in the material. There are a host of models available, with increasing 

complexity from basic spheres to complex aggregations of droplets1,3. The form factor can also be 

customized to fit complex systems that contain particles of multiple shapes through simultaneous 

fitting. The term S(Q) is the structure factor, which can be fit with equations that isolate particle-

particle interactions. Fitting the structure factor can allow for analysis of interactions within the 

material, such as surface or interfacial information. Understanding the guiding equation and 

scattering theory aids the process of experimental refinement and analysis for data collected from 

small angle scattering. 

2.1.2 Small Angle Neutron Scattering (SANS) 

One technique in the SAS family utilizes a neutron source and encompasses specific 

measurements such as small angle neutron scattering (SANS) and ultra-small angle neutron 

scattering (USANS). Neutron sources vary, with two main categories: continuous (nuclear 

reactors, both thermal and cold sources) and pulsed sources (spallation source and a pulsed reactor 

in Russia). Continuous reactors utilize fission reactions and are similar to energy-focused reactors 

but use more compact cores and highly enriched fuel (over 90% uranium-235 opposed to 2-5% in 
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energy-focused) to achieve high neutron fluxes2. All of the neutron sources that have been used 

for this data are continuous sources. Pulsed sources can operate at higher flux and are better suited 

to specific instruments that can account for the time-of-flight mode of the source. Neutrons interact 

with the dense nucleus of the atoms, causing scattering length densities to vary across the periodic 

table. Nuclei-based interactions allows researchers to modify a material’s SLD by utilizing 

isotopes with different nuclear densities, the most common being through the swapping hydrogen 

with deuterium, an isotope of hydrogen with a neutron in the nucleus. This can ‘blend’ some 

structures into the background scattering of the system, ‘focusing’ on structures that are 

experimentally desired for analysis4–7.  

Contrast matching and contrast variation is only possible in neutron systems, making these 

systems uniquely refinable for experimentation. Contrast variation is the process of refining an 

experiment in order to increase the scattering between the material of interest while reducing the 

contrast of the other components in the system as a whole2. When referring to the guiding equation 

of scattering the (Δ𝜌)ଶ component incorporates the difference between the scattering length 

densities of the various materials with the dispersion media. With reference to the equations (2.2) 

and (2.3) below, we can parse apart important considerations.  

𝑆𝐿𝐷 =  
∑ 𝑏௖௜௜

𝑉௠
 

(2.2) 

Where 𝑏௖௜ represents bound coherent scattering of all ‘i’-type atoms in the molecular part 

of the estimated volume, summed over all ‘i’ molecules in the system.  

𝑉௠ =
𝑀௪

𝑑𝑁௔
 

(2.3) 

Where the 𝑀௪ is the molecular weight of the molecule, d is the density of the material and 

𝑁௔ is Avogadro’s number. The distinction between the bound coherent scattering and total 

scattering is important. Total scattering is composed of bound coherent scattering (in phase sample 

specific scattering) and incoherent scattering (isotropic scattering not related to a Q direction 

contributing to background signal). Structural features of interest will cause the bound coherent 

scattering to rise above the background to be analyzed2.  The estimated coherent scattering is then 

balanced with the estimated volume of the molecules in the system. By considering the coherent 

scattering from each molecule in the system weighted by the volume that molecule takes up, we 

can anticipate the scattering contrast and the intensity we can expect from experiments. The b 
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value is measured and known for all atoms and isotopes, so calculating the b value for a complex 

molecule can be done using the molecular formula. All values used in this work are derived from 

known literature values from the National Institute for Standards and Technology (NIST) through 

the use of their calculator8.   

With the scattering length density (SLD) of each molecule in the system determined, we 

can make informed decisions on experimental design. In a basic two-part system (solvent and 

solute) the contrast of the system is between the SLD of the solvent and the SLD of the solute. As 

shown in Figure 2.2, in a system where there is finite determined contrast, the solute and the 

solvent have different SLD’s. Thus, when the beam interacts with the sample, it will scatter off the 

particles of solute and the interfaces between the structures2. If the contrast is zero (or the SLD’s 

of the solute and solvent are equal) there is no discernable density difference between the two and 

there is no scattering2. In more complex systems where there are multiple components, the SLD 

of each component is considered. With an SLD difference between each solute and the solvent, as 

well as the difference between each solute, the intensity of each scattering source becomes hard to 

deconvolute. This is where contrast variation can be a useful tool. If the solvent can be modified 

molecularly so that the scattering length density is equal to one of the solutes (or the solute is 

modified to match the solvent), we can effectively remove the scattering contribution of those 

components. With this match made, we can effectively reduce a complex multicomponent system 

into a basic two-part system5.   
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Figure 2.2: Schematic of contrast matching with respect to polymer systems with a) a polymer 

and a solvent with SLD differences b) a polymer and a solvent with matching SLDs c) two 

polymers and a solvent with different SLDs d) two polymers and solvent, where the solvent and 

one of the polymers have matching SLDs, leaving only one polymer ‘visible’. 

This technique is exceedingly useful in complex systems such as conjugated polymer 

blends, as it allows for the matrix commodity polymer to be deuterated and ‘blended’ into the 

background scattering, allowing the scattering from the conjugated polymer structures to dominate 

the system4. This method of contrast matching is possible for both solid and liquid systems, with 

solution state contrast matching allowing for hydrogenated and deuterated solvents to be mixed to 

achieve a desired SLD for the solvent6,7.  

2.1.3 Small Angle X-ray Scattering 

The other technique that is used heavily throughout this work is small angle X-ray 

scattering (SAXS), which includes measurements in ultra-small angle X-ray scattering (USAXS) 

and wide-angle X-ray (WAXS) instruments. SAXS utilizes a collimated beam of X-ray photons 

which can be extracted from laboratory sources, such as copper or molybdenum-based X-ray tubes, 
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or from large scale sources, such as particle accelerators or synchrotrons9. The origin of the source 

can change the intensity and wavelength of the beam, allowing for different materials to be 

measured, as well as different Q ranges to be extracted. The use of an X-ray beam changes the way 

that contrast is calculated, as the photons interact with samples through the electron clouds. Due 

to the electron interaction, larger atoms with larger and denser electron clouds will scatter more 

intensely. This makes it more difficult to isolate the scattering from minute amounts of a molecules 

incorporated into mediums of compositionally similar molecules, but the technique can capture 

the structure of the system. For instance, in a polymer blend system with the addition of a small 

amount of a mostly hydrogen and carbon conjugated polymer into a much large amount of a matrix 

polymer that is also mostly hydrogen and carbon, the specific signal of the conjugated polymer is 

lost. The self-assembled structure of the large matrix polymer can dominate the signal over the 

sparse conjugated polymer and reduce the information that can be obtained directly about the 

structure of the additive. In these cases, we can still determine information about the structure of 

the blend as a whole and extract useful understandings through matrix conformation.  

Due to the nature of X-rays, there are also some restrictions on the materials that can be 

used in the beam. For example, low energy X-ray photons are strongly absorbed by halogenated 

solvents, such as chloroform, chlorobenzene, and bromobenzene, so an extremely high energy 

source is needed to measure in these solvents. This is difficult for solution state measurements of 

the conjugated polymers used in this work, as halogenated solvents are the desired solvents, so 

SAXS measurements performed are on solid samples only. While high energy X-ray beams require 

complex sources such as a synchrotron or an accelerator, low energy sources are available for 

laboratory or university use, allowing increased access and ease of use.  

2.2 SAS Data Analysis 

2.2.1 Modeling Basics 

Once scattering data has been collected, there are multiple avenues for analysis. Visual 

comparison between data in a set can be conducted, simply determining how features in either 2D 

or 1D data change or how intensity of features increase as the samples change. Data can be 

arithmetically processed to aid in comparisons by summing, scaling, or subtracting data sets from 

each other. This is most useful if the samples are collected with absolute intensity but can still be 

done to garner some information on the sample variation on samples with arbitrary intensity. Most 

often, to extract quantitative and comparable parameters from data, the samples are modeled.  



23 
 

Modeling uses equations associated with known features, structures, or properties to fit 

quantitative variables with algorithms intended to reduce the error between the data and the fits 

from the equation. The basis of scattering modeling comes from the fundamental equation for 

scattering discussed in previous sections and shown in equation 2.1. The two major opportunities 

for modeling in the fundamental scattering equation emerge in the structure, S(Q), and form factor, 

P(Q). For instance, the form factor, which describes the structure of isolated particles, can vary 

depending on size and shape, with a simple spherical system varying from solid spheres10 to 

spheres with separated core and shell materials11 to assemblies of multiple spheres in specific 

formations12. The structure factor can be modified to describe how the structures interact with each 

other. For example, if the scattered structures prevent overlap and do not interact, a hard sphere 

structure factor13 may be adequate, but if the materials do not overlap but aggregate at close 

distances, a sticky hard sphere structure factor14 may be more appropriate. Typically, modeling is 

approached by understanding the system and what structure is expected through kinetics, 

thermodynamics, and processing, before models are attempted on the data.  

Models fit with this fundamental equation in mind are typically shape-dependent models 

that are looking to fit the data to a mathematical representation of how a specifically shaped 

population scatter. As a scattering system becomes more complex, the models required to fully 

describe it also become more complex. For instance, in a system with a single solute that forms a 

single monodisperse structure, a single form factor and structure factor may be adequate to fully 

understand the scattering. If there are multiple components in the system, or the solutes form a 

variety of structures, then multiple form factors to describe each shape’s scattering impact may be 

necessary. When approaching shape dependent modeling, it is recommended to start from the most 

basic model before adding complexity. For instance, in a system that is known to have free chains, 

it’s best to start by modeling chain-sized cylinders alone in solution before adding more complex 

structures. On the extreme end, shape dependent models for individual populations can be 

weighted and added together to form combined models that can accurately characterize, for 

example, a system that has free chains in solution and separate populations of assembled cylinders 

of various lengths. These complex models need to be approached carefully to ensure that the 

system is being accurately described. Common pitfalls with modeling include sample design that 

prevents accurate modeling of the data, multiple models that can fit the same data, and fits that do 

not converge because of local minima with fitted variables. 
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Understanding the sample and the system from a scattering perspective is the first step 

before modeling. In samples that have a low scattering length density difference, there is often not 

enough coherent scattering to separate the sample signal from the incoherent (SANS) or 

background (SAXS) signal. This can also result in high backgrounds which leads to a plateau at 

high-Q that prevents the analysis of weak coherent scattering signal at mid and high-Q. Another 

consideration that is important in designing samples to allow for cohesive modeling is the 

concentration of the system. In highly concentrated systems the particles may interact with each 

other, resulting in larger impact from the structure factor, possibly to a point where the shape is 

changed due to interactions. Dilute systems are typically low volume fraction solution samples, 

which allow for the scattering of a single particle to be considered in isolation. This removes the 

correlation between particles and allows for measurement and models to extract shape and form 

parameters.  

Conventional modeling methods for SAS data is through least square optimization, which 

focuses on minimizing the square of the difference between the model and the data. There are 

many algorithms which utilize a least squares approach, including the Levenberg-Marquardt (LM) 

algorithm, which is known as a damped least-squares approach. The LM algorithm is better at 

finding a solution than previous iterations of least-square algorithm that would diverge completely 

but faces challenges with multiple available solutions. If the initial value provided is substantially 

different from the ‘correct’ value, the LM algorithm may find a local minimum of residuals and 

get ‘stuck’ in that well. This prevents the algorithm from correctly determining the global minimum 

and if not checked with outside sample information may lead to incorrect conclusions. This can 

also be fixed through a change in algorithm. Another algorithm utilized in the bumps fitting 

package, is the DREAM, or DiffeRential Evolution Adaptive Metropolis, algorithim15. This is a 

Markov Chain Monte Carlo method which generates new starting values for each iteration in the 

tens of thousands of iterations it runs. This prevents the algorithm from getting ‘stuck’ in a local 

minimum and increases the likelihood of achieving a reasonable set of variables. This generative 

method takes much longer to run but produces more consistent results.  

The process of modeling for SAS data must be balanced with choices made during 

experimental design, theoretical understanding of the system, and specifics of the model itself. It 

is often an iterative process that requires much testing and adjustment. With proper constraints and 
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choices, the result is quantitative and comparable metrics of a system that can aid in the 

understanding of complex systems.  

2.2.2 Broad Peak Model 

The broad peak model is shape independent, meaning it is used to characterize the data 

trace features, and doesn’t directly model the shape of the scattering populations. Many amorphous 

soft polymers including copolymers, polyelectrolytes, and multiphase blends have broad scattering 

peaks where this model is useful16. The model itself consists of a broad Lorentzian peak mixed 

with a power law decay fit (Figure 2.3), allowing for a peak that leads into an increasing slope 

that is common in aggregated soft samples.  

𝐼(𝑄) =  
𝐴

𝑞௡
+

𝐶

1 + (|𝑄 − 𝑄଴|𝜉)௠
+ 𝐵 

(2.4) 

Where A is the Porod law scale factor, n is the Porod exponent, C is the Lorentzian scale 

factor, m is the exponent of Q, ξ is the Lorentzian screening length, B is the flat background and 

𝑄଴  is peak position16.  

 

Figure 2.3: Examples of the broad peak model with a value typical of the data discussed in chapter 

4 and 5 (scale = 1, peak location = 0.018, Lorentzian length = 240, Lorentzian exponent = 3.5, 

Lorentzian scale = 4, Porod exponent = 4, Porod scale = 1e-7). Variation in a) peak location and 

b) Lorentzian length is made to show the effect of the parameter on the model.  
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Peak position can be tracked to determine how the feature is changing as shown in Figure 

2.4a. As a peak is shifted towards the low-Q region, the feature is increasing in size and when the 

peak is shifted towards high-Q the feature is decreasing in size. If the structure, shape, or phase is 

known through peak indexing or external information, then specific conversions are available 

convert the peak position into structure specific information. For example, if the phase is 

determined to be lamellar, then using equation 2.5, the spacing between the layers can be calculated 

from the peak position.17  

𝑄଴ =  
2𝜋

𝑑଴
 

(2.5) 

Other known phase formations have similar conversions, and another common phase seen 

in this work is hexagonally packed cylinders, with the distance between cylindrical neighbors 

calculated by equation 2.617. 

𝑑 =  
4𝜋

ඥ3𝑞଴

 
(2.6) 

Lorentzian screening length (ξ) modifies the width of the peak and can be used as a proxy 

for peak width. Peak width for a feature correlates to the regularity of that feature and when a peak 

widens, the feature becomes more irregular as shown in Figure 2.4b. Irregularity can emerge in a 

multitude of ways: the spacing between structures or phases changes and encompasses a wider 

range of values, sections of a phase overlap and are disordered in their patterning, regions of a 

previously assembled structure disorders and form unstructured regions. In these cases, further 

analysis would be required in order to determine which forms of irregularity are present, but a 

general metric of system disorder can be seen in the Lorentzian length.  
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Figure 2.4: Schematics to describe the structural representation of variation in a) peak location 

and b) Lorentzian length in the broad peak model. 

Another parameter of interest is the Porod exponent. The Porod portion of this model 

describes the linear section (on a log-log axis) that emerges towards the low-Q region of the peak. 

The exponent describes the interface between the structures and matrix displaying the feature. A 

Porod exponent of four describes a smooth interface between the materials, whereas lower values 

suggest the system has rougher interfaces and less of a clear differentiation between materials. In 

this work all of the materials are well described with smooth interfaces and so the Porod exponent 

has been set to 4. 

2.2.3 Guinier-Porod Model  

The Guinier-Porod model is another shape independent model utilized often for SAS data. 

This model can provide a general idea of the size and dimensionality (i.e., 1D, 2D or 3D) of a 

scattering population and can be fit directly to the data. The model is fit to data that has a ‘hump’ 

or feature in a power-law described region of data. The Porod portion of the model describes the 

power-law region, and the Guinier portion of the model describes the feature itself.  
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𝐼(𝑄) =  
𝐺

𝑄௦
exp ቈ−

𝑄ଶ𝑅௚
ଶ

3 − 𝑠
቉ 𝑤ℎ𝑒𝑛 𝑄 ≤ 𝑄ଵ 

(2.7) 

𝐼(𝑄) =  
𝐷

𝑄௠
𝑤ℎ𝑒𝑛 𝑄 ≥ 𝑄ଵ 

(2.8) 

𝑄ଵ =
1

𝑅௚

ඨ
(𝑚 − 𝑠)(3 − 𝑠)

2
 

(2.9) 

𝐷 =  
𝐺

𝑅௚
௠ି௦ exp ቂ

𝑠 − 𝑚

2
ቃ ൬

(𝑚 − 𝑠)(3 − 𝑠)

2
൰

௠ି௦
ଶ

 

 

(2.10) 

Where G is a scale factor, 𝑅௚ is the radius of gyration, m is the Porod Exponent, and s is 

the dimensionality variable in the range 0 to 218.  

The dimensionality variable describes the general shape of the scattering population 

creating the feature. This variable is related to the dimensionality of the scattering objects, from s 

= 0 (3D symmetry, such as spheres or globules), s = 1 (2D symmetry, such as rods), and s = 2 (1D 

symmetry, such as plates)18. Observing the change in the dimensionality constant allows for a basic 

understanding of the shapes and complexity involved over the course of the sample set. Radius of 

gyration is a measure of the root mean square distance of a particle of the scattering population 

shape from its center of mass2. For large objects, the radius of gyration is larger. From the radius 

of gyration, information about radius can be extracted from shape dependent equations, if the exact 

shape of the scattering population is known. If unknown, the radius of gyration serves as a metric 

of size and can be tracked over the sample set.  

2.2.4 Flexible Cylinder Model 

 This model is a shape dependent model that describes a flexible cylinder as described in 
equation 2.1119,20.  

𝑆ௌ஻(𝑞, 𝐿, 𝑏) =  𝑆௘௫௩(𝑞, 𝐿, 𝑏) + 𝐶(
𝐿

𝑏
) ൤

4

15
+

7

15𝑢
− ൬

11

15
+

7

15𝑢
൰ 𝑒ି௨൨

𝑏

𝐿
 

(2.11) 

where L is length of the cylinder, b is Kuhn length, and 

𝑢 =  〈𝑅௚
ଶ〉଴𝑞ଶ (2.12) 
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𝑆௘௫௩(𝑞, 𝐿, 𝑏) = 𝑤൫𝑞𝑅௚൯𝑆஽௘௕௬௘(𝑞, 𝐿, 𝑏)

+ ൣ1 − 𝑤(𝑞𝑅௚)൧ൣ𝐶ଵ(𝑞𝑅௚)ିଵ/௩ + 𝐶ଶ(𝑞𝑅௚)ିଶ/௩ + 𝐶ଷ(𝑞𝑅௚)ିଷ/௩൧  

(2.13) 

where 〈𝑅௚
ଶ〉଴ is the ensemble average of the square of the radius of gyration and 

𝑤൫𝑞𝑅௚൯ =  ቂ1 + tanh ቀ൫𝑞𝑅௚ − 𝐶ସ൯/𝐶ହቁቃ /2 (2.14) 

𝑆஽௘௕௬௘(𝑞, 𝐿, 𝑏) =
2[𝑒ି௨ + 𝑢 − 1]

𝑢ଶ
 

(2.15) 

Further individual parameter values and system dependent definitions are provided in the 
original derivation20. 

2.2.5 Spherical Micelles with Gaussian Chain Corona 

The full equation describing scattering for a sphere with a self-associating core and a 

corona of gaussian chains surrounding the core is described in equation 2.1621. 

𝐹௠௜௖(𝑞) =  𝑁ଶ𝛽௦
ଶ𝐹௦(𝑞) + 𝑁𝛽௖

ଶ𝐹௖(𝑞) + 2𝑁ଶ𝛽௦𝛽௖𝑆௦௖(𝑞) + 𝑁(𝑁 − 1)𝛽௖
ଶ𝑆௖௖(𝑞) (2.16) 

Where 𝑁ଶ is the number of chines in the micelle, 𝛽௦is the scattering length density of the 

sphere core, 𝛽௖ is the scattering length density of the chains in the corona and all other factors are 

as follows.  

The form factor for a sphere is described by 𝐹௦(𝑞) as a function of q and sphere radius (R)  

𝐹௦(𝑞) =  Φଶ(𝑞𝑅) (2.17) 

Φଶ(𝑞𝑅) =  
3[sin(𝑞𝑅) − 𝑞𝑅 cos(𝑞𝑅)]

(𝑞𝑅)ଷ
 

(2.18) 

The form factor for the flexible chains in the corona are described as follows: 

𝐹௖(𝑞) =  
2[𝑒ି௫ − 1 + 𝑥]

𝑥ଶ
 

(2.19) 

where 𝑥 =  𝑅௚
ଶ𝑞ଶ 

The structure factor for the interactions between the sphere and each of the chains in the 

corona is shown in equation 2.15. 

𝑆௦௖(𝑞) = Φ(𝑞𝑅)𝜓(𝑞𝑅௚)
sin(𝑞ൣ𝑅 + 𝑑𝑅௚൧)

𝑞ൣ𝑅 + 𝑑𝑅௚൧
 

(2.20) 

where R is the radius of the core, 𝑅௚ is the radius of gyration of the chains, and 𝜓(𝑞𝑅௚) is shown 

in equation 2.21. 
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𝜓൫𝑞𝑅௚൯ =
ൣ1 − 𝑒ି(௤ோ೒)൧

𝑞𝑅௚
 

(2.22) 

The structure factor for the interactions between each chain surrounding the core is given 

in equation 2.23. 

𝑆௖௖(𝑞) = 𝜓ଶ(𝑞𝑅௚) ቈ
sin(𝑞ൣ𝑅 + 𝑑𝑅௚൧)

𝑞ൣ𝑅 + 𝑑𝑅௚൧
቉

ଶ

 
(2.23) 

 Spectra with typical values of the parameters of interest, as well as a variation in an isolated 

parameter are shown in Figure 2.5. 

 

 

Figure 2.5: Examples of the spherical micelle model with a value typical of the data discussed in 

chapter 6 (scale = 1e-6, background = 0, volume of core = 13700 Å, volume of corona = 12200 Å, 

SLD solvent = 6.35e-6 Å-2, SLD core = 1.85 Å-2, SLD corona = 0.817 Å-2, radius of core = 60 Å, 

radius of gyration = 20 Å, penetration distance = 1, number of chains = 20). Variation in a) radius 

of gyration. B) sphere radius, and c) number of chains are plotted to show the effect of each 

parameter on the model. 

This equation assumes that the core is dry with the only volume and SLD contributions 

emerging from the polymer in the core, which in our case is the hydrophobic fluorinated polymer. 

We do not anticipate this to be the case and believe that the core is solvated and has a volume 

fraction (𝜙௦௢௟) of solvent that is expanding the volume of the core. Similar systems have been 

addressed with similar solvated spheres, and fitting was approached by allowing both the radius 

of the core 𝑅௖ and the number of chains in the micelle 𝑁௔௚௚ to be fit. The solvent volume fraction 

is then calculated using the volume of the polymer block in the core (𝑉௖௢௥௘) and equation 2.2422. 
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(2.24) 

The volume of the polymer block in the core (𝑉௖௢௥௘) and the volume of the poylmer block 

in the corona (𝑉௖௢௥௢௡௔) are fixed parameters calculated from polymer architecture and composition. 

𝑉௖௢௥௘ = 𝐷𝑂𝑃ி ∗ 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 ∗  
𝜌ி ∗ 𝑀𝑤ி

𝑁𝐴
 

(2.25) 

𝑉௖௢௥௢௡௔ = 𝐷𝑂𝑃ாீ ∗ 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 ∗  
𝜌ாீ ∗ 𝑀𝑤ாீ

𝑁𝐴
 

(2.26) 

Where NA is Avogadro’s number, 𝜌௜ is the density of the monomer, 𝑀𝑤௜ is the molecular 

weight of the monomer, conversion is 1e24 to convert from 𝑐𝑚ଷ to scattering relevant Åଷ, and 

𝐷𝑂𝑃௜ is the degree of polymerization for the block of interest. These were set for each polymer 

and unchanged throughout fitting and calculations.  

2.2.6 Phase Indexing 

An additional technique that is used for SAS data is peak indexing for phase determination. 

In this case, phase is used to refer to the crystalline structure for a material (lamellar, hexagonally 

packed cylinders, face centered cubic, etc.), not the state of matter (gas, liquid, solid). Indexing 

derives from Bragg’s law, which was pioneered by father-son scientist duo William Henry Bragg 

and Lawrence Bragg in 191323. In experiments with X-ray scattering of crystalline solids they 

found that there was a pattern of reflected X-rays not typically seen in other more amorphous 

materials. With further work it was determined that the spacing of the planes of the crystal 

produced constructive and destructively interfering emissions which selectively produced specific 

patterns. This allowed for X-ray and neutron diffraction to be used to determine crystal structures 

of previously unknown materials. As further research was done on a variety of materials, more 

patterns were identified for other phases and a method for identifying phases based on a ratio of 

peaks (SAS) or 2D scattering pattern (Figure 2.6b).  

(1 − 𝜙௦௢௟)
4

3
𝜋𝑅௖

ଷ =  𝑁௔௚௚𝑉௖௢௥௘
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Figure 2.6: a) Example of a lamellar phase for a DEG50F75 polymer explored in depth in chapter 

6 and 7, with peaks labeled and peak ratio calculated. b) table of a sample of known peak ratios, 

with the first few ratios listed  

While this was identified for crystals and is still a common technique used for traditionally 

crystal structures, the peak ratios are maintained for semi-crystalline, or phase separated materials 

in organized structures. SAS allows for the differentiation between materials in a structure, and if 

that phase separated structure is crystalline in nature (with repeated units of material A in material 

B with enough clarity and regularity) then a series of peaks emerge. Indexing, or finding the Q 

value at the peak, can allow for phase identification, aid in the understanding of a material’s 

morphology, and track changes within a sample set (Figure 2.6a). Indexing may be difficult if the 

system has mixed phases, as the peaks for each phase can overlap or smear out, or if the system 

has sufficient disorder in the phase. Disorder leads to wider, less coherent peaks or can cause 

multiple peaks to smear together, which can make indexing more difficult and the final result less 

confident. These results can still help flesh out a system, even with caveats provided to the phase 

integrity.  
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Chapter 3: Solid Blends of Conjugated Polymer and Polystyrene 

The work presented in this section is also reported in the following publication: 

Wolf, C. M., Guio, L., Scheiwiller, S., O’Hara, R. P., Luscombe, C., Pozzo, L. D. “Blend 

Morphology in Polythiophene–Polystyrene Composites from Neutron and X-ray Scattering”. 

Manuscript published 2021 in Macromolecules. 

The author would like to acknowledge the significant contributions of coauthors for the 

following work and makes no claim of sole contribution to the data. Sections that the author 

worked on with significant contributions are included here, and all sections can be found in the 

above work.  

3.1 Introduction 

Electronics made from conjugated polymers (CP) blends rely on the performance of the 

conjugated polymers to create high efficiency and reliable blends, so understanding how CPs work 

is vital. In pure P3HT films, charge mobility, a metric of electronic performance, is thought to be 

affected by interactions between ordered and disordered regions1,2. Movement within the bulk 

polymer requires a charge to pass easily through ordered regions, and then cross less favorable 

disordered regions. Within the ordered regions, charge can move through intra-chain charge 

transport along the conjugated backbone, or through the weaker inter-chain charge transport 

through the π-orbital overlap with neighboring chains. In disordered regions, charge can move 

intra-chain through tie-chains or inter-chain through chain cross over points. By refining the 

creation of tie-chains, the entire system mobility can be improved, and a host of research has been 

done on pure CP systems working to quantify and refine tie chain assembly3–6. While the pure CP 

system has understood electronic properties, the physical drawbacks of pure CP’s encourage the 

use of blended systems. In blended systems, the complex polymer-polymer and polymer-solvent 

interactions can modify the expected morphology and change the electronic performance of the 

blend. Research on blends has found many refinements for CP aggregation, such as including block 

co-polymers which allow for small scale aggregation while blends encourage large scale 

aggegations7, using semi-crystalline matrix polymers to encourage CP crystallization8, and 

utilizing solvents of various qualities to modify thermodynamic pressures9,10.  With this in mind, 

we look to fully characterize the polymer assembly process and the resulting blend morphologies 



35 
 

through the use of contrast-variation small angle neutron scattering (CV-SANS), with relation to 

the measured electronic properties of the final blends. 

We look to explore a set of semi-crystalline polythiophene conjugated polymers that differ 

in side-chain length and side chain density along the backbone, as well as a regiorandom (RRa-

P3HT) conjugated polymer in order to investigate the effect of CP crystallinity on aggregation. We 

also looked to investigate the morphology of castings from various solvents of different qualities. 

We used toluene, a poor solvent, chloroform, a moderate solvent, and bromobenzene, a good 

solvent, to process compositionally identical samples, then evaporated the samples until 

completely dry11. All of the dried blends were measured with CV-SANS to determine the shape 

and size of CP aggregations, while wide angle x-ray scattering (WAXS) was used to measure extent 

and direction of crystallinity. Conductivity measurements were made to relate the observed 

morphologies to electrical properties. This work was led by a motivation to probe the morphology 

of solid conjugated polymer blend films, further understand the mechanisms of the formation of 

nanofibers, and connect the structure to material properties. 

3.2 Materials and Methods 

3.2.1 Materials 

Poly(3-dodecylthiophene) (P3DDT) (MW = 39 kg 𝑚𝑜𝑙ିଵ, Đ = 1.8, Product 4005-E), regio-

random poly(3-hexylthiophene) (RRa-P3HT) (MW = 63 kg 𝑚𝑜𝑙ିଵ, Đ  = 2.4, Product 4007), and 

regio- regular poly(3-hexylthiophene) (RRe-P3HT-2) (MW = 55 kg 𝑚𝑜𝑙ିଵ, Đ  = 2.4, Product 

4002-EE) were purchased from Rieke Metals (Lincoln, NE USA). Poly(3,3‴-didodecyl 

[2,2′:5′,2″:5″,2‴- quaterthio-phene]-5,5‴-diyl) (PQT-12) (MW = 40 kg 𝑚𝑜𝑙ିଵ, Đ  = 1.7, Product 

SOL4150) was purchased from Solaris Chem (Vaudreuil-Dorion, Quebec Canada). Hydrogenated 

polystyrene (PS-H8) (MW = 278 kg 𝑚𝑜𝑙ିଵ, Đ  = 1.07, Product P8610-S) and fully deuterated 

polystyrene (PS-d8)(MW = 305 kg 𝑚𝑜𝑙ିଵ, Đ  = 1.08, Product P19833-dPS) were purchased from 

Polymer Source (Dorval, Montreal, Quebec Canada). All polymers were used as received. Finally, 

an additional regio-regular poly(3-hexylthiophene) (RRe-P3HT, MW = 22.7 kg 𝑚𝑜𝑙ିଵ, Đ = 1.2) 

was synthesized according to the literature procedure12 with minor modifications and characterized 

by size exclusion chromatography and nuclear magnetic resonance. All solvents in this work were 

used as received. Bromobenzene was purchased from Aldrich Chemistry (St. Louis, MO USA), 

and chloroform, toluene, and chlorobenzene were purchased from Fisher Chemical (Waltham, MA 

USA).  
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3.2.2 Film Preparation 

A schematic diagram of the preparation process for solid blend films is shown in Figure 

3.1. A conjugated polymer (RRe-P3HT, RRa-P3HT, P3DDT, or PQT-12) was co-dissolved in 

solution with PS-d8 at a specified target ratio and a total polymer concentration of 50 mg/mL. A 

fully deuterated matrix polymer (PS-d8) was chosen to create sufficient contrast for SANS 

measurements. The relative concentration of the CP in the solid blends ranged from 0 to 50 wt %. 

The solvents used for co-dissolving the polymer blends were bromobenzene (good solvent for 

P3HT), chloroform (moderate solvent for P3HT), or toluene (poor solvent for P3HT). All solutions 

were heated to 50°C until fully dissolved then drop-cast from solution onto a watch glass and 

placed on a hot plate set at 50°C to allow for solvent evaporation. Samples were left to dry on the 

watch glass then placed in a vacuum oven at 50°C for 24 h to remove any residual solvent. The 

solid samples were then pressed at 150°C using steel precision spacers with inner diameters of 

either 0.625 or 1 in. and a thickness of 0.01 in. (254 μm) to create a smooth and uniform film. This 

temperature was above the glass transition of both PS-d8 and PS-H8, which was at 106 and 107°C, 

respectively, and well below the melting temperature of RRe-P3HT, which was determined to be 

240°C. The samples were folded and repeatedly pressed 3 times to ensure a consistent, 

homogeneous sample that completely filled the mold. Each press cycle was sustained for 5 or 2 

min for the initial and final presses, respectively.  

 

Figure 3.1: a) Schematic of blend processing method, with b) specific polymers used and 

examples of co-dissolved polymers, c) polymer solutions in the process of drying, and d) an array 

of all polymer blends cast from chloroform, emphasizing the color range observed. 
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3.2.3 SANS  

SANS and ultra-high resolution small-angle neutron scattering (USANS) measurements 

were used to investigate the conformation of the CP phase within the PS-d8 matrix of our solid 

polymer blend samples. We utilized contrast variation to increase the SLD and therefore increase 

the scattering between the matrix polymer and fully hydrogenated CP. All SANS and USANS 

experiments were performed at the National Institute of Standards and Technology (NIST) Center 

for Neutron Research (NCNR) in Gaithersburg, MD. SANS data was collected using the NG-3 45 

m very small-angle neutron scattering (VSANS) and the NG-7 30 m SANS instruments, both 

configured for a Q-range of 0.002− 0.1 Å−1. USANS data were collected using the BT-5 USANS 

instrument configured for a Q-range of 0.00004−0.003 Å−1. NCNR SANS and USANS reduction 

macros13  for Igor Pro were used to reduce the data, integrating 2D scattering images to 1D profiles, 

correcting for the instrument background, and to determine absolute scaling of scattering intensity. 

Further SANS/USANS analysis and modeling were performed using the SasView/sasmodels14–16 

packages for Python. Solid samples were measured using titanium and cadmium sample frames 

that enabled the beam to pass through the sample only. Liquid samples were measured in standard 

titanium demountable cells with quartz windows and a 2 mm path length. Smearing of the USANS 

data for the solid samples was accounted for using the SasView/sasmodels15,16 package, and so all 

USANS data for these samples are presented in the smeared form. However, the USANS data for 

the solution samples were de-smeared using USANS reduction macros13 for Igor Pro. 

3.2.4 SANS Data Analysis 

First, Porod analysis17 was applied to the scattering profiles of all solid samples. At the 

high-Q limit, the scattering intensity can be defined as15 

𝐼(𝑄) =  
𝐶

𝑄௠
+ 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 

(3.1) 

where I(Q) is the scattering intensity in units cmିଵ, C is the Porod constant, Q is the scattering 

vector in units Åିଵ, m is the Porod exponent, and the background encompasses the incoherent 

scattering. When performing the analysis, the PS-d8 components were found to make significant 

contributions to the scattering intensity due to density fluctuations in the material. Considerable 

research has been conducted on the assembly and ordering of amorphous, glassy polymers over 

wide length scales (10−10,000 Å), which can be dependent on their thermal and mechanical 

history18–23. We anticipate that the density fluctuations we observe were due to the processing 
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method used in the film creation. To account for this, the Porod equation is separated into CP and 

PS-d8 components as seen in equation (3.2).  

𝐼(𝑄) =  𝜙஼௉

𝐶஼௉

𝑄௠಴ು
+ (1 − 𝜙஼௉)

𝐶௉ௌ

𝑄௠ುೄ
+ 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 

(3.2) 

where CP and PS refer to the CP and PS-d8 contributions, respectively, and ϕେ୔ is the volume 

fraction of the CP. The CP Porod constant, Cେ୔, can then be extracted to quantify the interfacial 

concentration in our sample24 

𝐶஼௉ = 2𝜋Δ𝜌ଶ
𝑆

𝑉
 

(3.3) 

where Δρଶ  is the scattering contrast or the difference in scattering length density for the PS-d8 

and CP components squared and 
ୗ

୚
  is the surface area-to-volume ratio or interfacial concentration.  

The total SANS scattering intensity can also be broken down into the following guiding 

equation 2.1, which is reproduced below:24 

𝐼(𝑄) =  𝜙Δ𝜌ଶ𝑉𝑃(𝑄)𝑆(𝑄) (2.1) (3.4) 

where ϕ is the scale or volume fraction of scattering domains in the sample, V is the volume of the 

scattering domain, P(Q) is the form factor, which includes information about the shape of the 

scattering domain, and S(Q) is the structure factor, which includes information about correlations 

between domains distributed throughout the sample. 

 In complex multi-component systems, the scattering intensity can also be defined with 

respect to the self- and cross-interaction terms between components. In solid polymer blends, there 

are three sources for scattering contribution expected: (1) PS-d8 density fluctuations, (2) isolated 

or “free” CP chains, and (3) phase-aggregated or self-assembled CP structures (e.g., globular 

domains and nanofibers). Each of these sources contribute to the scattering intensity, as they 

generate contrast with respect to the average PS-d8 SLD. We can simplify this equation by 

reducing cross-terms as the structures are independent of each other, i.e., the location of assembled 

CP is not related to the location of the free CP chains. Therefore, by applying a mass balance we 

generalize the scattering intensity for each sample as 

𝐼(𝑄) =  𝜙஼௉ ෍ൣ𝑥௞𝐼஼௉,௞(𝑄)൧ + (1 −  𝜙஼௉)𝐼௉ௌ(𝑄) + 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

௄

௞ୀଵ

 
(3.5) 

where x୩  is the fraction of CPs present in form ‘k’ of ‘K’ total conformations and Σk=1, Iେ୔,୩(Q) 

is the scattering intensity due to conformation k (e.g., phase-aggregated CP or free polymer 
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chains), and I୔ୗ(Q)  is the scattering intensity from the density fluctuations of the PS-d8 phase. 

The PS-d8 contribution was fit using a Guinier-Porod model on the PS controls, while the 

conjugated polymer contributions were represented using spherical or ellipsoidal form factors for 

the globular domains and a long cylinder form factor for the nanofibers. Model names of “sphere”, 

“ellipsoid”, “sphere + cylinder”, and “ellipsoid + cylinder” are used to indicate which form factors 

are included in the CP contribution of equation (3.5) while always maintaining a CP mass balance. 

While not being explicitly stated in the naming convention, these combined models always include 

the PS-d8 contribution. However, we note that there is no molecular justification for the specific 

form factors that were chosen (i.e., sphere vs ellipsoid) to capture the globular domains of the 

conjugated component. We used the simplest models that would accurately capture the shape and 

length scales of these globular domains. Therefore, in generalized terms, we will also refer to these 

fits as “globular domains” or “globular domains + nanofibers”. To compare a common size 

parameter between the sphere and ellipsoid globular domains that are formed in the samples, we 

use the radius of gyration (R୥). 

3.2.5 WAXS 

SAXS and WAXS data for the samples containing PS-d8 were collected at the 9ID 

beamline at the Advanced Photon Source at Argonne National Laboratory25,26. The instrument used 

an X-ray source of 21 keV and a beam size of 0.8 × 0.8 mm with a flux density of approximately 

5 × 1012 photons/s/mm2. SAXS and WAXS data were collected with exposure times of 10 s each. 

Samples were mounted using custom- designed 3D-printed 48-sample frames27 that enabled 

execution of remote experiments during COVID-19-constrained access. SAXS and WAXS data 

were reduced, de-smeared, and corrected to absolute intensity using the Nika package28 for Igor 

Pro. This package was also used to combine the data from the SAXS and WAXS detectors to 

produce datasets that will be referred to as “WAXS data” for the remainder of the work. WAXS 

data for additional sample batches containing either RRe-P3HT-2 or RRa-P3HT in PS-H8 were 

measured using an Anton-Paar (Graz, Austria) SAXSess X-ray scattering instrument. The 

instrument was operated in the line collimation mode with a Cu Kα source (wavelength of 1.54 

Å). Solid polymer blends were placed in a custom 3D-printed frame to hold the sample in place 

and ensure that the X-ray beam passed through the middle of the sample. The sample chamber was 

held under vacuum at ambient temperature (approx. 20 °C) during all measurements. Data were 

collected using Fujifilm (Greenwood, SC USA) image plates and read using a PerkinElmer 
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Cyclone (Covina, CA USA) image plate reader. Anton-Paar SAXSQuant software was used to 

reduce data from 2D scattering images to 1D plots of scattering intensity (I) versus scattering 

vector (Q), remove contributions from the background, and de-smear the data. Analysis of WAXS 

data was performed using the SasView/ sasmodels14–16 packages for Python. The PS-d8 peaks were 

first fit using three Gaussian distributions for the polymerization peak, the amorphous peak, and a 

trailing background peak17. For blend samples, peaks relating to the [100] and [010] reflections of 

the polythiophene crystal were fit in the 0.25−0.35 and 1.6−1.7 Å-1 ranges, respectively. 

3.2.6 Conductivity Measurements 

Conductivity measurements were performed by co-author Lorenzo Guio and further 

information on conductivity results can be found in the published work. Measurements were taken 

on an Ametek (Berwyn, PA, USA) Parstat 4000a potentiostat using a RHD Instruments 

(Darmstadt, Germany) TSC SW closed measuring cell. The samples were first prepared by blade 

coating square electrodes on each side of the films with silver paste. The square electrodes had a 

side length of roughly 2 mm. The DC current was measured across the thickness of the samples 

(254 μm) as a potential was applied ranging from 1 to 10 V. The conductivity was then derived 

using geometric calculations. For high-resistance samples, the entire measuring cell was enclosed 

in an aluminum- mesh enclosure to shield from electromagnetic interference. 

3.2.7 Python 

Analysis and modeling of UV−Vis, WAXS, SANS, and conductivity data were performed 

using Python 3, which enabled us to maintain reproducible work as we progressed through our 

analyses of the collected data. Moreover, the SasView/sasmodels and bumps packages for Python 

3 allowed us to perform rapid, parallel, and partially automated fitting of the scattering data. To 

promote open science, all raw data, results, figures, notebooks, and scripts associated with this 

work are available in a GitHub repository, which can be accessed at https://github.com/pozzo-

research-group/c-wolf-blends-morphology29. We hope that by providing these files, we can 

increase transparency of our analysis, encourage reproducibility, and make data accessible to the 

community for new or improved analysis methods in the future. 

3.3 Results and Discussion 

We began analysis using Porod modeling at the high-Q limit to investigate the interfacial 

area between the CP and the PS-d8 phases. The Porod exponent for the PS-d8 was determined to 

be 3.5 by fitting the control samples and suggests rough interfaces, which is expected due to the 
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density fluctuations typically observed in glassy PS samples. When the conjugated polymer is 

added, the fit Porod exponent approaches 4, indicating the formation of smooth interfaces. We then 

refit the models using a fixed value of 4 for the Porod exponent and extract the interfacial area per 

volume from these fits. First, we look at the samples consisting of polystyrene and various 

conjugated polymers cast from chloroform in Figure 3.2. We see that the interfacial concentration 

is inversely related to conjugated polymer concentration, suggesting growing phase-separated 

regimes for all samples. The RRa-P3HT samples reach lower overall values, suggesting larger 

globular structures than the P3DDT or the PQT-12 samples. The RRe-P3HT samples show a peak 

indicating a more complex growth method.  

 

Figure 3.2: Interfacial concentration, S/V, for CP and PS-d8 blends cast from solutions in 

chloroform. The CP used in each blend is either a) RRa-P3HT, b) RRe-P3HT, c) P3DDT, or d) 

PQT-12. When present, vertical, and horizontal error bars correspond to the standard deviation of 

S/V and CP concentration, respectively, as determined by sample replicates (n ≤ 3). Dashed lines 

show polynomial fit to guide the eye only. 

This investigation was continued with RRe-P3HT and P3DDT cast from two solvents with 

different solvent qualities. We see that the P3DDT samples cast from bromobenzene and toluene 
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show similar activity as the sample cast from chloroform above, but RRe-P3HT performs 

differently (Figure 3.3). Previously, the RRe-P3HT sample showed a concentration dependence 

on interfacial area, but the values for interfacial area for bromobenzene and toluene are relatively 

constant. This indicates that the growth pattern observed for RRe-P3HT may be dependent on 

solvent properties.  

 

Figure 3.3: Interfacial concentration, S/V, for CP and PS-d8 blends cast from solutions of 

bromobenzene (a, c) or Toluene (b, d). The CP used in each blend is (a, b) RRe-P3HT, (c, d) 

P3DDT. When present, vertical, and horizontal error bars correspond to the standard deviation of 

S/V and CP concentration, respectively, as determined by sample replicates (n ≤ 3). Dashed lines 

show polynomial fit to guide the eye only. 

We also fit all of the data collected with shape dependent models. These models were 

combined models of a Guinier-Porod polystyrene fit, and a globular or nanofiber conjugated 

polymer fit. The globular models included both spherical and ellipsoid shapes, while the nanofiber 

were represented by cylindrical models. All data points were fit, and the radius of gyration (Rg) 
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was extracted to determine the size of the domains that were being formed. Shown in Figure 3.4, 

we see a considerable jump in domain size at a critical concentration (Ccrit), which is different for 

each conjugated polymer.  

 

Figure 3.4: Radius of gyration for the globular domain phase (spheres and ellipsoids) in all 

replicate blends of all CP in PS-D blends cast from Chloroform (a), and RRe-P3HT in PS-D cast 

from chloroform, toluene, or bromobenzene. A fit of the logistic function is provided as a trendline 

only to guide the eye and estimate Ccrit. 

We estimate this transition to be 6.5 wt % for RRa-P3HT samples, 1.4 wt % for P3DDT 

samples, less than 0.034 wt % for PQT-12 samples, and 1.4 wt % for RRe-P3HT samples by fitting 

the data to a logistic function. The trend for the size of the globular domains correlates to the degree 

of phase separation observed in the Porod S/V analysis as seen in Figure 3.2.  For the solvent 

varied samples, we found that globular domains were often not sufficient to fully model the system 

and cylindrical models had to be added to model elongated nanostructures. We also observe a Ccrit 

for each of RRe-P3HT samples, with 0.097 wt % for RRe-P3HT samples cast from toluene, 1.4 

wt % for samples cast from chloroform, and at least 10 wt % for samples cast from bromobenzene.  
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Figure 3.5: Schematic diagram of hypothesis of conjugated polymer blend morphology 

With all of our previous analysis in mind, we pulled a few conclusions away from this 

work. The first focuses on the “critical concentration” we found for each blend. We identified that 

there are component and processing specific factors that affect the extent, size, and onset of 

aggregations. We also identified that different conjugated polymers produced several types of 

aggregations, with amorphous conjugated polymers only producing amorphous aggregations. With 

semicrystalline conjugated polymers, self-assembled crystalline domains emerged, with only one 

conjugated polymer producing consistent and large nanofiber structures. Alongside the conjugated 

polymer differences, we identified different structures and onset location of the structures due to 

different solvents during process. This is important as compositionally all of the blends were 

identical, but the different thermodynamics during the solution state affected and changed how the 

blends dried and aggregated.  
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3.4 Summary 

From this work, we showed that a combined approach of neutron and X-ray scattering 

allows for exploration and understanding of the bulk morphology in these polymer blend systems 

at length scale that are not accessible with conventional methods of microscopy. While this was 

not the main focus of this work, development, and optimization of methods to investigate the 

structures that we are looking to isolate is always beneficial to the field. We were also able to 

address some of our original aims as well. From solutions cast from different solvents, we found 

that in the less stable interactions of the conjugated polymer and toluene, a poor solvent, we found 

a higher driving force for the formation of nanofibers. Samples cast from this solvent were found 

to have a higher percentage of the conjugated polymer in a nanofiber form compared to samples 

cast from better solvents such as chloroform or bromobenzene. These findings echo other studies 

of ‘solution memory,’ indicating that the nanofiber formation begins to occur in the solution phase, 

and that the solution phase will have an impact on the resulting film morphology.  

This work set the precedent for the rest of the chapters in a few ways. The first is in the 

development of the processing method. In Chapters 4 and 5, a version of this heat processing 

method is used to make all of the samples, and multiple variations on this method are investigated 

in Chapter 5. We identified in this work that solvent has an impact on these PS/CP blends, and we 

need to consider how the choices we make in processing affect the blend morphology of 

compositionally identical samples. The second is the use of sasmodels to fit data, which is used in 

all subsequent chapters, and the ability to use SasView/sasmodels to refine and modify models to 

fit complex systems, which is addressed in Chapters 6 and 7.  
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Chapter 4: Blend Morphology of Conjugated Polymers and Elastomers in Solution and Solid 

States 

4.1 Introduction 

4.1.1 Elastomeric Polymers 

Elastomers are at the forefront of development in the field of flexible electronics, including 

healthcare sensors1–3, electronic skin4–6, stretchable OLED7 displays8,9, and flexible solar cells10–

12. These electronic technologies come in many forms, such as metallic circuits suspended on 

elastomeric substrates13,14, resilient electronic fibers embedded within stretchable materials15,16, or 

stretchable electrodes that can distort and move with a flexible device17,18. The base of all these 

materials are elastomers in a variety of forms. We focus on commonly used block copolymers, 

which are complex polymers consisting of two or more sections of homopolymers that are bonded 

together. 

Block copolymers (BCPs) can be designed as diblock, triblock, or multiblock to create 

complex nanoscale architectures. Our focus is on a triblock thermoplastic elastomer composed of 

styrene-based ABA copolymer polystyrene-block-polyisoprene-block-polystyrene (PS-PI-PS or 

SIS) (Figure 4.1a). Elastic properties emerge from the restoring force of this polymer, which are 

a result of physical crosslinks from the glassy polystyrene end-blocks and the rubbery nature of 

the polyisoprene. These crosslinks involve non-covalent molecular associations that provide 

strength and structure while facilitating processing due to the possibility of thermally reversing the 

crosslinking process. Physical crosslinking in a SIS polymer occurs when the hard glassy 

polystyrene blocks associate with each other during processing and act as physical connections 

while the rubbery flexible polyisoprene block is able to deform and stretch19. These unique 

physical properties are a result of large difference in glass transition temperature between 

polystyrene (~100 ⁰C) and polyisoprene (-57 ⁰C)20,21.  The combination of flexible rubbery regions 

and glassy regions allows for the polymer to be mechanically strong, flexible, and resilient, as 

shown in Figure 4.1c. 
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Figure 4.1. Polymer structures of a) PS-PI-PS elastomer block copolymer and b) P3HT conjugated 

polymer. Images of representative templates and blends at rest before strain, under strain, and at 

rest after strain for c) PS-PI-PS d) 5 wt % regioregular P3HT in PS-PI-PS blend e) 5 wt % 

regiorandom P3HT in PS-PI-PS blend. f) Differential Scanning Calorimetry data collected for the 

representative templates and blends with melting temperature of a 5 wt % RRe-P3HT/PS-PI-PS 

blend identified. 

Polystyrene and polyisoprene chains are known to self-segregate into nanoscale phase-

separated morphologies including spherical micelles22, hexagonal cylinders23,24, lamellae25,26, 

gyrods27,28, and cubic crystals29, depending on the polymer architecture 25,30, temperature 31, and 

processing conditions 32,33. As established by calculations done by Matsen and Bates, the ratio 

between the A and B blocks, determined by the degree of polymerization of each block, encourages 
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specific structures to emerge.30 In general, when styrene content is low the SIS copolymer forms 

polystyrene nano-spheres or micelles engulfed in an isoprene matrix. As the styrene content 

increases, the SIS material transitions to polystyrene cylinders dispersed in an isoprene matrix, 

then at near equal ratios alternating lamellar structures, and finally at high styrene wt %, creating 

polyisoprene microdomains within the bulk polystyrene. While the polymer structure has a strong 

influence on the specific phase that is formed, processing variables also affect the final structure 

by creating kinetically arrested states and/or altering their macroscopic orientation. Processing and 

methodology choices established in Chapter 4 are further investigated in Chapter 5 with 

modifications on the pressing time, solvent, post-processing heat treatment, and shape variation.  

4.1.2 Conjugated Polymer Additives 

Further complexity in phase and structure emerges with the inclusion of additives to make 

elastomeric blends. Additives for elastomeric electronics have included carbon nanotubes34,35, 

conjugated polymer nanowires15,36, and bulk conjugated polymer into an elastomeric matrix37–39.  

Conjugated polymers are a unique subset of polymers with alternating saturated and 

unsaturated bonds along their backbones that allow for electron resonance through the chain and 

across adjacent chains when found in sufficiently close configurations40. The incorporation of 

conjugated polymers into elastomers has opened a field of new possibilities, by producing 

elastomeric polymers with electronic capabilities38,41–44. Elastic electronic materials are often 

subjected to long lifespans of continuous deformation and generally need to be thin and compact, 

requiring both durability and efficiency. The addition of a conjugated polymers allows for the 

combination of the elastomeric matrix’s physical properties and the conjugated polymer’s optical 

and electronic properties even at low loadings (Figure 4.1c-d)43–45. Experiments by Carpi et al 

with blends of polydimethylsiloxane and P3HT found that even small amounts of added 

conjugated polymer (1-6 wt %) showed increases in conductive properties, with a maximum 

electromechanical response seen at 1 wt % conjugated polymer38. 

 Simple blended materials often consist of two homopolymers and more complex systems, 

such as the replacement of the elastomeric homopolymer with a triblock copolymer, require further 

insight. With the addition of a conjugated polymer into a triblock copolymer matrix, phase 

behavior increases in complexity as new interactions between the copolymer blocks and the 

conjugated polymer emerge. Intermolecular interactions between components ultimately drive 

these materials to reach a stable thermodynamic equilibrium. However, time scales for achieving 
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equilibrium can be much longer than practical, and the processing step of solvent evaporation 

frequently leads to kinetically arrested states. During solvent evaporation, the composition and 

physical properties of samples changes rapidly and unevenly, resulting in phase separation and 

solvent-dependent formation of complex structures32,46,47. In simulations, Cummings et al depicts 

the phase segregation of drying solutions through multiple thermodynamic drivers and model how 

the evaporation of all solvent can lock in kinetically frozen structures47. Depending on the kinetics 

of processing versus the thermodynamic drive, equilibrium may not be achieved for all practical 

purposes, resulting in materials with a processing-dependent structure. Once dry, temporal 

fluctuations in amorphous materials are still observed, but often have slow time scales that can 

only be accelerated through thermal or solvent annealing48–50. In solid films, the balance between 

the kinetics of gradual chain movements and thermodynamics of the material cannot ensure that 

equilibrium is reached. This competition between kinetics and thermodynamics frequently 

determines the structural outcome with respect to processing techniques, component architecture, 

and applied conditions.   

4.1.3 Comments on Additional Experiments 

During the process of data collection for the elastomer projects, a series of triplicated 

samples were run at Argonne Photon Source (APS) on the USAXS instrument. The triplicates 

displayed consistent trends and became the backbone of the elastomer blends work for much of 

the project. As further experiments were conducted to probe other processing conditions, trends 

that were observed in the initial triplicate set were not repeated in other samples prepared to study 

annealing and temperature sensitivity. Further samples were prepared to determine the cause of 

the trend difference, but no definite cause was found. Samples that were used to discount possible 

sources of the trend variation are presented in Chapter 4 and 5, highlighting material, temporal, 

and thermal changes.  A selection of these samples is shown in Figure 4.2. This includes the 

triplicate samples discussed in Chapter 9.3 and samples discussed in Chapters 4 and 5, all 

processed identically, to show the differing trends for the sets. As seen in Figure 4.2a, at low wt 

%s of RRe-P3HT there is not a large difference visually between the scattering profiles of the 

samples, but above 10 wt % there emerges a large shift and flattening of the peak of interest in the 

triplicate samples that is not observed in the later sample sets. In the RRa-P3HT (Figure 4.2b) 

samples, the results are more consistent and seem to be within the normal range of observed 

morphological variations. The PS-PI-PS control samples are also consistent over the replicates.  
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Figure 4.2: Comparisons of data collected in triplicate at the Argonne Photon Source (APS) for a) 

RRe-P3HT and b) RRa-P3HT alongside a selection of compositionally identical samples described 

in further detail in Chapter 4 and Chapter 5. 

The break from trend appears to be isolated to the RRe-P3HT blends, so specific deviations 

for that conjugated polymer are addressed here, but the triplicate APS sample set will be addressed 

in Chapter 9.3. The trends observed in the triplicate data are morphologically interesting and have 

promise to be conductively impactful, so this data is presented alongside a caveat that while the 

observations within the set are precise the cause of trend is unknown at this time.  

4.2 Materials and Methods 

4.2.1 Materials  

Regiorandom poly(3-hexylthiophene) (RRa-P3HT) (MW = 63 kg mol-1, Đ = 2.4, Product 

4007) and regioregular poly(3-hexylthiophene) (RRe-P3HT) were purchased from Rieke Metals 

(Lincoln, NE USA). Three different molecular weights of RRe-P3HT were used: Lot BLS26-16 

(RRe42) (MW = 42 kg mol-1, Đ = 2.0, RR = 90), Lot PTL43-54 (RRe60) (MW = 60 kg mol-1, Đ 

= 3.0, RR = 91) and Lot BLS26-96 (RRe77) (MW = 77 kg mol-1, Đ = 2.4, RR = 94). Polystyrene-

block-polyisoprene-block-polystyrene (PS-PI-PS) was purchased from Aldrich Chemistry (St. 

Louis, MO USA). The PS-PI-PS polymer is a 22 % styrene 𝐴ଶଶଽ𝐵ଶସଽ଴𝐴ଶଶଽ  triblock copolymer 

(MW 217 kDa) as determined using Gel Permeation Chromatography (GPC). Chloroform was 
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purchased from Fisher Chemical (Waltham, MA USA). For SANS experiments, fully deuterated 

chloroform was purchased from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA USA). All 

chemicals were used as received.  

4.2.2 Film Preparation  

All solid blend films were prepared in accordance with the schematic diagram shown in 

Figure 4.3a. Carefully weighed portions of conjugated polymer (i.e. RRe-P3HT or RRa-P3HT) 

were co-dissolved with the elastomeric polymer (PS-PI-PS) until fully homogenous in chloroform, 

which is a good solvent for all polymers involved, at 50 ⁰C 51–53. Each solution was poured over a 

watch glass on top of a hot plate heated to 50 ⁰C, covered loosely with aluminum foil to enable a 

slow evaporation, and allowed to fully dry (~30 minutes). Films were then peeled off the watch 

glass and left in a fume hood to remove any remaining solvent in the system overnight. The dry 

polymer blend was then heat pressed using a D16 Digital Combo Swing-Away Press from Geo 

Knight & Co (Brockton, MA). All samples in this chapter were radially pressed into circular steel 

precision shims from McMaster Carr (Elmhurst, IL) with a thickness of 254 µm and an inner 

diameter of 15mm (as shown in Figure 4.3b) at the chosen temperature (110 ⁰C, 150 ⁰C, 250 ⁰C). 

All temperatures were measured by a type-K thermocouple and recorded with an accuracy of ±2 

⁰C. During pressing, each sample was sandwiched between thermally conductive Kapton and two 

polished stainless-steel plates to create a smooth and even film. After each pressing, the film was 

cut, stacked, and pressed again at the same temperature. The total time for each of the three presses 

was 5 min, 5 min, and 15 min, respectively. Films were then allowed to cool slowly to room 

temperature over a period of 60 minutes. This repeat pressing process was used to ensure that 

samples were uniform and to eliminate polymer segregation that could have occurred during 

drying. Films were then removed from the metal shims and stored at room temperature prior to 

structural characterization. 
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Figure 4.3: Schematics for sample creation for a) the full processing timeline, including co-

dissolving of polymers into a solvent on a hotplate set at 50 ⁰C, samples evaporating in a foil 

insulated watch glass until fully dry, then being pressed at a set temperature into a shim. Samples 

were b) radially pressed in circular shims with samples being cut and restacked to be pressed 3 

times before being measured at the starred location. 

4.2.3 Solution Preparation  

Solution samples were prepared at two different concentrations corresponding to either 5 

mg/mL (low) or to a higher concentration of 10 mg/mL (high). The solvent for all samples was 

deuterated chloroform (dCF), which is considered a ‘good’ solvent for all polymers in the system51–

53. The lower concentration set included three samples: 5 mg/mL RRe-P3HT in dCF, 5 mg/mL PS-

PI-PS in dCF, and a mixed blend of 5mg/mL RRe-P3HT and 5 mg/mL PS-PI-PS in dCF. The 

higher concentration set was similar with concentrations set to 10 mg/mL. The samples were 

prepared by carefully weighing portions of the polymers, which were then dissolved in deuterated 

chloroform at 50 ⁰C in capped glass containers. For blended solutions, polymers and solvent were 
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added at the same time and were heated until fully dissolved and homogenous. Each sample was 

then loaded from the hotplate into 2 mm quartz Hellma cells and stored at 25 ⁰C before being 

measured at room temperature.  

4.2.4 Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA) 

Thermophysical analysis was conducted on representative samples including the pure PS-

PI-PS matrix, a blend of 5 wt % RRa-P3HT in 95 wt % PS-PI-PS, and a blend of 5 wt % RRe-

P3HT in 95 wt % PS-PI-PS. Thermogravimetric Analysis (TGA) was conducted using TA 

instruments (New Castle, DE) Q50 Thermogravimetric Analyzer between room temperature (23 

⁰C) and 400 ⁰C. Differential Scanning Calorimetry (DSC) was conducted using a TA instruments 

(New Castle, DE) Differential Scanning Calorimeter Q200 between 0 ⁰C and 280 ⁰C. Samples 

were weighed (PS-PI-PS – 7.9 mg, 5wt % RRe-P3HT in PS-PI-PS – 8.0 mg, 5wt % RRa-P3HT in 

PS-PI-PS – 5.9 mg) and analyzed in sealed aluminum pans. A heat-cool cycle was used with three 

repetitions of heating and cooling to ensure any thermal history was removed. Analysis was 

conducted using Python. 

4.2.5 USAXS and SAXS  

Ultra-small, small, and wide-angle x-ray scattering (USAXS, SAXS, and WAXS) was 

collected at the University of Washington using a Xenocs (Grenoble, France) Xeuss 3.0 SAXS 

instrument. This is a pinhole collimated laboratory SAXS instrument equipped with a copper 

microfocus x-ray source. Samples were collected at three sample-to-detector distances to obtain a 

wide Q-range. WAXS data (sample to detector distance of 0.07 m) was collected for 60 s, SAXS 

(sample to detector distance of 0.9 m) for 60 s, and ESAXS (sample to detector distance of 1.8 m) 

for 360 seconds. Samples were mounted on a 48-sample holder to enable automated processing of 

multiple samples. The data for each formulation was reduced, averaged (except when analyzed for 

flow-alignment), and combined to a unified dataset that will be referred to as ‘SAXS data’ through 

this work. USAXS data was also collected using a Bonse-Hart configuration with two Si crystals, 

a multi-bounce Bartels Si (111)-crystal monochromator and a 4-bounce Si (111) crystal analyzer. 

USAXS was collected for two hours for each sample as well as the empty background. The sample 

chamber was held under vacuum at ambient temperature (approx. 20 °C) for both SAXS and 

USAXS measurements. Reduction of all data was performed using XSACT, the Xenocs supported 

software provided with the instrument, with the USAXS data being subtracted and scaled through 

Xenocs recommended modules.  
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For the outlier triplicate set of data run at APS, USAXS and SAXS/WAXS data for samples 

were collected at the 9ID and the 12ID beamline at the Advanced Photon Source at Argonne 

National Laboratory57. USAXS data was collected in the Bonse-Hart configuration using Si [200] 

crystals in the standard instrument configuration. The instrument used an intense X-ray beam of 

21 keV and a beam size of 0.8 × 0.8 mm with a flux density of approximately 5 × 10 

photons/s/mm2. Pinhole SAXS and WAXS data were also collected with exposure times of 10 s 

each, while USAXS was collected with exposure times of 80 s. Samples were mounted using 

custom-designed 3D-printed 48-sample frames58 that enabled execution of remote experiments 

during COVID-19-constrained access. The sample chamber was held under vacuum at ambient 

temperature (approx. 20°C) during all measurements. USAXS, SAXS and WAXS data were 

reduced, de-smeared (USAXS), and set to absolute intensity units using the Nika package59 for 

Igor Pro60. This package was also used to combine the ‘pinhole’ data from the SAXS and WAXS 

detectors to produce datasets that will be referred to as ‘WAXS data’ for the remainder of the work.  

SAXS and WAXS data for these outlier triplicate samples were recollected at the 

University of Washington using a Xenocs (Grenoble, France) Xeuss 3.0 SAXS instrument in the 

same manner described for the other set of elastomer samples.  

4.2.6 Small Angle Neutron Scattering (SANS) 

Small angle Neutron Scattering (SANS) measurements were collected at the Quokka 

beamline at the Open Pool Australian Lightwater (OPAL) source with Australian Nuclear Science 

and Technology Organisation (ANSTO)61. SANS data was collected in three configurations to span 

the full Q range. All configurations used 5Å ± 0.10Å wavelengths, with low-Q collected at 20m 

sample to detector distance (600 seconds), mid-Q collected at 12m sample to detector distance 

(1200 seconds), and high-Q collected with 1.3m sample detector distance (2400 seconds). Samples 

were loaded into 2mm quartz Hellma cells and mounted into aluminum holders placed into a 

temperature controlled 20 slot sample environment set to 25⁰C. SANS data were reduced, 

combined, and background subtracted using the Quokka macro in the NIST SANS package for 

Igor Pro60.  

4.2.7 Scattering Data Analysis 

Once fully reduced, data was exported, and further analysis was conducted using 

SasView54/sasmodels55  and bumps56 packages for Python. Features in the SAXS data were fit with 

shape independent models to extract structural parameters when possible.  
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Peaks in the SAXS region (Figure 4.3), which correspond to nanometer scale self-

segregation of the block-copolymer matrix, were fit using a generalized broad peak model62.  

𝐼(𝑄) =  
𝐴

𝑞௡
+

𝐶

1 + (|𝑄 − 𝑄଴|𝜉)௠
+ 𝐵 

(4.1) 

Here, A is the Porod scaling factor, n is the Porod exponent, C is a Lorentzian scaling factor, 

m is the exponent of Q, ξ is the Lorentzian screening length, and B is a flat background. Peak 

position is determined as 𝑄଴ which is related to d-spacing by 𝑄଴ =  
ଶగ

ௗబ
. This model does not assume 

any given structure (e.g., lamellar, cylindrical, cubic) and is appropriate for samples with variable 

ranges of order that may also result in changing phases.   

In the outlier APS triplicate set a low-Q feature (Figure 4.4.3) in the USAXS regime, 

associated to polymer phase segregation, was fit using the Guinier-Porod63 combined model 

corresponding to the equations below.  
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Where G is a scale factor, 𝑅௚ is the radius of gyration, m is the Porod Exponent, and s is 

the dimensionality variable in the range 0 to 2. This variable is related to the dimensionality of the 

scattering objects, from s = 0 (3D symmetry, such as spheres or globules), s = 1 (2D symmetry, 

such as rods), and s = 2 (1D symmetry, such as plates).  

SANS data were fit using a semi-flexible cylinder model to capture free chains in solution 

as described by Pedersen et al64 and which was found to be appropriate for conjugated polymers 

in prior works65. Free chain fits of blends of CP and PS-PI-PS were modeled using sums of the fits 

for the individual components in solution. This is only appropriate when it is determined that the 

polymer chains are sufficiently dilute and do not have strong repulsive or associating interactions.  
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All analysis and modeling of the DSC, USAXS, SAXS, WAXS and SANS data was 

performed using Python 3 (NumPy66, pandas67, Matplotlib68), which aids in reproducibility, while 

the use of SasView54/sasmodels55  and bumps56 packages for Python, allows for rapid and easily 

adjustable fitting of the data sets. 

4.3 Results and Discussion 

Thermogravimetric analysis (TGA) data shows that differences in onset of thermal decay 

for each sample are minimal, with the PS-PI-PS template being slightly delayed in degradation 

compared to the blends. A thermal decay onset of 280 ⁰C was determined as the temperature at 

which 1 % of material is lost.  The peak temperatures for degradation for pure and blended forms 

of polystyrene (PS) and polyisoprene (PI) have been previously reported around 370 ⁰C for PI and 

420 ⁰C for PS69,70. McNeill and Gupta have also observed a shift in the peak degradation 

temperature upwards of about 15 ⁰C when the materials are mixed, due to a stabilization of each 

component in the blend.69 Thermal degradation work has also been conducted on P3HT, with no 

degradation occurring until 440 ⁰C71. Thus, from our experiments and literature, all samples were 

processed below the degradation temperature of the pure materials and their blends. In longer 

processing there may be exposure-dependent degradation (e.g., oxidation) that can occur, but for 

pressing times used in this work, the effect is expected to be minimal69,71.  

Differential Scanning Calorimetry (DSC) (Figure 4.1f) provides insight into the phase 

transitions of crystalline and amorphous regimes in each blend. The semi-crystalline RRe-P3HT 

blend with PS-PI-PS shows a melting peak at 221 ⁰C that corresponds well to the melting point of 

the crystalline regimes of the P3HT. This suggests that the P3HT component is still able to 

crystallize within these blends. There are no other distinct and obvious transitions in any of the 

other samples. Literature on PS-PI blends report a glass transition from the PS at a temperature of 

approximately 85 ⁰C, which was not observed in our samples20,72. It is possible that the DSC 

instrument used lacked the necessary resolution to accurately measure this subtle transition, or that 

the PS component of these materials (22 % styrene) was too low. The published glass transition 

temperature for PS was still considered and set as a minimum for temperatures used in processing.  

SANS data collected in the solution state of these samples allows us to identify if polymers 

interact substantially when co-dissolved in a common solvent prior to drying. 
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Figure 4.4: SANS plots consisting of models fit to free polymer chains of SIS and RRe-P3HT in 

chloroform, data from the combined samples, and the sum of the models of the components for 

the a) low concentration system with 5 mg/ml RRe-P3HT and 5 mg/ml PS-PI-PS and b) high 

concentration system with 10 mg/ml RRe-P3HT and 10 mg/ml PS-PI-PS. 

We observe that all single-polymer samples (i.e. without blending) fit well with the flexible 

cylinder model, which describes the dimensions of a free chain in solution. Moreover, when 

polymers were co-dissolved at low concentrations, we find that the scattering intensity is nearly 

identical to the sum of the individual polymer components (Figure 4.4a). We interpret this as the 

polymers are well dissolved and not interacting substantially at low concentrations. At higher 

concentrations (Figure 4.5b) the sum of the scattering of the individual components does not agree 

with the data of the experimental blend. This suggests that there is some assembly in solution at 

higher concentrations due to the interactions of the individual components. During evaporation, 

the concentration of the cast sample will increase substantially as the solvent is removed from the 

system. As the concentration increases, we anticipate increased interaction and assembly between 

the components. With this in mind, we know that structures observed in the solid forms are formed 

over the course of evaporation and drying and are not solely a result of interactions while in the 

solution state. 
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4.3.1 RRe-P3HT and PS-PI-PS blends 

X-ray scattering was performed on solid film samples after drying and processing as noted, 

allowing for structural information at various stages. Through the collection of ultra-small angle 

X-ray scattering (USAXS), small angle X-ray scattering (SAXS), and wide-angle X-ray scattering 

(WAXS) data, the full Q range from 3e10-4 Å-1 to 3 Å-1 is available, allowing for analysis of features 

from ~3.2 μm to ~2 Å (Figure 4.5). Due to the weight ratio of the polymers, the self-assembled 

structure of the elastomer component generally dominates the signal over the sparse conjugated 

polymer. As the loading of conjugated polymer in the blend is changed, the structure of the 

elastomer matrix is modified, and this is observed in the SAXS and USAXS data. Therefore, the 

aggregation or segregation of the conjugated polymer within the elastomeric structure is inferred 

from its impact on the structure of the self-assembled elastomeric matrix. 

The data was split into three regions, each covering a different length scale of polymer film 

morphology and together covering the full scope of the impacts of the conjugated polymer additive 

on the structure of the elastomeric template. The low-Q USAXS region shows emerging features 

(i.e., a broad ‘hump’) with the addition of higher weight percentages of conjugated polymer (either 

regioregular or regiorandom) which suggest large-scale formations of phase-separated regions. 

Mid-Q features in the SAXS region are dominated by the emergence of a prominent peak around 

0.018 Å-1. This peak is present in all samples that are collected, including the pure PS-PI-PS matrix, 

and is attributed to the characteristic spacing of the ordered structure of the PS and the PI blocks. 

From previous literature reports for this PS to PI ratio range, as well as peak indexing using known 

Bragg peak ratios, the phase of the pure block-copolymer matrix is identified to be hexagonally 

packed cylinders. With the addition of conjugated polymers, we see a characteristic peak shift and 

a change in shape, suggesting the cylindrical packing structure is affected by the integration of the 

conjugated polymer into the blend.  

At high-Q (i.e., WAXS region) we observe the structure at the smallest molecular and 

atomic scales. This allows us to determine changes in the crystallinity of the components that make 

up the composite polymer blend. The PS-PI-PS matrix has peaks characteristic of an amorphous 

structure and does not display the narrow peaks that are typically attributed to polymer 

crystallinity. This is consistent with the elastomeric (PI) and glassy (PS) nature of the components 

that make up the triblock copolymer. When semi-crystalline RRe-P3HT is added, we see the 
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emergence of two new narrow peaks that correspond to the lamellar and π-stacking peaks that are 

commonly observed in the literature and that allow us to track the extent of crystallinity73,74.  

 

Figure 4.5: Full Q range of USAXS and SAXS data collected on a pure PS-PI-PS matrix sample 

(black) and a 5 wt % RRe-P3HT composite blend (red) from 3e10-4 Å-1 to 3 Å-1. Peaks and features 

of interest have been marked and inset provide scale for each feature observed.  

Blends made with the same molecular weight of RRe-P3HT are processed at different 

temperatures within the range of interest that is established from TGA and DSC. The temperature 

change is implemented during the pressing stage, with each sample being pressed for the same 

amount of time, but at a different temperature. Physical differences for each sample are observed, 
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with the lowest temperature samples (pressed at 110 ⁰C) not fully melding until the final and 

longest press cycle. Samples processed at these lowest temperatures visually showed clear physical 

distinctions where pieces were laid on top of each other. Some initial samples were also tested at 

100 ⁰C and these would not melt and blend even after the final long press cycle. Samples processed 

at intermediate temperatures (150 ⁰C and 200 ⁰C) are physically similar with small 

inhomogeneities removed in the final and longest press cycle. The highest temperature (250 ⁰C) is 

completely homogenous after the first (5-minute) press cycle and is tacky when handled 

immediately after the press. After the final press and slow cooling, the 250 ⁰C samples are 

homogeneous and physically similar to samples processed at intermediate temperatures (150 ⁰C 

and 200 ⁰C). SAXS is also collected on solution cast samples, cut from the film produced by drop 

casting onto the watch glasses prior to any heat pressing.  

SAXS data for these sample was collected with the Xenocs Xeuss III and spans from .01 

Å-1 to 3 Å-1. Starting in the high-Q WAXS region, we can track the emergence of crystalline 

structures through the development of the π-stacking seen at ~1.7 Å-1, and lamellar peaks seen at 

~0.4 Å-1. As seen in Figure 4.6a, these peaks are not visible in the fully amorphous PS-PI-PS 

matrix but begin to appear starting with the addition of the semi-crystalline RRe-P3HT. The 

lamellar peak is present in all blended samples, and the height increases as the wt % of RRe-P3HT 

increases. The π-stacking peak, which is known to be important for electronic performance, 

emerges as a small feature in the 5 wt % RRe-P3HT sample. As the RRe-P3HT content increases 

above 5 wt %, the height of the π-stacking peak also increases. The presence and growth of these 

two peaks above 5 wt % suggest that the semi-crystalline RRe-P3HT does not significantly 

crystallize before this threshold. Above this concentration, it steadily increases in extent of 

crystallinity as the weight percent of the conjugated polymer increases. We do not see a significant 

difference in WAXS peaks due to the processing temperature, suggesting that the assembly seen is 

set during the solution casting step.  
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Figure 4.6: a) SAXS data of 60 kDa RRe-P3HT and PS-PI-PS blends, labeled by wt % of RRe-

P3HT added to system, and collected as cast from solution and for four different heat pressing 

temperatures. Data has been arbitrarily shifted to separate samples by wt %. b) peak position 

parameters from broad peak fits of the .018 Å-1 peak with colors dictated by legend above. c) 

Lorentzian length parameters from broad peak fits of the .018 Å-1 peak with colors dictated by 

legend above. 

 At mid-Q, we see a large peak around 0.017-0.019 Å-1 in all samples. This peak is 

characteristic to the PS-PI-PS template structure and by tracking changes to peak parameters, such 

as location and width, we can establish how the addition of RRe-P3HT, sample processing, and 

temperature affect the template morphology. These peaks have been fit with a broad peak model, 

allowing us to quantify changes with parameters shown in Figure 4.6(b-c). Starting with the pure 

PS-PI-PS, we see a large effect of the processing temperature on this peak. At 110 ⁰C the peak is 

wide and as the processing temperature increases to 150 ⁰C the peak sharpens considerably and 

continues to sharpen at 250 ⁰C. This trend of increasing processing temperature to decrease peak 

width is maintained as RRe-P3HT is added and the wt% of the CP in the system increases. As seen 

in Figure 4.6c, the lowest processing temperatures consistently have the widest peaks, and shortest 

Lorentzian lengths, which is inverse to peak width. The two intermediate processing temperatures, 
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150 ⁰C and 200 ⁰C have similar peak widths, but the highest processing temperature samples 

display another drastic increase in Lorentzian length. This correlates to the thermodynamic 

thresholds established by TGA and DSC. The lowest processing temperature, which is only slightly 

above the Tg of the polystyrene at 95 ⁰C -105 ⁰C in the matrix, has the lowest levels of molecular 

mobility and the highest levels of disorganization in the samples. The disorganization in the 110 

⁰C is higher than in the drop cast unprocessed samples, which we anticipate is a result of cutting 

and stacking during pressing without the polystyrene at a temperature to encourage melding. 

Above ~150 ⁰C, processing temperatures are well-above the Tg of the polystyrene, allowing for 

the glassy connections to melt and reorganize to a more stable state. Still, blended samples may be 

constrained by the Tm of the RRe-P3HT at 221 ⁰C and these domains may need to reorganize within 

the blend. The highest processing temperature, which is both well above the Tg of the polystyrene 

and above the Tm of the RRe-P3HT, allows for full movement and reorganization into a 

thermodynamically stable structure. With these thermodynamic thresholds in mind, there is also a 

small shift in the peak location. Figure 4.6b shows a shift towards higher Q between processing 

temperatures of 110 ⁰C and 150 ⁰C, with no drastic trends observed with increased processing 

temperatures past 150 ⁰C. This implies that once the processing temperature is suitably above the 

Tg of polystyrene, the spacing of the reorganized structure does not change considerably with 

processing, only the consistency or organization of the structure.  

In this Q region, we also see a less-intense series of peaks emerge at slightly higher Q than 

the primary peak. Traces of these peaks are present at all temperatures, but they become clear and 

established at the 250 ⁰C processing temperature. This again suggests that there is a clear 

temperature dependent assembly and organization in these materials. With the emergence of 

secondary peaks, we can now use Bragg diffraction ratios to identify the structural phase formed 

by these samples and explore how they change with increasing loading of conjugated polymer 

additives.  

Each of the peaks in the series are fitted with the broad peak model to pull the peak position 

and peak width metrics. These peak positions are then divided by the location of the first peak to 

determine the 
ொ

ொ∗
 for each secondary peak. The ratios are then compared to known ratios for phase 

morphologies from literature to identify the sample phase. Some of the peak values do not match 

exactly with peaks calculated from expected ratios, especially for the peak located at 0.053 Å-1. 

This peak is wide and may encompass multiple peaks that have merged together due to reasons 
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that may include limited instrumental resolution, co-existence of phases, and the partially 

disorganized nature of the samples. Best estimates are included for all peaks and ratios, but a level 

of disorder in all the samples makes exact identification of a few peaks somewhat challenging. A 

selection of interest is shown in Figure 4.7a for the PS-PI-PS template material, a 5 wt % 77 kDa 

RRe-P3HT in PS-PI-PS blend, and a 15 wt % 77kDa RRe-P3HT in PS-PI-PS, processed at 250 

⁰C. In Figure 4.7a, dotted lines are used to mark where peaks are expected due to the phase ratio 

but are not able to fit concretely. At all these locations, features emerge but are too spread to be fit 

absolutely. In the pure PS-PI-PS material, the peak ratios are [1,1.70, 2.08, 2.78] which can be 

identified as a hexagonally packed cylinder phase. This is consistent with the material architecture 

and phase-diagrams outlined in the literature30. When RRe-P3HT is added into the system at low 

amounts, 1 w t% and 2.5 wt %, there are no major changes in peak locations or ratios and the 

hexagonally packed cylinder phase is maintained. At 5 wt % the peak in the .032 Å-1 range drops 

leaving a [1,1.98,2.99] ratio indicative of the formation of a lamellar phase. As more conjugated 

polymer is added into the system the peak in the 0.032 Å-1 range re-emerges and the 7.5 wt %, 10 

wt %, and 12.5 wt % samples show a mixture of disordered hexagonally packed cylinder peaks 

and lamellar peaks. There is a clear peak in the 0.032 Å-1 range, which equates to the ~1.7 ratio, 

but the peak in the 0.053 Å-1 range is wide enough that it encompasses the locations for both the 

2.64 and 3.0 ratios. At the maximum loading of 15 wt % RRe-P3HT in PS-PI-PS, we see a return 

to the clearest hexagonally packed cylinder ratios, and a return to similar levels of order as seen in 

the template.  
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Figure 4.7: a) SAXS data of selected 77 kDa RRe-P3HT and PS-PI-PS blends, labeled by wt % 

of RRe-P3HT added to system, and collected at 250 ⁰C. Data is arbitrarily shifted to separate 

samples into wt %. Dotted lines are used to denote where peaks are expected due to ratios but are 

not able to be concretely fit. b) peak position parameters from broad peak fits of all peaks with 

colors dictated by legend above. 

Changes are also observed in the low-Q feature that is observed in the USAXS regime for 

blend samples. Solo samples were measured then rotated 90⁰ then measured again to ensure that 

any USAXS feature was not dependent on changes in alignment direction of samples. Measured 

samples shown here were stacked three thick in order to ensure scattering signal was high enough 

for analysis. Series of 60 kDa RRe-P3HT in PS-PI-PS processed at 250 ⁰C are shown in Figure 

4.8b and shows both the region of interest for low-Q analysis as well as the peak at ~ 0.018 Å-1 

seen in Figure 4.5a. As seen in Figure 4.8a, the pure PS-PI-PS matrix does not display any 

noteworthy features in this length scale, beyond the power-law scaling. With the addition of semi-

crystalline 60 kDa RRe-P3HT at concentrations of 1 wt % there is no significant change in the 

shape or intensity of the data. At 5 wt % RRe-P3HT, a feature or ‘bump’ emerges in the 0.0005 Å-

1 - 0.001 Å-1 region that is indicative of large-scale phase separation. As the conjugated polymer 

concentration is increased, the intensity increases and the feature shifts further towards lower Q, 
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indicating that feature is growing. At the highest wt % measured, the feature is absent, and we 

anticipate that the size of the phase separated regions have grown outside of the length scale of our 

instrument. The emergence of the feature at 5 wt % conjugated polymer corresponds to phase shift 

that is observed in the SAXS regime (Figure 4.7). We also see the growth of the feature out of our 

attainable length scales around the 10 wt % sample, earlier than we see in the 250 ⁰C series.  

 

Figure 4.8: a) zoom of region of interest notated in inset b of low-Q region of USAXS data of 60 

kDa RRe-P3HT and PS-PI-PS blends processed at 250 ⁰C. b) full USAXS low-Q data of 60 kDa 

RRe-P3HT and PS-PI-PS blends processed at 250 ⁰C with region of interest marked in grey and 

peak analyzed in SAXS data visible in high-Q indicating data overlap.  
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4.3.2 Outlier RRe-P3HT and PS-PI-PS Blends 

 

Figure 4.9: SAXS regime plots with broad peak fits of a) regioregular P3HT and PS-PI-PS blends 

from 0-20 wt % of conjugated polymer. Parameter plots of b) peak location and c) peak width are 

plotted with both conjugated polymer series. d) USAXS regime plots with Guinier-Porod fits of 

regioregular P3HT and PS-PI-PS blends from 0-20 weight percent of conjugated polymer. 

Parameter plots of e) radius of gyration and f) dimensionality coefficient is plotted with both 

conjugated polymer series. 
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Turning to the outlying triplicate sample set run at APS, we conduct much of the same 

analysis as the samples mentioned above. To begin, we fit all the data with a broad peak model, 

seen in Figure 4.9a. The fits for the peak location and Lorentzian length are plotted against weight 

percent with error bars determined by standard deviation from three or more replicate samples at 

the same weight percent of additive. Horizontal error bars represent fluctuations between the target 

CP concentration in preparation, and the actual concentration as determined from UV-Vis 

measurements. The peak location for the semi-crystalline blends drops in Q rapidly (suggesting a 

rise in the repeat spacing) before leveling out past 10 weight percent. The extent of the shift 

observed with these samples at high wt % is larger than any of the subsequent samples created. 

We see the peak widths for semi-crystalline RRe-P3HT blends fluctuate initially and even seem to 

sharpen until the 10 wt% RRe-P3HT blend sample before dropping considerably for the highest 

weight percent samples. Peak indexing was not conducted for these samples as the number and 

order of the subsequent peaks was not high enough to ensure the locations identified were accurate. 

These samples were processed at 150 ⁰C and mirror the extent of secondary peaks observed for 

this processing temperature as described in Chapter 5.  

Changes are also observed in the low-Q feature that is observed in the USAXS regime for 

blend samples. As seen in Figure 4.9d, the control does not display any features in this length 

scale, but the addition of semi-crystalline RRe-P3HT at concentrations of 2.5 wt % or greater 

creates a prominent feature that is indicative of large-scale phase separation. As the CP 

concentration is increased, the feature shifts further towards lower Q, indicating that the 

characteristic length scale is growing. At and above 12.5 wt % of RRe-P3HT loading, there is a 

noticeable shift towards high-Q before shifting again towards low-Q with increasing CP loading. 

Interestingly, this shift corresponds to the loss of order and significant shift in the matrix lamellar 

spacing that is observed in the SAXS regime (Figure 4.9a). This suggests that there is a large-

scale phase-separation process that begins with the addition of RRe-P3HT, growing steadily until 

a shift occurs at ~10 wt %. This phase separation feature has also been observed for CP blends 

with PS homopolymers74. 

Due to the high power of the instrument used, the USAXS data quality is higher, and the 

feature is able to be fit confidently with a Guinier-Porod model, allowing for quantitative 

extraction of parameters of interest. As before, the Porod exponent is fixed to 4, which is typical 

for sharp interfaces and was also found to be appropriate for the data. The radius of gyration, which 
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is a general metric of domain size, and the dimensionality coefficient, which is as a metric of shape, 

are obtained and plotted against the loading of CP in Figure 4.9. We see similar trends in both 

domain size and shape, for both conjugated polymers we worked with. As seen in Figure 4.9b, 

the radius of gyration for the RRe-P3HT features, which is in the range of hundreds of nanometers, 

grows rapidly before peaking around 7.5 wt %, dropping and leveling out for the highest weight 

percent samples.  

In Figure 4.9c, we see similar trends for the shape or dimensionality parameter ‘s’. The 

dimensionality variable describes the shape characteristics of the feature and ranges from 1 (rods) 

to 2 (plates). For both types of CPs, the phase-separated domains tend from more one-dimensional 

to a more two-dimensional or ‘platelike’ shape. However, the dimensionality parameter for RRe-

P3HT increases more rapidly with increased loading before leveling out at s ~ 1.5 at the highest 

concentrations.  

For further discussion and analysis of these RRe-P3HT samples as well as the RRa-P3HT 

samples included in this triplicate set, refer to Chapter 9.3. 

4.3.3 RRa-P3HT and PS-PI-PS Blends 

Additional experiments were conducted using an amorphous regiorandom P3HT (RRa-

P3HT) to evaluate the effect regioregularity and P3HT crystallization on the composite structure. 

Samples were processed, measured, and analyzed in the same way as previously outlined for RRe-

P3HT, with samples processed at 110, 150, and 250 ⁰C. Figure 4.10a shows a peak at 0.018 Å-1 

and similar trends to those observed for RRe-P3HT samples in Figure 4.6. We again observe that 

a wide primary peak that sharpens as the processing temperature increases from 110 ⁰C to 250 ⁰C. 

The Lorentzian length parameters (Figure 4.10c) corroborates this observation, with each increase 

in temperature leading to sharper peaks and more order in the system. There is more variation in 

peaks parameters, both location and width, for 63 kDa RRa-P3HT than observed with its semi-

crystalline counterpart of 60 kDa RRe-P3HT.  
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Figure 4.10: a) SAXS data of 63kDa RRa-P3HT and PS-PI-PS blends, labeled by wt % of RRa-

P3HT added to system, and collected at three different heat pressing temperatures. Data is 

arbitrarily shifted to separate samples by wt %. b) Peak position parameters from broad peak fits 

of the .018 Å-1 peak with colors dictated by legend above. c) Lorentzian length parameters from 

broad peak fits of the .018 Å-1 peak with colors dictated by legend above. 

When peak indexing and phase identification is performed on the 250 ⁰C RRa-P3HT 

samples, we see the same trend observed with the RRe-P3HT samples as seen in Figure 4.10. The 

pure PS-PI-PS is identical to the one used in the RRe-P3HT blends and is identified as hexagonally 

packed cylinders. As small amounts of RRa-P3HT (1 wt %) are added into the blend, peaks 

sharpen, and the phase is maintained as hexagonally packed cylinders. At a loading of ~5 wt % 

RRa-P3HT, the peak at ~0.032 Å-1 disappears and a peak at ~0.037 Å-1 emerges, consistent with a 

lamellar. At high loadings of RRa-P3HT, the peaks widen, and the ratios return again towards 

hexagonally packed cylinder phases. 
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Figure 4.11: SAXS data of selected a) 63 kDa RRa-P3HT/PS-PI-PS blends labeled by wt % of 

RRe-P3HT added to system and collected at 250 ⁰C. Data is arbitrarily shifted to separate samples 

into wt %. Dotted lines are used where peaks are expected due to ratio but are not able to be 

concretely fit. b) Peak position parameters from broad peak fits. c) table all calculated peak ratio 

and determined phase. 

4.4 Conclusions 

We were able to determine that the processing temperature of a polymeric blend has a 

significant impact on the morphology, specifically the extent of organization of the elastomer 

matrix. In the solution state we do not see any assembly in blends, and the structures observed are 

described well by free chains of the individual components (Figure 4.4).  Due to this we know 

that structures observed in the solid forms are formed over the course of evaporation and drying 

and are not solely a result of interactions while in the solution state. During solution casting, 

structures are largely determined by kinetic effects of solvent evaporation and the arrest of 

molecular motions. This is generally insufficient to create clear domain segregation and long-range 

structural assembly. As seen in Figure 4.4 and described in Figure 4.12a, when processed at low 

temperatures (110 ⁰C) the glass transition temperature of the glassy polystyrene (95-105 ⁰C) is 

barely surpassed and does not provide the required energy or time that is needed to further 
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segregate and assemble. This results in a disordered structure that is difficult to identify due to the 

lack of organized diffraction peaks. Additionally, the cutting and stacking throughout processing 

without the temperature necessary to allow the PS to be rearranged, leads to more disorder than 

the solvent cast analog. Higher temperatures facilitate the incorporation of P3HT into the structure 

of the PS-PI-PS and for the system to assemble and order fully, annealing at higher temperatures 

is needed. We see improvements in order at the intermediate temperatures (150 and 200 ⁰C) where 

the structure becomes more organized and regular. However, when processing at 250 ⁰C we see 

the greatest increases in ordering as well as the clarification of phase structures (i.e., close-packed 

hexagonal cylinders and lamellar phases) due to the formation of higher-order diffraction peaks.  

 

Figure 4.12: Schematic describing the morphology of RRe-P3HT and PS-PI-PS blends as a) RRe-

P3HT is added in increasing weight percents to PS-PI-PS, processed at 250 ⁰C and b) 10 wt % 

RRe-P3HT is processed at varying temperatures.  

We identify the phase of pure PS-PI-PS as hexagonally packed cylinders, consisting of 

cylinders of polystyrene assembled within a matrix of polyisoprene (Figure 4.5). This is consistent 

with the material architecture and phase-diagrams outlined in the literature30. With the addition of 

RRe-P3HT to the blend, there are evident changes to the morphology of the matrix as a function 
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of concentration (Figure 4.6). We anticipate that P3HT incorporation occurs primarily in the 

polyisoprene domains due to the more favorable Flory interaction coefficient between P3HT and 

PI, which is estimated between 0.02 and 0.2375–77 . The Flory interaction coefficient between PS 

and P3HT, which is estimated at 0.48, favors phase separation and previous neutron scattering 

work indeed demonstrated the large-scale phase segregation of P3HT and PS74,78.  

As shown in Figure 4.12b, the order and regularity in the system increases at low loadings 

of conjugated polymer in the blend system. At ~5 wt % loading of RRe-P3HT in PS-PI-PS, a 

gradual shift occurs from a hexagonally packed cylinder phase to a lamellar-rich phase. Indexing 

this phase shift over a series of intermediate loadings (2.5 - 10 wt %) is challenging due to these 

phases coexisting over a broad range. Still, a clear loss of hexagonally packed cylinder peaks for 

the 5 wt % sample signals a lamellar phase dominated material at this point (Figure 4.5). We 

anticipate that ~ 5 wt % marks a critical concentration where large-scale segregation emerges, this 

is confirmed in the appearance of the low-Q feature seen in the USAXS data in Figure 4.8.  

Increasing concentration past this loading again changes the bulk of the matrix phase from 

lamellar-rich to hexagonal cylinders. At 7.5 wt% and 10 wt% RRe-P3HT, key peaks for 

hexagonally packed cylinders reemerge but disorder is increasingly present in the system as noted 

by the reduced sharpness of the peaks. At the highest loadings (12.5 and 15 wt %) we observe an 

increase in peak widths indicating an overloading of conjugated polymer in the system leading to 

increasing disorder in the arrangement of the cylinders and the increase in size of phase-separated 

RRe-P3HT domains (Figure 4.8). This suggests that there is a critical concentration around 5 wt% 

where there are significant changes in the morphology while incorporating into the PS-PI-PS 

templated structure.  

In this work we utilized SANS, USAXS and SAXS to characterize complex blends of 

conjugated polymers and elastomeric copolymers while understanding the effect of temperature, 

composition, and processing. We determined that temperature is a vital consideration in processing 

blends of CP and thermoplastic elastomers, with increased temperature allowing for system wide 

changes. Higher temperatures allow for increased consistency of the structures as well as increased 

incorporation of additives into the established structure. The addition of P3HT additives modifies 

the phase of the matrix elastomer system with a critical concentration around 5 wt % that marks 

the maximum amount of P3HT that can be added while preserving high order in blends. A second 

threshold is reached around 10 wt % where the system increases in disorder, likely due to 
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overloading and macro phase separation. This work aids in understanding the fundamental 

structural morphology of complex copolymer blends, and additional work will be necessary to 

understand how additional processing changes affect the morphology and how these structural 

modifications can be utilized for property optimization. 
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Chapter 5: Processing Effects on Blends of PS-PI-PS/Conjugated Polymers 

5.1 Introduction 

For all polymers, processing is an important consideration in the utilization and 

understanding of the final product. There are many processing techniques used in industry, 

including spin coating, electro spinning, blade coating, drop casting, and heat molding1–4. Each 

method modifies the processing conditions and changes the way the polymer is handled, resulting 

in a variety of final structures and functionalities. This allows researchers to utilize specific 

processing methods to enhance desired properties of their final blends, for example, spin coating 

is often used to encourage nanofiber formation in conjugated polymers in hopes of increasing 

conductivity5,6. Our focus in this work is to understand the interactions between each component 

of a well-mixed thick film blended system and how those interactions encourage specific 

microstructures. The blends discussed in Chapter 4 utilized heat pressing as a method of creating 

fully homogeneous blends, and while we focused mostly on identifying structural changes with 

the increase of conjugated polymer, we also identified changes when the pressing temperature was 

modified. This solidifies the need to understand what changes the processing method themselves 

can induce in a system before we can isolate the extent and impact of compositional changes.  

As mentioned in Chapter 4, the competition between the kinetic and thermodynamic 

timescales may result in non-ideal kinetically arrested states. For instance, during solvent 

evaporation, the composition and physical properties of samples changes rapidly and unevenly, 

resulting in phase separation, and solvent-dependent formation of complex structures7–9. In 

simulations, Cummings et al depicts the phase segregation of drying solutions through multiple 

thermodynamic drivers and model how the evaporation of all solvent can lock in kinetically frozen 

structures8. Altering the solvent properties can change this kinetic and thermodynamic 

relationship, modifying how the dried polymer is arranged. There have also been investigations 

into how, with complex multi-component systems, solvent quality can impact on the phase formed 

by the segregated domains.  This has been seen in copolymers similar to the ones discussed in this 

work, where the polymer block ratios have a strong influence on the specific phase that is formed, 

but processing variables can affect the final structure by creating kinetically arrested states and/or 

altering their macroscopic orientation. For styrene weight percentages between 20-40 wt %, 

solvent choice was found to be exceptionally important in determining phase structure, with 

samples tending to create continuous polystyrene microdomains when the solvent is more 
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compatible with polystyrene than with polyisoprene10,11. Qiao et al found that changing the solvent 

while casting SIS or its inverse copolymer (i.e., polyisoprene-b-polystyrene-b-polyisoprene) at 

fixed molecular weights and compositions, the phase structure could be changed between lamellar, 

cylindrical and gyroidal9. We also observed solvent specific changes in the polystyrene/poly(3-

hexylthiophene) blends discussed in Chapter 3, with compositionally identical samples cast from 

different solvents displaying differences in morphology and conductive properties12. 

These processing changes include post-processing modifications, as methods such as 

thermal and solvent annealing have been used previously to align and expand ordered packing 

structures in triblock co-polymers3, modify output of operating polymer diodes13, and enhance 

desired mechanical properties in a common poly(lactic acid) processing technique14. A possible 

side effect of processing that requires heat, or pressure applied in a specific direction can cause 

structures in the polymer to align. Alignment can occur naturally in some samples, and may be 

thermodynamically desirable, but may also be artificially added through processing conditions. 

This is often observed in industrial extrusion processing, in which polymers are heated and then 

forced through a die mold, often causing extreme stress within the polymer, which is maintained 

through cooling15. This stress can be removed through thermal annealing. This process of heating 

above transition points, then maintaining the applied heat for enough time for the chains to re-

orient into a more thermodynamically stable state allows for a stronger final product14. 

In systems similar to the ones addressed here, Sakurai et.al. studied the effect of annealing 

on polystyrene-polybutadiene-polystyrene (SBS) elastomer, a closely related thermoplastic 

elastomer, and found that cast films that initially formed hexagonal cylinders would gradually 

transition into lamellae upon annealing above the glass transition of polystyrene16. Additionally, 

Hadziioannou et al found that a PS-PI diblock copolymer formed lamellae of ~600 Å wide periods 

at room temperatures, and these expanded to 710 Å after annealing for 1000 hours at 182 ⁰C. When 

exposed to higher temperatures (255 ⁰C) the lamellar spacing reached values over 1000 Å within 

just 10 hours17. 

In this work we look to explore various processing techniques using the previously 

investigated elastomeric polymer blends in order to understand how a complex triblock 

copolymer/conjugated polymer blends system changes and can be manipulated to encourage or 

dissuade various configurations. Understanding changes to the structure of polymer blends 
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throughout processing stages provides valuable insights into how specific steps and integration of 

conjugated polymer components affect the performance of composite electronic materials. 

5.2 Materials and Methods 

5.2.1 Materials 

Regiorandom poly(3-hexylthiophene) (RRa-P3HT) (MW = 63 kg mol-1, Đ = 2.4, Product 

4007) and regioregular poly(3-hexylthiophene) (RRe-P3HT) were purchased from Rieke Metals 

(Lincoln, NE USA). Three different molecular weights of RRe-P3HT were used: Lot BLS26-16 

(RRe42) (MW = 42 kg mol-1, Đ = 2.0, RR = 90), Lot PTL43-54 (RRe60) (MW = 60 kg mol-1, Đ 

= 3.0, RR = 91) and Lot BLS26-96 (RRe77) (MW = 77 kg mol-1, Đ = 2.4, RR = 94). Polystyrene-

block-polyisoprene-block-polystyrene (PS-PI-PS) was purchased from Aldrich Chemistry (St. 

Louis, MO USA). The PS-PI-PS polymer is a 22% styrene AଶଶଽBଶସଽ଴Aଶଶଽ  tri-block-copolymer 

with a molecular weight of 217 kDa as determined using Gel Permeation Chromatography (GPC). 

Chloroform and toluene were purchased from Fisher Chemical (Waltham, MA USA). For SANS 

experiments, fully deuterated chloroform was purchased from Cambridge Isotope Laboratories, 

Inc. (Tewksbury, MA USA). All chemicals were used as received.  

5.2.2 Baseline Heat-Pressed Film Preparation 

All solid blend films were prepared in accordance with the schematic diagram shown in 

Figure 5.1a. Carefully weighed portions of conjugated polymer (i.e. RRe-P3HT or RRa-P3HT) 

were co-dissolved until fully homogenous with the elastomeric polymer (PS-PI-PS) in chloroform, 

which is a good solvent for all polymers involved at 50 ⁰C 18–20. Each solution was poured over a 

watch glass on top of a hot plate heated to 50 ⁰C, covered loosely with aluminum foil to enable a 

slow evaporation, and allowed to fully dry (~30 minutes). Films were then peeled off the watch 

glass and left in a fume hood to remove any remaining solvent in the system overnight. The dry 

polymer blend was then heat pressed using a D16 Digital Combo Swing-Away Press from Geo 

Knight & Co (Brockton, MA). For the radially pressed samples, shown in Figure 5.1b, the 

polymers were pressed into circular steel precision shims from McMaster Carr (Elmhurst, IL) with 

a thickness of 254 µm and an inner diameter of 15 mm at the chosen temperature. All temperatures 

were measured by a type-K thermocouple and recorded with an accuracy of ±2 ⁰C. During 

pressing, each sample was sandwiched between thermally conductive Kapton and two polished 

stainless-steel plates to create a smooth and even film. After each pressing, the film was cut, 

stacked, and pressed again at the same temperature. The total time for each of the three presses 
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was 5 min, 5 min, 15 min, respectively. Films were then allowed to cool slowly to room 

temperature over a period of 60 minutes. This repeat pressing process was used to ensure that 

samples were uniform and to eliminate segregation that could have occurred during drying. Films 

were then removed from the metal shims and stored at room temperature prior to structural 

measurements. 

 

Figure 5.1: Schematics for sample creation for a) the full processing timeline, including co-

dissolving of polymers into a solvent on a hotplate set at 50 ⁰C, solvent evaporating in a foil 

insulated watch glass until fully dry, and being pressed at a set temperature into a shim. Samples 

are b) radially pressed in circular shims with samples being cut and restacked to be pressed 3 times 
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before being measured at the starred location or c) intentionally aligned in a rectangular shim with 

the samples being cut and restacked with the flow direction preserved to be pressed 3 times before 

being analyzed at the starred location. d) table of pressing times for three separate time ranges, and 

e) molecular structures of toluene and chloroform, the solvents used in the solvent variation 

experiments.  

5.2.3 Processing Modifications 

Samples Taken from Each Stage of Processing  

A series of samples were made with cuttings taken from the bulk at each critical stage of 

the processing method. Aliquots were taken after solution cast, the first press, the second press, 

and the final press. This allows the tracking of morphological changes over the course of the 

processing method.  

Pressing Time Variation 

Pressing time was modified for a series of samples, with times longer and shorter than the 

baseline processing time of 5 min, 5 min, 15 min. This variation in time was performed at 150 ⁰C 

but comparisons can also be made to the structures formed at 110 ⁰C and 250 ⁰C with the baseline 

pressing time. A breakdown of the times and terms are provided in Figure 5.1d. 

Casting Solvent Quality 

A set of samples were co-dissolved in toluene, a ‘poor’ solvent for all components, instead 

of the chloroform used in the baseline samples. The toluene solutions evaporated slower than the 

chloroform solutions, requiring an hour to fully dry as opposed to 30 minutes. Structures of 

chloroform and toluene are provided in Figure 5.1e. 

Drying with Vacuum 

A set of samples were processed with the use of a vacuum oven. These samples were co-

dissolved, solution cast, and evaporated in the same way as the baseline samples. Once the solution 

cast samples were removed from the watch glass, they were placed under vacuum at 25 ⁰C for 15 

hours. This ensured that all remnants of solvent were removed from the samples before being heat-

pressed using the same methods as the baseline samples.  

Flow Aligned Processed Samples 

Processing for flow-aligned samples is shown in Figure 5.1c. These samples were arranged 

at one side of a rectangular shim (20.00mm long x 2.75mm wide x 0.45 mm high) while 

sandwiched between thermally conductive Kapton sheets and two polished stainless-steel plates. 
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All intentionally aligned samples were pressed at 250 ⁰C. The films were also cut and stacked, 

ensuring the flow direction was maintained, and pressed three total times for 5 min, 5 min, 15 min, 

before being allowed to cool slowly to room temperature over 60 minutes. The films were then 

gently removed from the rectangular metal shims and stored at room temperature for 

measurements. The intentionally aligned films were measured at the edge of the flow front, where 

the sample was forced to flow upon pressing.  

5.2.4 Post-Processing Annealing 

Two types of annealed samples were prepared. The first set of samples were prepared and 

pressed in the same way as the baseline samples. The cuts of the fully processed samples were 

then heated in a vacuum oven at 120-130 °C for a set length of time (4hr, 24hr). A separate cutting 

was reserved as an unprocessed film control (RT). 

The second set of annealed samples were prepared and solution cast using the same process 

as the baseline samples. Once cast, cuttings underwent various heat treatments without any 

pressing involved. Samples of all drops-cast films were set aside as references for the material 

without applied processing. The films were then laid over Kapton sheets and heated in a preheated 

oven (100⁰C, 150⁰C, 250⁰C) for various lengths of time (10 min, 25 min, 50 min). 

5.2.5 USAXS and SAXS  

Ultra-small, small, and wide-angle x-ray scattering (USAXS, SAXS, and WAXS) were 

collected at the University of Washington using a Xenocs (Grenoble, France) Xeuss 3.0 SAXS 

instrument. This is a pinhole collimated laboratory SAXS instrument equipped with a copper 

microfocus x-ray source. Samples were collected at three sample-to-detector distances to obtain a 

wide Q-range. WAXS data (sample to detector distance of 0.07 m) was collected for 60 s, SAXS 

(sample to detector distance of 0.9 m) for 60 s, and ESAXS (sample to detector distance of 1.8 m) 

for 360 seconds. Samples were mounted on a 48-sample holder to enable automated processing of 

multiple samples. The data was reduced, averaged (except when analyzed for flow-alignment), 

and combined to a unified dataset that will be referred to as ‘SAXS data’ through this work. Fits 

and analyses were then conducted using SasView21/sasmodels22  and bumps23 packages for Python. 

2.5.6. Scattering Data Analysis 

Once fully reduced, data was exported, and further analyzed using SasView21/sasmodels22  

and bumps23 packages for Python. Features in the SAXS data were fit with shape independent 

models to extract structural parameters when possible.  
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Peaks in the SAXS region, which correspond to nanometer scale self-segregation of the 

block-copolymer matrix, were fit using a generalized broad peak model24.  

I(Q) =  
A

q୬
+

C

1 + (|Q − Q଴|ξ)୫
+ B 

(5.1) 

Here, A is the Porod scaling factor, n is the Porod exponent, C is a Lorentzian scaling factor, 

m is the exponent of Q, ξ is the Lorentzian screening length, and B is a flat background. This model 

does not assume any given structure (e.g., lamellar, cylindrical, cubic) and is appropriate for 

samples with variable ranges of order that may also result in changing phases.   

 Alignment factor is a metric to describe the extent of alignment of scattering 

structures within a sample from 0 (isotropic) to 100 (perfectly aligned). Calculations for the 

alignment factor were done in XSACT software which extracts alignment parameters from a tensor 

approach, for which equations and tensors are provided below.  

ΔS =  λଵ −  λଶ = ට(Sଵଵ − Sଶଶ)ଶ + 4Sଵଶ
ଶ 

(5.2) 

For an isotropic sample then  λଵ =  λଶ, i.e., the similarity transforms lead to the identity 

matrix. This definition holds true for two-fold symmetry but would need to be updated for higher 

fold symmetries. This can produce an anisotropy tensor in equation 5.3.  

S = (
Sଵଵ Sଵଶ

Sଶଵ Sଶଶ
) (5.3) 

Where the tensor elements are as follows 

Sଵଵ = ⟨cosଶ Ψ⟩ =
∫ dΨI(Ψ) ∙ cosଶ Ψ

ଶ஠

଴

∫ dΨI(Ψ)
ଶ஠

଴

 
(5.4) 

Sଶଶ = ⟨sinଶ Ψ⟩ =
∫ dΨI(Ψ) ∙ sinଶ Ψ

ଶ஠

଴

∫ dΨI(Ψ)
ଶ஠

଴

 
(5.5) 

Sଵଶ = Sଶଵ = ⟨sin Ψ cos Ψ⟩ =
∫ dΨI(Ψ) ∙ sin Ψ cos Ψ

ଶ஠

଴

∫ dΨI(Ψ)
ଶ஠

଴

 (5.6) 

Where Ψ is the azimuthal angle in the imagery convention (values increase 

counterclockwise with zero is the X axis at 3 o’clock).  

All analysis and modeling of the SAXS, and WAXS data was performed using Python 3 

(NumPy25, pandas26, Matplotlib27), which aids in reproducibility, while the use of 
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SasView21/sasmodels22  and bumps23 packages for Python, allows for rapid and easily adjustable 

fitting of the data sets. 

5.3 Results and Discussion 

In Chapter 4, we discussed the impact of heat pressing temperature on sample morphology 

and established a baseline morphology for the sample set. Here, we build upon that foundation 

with further processing changes in an effort to isolate and identify which processing modifications 

induce significant changes in these PS-PI-PS/P3HT blends. A set of triplicated samples were 

processed and characterized at Argonne Photon Source (APS) on the USAXS instrument. 

Although the replicates within this set were self-consistent, later samples did not corroborate these 

trends, and information presented in this chapter has helped to discount many possible processing 

modifications that may have created the new morphology. Further information on the APS 

triplicate sample set can be found in Chapter 9.3. 

5.3.1 Processing Effects at Each Stage 

From the analysis of the drop cast and pressed samples in Chapter 4, we know there are 

morphological changes due to the pressing method, and identifying the extent of these changes is 

an important first step. New samples were prepared as described in Section 5.3.2, with cuttings of 

each sample characterized at each stage in the pressing methods. The samples were pressed 

multiple times to ensure homogeneity, and cuttings were taken after each heat press. These cuttings 

were labeled as first press, second press, and third press, with the third press samples identical to 

the fully processed samples as discussed in the previous sections. These measurements were 

conducted with the Xenocs Xeuss 3.0 point-collimated instrument, so both 2D and 1D (radially 

averaged) data are available. Representative 2D plots are shown in Figure 5.2. Investigation of 2D 

plots allows for analysis of alignment of the cylindrical structures in the solid structure. When 

structures are oriented in the same direction, the intensity of the scattering signal is stronger in the 

2D pattern orthogonal to the aligned direction. This will appear as a ‘hot spot,’ or regions of the 

image that are much brighter, signaling locations with higher intensity. Alongside visual analysis 

of these images, we have calculated the alignment factor, as described in Section 5.3.6, which is a 

representation of the extent of alignment from 0 (isotropic or entirely unaligned) to 100 (perfectly 

aligned). Analysis of the plots in Figure 5.2 confirms that drop-cast and annealed samples for both 

the control and the representative blends show no signs of orientation in the 2D plot. We also see 

the alignment factor is very low, confirming the lack of alignment. Signs of alignment only emerge 
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after the first press. After the first press there are clear high intensity points in both samples shown, 

and with each subsequent press the alignment increases. All P3HT blends and control samples 

exhibit this increase, with no clear trend between the increase of alignment factor and composition. 

 

Figure 5.2: 2D SAXS scattering patterns of (a) PS-PI-PS template, (b) representative 5 wt % RRe-

P3HT in PS-PI-PS blend from each stage of the processing method. Alignment factors were 

calculated from each scattering pattern and are plotted against wt %. 

We utilize the broad peak fit for the 1D averaged data for these samples through all stages 

of the processing. As seen in Figure 5.3a, the peak of interest is present and the ratio of the peaks 

remains the same, suggesting that the phase structure is not dependent on processing. There are 

variations in the location of this characteristic peak, with a unique shift occurring between the drop 

cast sample and the heat-annealed sample. In Figure 5.3a, with the 5 wt% RRe-P3HT blend, we 

see a similar shift in the drop cast and annealed samples. We also see a slight shift when the samples 

are pressed, which was not clearly observed in the PS-PI-PS control. These trends become clearer 

in fit parameters (Figure 5.3d and Figure 5.3e) with a slight decrease in the peak location as the 

samples are pressed, and a large decrease in the peak location with annealing but no pressing for 

both RRe-P3HT and RRa-P3HT. These shifts are slight and are not indicative of a large growth or 

shrinking of the phase structure. Figure 5.3b and Figure 5.3c show the Lorentzian length 

parameter, which is used as a proxy for peak width, changing over the pressing process. The RRe-

P3HT chloroform cast samples, both annealed and not, show minor change in the peak width at 

most loadings. The highest loaded sample, 10 wt %, shows a widening of the peak indicating 

disorder, but when annealed, all of the samples exhibit no significant difference in peak width. 
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Once pressed, the peaks widen significantly, indicating disorder, with each subsequent press 

gradually narrowing the peak until select samples are more ordered than their solution cast 

counterparts. The RRa-P3HT samples show similar trends but all of the blended samples in the 

drop cast annealed set show wider peaks and increased disorder. The pressing process shows a 

similar trend, with a large initial widening of the peaks followed by each subsequent press 

gradually narrowing and increasing the order of the phase structure.   

 

Figure 5.3: Peak characteristics of P3HT/Elastomer blends, with a) SAXS profiles of the PS-PI-

PS template and a 5 wt % RRe-P3HT in PS-PI-PS blend co-plotted over samples from each stage 

of the processing method. Lorentzian length, a proxy for peak width, obtained from broad peak 

fits of the characteristic peak are plotted for b) RRe-P3HT in PS-PI-PS blends and c) RRa-P3HT 
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in PS-PI-PS blends. Peak location parameters pulled from broad peak fits of the characteristic peak 

are plotted for d) RRe-P3HT in PS-PI-PS blends and e) RRa-P3HT in PS-PI-PS blends. 

5.3.2 Press Time Variation 

We have observed clear changes over the course of the pressing process, and in order to 

understand these effects better, we modified the pressing schedule as described in section 5.2.3.  

This experiment investigated the PS-PI-PS template only and did not include blended samples. 

Further experimentation with blended samples may be insightful here, but with trends observed in 

Chapter 4 and in the investigation of each stage of processing, we can hypothesize on the effect of 

P3HT loading.  

 In Figure 5.4a, we can see there is a noticeable difference in the peak location and 

structural ordering of the samples between the three temperatures. This trend and more discussion 

on the effect of processing temperature on morphology can be found in Chapter 4. We also identify 

a slight shift in the peak location and width in the three pressing times at 150 ⁰C. As the pressing 

time increases the peak narrows and shifts slightly towards low-Q. We also see the emergence of 

more defined secondary peaks in the longest 150 ⁰C press time, but not to the extent seen in the 

250 ⁰C sample. The peaks have been fit with the broad peak model as described before and peak 

parameters have been extracted. Figure 5.4b includes a plot of the peak location, and we can see 

a general trend that with longer pressing times and high temperatures, the peak location trends 

from a low-Q shift towards high-Q shift. We see that pressing at a 110 ⁰C causes a large initial shift 

peak location, but with additional presses and the time increases on the final press, the peak 

location shifts towards high-Q. At 150 ⁰C, the range of the extracted peak locations is small, but 

as the pressing time increases the peak location shifts towards higher q. At the long press time, the 

final press (45 minutes at 150 ⁰C) there is a significant shift towards low-Q. This trend is mirrored 

in the 250 ⁰C temperature where the final press (15 minutes) also displays a large shift towards 

low-Q.  

The Lorentzian length parameter is plotted in Figure 5.4c. A clear trend emerges with the 

increase of time and temperature resulting in a narrowing of the peak across all samples. At the 

lowest temperature there is a large widening of the peak compared to the solution cast sample, 

which is most likely due to the temperature not being high enough to fully meld the cut PS 

domains, leaving sizable disorder in the system (see Chapter 4 for more discussion on this). As the 

temperature increases above the PS glass transition temperature (around 110 ⁰C) to 150 ⁰C, the 
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press time has a significant impact on peak width and structural order. Increasing the pressing time 

clearly increases the order in the system, allowing sufficient time for the domains to reorganize 

during pressing. When temperature is increased further, the peak narrows only slightly more than 

the longest 150 ⁰C press.  

Looking at the trends over a full three press cycle, the order increases over the course of 

the pressing cycle, with the first press consistently being the most disordered. The third press 

consistently results in the most ordered sample, and it is important to note that the final press is 

always the longest press time of a single cycle. Also of note is that all of the presses at 250 ⁰C are 

effectively the same peak width, even though the peak location shifts considerably This width is 

also extremely similar to the final press on the 150 ⁰C long press series.  

 

Figure 5.4: Peak characteristics of P3HT/PS-PI-PS blends, with a) SAXS profiles of the PS-PI-

PS template co-plotted over each stage of the processing method, at 6 different pressing treatments. 

b) Peak location and c) Lorentzian length, a proxy for peak width, obtained from broad peak fits 

of the characteristic peak 

5.3.3 Molecular Weight Variation 

Alongside processing temperature changes, we studied a series of samples with changed 

RRe-P3HT lots with low (42 kDa), medium (60 kDa), and high (77 kDa) molecular weights. These 
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samples were all processed identically, with the only change being the RRe-P3HT molecular 

weight. When heat pressed at a processing temperature of 150 ⁰C, as seen in Figure 5.5, we see no 

significant difference between the samples. Slight differences in low-Q can be observed at RRe-

P3HT concentrations of 7.5 wt % and higher, but the peaks do not change. Parameters of these 

~0.018 Å-1 broad peak fits can be seen in Figure 5.5b and Figure 5.5c. Small fluctuations are also 

seen in the Lorentzian length, but again, none of these changes are indicative of impact. 

 

Figure 5.5: a) SAXS data for blends of RRe-P3HT and PS-PI-PS, corresponding to three different 

molecular weights and labeled by wt % of RRe-P3HT added to system. All samples were collected 

at 150 ⁰C. Data is arbitrarily shifted to separate samples by wt %. b) peak position parameters and 

c) Lorentzian length parameters from broad peak fits. 

Identical samples are also processed at 250 ⁰C, with more apparent differences between the 

samples than the 150 ⁰C. As seen in Figure 5.6a, by increasing the temperature of processing more 

variation occurs in the location, width, and prevalence of secondary peaks in the region of interest. 

There is a clear variability in the peaks between molecular weights of RRe-P3HT as the loading 

wt % increases. This variability is maintained even within replicates of the same molecular weight 

as seen in Figure 5.7. We anticipate that the higher processing temperature makes samples more 

sensitive to processing changes, leading to slight variations in the onset, extent, and trends of phase 
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and order. This variation is present across molecular weights, and we anticipate that any changes 

that are caused by the increasing molecular weight of RRe-P3HT are disguised within the sample 

sensitivity. While these variations prevent any concrete analysis of the effect of molecular weight, 

we can observe general trends as the wt % increases in each series.  At intermediate loadings (2.5 

- 10.0 wt%) we see the peak at ~0.032 Å-1 disappear for all molecular weights and an increase in 

the prominence of the peak at ~0.037 Å-1. By 10 wt % RRe-P3HT, we see the 0.032 Å-1 peak 

reappear for all samples. At the highest loadings of RRe-P3HT (12.5-15 wt %) the peaks widen 

significantly, indicating increased disorder, and differences between molecular weights of RRe-

P3HT is greatly reduced. This is mirrored in the replicates shown in Figure 5.7 with all samples 

showing a peak shift between 2.5 wt % and 10 wt % and the variation between samples reduced 

for low (1 wt%) and high (12.5+ wt %) loadings of RRe-P3HT.  

 

Figure 5.6: a) SAXS data of RRe-P3HT and PS-PI-PS blends corresponding to the three molecular 

weights of RRE-P3HT and loadings. All samples were heat pressed at a temperature of 250 ⁰C. 

Data is arbitrarily shifted to separate samples by P3HT loading. b-d) peak position and e-g) 

Lorentzian length parameters from broad peak fits of the 0.018 Å-1 peak, separated by molecular 

weight of RRe-P3HT. 

The primary peak at 0.018 Å-1 is again fit with a broad peak model and select parameters 

are shown in Figure 5.6(b-g). Due to the processing sensitivity in the mid-wt % range, drawing 

conclusions about explicit trends is difficult, but a few general observations can be made. Through 

all the replicates, the 77kDa RRe-P3HT samples trended at a higher Lorentzian length, 
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corresponding to narrower peaks. This suggests that there is slightly more ordered structure 

forming in the highest molecular weight series. The 42 kDa RRe-P3HT series consistently 

exhibited the highest peak locations, suggesting that spacing between the phase units is slightly 

smaller in the lowest molecular weight.  

 

Figure 5.7: a) replicates of blends of 42 kDa RRe-P3HT and PS-PI-PS blends processed at 250⁰C 

b) replicates of blends of 77 kDa RRe-P3HT and PS-PI-PS blends processed at 250⁰C. Note the 

morphological variation in compositionally identical samples in the 2.5 wt % to 10 wt % range. 

The impact of RRe-P3HT molecular weight on the phase of the matrix was also examined. 

As noted in Chapter 4, there is a phase shift from the hexagonally packed cylinders seen in PS-PI-

PS to a lamellar phase around 5 wt%, then back to a hexagonally packed cylinder phase with the 

addition of more P3HT. This trend is maintained regardless of the molecular weight of the P3HT 

added to the blend.  The two molecular weights not addressed in Chapter 4 are shown in Figure 

5.8, with peak location and ratios determined,  



93 
 

 

Figure 5.8:  SAXS data of selected a) 42 kDa RRe-P3HT/PS-PI-PS and b) 60 kDa RRe-P3HT/PS-

PI-PS blends, labeled by wt % of RRe-P3HT added to system, and collected at 250 ⁰C. Data is 

arbitrarily shifted to separate samples into wt %. Dotted lines represent expected peaks from ratios, 

but fitting is not concrete. Peak position parameters from broad peak of c) 42 kDa RRe-P3HT/PS-

PI-PS blends and d) 60 kDa RRe-P3HT/PS-PI-PS fits. e) table with known peak ratios for lamellar 

and hexagonally packed cylinder phases. 

5.3.4 Effects of Solvent Variation 

 From literature and previous experiments28, we identified an impact of solvent quality on 

the structure of compositionally identical materials and wished to also investigate the impacts on 

these blended systems. Sets of samples cast from chloroform and toluene were processed using 

identical methods and compared to each other to identify structural changes. These samples were 

processed at four temperatures (solvent cast, 110 ⁰C, 150 ⁰C, and 250 ⁰C) and are shown in Figure 

5.9. When measured directly after being cast, there is a noticeable change in scattering profiles for 

samples at and above 5 wt % RRe-P3HT. This appears to be a change in intensity, most likely due 

to the varying thicknesses of the cast film. The change in solvent shows little effect for the 110 ⁰C 
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and 150 ⁰C samples (Figure 5.9a-b), but variations in peak location and width are visible in the 

250 ⁰C samples. Some of this variation is most likely explained by the processing sensitivity at 

250 ⁰C as discussed in Chapter 5.3.3, but we also see variation in the lowest and the highest wt % 

loadings of RRe-P3HT, which we anticipate is due in some part to the solvent.     

 

Figure 5.9: SAXS data of 60 kDa RRe-P3HT and PS-PI-PS Blends cast from both chloroform 

and toluene. a) solution cast samples and samples processed at b)110 ⁰C, c) 150 ⁰C, and d) 250 ⁰C. 

 This solvent variation experiment was also conducted with amorphous 62 kDa RRa-

P3HT and PS-PI-PS blends, with similar results (Figure 5.10). We see the 110 ⁰C and 150 ⁰C 
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samples show little variation between the two casting solvents, while the 250 ⁰C data sets show 

increased variation, especially for the mid wt % region at 5 wt % RRa-P3HT. 

 

Figure 5.10: SAXS data of 63 kDa RRa-P3HT and PS-PI-PS Blends cast from both chloroform 

and toluene. a) solution cast samples and samples processed at b) 110 ⁰C, c) 150 ⁰C, and d) 250 

⁰C. 

Broad peak fits for the RRe-P3HT samples were conducted for the initial peak at ~0.018 

Å, with fit parameters shown in Figure 5.11a-d. Observations seen in the 1D datasets also emerge 

in the fits. For the 110 ⁰C and 150 ⁰C samples, we see similar peak locations and widths for both 
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RRe-P3HT and RRa-P3HT blends. The range of peak locations for the toluene samples is more 

than the chloroform samples, but the fits for the Lorentzian length parameter, the proxy for peak 

width, are consistent with similar ranges. The variation in peak location for the toluene samples 

further increases in the 250 ⁰C sample set for the RRe-P3HT samples, with a large range and 

variation for the toluene cast samples. The chloroform cast samples at 250 ⁰C show variation in 

the peak width and location, but the range is smaller. The 250 ⁰C The RRa-P3HT blends do not 

change in consistency between the chloroform and toluene samples, suggesting that the large 

increase in the range of peak locations for the RRe-P3HT blends may be an effect of the interaction 

of the semi-crystalline RRe-P3HT and solvent. 

 

Figure 5.11: Broad peak fits for peak location for a) 60 kDa RRe-P3HT and PS-PI-PS blends and 

b) 63 kDa RRa-P3HT and PS-PI-PS blends, cast from chloroform or toluene for all heat processing 

temperatures. Peak fits for Lorentzian length for c) 60 kDa RRe-P3HT and PS-PI-PS blends and 

d) 63 kDa RRa-P3HT and PS-PI-PS blends cast from chloroform or toluene for all heat processing 

temperatures. 
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5.3.5 Application of Vacuum Oven for Evaporation 

The control sample set was solution cast at 50 ⁰C and then left to gently off-gas any 

remaining solvent overnight in a fume hood. This process allows the sample to dry and removes 

any remaining traces of solvent, and when heat pressed the next day, there is no observed solvent 

remaining. In order to test if this overnight fume hood method adequately removes solvent, a set 

of samples were placed under vacuum overnight. These samples were left under vacuum at room 

temperature for the same duration as the fume hood samples. Once removed from the vacuum 

oven, there were no observable differences between the control and test samples. The sample set 

was then pressed using the same methods as the baseline samples.  

 When compared, as seen in Figure 5.12, there are few differences between the two sets. 

There is a slight variation in the scattering profiles of the 7.5 wt % and the 10 wt % samples, with 

the vacuum oven method resulting in samples with slightly sharper peaks, indicative of slightly 

more order. All other samples in the vacuum oven treated set are functionally identical to the 

baseline samples, and do not suggest a processing difference between the two. This also suggests 

that no or negligible trace amounts of solvent remain in the sample after fume hood off-gassing, 

allowing us to approach the system as fully dry at pressing.  
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Figure 5.12: SAXS data of 60 kDa RRe-P3HT and PS-PI-PS blends cast from chloroform and left 

to either off-gas in the fume hood (black) or in a vacuum oven under vacuum at 25 ⁰C (red), before 

being pressed in identical ways. 

5.3.6 Intentional Alignment Through Sample Flow  

The processing methods used in all previously discussed samples utilized a circular mold, with 

cutting and folding between pressings to minimize any flow-alignment that may occur as samples 

spread from the center of the shim. Still, flow can vary from sample to sample and press to press 

without a way to carefully control, repeat, or facilitate the movement. To understand the impact of 

flow on structure, we prepared a subset of samples in a rectangular shim to intentionally align the 

structure by forcing the sample to flow in a set direction during processing. The flow pattern was 

maintained throughout each press, and the sample structures were measured using SAXS at the 

flow front. For this data set we refer to the direction of flow as “vertical” and the direction 

orthogonal to flow as “horizontal”. 

The conversion to 1D data for the intentionally aligned sample was done by sector averaging, 

with a 30⁰ slice of the image chosen to average Q values. As shown in Figure 5.13a, two sections 
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were chosen for the averaging: a horizontal section to capture the highest intensity regions, and a 

vertical section to capture the lowest intensity regions. These two regions allow for an analysis and 

understanding of the 1D peak information in the flow direction and the structures that are not flow 

aligned. In the 1D plot (Figure 5.13b), we can see that the pure PS-PI-PS and the higher wt % 

blends (>10 wt % RRe-P3HT) have no scattering features or peaks in the vertical sector, which is 

a sign of excellent flow-alignment. At intermediate loadings (1 to 7.5 wt % RRe-P3HT), scattering 

features are observed in the vertical sector with a peak around 0.018 Å-1. Still, secondary peaks 

that are clearly visible in the horizontal sector are not observed in the vertical sector data of 

samples.   

 

Figure 5.13: a) 2D image from 0.9 m SAXS runs for flow-aligned PS-PI-PS cast from chloroform 

and processed at 250 ⁰C with overlays on the sectors radially averaged for the horizontal and 

vertical directions. b) Vertical and horizontal integrated SAXS data for 60 kDa RRe-P3HT and 

PS-PI-PS blends, as a function of RRe-P3HT loading. Data have been arbitrarily shifted vertically 

for clarity. 

When indexed, as shown in Figure 5.14, all flow-aligned samples were identified as 

hexagonally packed cylinders at all concentrations. The phase analysis was conducted on the 

‘horizontal’ sector and captures the phase that is aligned in the flow direction. We do not see an 
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emergence of a lamellae phase around 5 wt% that is seen in radially pressed samples, indicating 

that the lamellae phase was not oriented in the flow direction in these samples. 

 

Figure 5.14:  SAXS data of selected a) 60 kDa RRe-P3HT/PS-PI-PS intentionally aligned blends 

labeled by wt % of RRe-P3HT added to system and collected at 250 ⁰C. Data is arbitrarily shifted 

to separate samples into wt %. Dotted lines represent expected peaks from ratios where fitting is 

not concrete) Peak position parameters from broad peak fits. e) table all calculated peak ratio and 

determined phase.  

In 2D detector images, samples showed clear signs of alignment that were not as evident 

in radially pressed samples. In Figure 5.15, we see that radially processed samples show low 

alignment factors and more isotropic scattering patterns, with one highly visible ring correlating 

to the characteristic peak seen in the 1D data. In contrast, for the intentionally aligned samples, the 

ring develops into spots of high horizontal intensity that correlates well with the vertical flow 

direction. We also observe a sizable increase in the alignment factor from 0 (isotropic) to 100 

(perfectly aligned), between the radially pressed and intentionally aligned samples. Alignment 

factors were calculated using XSACT software, which extracts alignment parameters from a tensor 

approach (equations and tensors are provided in Section 2.5.6. We especially see this increase in 

alignment in pure PS-PI-PS blends with low loading of P3HT (1 wt %) and in blends with higher 

loadings of RRe-P3HT (10-15 wt %) blends. The 2D scattering patterns in Figure 5.15 help to 
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demonstrate that shear alignment is possible but also strongly dependent on the composition and 

loading of the blends. 

 

Figure 5.15: 2D images from 0.9 m SAXS runs for a) intentionally aligned samples and b) radially 

pressed samples of pure and 60 kDa RRe-P3HT and PS-PI-PS blended systems, processed at 250 

⁰C, denoted by the wt % of RRe-P3HT additive in the mixture. Alignment factors are included for 

all samples and characterize the extent of alignment, with 0 indicating isotropic and 100 being 

maximally aligned. 

5.3.7 Annealing Solvent Cast Samples  

Additional experiments were conducted on solvent cast samples with post-processing 

annealing. Details of this method can be found in Section 5.2.4. A set of post-processed annealing 

treatments were performed on solution cast samples. All samples of the same wt % loading were 

cut from the same solution cast sample, so all differences between these samples are the result 

solely of the heat-treating process. The temperatures and times chosen to mirror the modified 

pressing times seen in Figure 5.1e, with a mid-length annealing time (25 min) at 100 ⁰C and 250 

⁰C. The samples treated at 150 ⁰C were processed at three lengths of annealing time: short (10 

min), medium (25 min), and long (50 min).  

The 2D SAXS plots, a selection of which is shown in Figure 5.16, exhibit no alignment in 

any of the post-processed samples. This mirrors the lack of alignment present in the solution cast 

samples and confirms that treating samples with heat alone does not induce alignment. With 

increasing time and temperature there is a widening of the ring of intensity, which equates to the 
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characteristic peak shown in 1D data. At the highest temperature treatment, the ring, while still 

visible, is less clear than when compared to the non-heat-treated solution cast sample. 

 

Figure 5.16: 2D SAXS images of a selection of post-processing heat-annealed samples. 

The 1D SAXS data for these plots is shown in Figure 5.17 and displays the changes 

between the PS-PI-PS control and a representative 5 wt % RRe-P3HT blend. There are visible 

shifts between the elastomeric control and the blend in all annealing modes, except for the highest 

temperature (250 ⁰C). At 250 ⁰C, both polymers are significantly shifted from the rest of the 

samples, but do not display a large peak difference between the control and the blend. There are 

only slight changes in peak shape and location observed at low temperature, where the temperature 

is just above the PS glass transition temperature, but for higher temperatures and longer durations 

of annealing the structure changes considerably. We see large increases in peak location and peak 

width for all the samples annealed at 150 ⁰C, with increasing times resulting in more significant 

changes. The changes in the 150 ⁰C annealing time series are much more noticeable for the RRe-

P3HT blended sample than the pure PS-PI-PS template. For the high temperature samples, there 

was no change from between the PS-PI-PS template and the blends, and all samples show large 

changes in structure. We also see the intensity of the characteristic peak drop as the length of 

annealing time and temperature increase, with the shortest time and lowest temperature only 

causing a slight reduction. In Figure 5.17b-e, the parameters from sample fits are plotted. There 

is a clear decrease in peak location as time and temperature increases, with the elastomer control 

showing the least amount of shift until the most extreme temperatures. This trend occurs for both 

the RRa-P3HT and the RRe-P3HT blends, suggesting that the addition of any conjugated polymer 
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will have an effect on PS-PI-PS morphology, with RRa-P3HT displaying a larger change in layer 

spacing. It is important to note that for all but the highest annealing temperature, the PS-PI-PS 

template had the smallest shift in peak position from the untreated sample and typically the least 

change in peak width. In the lowest temperature samples, the change in peak width for all samples 

was similar.  

 

Figure 5.17: Peak characteristics of P3HT/Elastomer blends after annealing at different 

conditions, with a) SAXS profiles of the PS-PI-PS template and a 5 wt % RRe-P3HT in PS-PI-PS 

blend co-plotted over all the annealing conditions tested. Peak width parameters pulled from broad 

peak fits of the characteristic peak are plotted for b) RRe-P3HT in PS-PI-PS blends and c) RRa-

P3HT in PS-PI-PS blends. Peak location parameters pulled from broad peak fits of the 
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characteristic peak are plotted for d) RRe-P3HT in PS-PI-PS blends and e) RRa-P3HT in PS-PI-

PS blends. 

5.3.8 Annealing Pressed Samples with Time Variation  

An additional annealing experiment was conducted on fully processed samples. These 

samples were prepared using the baseline methods: solvent cast from chloroform, pressed for 5 

min, 5 min, and 25 min over three presses at 150 ⁰C, before being cut to be annealed. A single 

cutting for each sample was reserved as a non-annealed control, and the other two cuttings were 

heated in a vacuum oven at 120 ⁰C -130 ⁰C for either 4 hours or 24 hours. Figure 5.18a shows the 

1D SAXS plots of 60 kDa RRe-P3HT in PS-PI-PS samples separated by wt %, plotted with the 

control sample and both annealing times.  A clear peak shift in all the wt % is observed from the 

control and 4-hour annealed samples to the 24-hour annealed samples. For the 10 wt % sample 

there is also a clear peak shift between the control sample and the 4-hour annealed sample. The 

pure PS-PI-PS samples have increased sharpness in the peak, which is a sign of increased 

consistency of orientation or increased division of the layers. The RRe-P3HT blends show a slight 

widening from the PS-PI-PS peaks but are mostly unchanged by annealing until the 10 wt % 

sample as well. At this loading, along with a large peak shift at 24 hours annealing, there is also a 

significant widening of the peak. This indicates a large disordering of the structure when annealed 

for long periods of time at high RRe-P3HT loadings.  

 The RRa-P3HT sample series shows similar trends, but the onset of major peak shifts 

occurs at a lower loading, beginning with the 5 wt % samples. For the 1 wt % RRa-P3HT samples, 

there are shifts with the increase of annealing time. These shifts are more significant with the 5 

and 10 wt % samples, with the peak widening to the point of distortion, and a large shift towards 

low-Q. While both the RRe-P3HT and RRa-P3HT samples showed changes in phase spacing and 

loss of order, the RRa-P3HT samples exhibit an earlier onset of disorder as well as a greater extent 

of modification due to heating.  
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Figure 5.18: SAXS data for the fully processed and post-process annealed samples of a) 60 kDa 

RRe-P3HT and PS-PI-PS blends and b) 63 kDa RRa-P3HT and PS-PI-PS blends. 

5.4 Discussion 

Throughout the pressing process we have determined there are factors that can cause major 

changes to the phase structure and ordering of elastomeric blends. These factors are related to the 

structural changes caused by processing temperature, as discussed in Chapter 4. As seen in Figure 

5.2, the process of heat pressing induces alignment and affects the order in the system. We 

anticipate this is due to the radial pressing method, where the flow is hard to control but applies 

pressure outward from a central location. This flow creates alignment in the sample, and if given 

enough time then the disorder created in the system from the cutting and pressing steps can be 

removed, given that the sample is heated above the glass transition temperature of polystyrene. We 

see this to a greater extent in Figure 5.3, with variable press times. We also see how increased 

exposure, either through raising the temperature of the press or lengthening the time of the pressing 

step, can increase the order in the system. This sample set also solidifies the importance of multiple 

presses, as each press results in a more ordered sample in all samples but the hottest treatments. 

We also may be reaching a threshold for the ordering of the PS-PI-PS in this experiment and the 

order does not increase for either the longest press at 150 ⁰C or the 250 ⁰C set.  

 Even when not directly addressing temperature, the importance of temperature is still 

prevalent. Increased processing temperature also allows us to identify the effects of molecular 

weight of the RRe-P3HT additive on the structure of the blends. When processed at 150 ⁰C, there 
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is no significant change in structure between the sample series, suggesting that the molecular 

weight does not have an impact on the blend structure (Figure 5.5).  

When processed at 250 ⁰C, there are minor differences between sample series, and the 

effect of molecular weight of RRe-P3HT on blend morphology can be identified (Figure 5.6). 

These differences are minimized due to the increase in processing sensitivity of these samples at 

higher temperatures, which have been identified in replicates of the same molecular weight 

(Figure 5.7). This sensitivity is highest for samples in the 2.5 -10 wt % range, where phase 

transitions are identified for all P3HT blends of all molecular weights (Figure 5.8). Regardless of 

the crystallinity or length of P3HT, we can determine that the addition of about ~5 wt % P3HT 

will induce a change in the structure of the elastomer template. Moreover, order is also lost in all 

P3HT blend samples when there is an overloading of the system. At the highest temperatures, 

weight percentages, and molecular weights (10-15 wt% 77 kDa RRe-P3HT processed at 250 ⁰C) 

the structure is affected drastically, leading to a collapse of structure and decreased order. 

 Additional procedural modifications, such as casting solvent (Figure 9,10,11) and the use 

of a vacuum oven (Figure 12) for full drying do not have significant impact on structure. The 

variation in solvent choice when drop cast and pressed at low temperatures is minimal. At 250 ⁰C 

pressing temperature the semi-crystalline RRe-P3HT cast from toluene shows increases in range 

and modifications from the chloroform cast samples. The fully amorphous RRa-P3HT sample does 

not show this variation in toluene. When processed at a temperature above the melting point of the 

crystalline regions of the RRe-P3HT, then the structure changes considerably. The fully amorphous 

RRa-P3HT blends do not have these crystalline domains, and subsequently do not display this 

variation at 250 ⁰C. We believe this is due to the lower solvent quality of the toluene encouraging 

self-segregation of semi-crystalline RRe-P3HT in solution that modifies the cast structure slightly. 

The use of the vacuum oven for additional drying did not produce significant modifications in 

morphology (Figure 12). This suggests that our samples are fully dry from overnight atmospheric 

off-gassing, or if any solvent remains in the baseline processing method, then it is negligible.   

 Using this processing method, composite blend samples can also be flow-aligned at the 

higher temperatures, leading to an ordered and oriented structure. By using a rectangular shim and 

creating a constrained flow route during the heat pressing stage, the material is forced to flow in 

an intended direction. During this process, the domains orient in the direction of flow. This is 

observed in 2D SAXS images (Figure 5.15), with a clear increase in orientation between radially 
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pressed and intentionally aligned samples. All flow-aligned samples were indexed to be 

hexagonally packed cylinders (Figure 5.14), but with the changed processing method, we believe 

the mixed phases align at different rates. We anticipate the hexagonally packed cylinder domains 

are easier to align with than the lamellar domains, leading to disproportionate alignment during 

flow (Figure 5.13). The region of intermediate P3HT loadings that were identified as mixed and 

lamellar-rich phases in unaligned samples showed significantly less alignment which we anticipate 

could be due to differences in alignment of cylindrical vs lamellar domains.   

Within the flow-aligned series we also see variation in the extent of alignment as the wt % 

of RRe-P3HT increases. For pure PS-PI-PS, which forms consistent hexagonally packed cylinders, 

the material aligns well and there are no signs of orientation at orthogonal directions (Figure 5.13). 

When more conjugated polymer is added and the phase shifts towards mixed phases, domains 

begin to orient in inconsistent directions. At P3HT loadings of 2.5 - 7.5 wt % there are evident 

features in the flow direction, which is indicative of poor macroscopic orientation. This may be a 

result of the relative ease of alignment within mixed phase domains, as the flow aligned the more 

the leaving the lamellar domains unaligned. At higher loadings, 12.5 and 15 wt % of RRe-P3HT, 

the matrix structure is more disordered but identified as primarily consisting of hexagonally packed 

cylinders. In this region, the system again shows improved alignment and orientation. There 

appears to be a relationship between the ability to align a flowed polymer blend and its phase 

make-up, with more consistent blends producing higher orientation.  

 Post processing treatments can modify the structure of the polymer substantially. By 

processing solution cast samples at equivalent temperature exposure but without the addition of 

pressure from the heat press (Figure 16 and Figure 17), we can identify how the combination of 

pressure and temperature modifies the morphology of the blends. We are able to establish that 

processing induced alignment requires pressure, as none of the annealed solution cast samples 

showed any alignment (Figure 16). In temperature processed only blends, the addition of 

conjugated polymers seems to change the resilience of the template to processing and annealing 

techniques. The ‘bare’ PS-PI-PS elastomer shows changes in alignment, layer spacing, and domain 

homogeneity, but to a lesser extent than the blends (Figure 17). This suggests the addition of 

additives affects the extent of these structural changes. At the low (100 ⁰C) temperature, there is 

not considerable changes observed as the glass transition temperature is barely surpassed, not 

allowing the material to anneal properly. At the medium (150 ⁰C) temperatures the blends 
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consistently show increased shifts in peak location and peak width where the PS-PI-PS template 

shows minimal changes. As the samples are annealed for longer time periods, this trend is 

maintained. At the highest temperature (250 ⁰C), both the blends and the PS-PI-PS template are 

shifted considerably. Blends still display an increased tendency to flow and to disorder, but all 

materials had changes in spacing and order due to annealing. Due to this increased tendency to 

deform, we anticipate that the addition of P3HT in temperature only processing reduces the 

resilience of the PS-PI-PS to processing. We also see similar trends when samples have been fully 

processed and are then annealed (Figure 5.18). For pure PS-PI-PS there are slight shifts in both 

peak width and location as the time spent annealing is increased, but for blended systems the shifts 

become drastic as more P3HT is added into the system. We anticipate the incorporation of additives 

into the PS-PI-PS elastomer changes the properties of the resulting blend, which will change how 

heating and processing affects the resilience of a blend to processing methods.   

5.5 Conclusions 

We determined that processing modifications can change the morphology of P3HT and 

thermoplastic elastomer blends in a variety of ways. The addition of pressure and temperature can 

induce alignment, either random or intentional, and the time and temperature at pressing will affect 

the structure. Higher temperatures or longer pressing times allow for increased consistency of the 

structures as well as increased incorporation of additives, such as conjugated polymer, into the 

established structure. At higher temperatures, the solvent used in dissolving and casting also begins 

to affect the structure of the final blends. During pressing, these systems will macroscopically align 

under pressure and increased temperature and can be intentionally aligned using directed flow 

during processing. The extent of orientation of the phases in the system are dependent on the type 

and concentration of additives in the composite sample. With annealed samples, we found that the 

addition of conjugated polymer resulted in blends with altered thermal properties. These property 

changes resulted in blends with less resistance to annealing than the pure PS-PI-PS, increasing 

structural disorder.  

This work has shown the importance of understanding the interplay between a matrix 

polymer and conjugated polymer additives, with large changes observed in the micro and macro 

structure of such composite blends. For polymers that are commercially utilized and industrially 

processed, known processing changes may be augmented with the addition of additives, and 

understanding these changes is vital to controlling structure and performance. 
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Chapter 6: High-χ Parameter Polymers 

The work presented in this section is conducted in collaboration with members from Dr 

Lilo Pozzo’s group (Dr. Kiran Vaddi and Karen Li) as well as from Dr. Matthew Golder’s group 

(Sarah Zeitler).  

The author would like to acknowledge the contributions of coauthors for the following 

work and makes no claim of sole contribution to the data.  

6.1 Introduction 

High-χ parameter polymers are a subsection of copolymers where the components are 

thermodynamically incompatible with each other. The χ parameter refers to the Flory Huggins 

interaction parameter that describes the energy required to mix polymers or a polymer and solution. 

A high interaction parameter means that the energy threshold to mix is high, and the two 

components will not mix easily, if at all. When bonded together as in a copolymer, each block is 

heavily encouraged to self-assemble, creating micro-phase separated domains. While this is 

achievable with other systems, high-χ copolymers can be made with low molecular mass allowing 

for very small feature sizes, some less than 10 nanometers1. These materials are used in wide range 

of fields including semiconductors2, nanolithography3–5, coatings6, and encpasulations7,8. With 

nano scale resolution and printing technologies, the applications of a well understood high-χ 

parameter polymer can vary considerably.  

We look to utilize the predisposition of these immiscible materials to self-assemble and 

form encapsulated stable structures in as ionic-conducting components formulated Organic Mixed 

Ionic Electronic Conductors (OMIEC’s). OMIEC materials display both ionic and electronic 

properties, and the balance between these two methods of transport is vital for producing useful 

materials9. The subsection of OMIECs that we are specifically focusing on utilizes a conductive 

conjugated polymer for electronic transport and a polymer electrolyte, with added salt, for ionic 

transport. To promote the formation of long-range ordered charge carrying structures we aim to 

encapsulate and stabilize the conductive polymer within self-assembled structures of high-χ 

copolymers that are preserved after casting and processing. The combination and structure of the 

blends will be addressed in more detail in Chapter 7. In this chapter we focus primarily on the 

analysis of the matrix polymer, which must be able to form stable, self-assembled structures, 

ideally in a cylinder or elongated form. High-χ parameter block copolymers are good candidates 

for this possibility because they are prone to self-assemble in the right environment to produce 
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structures with hydrophobic cores where a hydrophobic conjugated polymer can be included. 

These self-assembled structures would also expose hydrophilic ionic-conducting polyether side 

chains that have been shown to increase OMIEC performance10,11.  

In order to use these materials purposefully in OMIEC blends, the self-assembly of high-χ 

parameter copolymers must first be understood in isolation. This chapter focuses on the 

experiments associated with the investigation of the high-χ polymer of interest and serves as the 

basis for work discussed in Chapter 7.  

6.2 Materials and Methods 

6.2.1 Materials 

The polymers used in this work are high-χ parameter copolymers synthesized and 

compositionally analyzed by Sarah Zeitler. Information on the synthesis method is provided in 

section 6.2.2, and information on composition is reproduced here as given. Additional calculations 

made for fitting and material parameters are made using the values determined in Table 6.1. 

The copolymers used are made from a hydrophilic di (ethylene glycol) ethyl ether acrylate 

(DEGEEA) and a hydrophobic heptafluorobutyl acrylate (HFBA) block, shown in Figure 6.1a. In 

this work the DEGEEA block is referred to as the Ethylene Glycol (EG) block and comes in two 

forms. The first is a di (ethylene glycol) (DEG) with two repetitions of the ethylene glycol 

monomer unit, and the second is a poly (ethylene glycol) (PEG) with more repetitions of the 

ethylene glycol monomer unit. The HFBA block is referred to as the fluorinated (F) block and 

there are no variations made in the monomer used. The PDEEGA-block-PHFBA (EGF) copolymer 

is made in 6 different forms, with variation in block length to modify the ratio between the EG 

block and the F block, with two EGFs based on PEG and four based on DEG, in order to investigate 

the effect of modifying the length of side chain (PEG v DEG) in the copolymer. All polymers are 

listed in Table 6.1.  
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Figure 6.1: a) molecular structure of the high-χ parameter copolymer used in this work b) solvents 

dTol and dCF as well as SLDs of solvents, each polymer component, and an estimate for full 

polymer SLD. c) dTHF to DଶO volume series as well as SLD of each ratio.  

A variety of solvents were used in this work. The deuterated chloroform (dCF) and toluene 

D-8 (dTol) were supplied by the Australian Nuclear Science & Technology Organisation 

(ANSTO), and purchased from Sigma Aldrich (St. Louis, MO). The deuterated tetrahydrofuran 

(dTHF) was purchased through Novachem, an Australian supplier for Cambridge Isotopes 

(Tewksbury, MA). Deuterium oxide (D2O) was supplied by ANSTO through their deuteration 

facility. The dCF, dTol, and a portion of dTHF were used as received. Additional solutions were 

made at set volume ratios of dTHF and D2O to adjust the solvent quality while maintaining a 

constant scattering length density (SLD). Specified mix ratios and SLDs are shown in Table 6.2.  

Material Calculated 

SLD (
𝟏𝟎ష𝟔

Å𝟐 ) 

Density (
𝒈

𝒄𝒎𝟑) Source 

Chloroform-D (dCF) 3.16 1.5 VWR13 

Toluene-D8 (dTol) 5.66 .943 VWR14 

Tetrahydrofuran-D8 (dTHF) 6.35 .985 VWR15 

75 vol % dTHF 25 vol % DଶO (dTHF75) 6.35 Using vol % on NIST SLD calculator 

50 vol % dTHF 50 vol % DଶO (dTHF50) 6.36 Using vol % on NIST SLD calculator 
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25 vol % dTHF 75 vol % DଶO (dTHF25) 6.36 Using vol % on NIST SLD calculator 

Deuterium Oxide (D2O) 6.36 1.11 PubChem16 

EGF (Full high-χ copolymer) 1.3 SLD extracted from free chain fit 

PDEGEEA block (EG) 0.82 1.10* Estimated17,18  

PHFBA block (F) 2.65 1.4* Estimated19 

Table 6.1: SLDs for all materials calculated from the NIST Neutron activation and scattering 

calculator20 using provided densities. *Densities were estimated for each block of the EGF from 

monomer densities and the estimated densities shown were used in calculations.  

All block lengths, molecular weights and dispersity are presented in Table 6.1. The block 

percentages for each polymer were calculated using proton Nuclear Magnetic Resonance (NMR). 

All of the DEG-based polymers block percentages were calculated using deuterated chloroform 

NMR’s, while the PEG-based polymers block percentages were calculated using acetone D-6. The 

block length and molecular weight for the EG block was measured using Gel Permeation 

Chromatography (GPC) in chloroform. Using the block percentages and information collected 

with GPC, the block length and molecular weight for the F block as well as the molecular weight 

for the total polymer were calculated.  

 

Table 6.2: All polymer information for each of the polymers used in this work, along with 
reference names for each polymer.  

6.2.2 Polymer Synthesis  

The synthesis method is described in detail in Mechanoredox Catalysis Enables a 

sustainable and Versatile Reversible Addition-Fragmentation Chain Transfer Polymerization 

Process21, published by collaborators. These polymers were synthesized and compositionally 

analyzed by Sarah Zeitler and the composition has been reproduced in Table 6.2 as given.  
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This method utilizes the reversible addition fragmentation chain transfer (RAFT) 

polymerization method, which is a commonly used living synthesis method with a wide range of 

functional groups that can be utlized22. This method is combined with mechanical energy through 

the use of a ball mill with specially chosen additives to encourage polymer growth. The use of a 

ball mill device greatly reduces the solvents required to trivial amounts and allows for immiscible 

materials to be processed in batches23. Traditional techniques require a co-solvent, and for high-χ 

parameter polymers that have very few, if any, shared good solvents, polymerization becomes 

difficult. Synthesis of the polymers used in this work start with batch polymerization of the 

hydrophilic DEGEEA block, and once confirmed to the proper length, the monomer for the second 

HFBA block is added directly with additional catalyst. The combination of the two are processed 

for additional time, and the resulting product is a combined diblock copolymer with a hydrophilic 

PDEGEEA block and a hydrophobic PHFBA block. These block lengths are refinable for length 

and can be modified through changes in the monomers provided. Additional information for the 

synthesis can be found in the paper above21.  

6.2.3 Solution Preparation 

Carefully weighed portions of the EGF copolymer is first dissolved in the solvent of choice 

and heated on a hot plate at 60 ⁰C in a sealed vial. These samples are then further diluted with 

additional solvent to reach the desired concentration, still remaining on the hot plate to ensure 

adequate dissolution and mixing.  Each sample was then loaded from the hotplate into 2 mm quartz 

Hellma cells and was stored at 26⁰C for an extended period of time (15-18 hours) before being 

measured in the small angle neutron scattering (SANS) instrument. Initial samples run 

immediately after preparation were shown to continue to assemble while being measured (Figure 

6.2a). Each sample is composed of three measured configurations stitched together, and as some 

samples continued to assemble between configurations, the features did not agree at the 

overlapping points. When the samples were allowed sufficient time to achieve a steady state of 

assembly (15-18 hours), there is no observed structural evolution while being measured (Figure 

6.2b).  
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Figure 6.2: SANS data of DEG50F75 in dCF split into individual configurations labeled with time 

since creation for a) unrested 20 m low-Q measurement and b) rested 20 m low-Q measurement.  

Solutions made of the dTHF/D2O blended system were prepared and dissolved fully in 

dTHF before the D2O was added immediately before loading to Hellma cells. Any assembly in 

solution was allowed to occur within the Hellma cells during the allotted 15-18 hour resting 

window.  

6.2.4 SANS  

Small Angle Neutron Scattering (SANS) measurements were collected at the Quokka 

beamline at the Open Pool Australian Lightwater (OPAL) source within the Australian Nuclear 

Science and Technology Organisation (ANSTO)24. SANS data was collected in three 

configurations to span the full Q range. All non-lenses configurations used 6Å ± 0.10Å 

wavelengths, the low-Q lens configuration used 8.1Å ± 0.10Å. Samples were measured for 

differing times and configurations due to their differing scattering intensity. Low scatterers (e.g., 

samples in dCF) were measured with low-Q collected at 20 m sample to detector distance (2400 

seconds), mid-Q collected at 12 m sample to detector distance (1200 seconds), and high-Q 

collected with 1.3 m sample detector distance (600 seconds). Samples with mid ranged scattering 

(e.g. samples in dTHF and dTol) were measured with low-Q collected at 20 m sample to detector 

distance with lenses (1600 seconds), mid-Q collected at 12 m sample to detector distance (800 

seconds), and high-Q collected with 1.3 m sample detector distance (400 seconds). Samples with 
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high scattering (e.g. dTHF/ D2O mixed samples) were measured with low-Q collected at 20 m 

sample to detector distance with lenses (900 seconds), mid-Q collected at 12 m sample to detector 

distance (500 seconds), and high-Q collected with 1.3 m sample detector distance (300 

seconds).Samples were loaded into 2 mm quartz Hellma cells and mounted into aluminum holders 

placed into a temperature controlled 20 slot sample environment set to 26 ⁰C. SANS data were 

reduced, combined, and background subtracted using the Quokka macro in the NIST SANS 

package for Igor Pro25. Further analysis of SANS data was performed using the 

SasView26/sasmodels27  and bumps28 packages for Python. 

6.2.5 SANS Data Analysis 

6.2.5.1: Free Chains in solution 

Samples that are well dissolved in the solvent are modeled with the flexible cylinder model, 

which describes the scattering of semi-flexible polymers with excluded volume29. For model 

simplicity, the two blocks are treated as a single uniform system and a combined SLD of 1.3 is 

used to fit the data. All fit parameters are assumed to be constant over the length chain, even though 

each block may have slight variations in radius or Kuhn length.  

6.2.5.2: Spherical Micelles with Gaussian Chain Corona 

The full equation describing scattering for a sphere with a self-associating core and a 

corona of gaussian chains surrounding the core is described by equation 6.1 and a schematic is 

shown in Figure 6.3b30. 

𝐹௠௜௖(𝑞) =  𝑁ଶ𝛽௦
ଶ𝐹௦(𝑞) + 𝑁𝛽௖

ଶ𝐹௖(𝑞) + 2𝑁ଶ𝛽௦𝛽௖𝑆௦௖(𝑞) + 𝑁(𝑁 − 1)𝛽௖
ଶ𝑆௖௖(𝑞) (6.1) 

where 𝑁ଶ is the number of chines in the micelle, 𝛽௦is the scattering length density of the sphere 

core, 𝛽௖ is the scattering length density of the chains in the corona and all other factors are as 

follows.  

The form factor for a sphere is described by 𝐹௦(𝑞) as a function of q and sphere radius (R). 

𝐹௦(𝑞) =  Φଶ(𝑞𝑅) (6.2) 

Φଶ(𝑞𝑅) =  
3[sin(𝑞𝑅) − 𝑞𝑅 cos(𝑞𝑅)]

(𝑞𝑅)ଷ
 

(6.3) 

The form factor for the flexible chains in the corona are described as follows: 

𝐹௖(𝑞) =  
2[𝑒ି௫ − 1 + 𝑥]

𝑥ଶ
 

(6.4) 

where 𝑥 =  𝑅௚
ଶ𝑞ଶ 
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The structure factor for the interactions between the sphere and each of the chains in the 

corona is shown in equation 6.5. 

𝑆௦௖(𝑞) = Φ(𝑞𝑅)𝜓(𝑞𝑅௚)
sin(𝑞ൣ𝑅 + 𝑑𝑅௚൧)

𝑞ൣ𝑅 + 𝑑𝑅௚൧
 

(6.5) 

where R is the radius of the core, 𝑅௚ is the radius of gyration of the chains, and 𝜓(𝑞𝑅௚) is shown 

in equation 6.6. 

𝜓൫𝑞𝑅௚൯ =
ൣ1 − 𝑒ି(௤ோ೒)൧

𝑞𝑅௚
 

(6.6) 

The structure factor for the interactions between each chain surrounding the core is given 

in equation 6.7. 

𝑆௖௖(𝑞) = 𝜓ଶ(𝑞𝑅௚) ቈ
sin(𝑞ൣ𝑅 + 𝑑𝑅௚൧)

𝑞ൣ𝑅 + 𝑑𝑅௚൧
቉

ଶ

 
(6.7) 

This equation assumes that the core is ‘dry’ with the only volume and SLD contributions 

emerging from the polymer in the core, which in our case is assumed to be the hydrophobic 

fluorinated polymer. However, we do not anticipate the cores to be fully ‘dry’ and believe that the 

core is often partially solvated and has a volume fraction (𝜙௦௢௟) of solvent that is expanding the 

volume of the core. Similar systems have been addressed with similar solvated spheres, and fitting 

was approached by allowing both the radius of the core 𝑅௖ and the number of chains in the micelle 

𝑁௔௚௚ to be fit. The solvent volume fraction is then calculated using the volume of the polymer 

block in the core (𝑉௖௢௥௘) and equation 6.8. 31 

 

(6.8) 

The volume of the polymer block in the core (𝑉௖௢௥௘) and the volume of the poylmer block 

in the corona (𝑉௖௢௥௢௡௔) are fixed parameters calculated from polymer architecture and composition 

in Table 6.2. 

𝑉௖௢௥௘ = 𝐷𝑂𝑃ி ∗ 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 ∗  
𝜌ி ∗ 𝑀𝑤ி

𝑁𝐴
 

(6.9) 

𝑉௖௢௥௢௡௔ = 𝐷𝑂𝑃ாீ ∗ 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 ∗  
𝜌ாீ ∗ 𝑀𝑤ாீ

𝑁𝐴
 

(6.10) 

Where NA is Avogadro’s number, 𝜌௜ is the density of the monomer, 𝑀𝑤௜ is the molecular 

weight of the monomer, conversion is 1e24 to convert from 𝑐𝑚ଷ to scattering relevant Åଷ, and 

(1 − 𝜙௦௢௟)
4

3
𝜋𝑅௖

ଷ =  𝑁௔௚௚𝑉௖௢௥௘
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𝐷𝑂𝑃௜ is the degree of polymerization for the block of interest. These were set for each polymer 

and unchanged throughout fitting and calculations.  

6.2.5.3: Cylindrical Micelles with Chain Corona 

The full equation describing scattering for a cylinder with a self-associating core and a 

corona of gaussian chains surrounding the core is described by equation 6.11 and a schematic is 

shown in Figure 6.3c30. 

𝐹௠௜௖(𝑞) =  𝑁ଶ𝛽௦
ଶ𝐹௖௦(𝑞, 𝑅)𝐹௅(𝑞, 𝐿) + 𝑁𝛽௖

ଶ𝐹௖(𝑞) + 

2𝑁ଶ𝛽௦𝛽௖𝑆௦௖(𝑞) + 𝑁(𝑁 − 1)𝛽௖
ଶ𝑆௖௖(𝑞) 

(6.11) 

where 𝑁ଶ is the number of chines in the micelle, 𝛽௦is the scattering length density of the sphere 

core, 𝛽௖ is the scattering length density of the chains in the corona and all other factors are as 

follows.  

The form factor for the cross-section of the cylinder is described by 𝐹௦௖(𝑞, 𝑅) as a function 

of q and sphere radius (R). 

𝐹௖௦(𝑞, 𝑅) = ൤
2𝐵ଵ(𝑞𝑅)

𝑞𝑅
൨

ଶ

 
(6.12) 

where 𝐵ଵ is the first order Bessel function of the first kind. The longitudinal form factor for a long 

cylinder is described by 𝐹௅(𝑞, 𝐿), a form factor of an infinitely thin rod.  

𝐹௅(𝑞, 𝐿) =
2𝑆𝑖(𝑞𝐿)

𝑞𝐿
−

4 sin2(
𝑞𝐿
2

)

𝑞ଶ𝐿ଶ
 

(6.13) 

where  

𝑆𝑖(𝑥) =  න 𝑡ିଵ sin 𝑡 𝑑𝑡
௫

଴

 
(6.14) 

The form factor for the flexible chains in the corona are described as follows: 

𝐹௖(𝑞) =  
2[𝑒ି௫ − 1 + 𝑥]

𝑥ଶ
 

(6.15) 

where 𝑥 =  𝑅௚
ଶ𝑞ଶ 

The structure factor for the interactions between the cylinder and each of the chains in the 

corona is shown in equation 6.16. 

𝑆௦௖(𝑞) = 𝜓(𝑞𝑅௚)
2𝐵ଵ(𝑞𝑅)

𝑞𝑅
𝐵଴ൣ𝑞൫𝑅 + 𝑑𝑅௚൯൧𝐹௅(𝑞, 𝐿) 

(6.16) 
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where R is the radius of the core, 𝑅௚ is the radius of gyration of the chains, 𝐵଴ is a zeroth order 

Bessel function of the first kind, and 𝜓(𝑞𝑅௚) is shown in equation 6.6. 

The structure factor for the interactions between each chain surrounding the core is given 

in equation 6.17. 

𝑆௖௖(𝑞) = 𝜓ଶ(𝑞𝑅௚)ଶ𝐵଴ൣ𝑞൫𝑅 + 𝑑𝑅௚൯൧
ଶ

𝐹௅(𝑞, 𝐿) (6.17) 

 These structures are also presumed to not have ‘dry’ cores and are fit with a 𝜙௦௢௟ parameter 

which is used to calculate the number of chains in a single micelle. 

6.2.5.4: Macroscopic Phase Separation 

A portion of the samples investigated were identified as macroscopically phase separated. 

These samples are not fit with a shape dependent model. Select samples were fit with a shape 

independent Guinier fit to estimate the size of the visible feature, which is anticipated to correlate 

with the size of the phase-separated domains.  

𝐼(𝑞) = 𝑠𝑐𝑎𝑙𝑒 ∗  𝑒
ቈ
ିொమோ೒

మ

ଷ
቉

+ 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 
(6.18) 

where 𝑅௚ is the radius of gyration of the feature and a metric of size.  

6.3 Results 

To cover the full range of solvent quality, interaction potentials, and concentration effects, 

we ran all polymers in multiple solvents, with a few selected samples run at multiple 

concentrations. This large collection of samples displayed multiple structures as the solvent 

quality, polymer architecture, and concentration were all changed. These structures fall into four 

categories described in Figure 6.3. The first subsection of structure is free chains in solution, and 

an example dataset and a schematic for free chains is given in Figure 6.3a. These are polymer 

chains fully dissolved in solution without aggregation. The 1D data of these structures show a 

smooth featureless curve that levels out to a Guinier plateau within the Q range observed32. The 

second structure category is spherical micelles, shown in Figure 6.3b. These are collections of 

chains that assemble with the hydrophobic fluorinated blocks forming a spherical core, surrounded 

by a corona of their attached hydrophilic EG blocks. These 1D plots are characterized by a high-

Q hump, a sharp increase in intensity in mid-Q, and a flattening at low-Q (Guinier region). The 

feature at high-Q is related to the size of the chains in the corona, while the feature in mid-Q is 

dependent on the number of chains aggregating in the micelle as well as the radius of the core. A 

few of these spherical samples show a sharp increase at low-Q, which is indicative of macro scale 
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aggregation or a collection of these spherical micelles coming together to form aggregates of 

discrete micelles. Shown in Figure 6.3c is a 1D plot and schematic for cylindrical micelles, which 

are a collection of EGF chains aggregated with a cylindrical core of fluorinated blocks surrounded 

by a corona of the attached hydrophilic EG blocks. These 1D datasets are characterized with the 

spherical features for radius of gyration of the EG chains, the radius of the core, and the 

aggregation number, but also by an upturn at low-Q with a power-law ‘slope’ of -1. This power 

law dependence is characteristic of long cylinders and indicates a total cylinder length, or Guinier 

turnover, which is outside of our measurable Q range. The final categorization of samples is shown 

in Figure 6.3d, corresponding to phase separation. These samples are disordered large 

aggregations of EGF chains that are characterized by the lack of features at all Q ranges except for 

a high-Q change in power-law ‘slope’. There is only one phase separated sample that shows a 

turnover within our measured Q range, and it is fit with a Guinier fit to extract a measure of the 

size of the aggregations. However, for most of these phase-separated structures, the size of the 

domains is much larger than we can measure in the available instrument range.  
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Figure 6.3: Representative plots and schematics of the four identified structures in the sample set, 

including regions of interest for relevant parameters. The four structures are a) free chains in 

solution b) spherical micelles with gaussian chain corona c) cylindrical micelles with gaussian 

chain corona d) phase separated and aggregated chains.  

With all samples organized into characteristic structures, we can pull trends and identify 

the effect of polymer architecture and solvent quality on the structures that are formed. The 

identified phases for a selection of samples are shown in Table 6.3. These samples were all run at 

a polymer concentration of 10 mg/ml and vary in architecture across the columns and solvent 

across the rows. All samples identified as “crashed – DNR” in red were made as described in 
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section 6.2.3 but during the allotted waiting time sedimented and were not run (DNR – Did Not 

Run).  

 

Table 6.3: All samples run at 10 mg/mL with variations in solvent and polymer architecture. Data 

has been assigned one of the four structure categories (free chain, spherical micelle, cylindrical 

micelle, phase separated). Samples that were prepared but sedimented before running are labeled 

as “Crashed – DNR”. *DEG50F75 in dCF appears to be a free chain with a feature in mid-Q. Is 

not well fit by either free chain or spherical micelle.  

From Table 6.3 we can see some clear trends within a single solvent, which we can fit and 

analyze. For instance, shown in Figure 6.4 are all of the EGFs in the two best solvents, dCF in 

Figure 6.4a and dTHF in Figure 6.4b. Most of the polymers are freely dissolved chains in both 

solvents, indicating these solvents are good solvents for the EGF as a whole. We can see that in 

Figure 6.4a the intensity is reduced, and the noise is increased due to a lower contrast between the 

EGF (SLD ~ 1.3e6 Å-2) and dCF (SLD = 3.15e6 Å-2). The lowered contrast reduces the confidence 

in the data (i.e., high background and noise relative to signal), but all efforts to ensure quality fits 

are taken. All free chain samples are fit with the flexible cylinder model used to describe freely 

dissolved semi-flexible polymer chains as described in 6.2.5.1.  
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Figure 6.4: SANS data for all EGFs at 10 mg/mL in a) dCF and b) dTHF. 

Fits for both the dCF samples (Figure 6.5 a-c) and dTHF (Figure 6.5 d-e) are shown. A 

single sample in the dCF fits (marked on Table 6.3 as a Free Chain*) is not fit well by a free chain 

and is not included in these fits. This sample shows features similar to some spherical micelles but 

also is not fit well with a spherical micelle model. From the free chain fits, we have extracted 

parameters that describe the length (contour length), the Kuhn length (a measure of flexibility) and 

the radius of the cylinder or chain. The length-based parameter (contour length) is plotted across 

the total calculated backbone length, while the Kuhn length and radius of the chain is plotted across 

the architecture changes.  

We can see in Figure 6.5a and Figure 6.5d that for the DEG samples, the contour length 

of the polymer in solution increases as the backbone length increases. For the PEG samples we do 

not see an increase in the contour length as the backbone length increases. We also see a large jump 

in length in the dTHF as the length of the F-block increases in the DEG-based polymers, indicating 

a large expansion with an increase in the ratio of the length of F to EG-block. The length of the 

blocks in dTHF are also significantly larger than in dCF. In dCF, the contour length is 

approximately the calculated backbone length, suggesting that the structures that are fit are most 

likely a single chain of the EGF in solution. For the dTHF, the contour length is greater than the 

calculated backbone length, between 1.2 and 2.5 times the calculated length. This suggests that the 

structure being fit is actually more than one chain of the EGF in assembly. This is still being 
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investigated, and further work will need to be done in order to determine the specifics of the 

‘flexible cylinder’ being fit.  

In Figure 6.5b and 6.5e, we have plots of the Kuhn length over architecture. Kuhn length 

is a metric of flexibility, and a lower Kuhn length is indicative of a more flexible polymer. We see 

that there are no large changes in the Kuhn length due to ratio changes of F to EG-block, but we 

do see a change in the Kuhn length between dCF and dTHF. This is a sign of the solvent quality 

of dTHF being higher than dCF. We also see in both solvents an increase in flexibility (decrease 

in Kuhn length) between the DEG-based polymers and the PEG-based polymers. This change is 

slight, but consistent between the solvents. We predict that the long PEG sidechains sterically 

inhibit movement and prevent the EGF to be as flexible as their shorter sidechain counterparts in 

solution. 

The chain radius is plotted over architecture in Figure 6.5c and 6.5f. The radius is constant 

over F-block length changes in each solvent and increases substantially between the DEG-based 

and PEG-based EGFs. Also of note is the dCF chains have a larger radius than their dTHF 

counterparts, as well as a larger increase between analogous DEG and PEG samples. This suggests 

that dCF is a better solvent specifically for the EG-block, as the increase in EG sidechain length 

creates a larger increase in radius than in dTHF. While the specifics of which solvent is better is 

not the primary focus of this work, it is important to note that solvent quality will vary between 

the blocks for a single solvent. We expect this when using a high-χ parameter co-polymer, and it 

is important to understand how those effects are seen in the data.  
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Figure 6.5: Parameters from fitting flexible cylinder models to free chains in both dCF and dTHF. 

Contor length is plotted against backbone length in a) dCF and d)dTHF. Kuhn length is plotted 

against backbone length in b) dCF and e) dTHF. Chain radius is plotted against polymer 

architecture in c) dCF and f) dTHF.  

These free chain fits can aid in understanding how the changing architecture and length of 

the F-block can affect the structure of an EGF in a good solvent. Experiments were also conducted 

in poor solvents, as shown in Figure 6.6, of all EGFs measured in dTol, a worse solvents for all 

polymers in the system.  In dTol, a single EGF is freely dissolved in solution, DEG50F25, which 

is labled in Figure 6.6 and removed from the spherical micelle fits in Figure 6.7. All other 

polymers in the solvent are spherical micelles, with sizable structural differences between each 

EGF. In Figure 6.6, we can see a few standout features, such as the decrease in intensity in high-

Q feature, as well as the Q-shift in the turnover indicating variation in size. We also see an uptick 

at low-Q for the PEG-based poylmers asociated with aggregation of spherical micelles.  
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Figure 6.6: SANS data for all EGFs at 10 mg/mL in dTol. The fit for DEG50F25 is a free chain, 

and all other structures are spherical micelles, with PEG-based polymers producing aggregated 

spherical micelles. 

These polymers were all fit with models of their respective structures, and the spherical 

micelle parameters are shown in Figure 5.7. All parameters are plotted against architecture, 

allowing for trends due to increasing F-block lengths as well as PEG/DEG modifications. In 

Figure 5.7a, we can see a decrease in the core radius as the length of the F-block of the DEG 

polymers increases, with a sharp spike upwards in the D50F75 polymer. This spike can be observed 
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in Figure 6.6, as the turnover for the D50F75 data is shifted considerably towards lower Q than 

the D50F50 polymers. The radius of the PEG series is constant regardless of F-block length and 

slightly smaller than any of the DEG polymers. This suggests that the length of the fluorinated 

block increases, larger spherical micelles form, as longer sections of hydrophobic polymer are now 

encased in the core. For the PEG-based polymers the increased side chain length prevents this 

growth, instead encouraging a smaller sphere to form.  

The radius of gyration of the corona chains is plotted in Figure 6.7b. For the DEG-based 

polymers, as the F-block length increases, the spread of the EG chains in solution decreases with 

the two highest F-block length polymers having similar sized chains. The PEG corona chains are 

much larger than any DEG chain, which is expected due to the increased side chain length of the 

monomer itself. There is a slight decrease in the radius of gyration due to increasing F-block length 

but is still much larger than its DEG counterpart.  

Aggregation numbers measure the number of chains involved in the spherical micelle and 

are plotted over architecture in Figure 6.7c. As the F-block length increases for the DEG polymers 

there is a significant increase in the number of chains in the micelle. This agrees with observations 

seen in the core radius, as the sphere is now larger and contains more chains. This is not seen in 

the PEG polymers as both polymers have similar aggregation numbers that are not affected by the 

increase in F-block length.  

The solvent fraction in the core is calculated from equation 6.8, and relies on the core 

radius, the aggregation number, and calculated volumes of the fluorinated block for each polymer. 

Lower solvent volume fractions correlate to a ‘drier’ core or a core that is more resistant to the 

solvent. These are plotted against architecture in Figure 6.7d. For the DEG blocks as the length of 

the F-block increases, the solvent fraction in the core decreases, suggesting the core is a higher 

percentage polymer. The PEG base samples also show a decrease in core solvation as the F-block 

length increases, but both have a slightly higher volume fraction than their DEG counterparts.  
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Figure 6.7: Parameters from fitting spherical micelle models to free chains in dTol. The D50F25 

sample is removed from the fitting due to being a free chain. All parameters are plotted against 

poylmer architecture and include a) core radius, b) radius of gyration of the EG chains in the corona 

c) aggregation number d) volume fraction of solvent in the core. 

Another interesting solvent series to pull from Table 6.3, is the dTHF to DଶO series. This 

series is special as the SLD of the dTHF and the DଶO have negligible differences (dTHF = 6.35, 

DଶO = 6.36). The contrast between the two being zero allows us to use a miscible set of solvents 

to adjust the solvent quality of a system without adding scattering between molecular domains that 

can be created in non-ideal mixtures the solvent. We have already addressed the structures found 

in dTHF in Figure 6.4 and Figure 6.5, but with a decrease in solvent quality we see significant 

changes in structure as seen in Figure 6.8b. All DEG-based polymers form a micelle, with the 

lower F-block length polymers forming spherical micelles, and the longest F-block length 

(DEG50F75) polymer forming a cylindrical micelle. This cylindrical micelle is considered to be a 
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long cylinder with a radius of 100 Å and a length of ~1110Å. The radius of gyration of the EG 

chains in solution is in trend to all of the observed DEG values of approximately 25 Å and the 

solvent fraction is approaching zero, suggesting the core is very ‘dry’. In the high-Q region 

associated with EG chains size, we see a decrease in intensity and shift in that feature. Further 

towards mid-Q we see a shift towards a low-Q of the turnover of the feature, indicating an increase 

in the radius of the sphere.  At low-Q we see the characteristic ~ -1 power law slope associated 

with cylindrical micelles for the DEG50F75 polymer only.  

 

Figure 6.8: a) relevant section of Table 6.3 b) SANS data for all DEG-based EGFs at 10 mg/mL 

in dTHF75 series. The fit for DEG50F75 is a cylindrical micelle, and all other structures are 

spherical micelles. 

Observations in Figure 6.8 are confirmed in the spherical fits shown in Figure 6.9. Fits for 

the PEG counterparts are also included, although not shown in Figure 6.8. As the F-block length 

increases, the core radius increases, growing from 70 Å for DEG50F25 to 100 Å for D50F50. The 

PEG samples do not show a marked increase, with only a slight change between the two samples 

(70 Å to 66 Å). The trend observed with the radius of gyration of the corona side chains is also 

seen in the fits in Figure 6.9b, with increasing the length of the F-block causing a slight decrease 
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in the radius of gyration. As seen in the dTol (Figure 6.7) fits, the PEG blocks have a much higher 

radius of gyration than the corresponding DEG blocks, which is expected due to the vastly 

increased side chain length of the monomer. The increased length of the side chain also increases 

the steric repulsion between neighboring chains, causing them to be more ‘stretched’ out away 

from the core. The aggregation number also increases drastically between the D50F25 and the 

D50F50 samples, with no significant difference observed between the PEG-based polymers. The 

extent of solvation of the micelle core is also changing with the polymer architecture. In general, 

higher degrees of polymerization of the F-block causes a ‘dryer’ micelle core.  

 

Figure 6.9: Parameters from fitting spherical micelle models to free chains in dTHF75. The 

D50F75 sample is removed from the fitting due to being a cylindrical micelle. All parameters are 

plotted against poylmer architecture and include a) core radius, b) radius of gryration of the EG 

chains in the corona c) aggregation number ) volume fraction of solvent in the core. 

These previous sample sets focused on how the architecture affects the way the polymer 

interacts in the solvent, but we can also isolate the effect of solvent quality. We can analyze a single 
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polymer architecture as a function of solvent quality by taking advantage of the miscibility of 

dTHF and D2O. A series of interest is shown in Figure 6.10, with the relevant portion of Table 6.3 

reproduced in Figure 6.10a. This is a portion of the dTHF to D2O solvent quality modification 

series for the EGF DEG50F50. By decreasing the ratio of the volume of dTHF to D2O we can 

worsen the quality of the solvent for the fluorinated block and create higher driving forces for the 

self-assembly of the EGF in solution. This EGF has short side chains in the EG block and a 

balanced ratio of hydrophobic and hydrophilic blocks. We can see from Figure 6.10a, that there is 

a structure modification at every new dTHF[X] sample and for the highest volume of D2O the 

sample that was made sedimented and it was impossible to run. The 1D data is shown in Figure 

6.10b, and we can see clear changes between solvents. With pure dTHF, the chain is dissolved 

freely and does not show signs associated with self-assembly. Once the poor solvent (D2O) is 

introduced self-assembly emerges and is evident in the evolution of the SANS profile. With no 

D2O added into the system, the chains are dissolved freely, but with 25 vol % D2O added, the EGF 

forms spherical micelles. With further increases in the amount of D2O added into the mixture, 

cylindrical micelles form. These cylindrical micelles are stubby, with a radius of 97 Å and a length 

of 215 Å. Future modifications to this fit may show this sample is fit better with an ellipsoidal 

micelle model, but a stubby cylindrical model can still provide adequate insight into this structure.  
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Figure 6.10: a) relevant section of Table 6.3 b) SANS data for DEG50F50 at 10 mg/mL in 

dTHF100 through dTHF50. The fit for DEG50F75 is a cylindrical micelle, and all other structures 

are spherical micelles. 

The DEG50F50 polymer showed large changes over the solvent quality decrease, but not 

all polymers reacted in this way. The PEG series (PEG50F25 and PEG50F50) are shown in Figure 

6.11, and the changes between solvents are apparent, but less drastic. The relevant portion of Table 

6.3 has been reproduced in Figure 6.11a, and the associated 1D plot in Figure 6.11b. For all mixed 

solvents, the increase in the ratio between the EG and the F block does not modify the structure 

displayed in each solvent. This is especially visible in Figure 6.11b, with very little variation 

shown between each curve at each solvent. There are structural changes in both PEG-based 

samples as the solvent quality decreases. In the two good solvents, dTHF and dCF, both PEG-

based EGFs are freely dissolved without assembly. In the dTHF to D2O series, once the D2O is 

added, the solvent quality drops both of the PEG-based EGFs form spherical micelles without 

aggregation of those micelles. When dissolved in dTol, both EGFs form spherical micelles that do 

aggregate into much larger structures.  
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Figure 6.11: a) relevant section of Table 6.3 b) SANS data for PEG-based polymers at 10 mg/mL 

in all solvents. Structures are labeled on the plot. 

We also ran a series of samples with modified concentrations in solution. For all the 

previously discussed samples, we prepared the solutions at 10 mg of EGF per 1 mL of solvent. 

Here, we expanded this analysis to 5 mg EGF/mL and 1 mg EGF/mL. Full series were made for 5 

mg/mL and 1 mg/mL for the dTHF50 solvent, which have been all categorized in Table 6.4. The 

red labeled “crashed-DNR” continues to describe samples that were made, and when observed 

after a waiting period, was sedimented and unable to run.  

 

Table 6.4: All samples run at with variations in concentration, in dTHF50 with variations in solvent 

and polymer architecture. Data has been assigned one of the four structure categories (free chain, 

spherical micelle, cylindrical micelle, phase separated). Samples that were prepared but 

sedimented before running are labeled as “crashed – DNR”.  
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We also see that for all DEG samples in dTHF50, reducing the concentration causes 

samples to phase separate. This occurs for both the 5 mg/mL and the 1 mg/mL samples. At low F-

block lengths (DEG50F25) even the highest concentration of EGF phase separates. A selection of 

DEG samples is plotted in Figure 6.12b, and relevant portions of Table 6.4 are reproduced in 

Figure 6.12a. We can see that the majority of the samples show a characteristic high power-law 

slope of -4 (Porod) at low-Q that is indicative of large domain formation. We can also note that the 

DEG50F75 samples at 1 mg/mL show a turnover which is able to be fit with the Guinier plot as 

discussed in section 6.2.5.4. When fit, the extracted radius of gyration is ~500 Å, which is much 

larger than any of the ordered micellar structures discussed so far. For the 5 mg/mL samples none 

of the plots show a turnover, but there is a feature in the DEG50F75 that is not seen in either of the 

other EGFs at 5 mg/mL. At the 10 mg/mL concentration that seen in the previous series, the two 

samples with the highest F to EG ratio show a cylindrical micelle structure. Again, these two 

dTHF50 cylindrical micelles are stubby, both with a radius: length ratio of ~0.4.  

 

Figure 6.12: a) relevant section of Table 6.4 b) SANS data for a selection of DEG-based polymers 

at various concentrations (1, 5 and 10 mg/mL) in all dTHF50. Structures are labeled on the plot. 

For the PEG samples, reducing the concentration maintains the spherical micelle structure, 

with variation in the parameters extracted when fit. Figure 6.13 shows the relevant samples from 

Table 6.4 as well as the 1D plots of all the figures, where, again, we observe little difference 

between the two PEG architectures.  
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Figure 6.13: a) relevant section of Table 6.4 b) SANS data for a selection of PEG-based polymers 

at various concentrations (1, 5 and 10 mg/mL) in all dTHF50. Structures are labeled on the plot. 

Observations made in Figure 6.13b agree with fits from the spherical micelle modeling. 

Both PEG50F25 and PEG50F50 display the same trend with slight differences in the values. We 

can see that as the concentration of the EGF increases in solution, the core radius decreases. The 

radius of gyration and the aggregation number are relatively constant, without a clear increase or 

decrease in either following the concentration increase. In contrast, the aggregation number is 

observed to increase as the concentration of polymer in solution increases. The solvent fraction 

also displays a clear trend with increasing concentration decreasing the fraction of the solvent in 

the core. At the highest concentration of PEG50F50, the solvent fraction is zero, suggesting a fully 

‘dry’ core. These effects are also more pronounced as the degree of polymerization of the F-block 

increases. 
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Figure 6.14: Parameters from fitting spherical micelle models to structures at varying 

concetrations in dTHF50. All DEG samples are either cylindrical micelles at 10 mg/mL or phase 

separated at lower concetrations and fits are not shown here. All parameters are plotted against 

polymer architecture and include a) core radius, b) radius of gyration of the EG chains in the corona 

c) aggregation number and d) volume fraction of solvent in the core. 

6.4 Discussion 

There are clear variations in self-assembly by changing the architecture of the polymer, the 

solvent in the system, or the concentration of the EGF in solution. It seems the DEG-based 

polymers display clearer trends as the ratio between the F and EG block changes, as there is little 

variation in the PEG-based polymers between the two F block lengths (Figure 6.11).  There also 

seems to be a tendency for the DEG polymers with higher ratios of the fluorinated block to form 

spherical micelles, and in worse solvents, cylindrical micelles. For spherical micelles that were 

formed in polymers with high degree of polymerization of the fluorinated block, the volume 
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fraction of the core that is solvent decreases, but still remains ‘wet’ (Figure 6.7). When DEG-

based polymers form spherical micelles, it seems that the increasing fluorination of the EGF 

encourages the aggregation of more chains into the micelle (Figure 6.7). This increased 

aggregation number, coupled with the slight decrease in radius, is also consistent with a reduction 

of solvent in the core. This tendency to form cylindrical micelles in poor solvents is not observed 

in polymers with PEG-based hydrophilic blocks. No PEG-based sample formed a cylindrical 

micelle, and even in the worst solvents (dTHF25), spherical micelles were formed, but with were 

fully dry micelle cores.  

Solvent quality creates large changes in the structures that are formed, and even in two 

‘good’ solvents the structural parameters of the fully dissolved chains are observed to vary (Figure 

6.5). This is likely related to how each block (hydrophilic and hydrophobic) of each chain interacts 

with the solvent. We anticipate that dTHF is the best solvent for the EGF as a whole, but dCF is a 

better solvent for the EG block specifically. DTHF as the overall best solvent can be seen in the 

increased flexibility of the polymer as a whole and with all architectures forming free chains in 

solution as observed in Figure 6.5d and 6.5e. This is contrasted by the increased radius of the 

polymer in dCF, which suggests that the hydrophilic chains are in a more extended configuration 

(Figure 6.5c). The lack of variation in the calculated radius of the chain as the fluorination 

increases suggests, as expected, that the modeled radius is dominated by the radius of the EG 

block. If the EG block is responsible for the modeled chain radius, and the EG block is more spread 

in the dCF, then it follows that dCF is a better solvent for the EG block specifically.  

We also see large changes in structure in a single polymer architecture over modified 

solvent quality, as shown in Figure 6.10. Depending on the polymer architecture, materials are 

found to form free chains, spherical micelles, or cylindrical micelles. The dTHF to D2O solvent 

series also suggests that polymers with higher degree of polymerization in the F block are more 

resilient to solvent quality changes, with an ability to form ordered structures in solvents of 

decreasing ‘quality’ (Figure 6.8). PEG-based and DEG-based polymers also show very different 

behavior as a function of solvent quality.  For PEG-based polymers, as the solvent worsens, there 

is a decrease of solvent present in the core of the micelle. This is expected as the addition of D2O 

is less likely to coexist with the fluorinated block in the core.  

Trends in Table 6.4 show phase separation as a function of decreasing polymer 

concentration33–35. This conflicts with typically observed results for other block-copolymers in 
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solution. We would anticipate that at low concentrations, the chains would be dissolved freely until 

a critical micelle concentration (CMC) is reached and micellization35. If the formation of the 

spherical or cylindrical micelle is reliant on a high concentration of material in solution, then it 

would be expected that decreasing the concentration can induce less of the formed structure or 

unassociated chains in solution. What we see here is the reduction of concentration of EGF in 

solution induces large scale unordered aggregation of the chains not the solubilization of free 

chains in solution. This is a portion of this work we are still investigating and the driving forces 

behind these observations are not yet understood.  

6.5 Conclusions 

Polymer structure, solvent quality, and concentration all produce large changes in the 

ability to assemble in solution and affect the structure of the assembly. Understanding the effect of 

these changes on the structure can help researchers refine and optimize these systems for use in 

applied materials. This co-polymer was chosen to be used in OMIEC systems, and we have shown 

that, with an eye on system variables, EGFs in isolation can form self-assembled micellar 

structures. Some of these structures match our anticipated goal of a hydrophobic core that, with a 

conjugated polymer added, may ensure electronic conductivity, and is supported by hydrophilic 

chains that should allow for ionic transport. While these systems can form structures that are useful 

for our end goal needs, understanding these trends and observations is vital in order to build a 

foundation to understand more complex blended systems. While we understand these materials in 

isolation, we also need to establish the changes we observe with the addition of a conjugated 

polymer into the system, as investigated in Chapter 7.  
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Chapter 7: OMIEC Blends with Conjugated Polymers 

The work presented in this section is conducted in collaboration with members from Dr 

Lilo Pozzo’s group (Dr. Kiran Vaddi and Karen Li) as well as from Dr. Matthew Golder’s group 

(Sarah Zeitler).  

The author would like to acknowledge the contributions of coauthors for the following 

work and makes no claim of sole contribution to the data. Additional work on property 

characterization will be conducted and identification of ionic and electronic potential and 

motivators will be identified in future work by collaborators.  

7.1 Introduction 

Organic Mixed Ionic Electric Conductive (OMEIC) materials are soft materials, typically 

polymers which can display conduction from both electronic and ionic methods1–3. Current interest 

in OMIEC materials covers many fields including actuators4, electronic devices 5,6, chemical 

sensors7, ion pumps8, and organic sensors for haptics and feedback6,9–11. OMIEC materials utilize 

three physical processes to balance their unique properties: ionic-electronic coupling, ionic 

transport, and electronic transport1. Ionic transport involves the movement of ions, while electronic 

transport relies on the movement of electrons or holes. Ionic-electronic coupling describes the 

mechanism for conversion between ionic and electronic conductivity and the resulting feedback 

cycle that leads to improved material conductivity12–14. Each of these processes provides a form of 

conductivity and can be managed and utilized for specific device purposes. While the only 

requirement for OMIECs is to have both ionic and electronic conductivity, there are a multitude of 

materials that could accomplish these requirements. A common trait, and the origin for the mixed 

ionic and electronic conductive properties, is the existence of a conjugated polymer component 

(electronic) and a polymeric electrolyte component (ionic). Our OMEICs of interest consist of 

blending or formulating a conjugated polymer, such as poly 3-hexylthiophene (P3HT), and a high-

χ-parameter copolymer as the electrolyte. Chapter 6 addresses the self-assembly of high-χ 

parameter polymers in greater detail.  

OMIECS require a balance between ionic and electronic pathways, which can be difficult 

to maintain as the requirements for each pathway are in direct conflict. Ionic transport is 

encouraged through water solvated, amorphous, and loose structures where ions can easily diffuse 

through the structure1,15,16. Electronic transport is generally facilitated by organized and crystalline 

structures, where electrons or holes can move through resonant backbones or through assembled 
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organized structures. The final piece of OMIEC conductance, ionic-electronic coupling, requires 

close proximity between ionic and electronic transport and a careful balance between the two. In 

our system, the conjugated polymer P3HT provides electronic transport and self-assembly of 

conductive nanowires must be encouraged in the final blend to maximize electronic mobility. The 

high-χ parameter polymer matrix, which is composed of a block copolymer (EGF) with a 

hydrophilic ethylene glycol (EG) oligomer block and a hydrophobic fluorinated block (F), 

provides ionic transport through hydrophilic regions as well as self-assembly. Hydrophilic 

ethylene-glycol sidechains promote ionic transport in similar systems, and it is anticipated that 

these will serve the same purpose when assembled15,16. As discussed in Chapter 6, the EGF on its 

own will assemble into spherical or cylindrical micelles, with a hydrophobic core and hydrophilic 

corona. In solution, the P3HT can provide a cylindrical seed to form micelles and it is hypothesized 

to be stabilized by the EGF ‘shell’, creating an electronic channel that is surrounded by a 

hydrophilic and conductive motivated corona.  

7.2 Materials and Methods 

7.2.1 Materials 

The polymers used in this work are high-χ parameter copolymers synthesized and 

compositionally analyzed by Sarah Zeitler. Information on the synthesis method is provided in 

section 6.2.2, and information on composition is reproduced here as given. Additional calculations 

made for fitting and material parameters are made using the values determined in Table 7.1. 

The copolymers used are prepared from a hydrophilic di (ethylene glycol) ethyl ether 

acrylate (DEGEEA) and a hydrophobic heptafluorobutyl acrylate (HFBA) block, shown in Figure 

7.1a. In this work the DEGEEA block is referred to as the Ethylene glycol (EG) block and comes 

in two forms. The first is a di (ethylene glycol) (DEG) with two repetitions of the ethylene glycol 

segment, the second is a poly (ethylene glycol) (PEG) with twelve repetitions of the ethylene glycol 

segment. The HFBA block is referred to as the fluorinated (F) block and there are no variations 

made in the monomer used. The PDEEGA-block-PHFBA (EGF) copolymer is made in 6 different 

forms, with variation in block length to modify the ratio between the EG block and the F block, as 

well as to investigate the effect of modifying the length of side chain (PEG v DEG) in the 

copolymer.  
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Figure 7.1: Molecular structure of the a) high-χ parameter copolymer b) conjugated polymer 

P3HT, and c) solvents used in this work. 

Regio-random poly(3-hexylthiophene) (RRa-P3HT) (MW = 63 kg mol-1, Đ = 2.4, Product 

4007) and regio-regular poly(3-hexylthiophene) (RRe-P3HT) (MW = 77 kg mol-1, Đ = 2.4, RR = 

94) were purchased from Rieke Metals (Lincoln, NE USA). Both were used as purchased.  

A variety of solvents were used in this work. The deuterated chloroform (dCF) and toluene 

D-8 (dTol) were supplied by the Australian Nuclear Science & Technology Organisation 

(ANSTO), and purchased from Sigma Aldrich (St. Louis, MO). Molecular structures are shown in 

Figure 7.1c. The deuterated tetrahydrofuran (dTHF) was purchased through Novachem, an 

Australian supplier for Cambridge Isotopes (Tewksbury, MA). The dCF, dTol, and a portion of 

dTHF were used as received. Scattering length densities (SLD) of all materials were calculated 

using NIST activation calculator and shown densities.  

Material Calculated SLD (𝟏𝟎ష𝟔

Å𝟐
) Density ( 𝒈

𝒄𝒎𝟑
) Source 

Chloroform-D (dCF) 3.16 1.5 VWR17 

Toluene-D8 (dTol) 5.66 .943 VWR18 

Tetrahydrofuran-D8 (dTHF) 6.35 .985 VWR19 



145 
 

EGF (Full high-χ copolymer) 1.3 SLD extracted from fit 

PDEGEEA block (EG) 0.82 1.10* EsƟmated20,21 

PHFBA block (F) 1.85 1* EsƟmated22 

Poly(3-hexylthiopene) (P3HT) 0.676 1.1 [Literature]23 

Table 7.1:  SLDs for all materials calculated from the NIST Neutron activation and scattering 

calculator24 using provided densities. *Densities were estimated for each block of the EGF from 

monomer densities and the estimated densities shown were used in calculations. 

All block lengths, molecular weights and dispersity are presented in Table 7.2. The block 

percentages for each polymer were calculated using proton Nuclear Magnetic Resonance (NMR). 

All DEG-based polymers block percentages were calculated using deuterated chloroform NMR’s, 

while the PEG-based polymers block percentages were calculated using acetone D-6. The block 

length and molecular weight for the EG block was measured using Gel Permeation 

Chromatography (GPC) in chloroform. Using the block percentages and information collected 

with GPC, the block length and molecular weight for the F block as well as the molecular weight 

for the total polymer were calculated. 

 

Table 7.2: All polymer information for each of the polymers used in this work, along with 

reference names for each polymer.  

7.2.2 Solution Preparation 

Carefully weighed portions of the EGF or conjugated polymer are dissolved in the solvent 

of choice and heated on a hot plate at 60 ⁰C. These stock solutions are then mixed to form blended 

solution state samples while remaining on the hot plate to ensure adequate dissolution and mixing.  
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Each sample was then loaded directly from the hotplate into 2mm quartz Hellma cells and stored 

at 26⁰C for an extended period of time (15-18 hours) before being measured.  

7.2.3 SANS  

Small Angle Neutron Scattering (SANS) measurements were collected at the Quokka 

beamline at the Open Pool Australian Lightwater (OPAL) source with Australian Nuclear Science 

and Technology Organisation (ANSTO)17. SANS data was collected in three configurations to span 

the full Q range. All non-lenses configurations used 6Å ± 0.10Å wavelengths, the low-Q lens 

configuration used 8.1Å ± 0.10Å. Samples were measured for differing times and configurations 

due to scattering ability. Low scatterers (dCF) were measured with low-Q collected at 20m sample 

to detector distance (2400 seconds), mid-Q collected at 12m sample to detector distance (1200 

seconds), and high-Q collected with 1.3m sample detector distance (600 seconds). Samples with 

mid ranged scattering (dTHF and dTol) were measured with low-Q collected at 20m sample to 

detector distance with lenses (1600 seconds), mid-Q collected at 12m sample to detector distance 

(800 seconds), and high-Q collected with 1.3m sample detector distance (400 seconds). Samples 

were loaded into 2mm quartz Hellma cells and mounted into aluminum holders placed into a 

temperature controlled 20 slot sample environment set to 26⁰C. SANS data were reduced, 

combined, and background subtracted using the Quokka macro in the NIST SANS package for 

Igor Pro18. Further analysis of SANS data was performed using the SasView19/sasmodels20  and 

bumps21 packages for Python. 

7.2.4 SANS Data Analysis 

Current data analysis consists of arithmetic modifications of the components of each blend 

in comparison to the blended sample. A similar technique was used in Chapter 4 with the elastomer 

blend solution samples.  

The fits and structure identification for the EGF matrix polymers in pure form were 

established in Chapter 6, and information on the models and fits is included in that chapter. The 

pure P3HT in solution is also modeled with the flexible cylinder model which accurately describes 

free chains in solutions and has been used in previous works30.  

Future analysis will include fitting of the composite blend materials SANS data directly. 

However, at the time of writing, the model for fitting cylindrical micellar structures was not fully 

available or implemented in SasView. Still, most of the blended samples would appear to be 

accurately described by a cylindrical micelle core-shell model. 
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Shape independent power law fits were performed on low-Q and mid-Q regions to extract 

the power law exponents in these regions. Equation 7.1 shows the model used. 31  

𝐼(𝑞) = 𝑠𝑐𝑎𝑙𝑒 ∗  𝑞ି௣௢௪௘௥ + 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 (7.1) 

In these fits, background is set to 0 while the power is extracted. Due to the log-log plotting the 

exponent of the fit is visually observed as the slope of the data.  

7.3 Results and Discussion 

This work builds upon the structural analysis on the poly di (ethylene glycol) ethyl ether 

acrylate -block - poly heptafluorobutyl acrylate (PDEEGA-block-PHFBA or EGF) matrix, but 

only blends will be addressed in depth here. Information on the EGF structure and trends is 

provided in Chapter 6.  

Most samples were prepared at concentrations of 10 mg/mL of the EGF and 10 mg/mL of 

RRe-P3HT dissolved together and loaded into Hellma cells while fully dissolved. They were 

allowed to rest overnight to assemble before being measured, and during this waiting period, all 

the RRe-P3HT solutions darkened and turned a purple color. This is indicative of the RRe-P3HT 

assembling in solution and has been observed in previous work32. Starting with the blends 

determined in Chapter 6 to be free chains of EGF dissolved in solution, we can identify if the 

addition of the self-assembling and semicrystalline RRe-P3HT changes the blended structure in 

solution. The dCF samples, shown in Figure 7.2, show the EGF and RRe-P3HT blends, labeled 

by the EGF used in the solution, as well as a pure solution of the RRe-P3HT in dCF. We can see 

that the scattering of all the blends shows features that are not present in the pure conjugated 

polymer. This indicates that there are changes in the structure of the blends due to the architecture 

of the polymer, but there are no obvious changes in the type of structure formed. A key feature in 

high-Q, the hump most prominent in the PEG-based sample, is indicative of scattering from the 

EG portion. This feature was observed in pure EGF samples as the radius of gyration of the EG 

chains in a micellar structure seen in Chapter 6. This feature is noticeably higher for the PEG-

based chains and in the DEG-based chains, there is a slight drop with the increase in the length in 

the fluorinated block. The second feature is at low-Q, with an upturn or power-law dependence 

with a ‘slope’ or exponent approximating 1.2 for PEG-based EGFs and 1.3 for DEG-based EGFs. 

We can see again see a change between the PEG and the DEG-based polymers, with only slight 

changes in the DEG-based series with changes in the length of the F block.  
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Figure 7.2: SANS data of 10 mg/mL EGF and 10 mg/mL RRe-P3HT blends in dCF 

By simple view of the data,  it is difficult to determine if there is additional co-assembly in 

solution that is not simply the contributions of isolated EGF solutions and isolated RRe-P3HT 

contributions (Figure 7.2). Arithmetical transformations of the data sets can clarify observations. 

For isolated dilute and non-interacting macromolecules in mixed solutions, the total scattering is 

expected to be similar to the sum of the scattering contributions of the pure components. Thus, by 

summing the datasets for the pure RRe-P3HT and the respective pure EGF solution, we can 

quantativly compare the summed dataset to the experimental data collected for the corresponding 

blend. This way, we can determine if there is additional excess scattering that would be indicative 

of complexation or co-assembly. In blended samples, where all the scattering is from independent 
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assemblies of the EGF and RRe-P3HT components, with no interaction between the two, the sum 

of the individual pure solutions is expected to be equal to the experimental blend data. If there is 

additional scattering in the blended solution, then interactions between the two componets in 

solution is significant. In Figure 7.3, the data for each component, the sum of the individual 

components, and the experimental data of the blended system are all plotted together. All of the 

DEG series (Figure 3 a-d), show the same trends. The summed data and the experimental data 

overlaps at high and mid-Q until the upturn occurs in the experimental data at very low-Q. This 

suggests that the features observed in the individual components in this region, including the 

feature describing the EG chains in solution, are also observed in blended solutions. However, the 

feature  at  low-Q is not observed in the summed data, and it is evidence of complexation between 

the EGF and the RRe-P3HT chains in a combined assembly. The intensity difference becomes less 

apparent between the summed data and the experimental data as the flourinated block length 

increases. This is likely due to the increased propesity for assembly of the EGF in the pure solution 

and a reduced driving force for co-assembly with RRe-P3HT. The PEG-based samples show a 

similar trend, but the region of overlap between the summed and experimental blends is shifted 

towards low-Q.  
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Figure 7.3: Individual plots for a) DEG50F25, b) DEG50F50, c) DEG50F75, d) PEG50F25, e) 

PEG50F50 with the pure solution of 10 mg/mL RRe-P3HT, the pure solution of 10 mg/mL of the 

EGF, the sum of the individual componets, and the experimental data for the blended system in 

dCF 

The other solution that produced consistent free chains in solution for the pure EGF is 

dTHF. The same samples were repeated and Figure 7.4 shows the series of all EGF polymer 

architetures blended with RRe-P3HT in dTHF. A similar trend observed in the dCF samples is 

observed here in terms of the two features. The mid/high-Q feature has a separation of the PEG-

based samples and then for the DEG-based samples, a decrease in intensity. The low-Q upturn is 

more defined for the dTHF samples, with possibly a more defined turnover, which could be 

indicative of a Guinier region, due to use of lenses to expand the Q range lower. There is also an 

increased assembly in the pure RRe-P3HT sample, with a much larger structure being formed, 

indicative of self-assembly of nanowires.  
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Figure 7.4: SANS data of 10 mg/mL EGF and 10 mg/mL RRe-P3HT blends in dTHF 

The data from the pure components of each of these samples were also summed and 

compared to the blended composite sample, as shown in Figure 7.5. For all polymers, the summed 

data and the experimental data shows a large region of overlap, with only low-Q showing a clear 

separation. For the DEG samples, as the length of the fluorinated block increases, the gap closes, 

with the summed DEG50F75 sample being essentially fully overlapped with the experimental data. 

This indicates that as the flourinated block length of the sample increases, the blended solution 

acts more like a fully dissolved and dilute system of the individual components. This sample is 

repeated in the PEG samples, with the similarity between the blend and the summed data increasing 

as the fluoriniated block length increases.  
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Figure 7.5: Individual plots for a) DEG50F25, b) DEG50F50, c) DEG50F75, d) PEG50F25, e) 

PEG50F50 with the pure solution of 10 mg/mL RRe-P3HT, the pure solution of 10 mg/mL of the 

EGF, the sum of the individual componets, and the experimental data for the blended system in 

dTHF 

In both dCF and dTHF, the EGF polymers were fully dissolved free chains, indicating they 

are good solvents for the polymers. In dTHF, while the EGF is fully dissolved, the RRe-P3HT has 

an increased tendency to assemble into nanowires, leading to reduced differences in this solvent. 

Blended samples were also prepared in a solvent of poor quality, dTol, as plotted in Figure 7.6. 

These samples show greater variation in the structure of assembly, with the DEG series showing 

large variation as the length of the fluorinated block increases. In the DEG50F25 sample, the curve 

is similar to those in dCF and dTHF. However, for the DEG50F50, sample the curve is similar to 

the pure spherical micelles observed and discussed in Chapter 6. The DEG50F75 sample shows 

even further defined spherical micelle features. The PEG samples also show clear spherical traits 

that are identical between the two architectures. It is possible that a large proportion of the EGF of 

long fluorinated block-lengths is not forming complexes with P3HT. There are two clear low-Q 
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regions of power law exponents that emerge. At very low-Q we observe a ‘slope’ of approximately 

-1.4 for all samples, then around 0.01 Å-1 a region of a ‘slope’ around -0.9. We also see increased 

assembly in the RRe-P3HT in dTol over the dCF solution, which is expected due to solvent quality 

decreases22,23.  

 

Figure 7.6: SANS data of 10 mg/mL EGF and 10 mg/mL RRe-P3HT blends in dTol 

When the individual EGF components and the RRe-P3HT data sets are summed in the 

same way as before, shown in Figure 7.7, we see a trend similar to the dTHF solutions. For the 

DEG samples, the samples (DEG50F25) with shorter fluorinated block lengths show a larger gap, 

and there is increased evidence of co-assembly in the blended solution (low-Q upturn). As the 

block length of the fluorinated component increases, excess scattering decreases, until the 
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DEG50F75 sample only shows little increased scattering at very low-Q. Additionally the features 

of the blend specific assembly appear to be similar to formations of large-scale aggregation. For 

the PEG samples, neither of the two EGFs show any difference between the summed data and the 

experimental blend data. This suggests that in dTol, the PEG-based blends act as well dissolved, 

dilute, and non-interacting systems between the EGF and the P3HT.  

 

Figure 7.7: Individual plots for a) DEG50F25, b) DEG50F50, c) DEG50F75, d) PEG50F25, e) 

PEG50F50 with the pure solution of 10 mg/mL RRe-P3HT, the pure solution of 10 mg/mL of the 

EGF, the sum of the individual componets, and the experimental data for the blended system in 

dTol 

Additionally, we ran a fully amorphous RRa-P3HT blended series in dTHF. RRa-P3HT 

does not self-assemble into nanowires in solution, and if there is any driving factor for increased 

assembly due to the self-assembly of the semi-crystalline P3HT, these samples can help isolate 

that change. In the plot seen in Figure 7.8, we can see all samples show similar features to free 

chains in solution that can be fit well with a free chain model. Both the RRa-P3HT and the EGFs 

in solution can also be fit with a model describing free chains, which doesn’t necessarily mean 
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there is no interactions between the two components in solution, but complexation is likely 

minimal.  

 

Figure 7.8: SANS data of 10 mg/mL EGF and 10 mg/mL RRa-P3HT blends in dTHF 

Summing the individual components, as shown in Figure 7.9, we can see that there is no 

increased assembly in the blended solution above the summed data. Curiously, we see that the 

summed data ‘scatters’ above the experimental data for the blends, suggesting that there is 

increased scattering when the components are separate than if they were blended together. This is 

highly unusual and warrants further investigation. 
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Figure 7.9: Individual plots for a) DEG50F25, b) DEG50F50, c) DEG50F75, d) PEG50F25, e) 

PEG50F50 with the pure solution of 10 mg/mL RRa-P3HT, the pure solution of 10 mg/mL of the 

EGF, the sum of the individual componets, and the experimental data for the blended system in 

dTHF 

An additional series of samples was also run with modified concentrations (ratios) of 

conjugated polymer to EGF. A series of samples were made in dTol with adjusted EGF 

concentration (Figure 7.10). All of the samples contained 10 mg/mL of RRe-P3HT, but the low 

concentration samples have 1 mg/mL of EGF, the mid concentration has 5 mg/mL of EGF, and the 

high concentration samples have the same 10 mg/mL of EGF as discussed in Figure 7.6. In chapter 

6, we observed major changes in the structure of the pure EGF samples with decreasing the 

concentration in dTHF50 and looked to identify if the addition of P3HT helped to stabilize the 

lower concentration of EGF in the blends. We see structural changes with each decrease in the 

concentration of the EGF in the blended solution. For the 5 mg/mL solution, there are traces of the 

spherical micelle features seen in the PEG-based models as well has the highest measured 

fluorination ratio of the DEG (DEG50F50). With the 1 mg/mL EGF: 10 mg/mL RRe-P3HT 

blended samples, we see all samples show trends similar to those in better solvents (dCF, dTHF), 
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a gradual curve with features in mid-Q and high-Q. At low concentrations of EGF there is no 

feature difference in the high-Q feature, with only slight variations at low-Q. Measurements for 

pure EGF in solution at reduced concentrations were not run and therefore identification of the 

impact of the EGF on the scattering seen in the blended sample is not clear. 

 

Figure 7.10: SANS data of samples with varying concentrations of EGF (10 mg/mL, 5 mg/mL, 

and 1 mg/mL) and 10 mg/mL RRe-P3HT blends in dTol. 

This sample set was repeated in dTHF, with the same high, medium, and low concentration 

of EGF and a set concentration of 10 mg/mL of RRe-P3HT in the blend. This series is shown in 

Figure 7.11a. We have previously addressed the highest concentration samples in Figure 7.4, and 
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we can see changes between the high and medium concentration. The variation of the high-Q 

feature is reduced and the variation between the turnovers at low-Q are also reduced. The features 

further change with the reduction in concentration again. The DEG samples lose more intensity at 

low-Q, separating from the PEG-based blends. This separation is extended all the way down 

through to low-Q, with the DEG-based sample dropping below the PEG-based samples. We 

anticipate that the PEG-based blends display more assembly in solution at low concentrations than 

the DEG-based sample. For all reductions in concentration, there is a considerable drop in 

intensity, which can be tracked by the intensity separation between the 10 mg/mL RRe-P3HT and 

the blended samples. This reduction in intensity suggests there is less assembly of the EGF or co-

assembly of the EGF and the RRe-P3HT at low concentration. The 10 mg/mL RRe-P3HT is 

present in all of the samples, so any scattering above the conjugated polymer is due to either 

contributions from the pure EGF or the interactions between the EGF and the P3HT. As seen in 

Figure 7.11b, pure DEG50F50 was measured at 5 mg/mL and therefore a sum of the components 

can be created. We observe excess scattering at low-Q of the experimental blend which is not seen 

in the sum of the components, suggesting there is excess scattering due to co-assembly of the EGF 

and P3HT at this lower concentration. As seen in Figure 5b, there is very little excess scattering 

seen at the 10 mg/mL P3HT: 10 mg/mL DEG50F50, so the decrease in concentration of the EGF 

seems to encourage co-assembly between the P3HT and the EGF. The other EGFs measured in 

lower concentration blends were not measured in isolation, so it is not clear if this trend is seen in 

other architectures or concentrations.  
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Figure 7.11: a) SANS data of samples with varying concentrations of EGF (10 mg/mL, 5 mg/mL, 

and 1 mg/mL) and 10 mg/mL RRe-P3HT blends in dTHF b) Individual plot for DEG50F50 with 

the pure solution of 10 mg/mL RRa-P3HT, the pure solution of 5 mg/mL of the EGF, the sum of 

the individual componets, and the experimental data for the blended system in dTHF. 

7.4 Discussion 

Changes in the solvent modifies the extent of interaction between the EGF and the P3HT 

in solution. In the best solvents, such as shown in Figure 7.4 plot of dTHF, there is a large overlap 

between the sum of the individual components and the experimental blend data. This overlap 

increased with the length of the fluorinated block, suggesting that dTHF is a better solvent for the 

F block. The large overlap between the summed data of the individual components and the blend 

suggests that the blend is acting like a dilute solution with limited complexation. The extent and 

trends for the overlap in the summed individual components and the experimental blend data vary 

from solvent to solvent. In dCF (Figure 7.2), the overlap covers the high-Q region completely, but 

there is significant excess scattering in the low-Q portion of the experimental blends. This 

difference decreases as the length of the F-block increases but is maintained over all samples and 

architectures. In solvents that were determined to be poor in Chapter 6, shown in Figure 7.6, the 

experimental blend scattering in dTol is mostly identical to the sum of the individual components, 
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except for the low-Q region. The increased scattering is most likely due to large scale aggregation 

of the structures formed in the similar samples encouraged by the presence of the P3HT. In 

solutions made from fully amorphous RRa-P3HT, the summed data scatters over the blended 

solution, which will need to be investigated and analyzed further.  

The concentration series showed structural changes in the scattering blends by decreasing 

the amount of EGF in the solution while maintaining the RRe-P3HT concentration. Large 

spherical-micelle-appearing structures shifted towards free chains structures as the concentration 

of the EGFs decreased. The effect on the structure was more prevalent in the DEG-based samples 

as opposed to the PEG-based ones. This agrees with the observations in Chapter 6 about the 

stability of the PEG-based polymers through architecture and solvent changes.  

7.5 Conclusions 

 This work is still in the preliminary stages and many of the points raised need further 

investigation as well as solidified connections to the work done in Chapter 6. As anticipated, the 

systems became more complex with the addition of the P3HT and careful separation of each 

components scattering contribution is necessary to identify structure and parameters of the co-

assembly. We observe co-assembly that is not present in the isolated component systems which is 

encouraging for creation of combined EGF and P3HT micelles. Part of the future work will involve 

fitting models to the data to extract parameters, and while this is not done yet, initial checks seem 

to agree well with cylindrical micelles, which is also encouraging for our goal OMIEC structures. 

Alongside structural modeling, additional work into characterizing the ionic and electronic 

properties is required to determine the effect of architecture, identified structure, and system 

parameters on the functional properties of an OMIEC.  
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Chapter 8: Conclusions and Outlook 

8.1 Summary 

Chapter 3 focuses on the structure-property relationship of a polystyrene/conjugated 

polymer blend system. The bulk of the work done in this system focused on the modeling of a 

complex system, which is reliant on the crystallinity of the conjugated polymer additive and the 

solvent used in processing. Amorphous materials produced different films than their semi-

crystalline counterparts, due to the self-assembly and nanowire formations within the solution that 

carried to the dried blend. We also found that compositionally identical samples cast from different 

solvents showed different structures, as well as changes in the conductivity of the samples. In the 

process of fitting, we utilized a complex model that accounted for the scattering within the 

polystyrene, as well as separate fits for amorphous domains and ordered nanowire domains within 

the polymer.  

In Chapter 4 we addressed an elastomeric conjugated polymer blend system of polystyrene-

polyisoprene-polystyrene (PS-PI-PS) and poly(3-hexylthiophene) (P3HT). The focus of this work 

was to identify and understand the morphology of a complex system relevant to elastomeric 

organic electronics. A series of polymer blends were developed utilizing heat pressing methods 

developed during the work of Chapter 3. A set of these samples were pressed at a range of system 

relevant temperatures, and we determined that increasing the temperature of pressing increased the 

order in the samples, allowing for in-depth analysis and phase identification. We determined that 

as conjugated polymer was loaded into the system, amorphous or semi-crystalline, the phase 

shifted from cylindrical micelles to a lamellar dominate mixed phase system back to a cylindrical 

phase system. This transition is accompanied by slight shifts in phase spacing as well as changes 

in the order of the system. We established an understanding of a complex multicomponent system, 

but also identified points of variation and processing effects.  

Chapter 5 continued work done on the PS-PI-PS/P3HT system focusing on the processing 

of these samples. Polymer systems often have dependency on the processing choices itself, 

including solvent, temperature, and methodology. In an effort to establish the effect of the 

processing method itself on the morphology observed in Chapter 4, we isolated a selection of 

processing parameters. We established that heat pressing introduced alignment in the sample and 

modified the order and spacing of the phase structure. Variations in pressing time have a large 

effect on morphology but can also be considered in consort with the pressing temperature trends 
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observed in Chapter 4. Modifying the conjugated polymers molecular weight has minor effects, 

but replicates made at the high temperature have a natural variation in phase structure, onset, and 

order within the critical range of P3HT loading. Investigations into the solvent showed little 

modification in the structure, except at high processing temperatures in RRe-P3HT, where the 

‘poor’ solvent significantly increased structural irregularity. Post processing heating modifies the 

structure significantly, but without the pressure and physical constraints of pressing, the systems 

tend towards disorder rather than order. These samples can also be intentionally aligned, with the 

cylindrical phase aligning easily with the flow and mixed phase system between 2.5 wt % and 10 

wt % being partially aligned. This chapter emphasizes the importance of understanding the 

processing choices and the effect of each, as many of the choices made during ‘baseline’ processing 

have the ability to affect the morphology described in Chapter 4.  

Chapter 6 shifts to focus on a solution polymer system consisting of a high-χ parameter 

PDEEGA-block-PHFBA (EGF) polymer. We anticipate the use of this polymer in a P3HT/EGF 

blend for an Organic Mixed Ionic Electronic Conductor (OMIEC), but before blending we need to 

establish an understanding for the matrix. We investigated five different polymers using two 

variations of the EG block and a change in the ratio of the EG to F block. We also investigated 

solvent quality using multiple solvents, including a series of carefully worsened solvents. We 

determined that both polymer architecture and solvent quality changed the structure of the EGF in 

solution. We found that ‘poor’ solvents encourage the formation of micelles, both spherical and 

cylindrical, while the type, extent, and dimensions of the structures are dependent on the EGF 

architecture. We also found that the PEG-based solvents only formed spherical structures and 

showed less modifications caused by architecture changes and solvent quality. We also found that 

the reduction in concentration in DEG-based blends led to disordered and aggregated samples. We 

identified structures present in pure solutions of EGFs and identified a few ways that the 

composition and processing may affect the OMEIC blends.  

The OMEIC work was continued into Chapter 7, with blends of P3HT and the EGFs 

investigated in Chapter 6. We found that the inclusion of the conjugated polymer in solution 

encouraged the growth of cylindrical structures. In solutions where the conjugated polymer was 

entirely amorphous and there was no self-assembly in solution, the blends were consistent with 

free chains in solution suggesting the self-assembly of the semi-crystalline conjugate polymer 

encourage the growth of micelles. For some blends, the two components did not interact at all in 
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solution, as the sum of the pure EGF and the pure P3HT scattering data was the same as the 

scattering of the experimental blended samples. We also identified that changes in concentration 

change the size and shape of the structures formed. With a strong understanding of the behavior of 

the pure solution we can identify how the blended systems change with the addition of the 

conjugated polymer. This work lays out preliminary analysis and identifies specific questions for 

further investigation. 

8.2 Future Work  

The elastomeric polymer work focused on morphology, phase behavior, and processing 

variables in the heat pressing method that we developed. This method mimics industrial heat 

pressing but on a smaller scale and this work produces relevant understandings for similar methods 

of heated pressing and molding. This system is now fairly well understood in a heat pressed 

processing method, but this understanding is not applicable to PS-PI-PS/P3HT systems in other 

processing methods. It would be interesting to see how the morphology and phase behavior would 

vary with other processing methods. Perhaps there is removal of all traces of aligned cylindrical 

phases in spin coated sample, or if the rapid speed of evaporation halts all assembly, preventing 

any of the morphology we observed in our much slower dried samples. It would also be interesting 

to identify the effect of the relevant processing variables addressed here in different processing 

methods. This expansion would be niche fundamental work on a specific system, but we anticipate 

that modified processing would continue to produce modified structures.  

The EGF/OMIEC work has much more work to be done. Additional analysis of these 

samples is required, by expanding the fitting to include cylindrical micelles, specifically in the 

blended samples. These samples should also be characterized for both ionic and electronic 

transport, connecting the observations seen in their structure to the properties we are selecting for. 

With these samples finalized both structure and property-wise, investigation of the samples over 

the course of drying and device manufacture would be necessary. From previous work, we know 

that the structure seen in the solution phase is maintained and can affect the solid cast phase, but 

the thermodynamic forces acting during evaporation are extreme and can cause large changes. 

Understanding how the solvent quality not only changes the solution phase structure but also the 

cast phase structure would complete the understanding of this sample set.  
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Chapter 9: Appendix 

9.1 Pallicera: Taste-Masking Pediatric Medications 

The author would like to acknowledge the contributions of mentees for the following work 

and makes no claim of sole contribution to the data. The work was started in collaboration with a 

senior design class project over two years, with contributions from eight undergraduate students. 

Students in the 2018-2019 school year (Gary Boon, Zayed Mohideen, Redeen Duran, Emily 

Rhodes) helped receive a Foster School of Business Prototype Funding Award and participate as a 

finalist in the Alaska Airlines Environmental Innovation Challenge and Hollomon Health 

Innovation Challenge. Students in the 2019-2020 school year (Mariam Hussein, David Jiang, 

Aiden Jackson, Bri Stokes, Emily Rhodes) helped with business planning, and market discovery, 

receiving a UW NSF Innovation Corps Award. Emily Rhodes participated in the senior design both 

years and was also the co-founder of Pallicera, helping the startup to participate in the Jones and 

Foster Accelerator, receiving the award from the accelerator as well as McAleer Early Start 

funding. 

9.2.1 Introduction and Problem Addressed  

According to the 2018 World Health Organization’s (WHO) yearly malaria report, the 

reported malaria cases have slowly been decreasing since 2010, but still number over two hundred 

million separate cases. Diseases like malaria disproportionally affect certain populations, with 80% 

of malaria cases in only fifteen countries, and with children under the age of 5 years old accounting 

for 61% of all malaria deaths: 266,000 out of 435,0001. Young children are often without the proper 

immunities to effectively combat such an illness and are often without the proper formulation of 

medication. Most medications that are developed for serious diseases are designed with adults in 

mind, the dosage is for an adult, the method of administering the medication is for an adult, and 

the taste necessary for adherence is designed for an adult as well. This often leaves gaps in the 

treatment plan for children, as the treatment is not designed with them in mind.  

In an exploration of the taste of molecules, researchers discovered that the majority, about 

77%, of randomly generated natural and presumed therapeutic molecules were determined to be 

bitter2. This helps explain the unpalatable taste profile of many pharmaceuticals, with the vast 

majority of possible therapeutic molecules contributing undesirable notes. For example, a large 

class of medications currently in use for the treatment of malaria is derived from quinine, a 

notoriously bitter substance. Quinine is a historical treatment for malaria derived from the bark of 
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a tree in the Cinchona family and has pulled the focus of western medicines treatment of malaria 

since the 1800s3. As quinine-resistant strains of the parasite emerged, multiple synthetic 

derivatives of quinine were identified as effective treatments and were produced synthetically, each 

maintaining a bitter taste. As further strains of drug-resistant parasites emerge, new treatment plans 

are developed, with quinine or its derivatives often included, with many making the 2023 WHO 

essential medications list4.  When negotiating treatment for adults, taste isn’t an insurmountable 

barrier, as most adults understand the benefits and are willing to take bitter medication regardless 

of the taste. Children are often much more difficult to convince, especially when faced with vile 

tasting treatment. Researchers show that one in three children refuse medication based upon taste, 

and in large surveys of treatment non-adherence, one of the most common reasons for not finishing 

a treatment was unpalatable taste5. In high-risk diseases, failing to finish a course of medication 

can be fatal or result in life-long consequences, and this risk is exacerbated in long-term treatment 

plans. With malaria, treatment occurs over a one to three-week period, and can be extended if the 

infection is an advanced form, with medication taken twice a day6. This means to treat a young 

child for a low-to-mid-risk malaria infection, the child will have to take 14 to 42 doses of an 

extremely bitter medication, in order to achieve the best chance of success. For higher risk 

infections, the number of doses the child will have to take can increase drastically, leading to even 

higher risks of non-adherence.  

Pediatric medications come with a host of considerations that change the way medication 

is created, formulated, and distributed. Solid state formulations are preferred for safe, stable, and 

low energy shipment and storage needs, yet children under the age of five often have troubles 

safely swallowing solid capsules and tablets larger than 10 mm7. Solid tablets also are more 

difficult to modify dose loads for a child, as the required dose changes quite rapidly during the first 

few years of childhood as the weight rapidly changes. As most solid formulations are designed in 

adult doses, it is often the responsibility of the caretaker to portion the child’s dose. This often 

creates errors in dosing, by underestimating the dose leading to efficacy issues, overestimating the 

dose leading to toxicity or increased side effects, or even losing part of the next dose as crumbs 

during the portioning process. Liquid formulations are usually recommended for children, with 

over 90 % of pediatric specific formulations in a liquid form, but these often have complications 

as well8. For adult sized solid tablets, there are many known taste masking methods such as spray 

film coatings and gel capsules, but it is much harder to taste mask a completely liquid solution. 
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Oftentimes the taste is simply covered with sugars, flavorings, and other excipients, which may 

have deadly side-effects in children. For example, propylene glycol is often used a solvent in adult 

medication without side-effects, but when used for young babies can cause seizures or intercranial 

hemorrhaging9. With neither pure solid tablet nor pure liquid formulations being ideal, in 2008 the 

WHO proposed a flexible solid-oral dosage form as an ideal formulation7. The proposed flexible 

solid-oral dosage form transports as a solid tablet or pill but can be dispersed in water or juice and 

administered in a liquid form for easy consumption.  

While considering transport, stability, safety, and administration, taste masking adds a few 

more design considerations. Neither of the two pure phase formulations are ideal for taste, but for 

different reasons. In a solid pill, often sized for adult dosing, the pill must be ground up, portioned 

out, and mixed into food or drink for consumption. Due to the grinding, any coating to mask taste 

is now gone, and oftentimes the food or drink is flavored bitter. The child now must consume a 

larger quantity of a bitter substance, usually not finishing the full recommended dose. In liquid 

formulations, the taste is usually not completely masked, but flavored. These additives are 

designed to be safe for adults, but these additives may have unintended side effects for children 

over the course of long-term treatment plans. Even the WHO proposed flexible solid-oral 

formulation doesn’t mask the taste and requires mixing into more tasteful foods or drinks, leading 

to the same problems as the solid pill. Taste is often not considered to be a vital component of the 

formulation creation, often being passed up for cost, efficacy, and stability, but with the need to 

improve treatment adherence, modifications must be made to account for taste. 

Previous attempts to taste mask these medications for pediatric formulations use a variety 

of techniques and materials. A series of formulations tested and successful in laboratory settings 

used an ion exchange resin which can buffer the bitter or ill tasting molecules using an insoluble 

polyelectrolyte10–12. Additional experiments have focused on formulations similar to the WHO 

recommended flexible-solid oral formulations, for instance one which focuses on insoluble 

derivative quinine pamoate, which can be formulated into tablets that quickly break apart during 

dosing13. Other formulations focus on taste masking solid forms suitable for children, such as small 

~500 µm pellets with polymer coatings leading to undatable tastes during consumption14. We also 

see multi-layer emulsions with a medication in the center, surrounded by protective water and oil-

based layers to prevent breakdown of the emulsion before the stomach15. Although there are many 
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explored taste-masked formulations, there is a still a lack of taste-masked, pediatric-designed 

formulations on market and in use16.  

We look to determine a way to take an active pharmaceutical ingredient (API) and optimize 

formulation to have a high drug loading to reduce dose volume, completely taste masked final 

state, stability during shipment and storage, and a low cost to encourage on market use. Ideally 

this formulation would also be modifiable, as the emerging drug resistant parasite strains make 

new API’s necessary. With these criteria in mind, there are a few ways to approach the design of 

this formulation.  

9.2.2 Solution 

To address all the constraints of pediatric formulation as well as the constraints of the taste 

masking, it is necessary to work backwards from an ideal final product - the WHO’s recommended 

flexible solid-oral formulation. The final formulation should be a freeze-dried compressed pellet, 

which can be redistributed in less than a few milliliters of water. This method is used by local non-

profit PATH in a method producing freeze-dried fast-dissolving tablet (FDT) of HIV antiretroviral 

medication, with much success in creating a stable transportation form, yet a small and liquid 

consumable form17. While these FDT’s are transportable and consumable, they are not taste 

masked, but with some planning for the liquid that is to be freeze dried, the rehydrated solution 

given to the child can be taste masked. The liquid itself needs to have the bitter API in an 

encapsulated structure that can survive the freeze-drying process. This can be done through 

stabilized emulsions, with the drug enclosed within coated droplets. With some testing on different 

surfactants, a coating can be designed that will prevent the contents of the droplet from leaching 

out, as well as stabilize the droplets through freeze drying. This coating would also allow for the 

bitter API-laden solvent to completely bypass the taste receptors as shown in Figure 9.1 below. 
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Figure 9.1: Schematic hypothesis of an unmasked bitter drug binding with taste receptors and an 

emulsified masked drug upon consumption avoiding all of the taste receptors. 

To reduce the final dose volume to a minimum, the drug loading capability of the solvent 

in the interior of the droplet must be maximized. This can be done with a Natural Deep Eutectic 

Solvent (NaDES), a subset of specially designed materials called Deep Eutectic Solvents (DES). 

A simple binary DES is composed of two components, which when mixed and melted display 

different properties than the two components do separately. The most recorded, and property of 

interest, is the melting temperature of the final DES18,19. When the two components are melted, 

they form complex and strong hydrogen bonds, which modifies the final solvent structure and 

lowers the melting point of the final solution below the melting point of either component. NaDES 

rely on components that are naturally derived, and for edible purposes are typically much safer, as 

most of the individual components are already approved as FDA food safe components18,20–22. 

Other than the natural origin, and some additional bonding pair opportunities, DES and NaDES 

display very similar properties. With slight modifications, a simple NaDES can be expanded to use 

quinine (or any other API with hydrogen bonding capability) for a third component, increasing the 

complexity of the system, but vastly increasing the concentration of drug in the solvent. As 

opposed to a normal solvent simply dissolving the maximum amount of the API, the solvent can 

instead be built using the API as a vital component, removing the constraints of solubility. This 

also allows for the solvent to be created below the melting point of the drug (57 ⁰C) and, with 

refinements to the other components, allows for the solvent to be liquid at room temperature. The 

final NaDES formulation allows for more of the drug to be added into the system - increasing the 

drug loading, and subsequently lowering the volume of the final solution needed per a tablet dose.  

Initial experimentation has been done to determine a few component possibilities and to 

observe how viscosity (and the correlating melting temperature) varies with component ratio 

differences. In a system using lactic acid, fructose, and quinine as the three components, various 

ratios of the three components have created NaDES with high drug loading in some– up to 41 wt 

% quinine – and low viscosity in others. This investigation into possible solvents only touches the 

surface of an incredibly diverse component space. For NaDES, possible components include 

carboxylic acids, sugars, amino acids, urea-based compounds, organic cations, and metal 

carboxylate salts, with most of these compounds able to bond to each other as well to other 

compounds within their category20. Along with the vast number of combinations of components, 
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different ratios of each component create DES’s with different properties, expanding the large 

testing space of ternary components to an even larger range. While, through simple sample testing, 

promising components can be identified, the testing needs to match the scope of the sample space 

being tested upon. Additional focused research addressing this large sample space is addressed in 

the next subsection (9.2 - Phase-IR: High Throughput Phase Analysis) 

With the optimized proposed solvents, the next step is to envelop the drug loaded solvent 

with a coating that would prevent leaching of the drug into the mouth. A way to do this is with 

surfactant stabilized emulsions. Emulsions are a type of colloidal suspension of two liquids, 

usually with an oil phase liquid and a water phase liquid23,24. These emulsions take the form of 

micron sized droplets of one of the components, suspended in the other component as a continuous 

phase. In this case, the solvent will be isolated within the droplets, enveloped by a thin shell of 

surfactant, and surrounded by the other liquid as the continuous phase (Figure 9.2)25–27. The most 

economical setup will be with a hydrophobic (oil-phase) solvent, a food-safe polymer or gelling 

agent, and a water-based continuous phase. Preliminary tests, done in a food safe lab with an edible 

analog and mechanical emulsification, succeeded in completely covering the taste of the chosen 

analog, jalapeño oil. Additional preliminary tests have been done with using quinine loaded 

NaDES and spontaneous emulsification. A NaDES formed from proline, oleic acid, and quinine 

was dissolved in methanol, which was added to an excess of water, causing turbidity in water, 

signaling an emulsion is present.  

Once a surfactant stabilized emulsion is created, regardless of method of emulsification, 

the final flexible formulation still needs to be created, and stability confirmed. Similar methods as 

proposed are used at PATH to create freeze-dried tablets17. Their use of a freeze dryer to create 

small capsules that can easily be rehydrated in a small amount of water, allows for the drug to be 

easily shipped through inhospitable conditions with no refrigeration. With a strong polymer 

coating around the solvent, the droplets can be centrifuged from the continuous phase and using a 

lyophilizer, or freeze dryer, stabilized into an FDT. The dried mixture consists of polymer 

stabilized solvent droplets, which when re-dispersed in a few milliliters of water, will re-form the 

taste masked emulsion. Data collected at the national institute for Technology and Standards 

(NIST) neutron scattering facility is presented in Figure 9.2. The freeze-dried formulation was 

measured at various stages in the processing, including freshly made without stabilization, with 

stabilization before centrifugation, after centrifugation, and after freeze drying and rehydration. 
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These stages encompass the identified points where extreme stresses are placed on the system, and 

emulsion breakage and formulation failure can occur. As we can see from the data, an emulsion is 

formed both with and without the F88 stabilization polymer. Over the centrifugation step we see a 

decrease in the feature around 0.003Å-1, indicative of a small breakage of droplets, or the removal 

of excess material that was not used in the emulsification or stabilization. The emulsions do remain 

post centrifugation which is key. The next step is to freeze dry the solution, transport it (in this 

case across the country to NIST), and rehydrate it into a liquid mixture. When comparing the 

scattering curves of the rehydrated emulsion to the post centrifuged emulsion we see another drop 

in intensity, indicating that a portion of the droplets did not survive the harsh lyophilization 

process. While a portion of the droplets broke, there is a still clear emulsion that remains and is 

stabilized and encapsulated. This data is preliminary and further experimentation would be 

necessary to determine the specifics of the loss, breakages, and remaining solution, as well as ways 

to optimize the formulation, but these results show promise.  

 

Figure 9.2: Neutron scattering data collected from NIST illustrating the emulsion state at various 

stages in the processing method, including emulsion creation, stabilization, centrifugation, 

lyophilization, and rehydration.  
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Once the final formulation is created, testing of the efficacy of the drug is vital. If the 

formulation does not work, the taste does not matter in the end. Multiple lab experimentations are 

possible, as shown in various pharmaceutical research papers28. Using a dialysis bag technique 

with a solution mimicking a pH 7 saliva, the ability of a drug to dissolve in the mouth can be tested. 

If a formulation dissolves in the mouth, then the drug can be tasted. The formulation should also 

be tested in a pH 1.5 solution, mimicking a stomach acid environment, where the drug should 

break down to be distributed into the bloodstream to work. Further tests are recommended in 

animals, testing the blood plasma levels within set times of drug administration, ensuring that the 

additions of natural components do not interfere with the API’s ability to work. There are measures 

that can be taken to aid this process, such as ensuring the separate components have no ill effects, 

and removing excipients that would interfere with the drugs ability to disperse both in stomach 

acids, and in the blood. None of these steps were tested with the proposed formulation and would 

need to be in order to ensure viability for application.  

Implementing this formulation is complex and requires careful optimization. Each stage of 

the process is interconnected, as the properties of the solvent affect if spontaneous emulsification 

is even possible or a different method of taste masking is needed. For example, spontaneous 

emulsification and freeze drying is currently considered to be the optimal route, so when designing 

the solvent an emphasis should be placed on water-immiscibility. This whole process consideration 

should encourage an optimized process, but if a water-miscible solvent is created with remarkably 

high drug loading and low melting point, auxiliary plans for taste masking and stabilization are in 

place. This flexibility and optimization potential is a benefit as it also allows for modularity, as 

through adjustments to the solvent different API’s can be implemented into the NaDES but requires 

more work to ensure an efficient formulation. Measures of success also need to be taken, including 

pharmacokinetic efficacy, completeness of taste masking, and stability of the freeze-dried tablet 

through long transport and storage.  

9.2 Phase-IR: High Throughput Phase Analysis 

The work presented in this section is also reported in the following publication: 

Rodriguez, J*, Politi, M*, Scheiwiller, S, Bonageri, S, Adler, S, Beck, D and Pozzo, LD. 

2021. PhasIR: An Instrumentation and Analysis Software for High-throughput Phase Transition 

Temperature Measurements. Journal of Open Hardware, 5(1): 6, pp. 1–13. DOI: 

https://doi.org/10.5334/joh.3929 
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The author would like to acknowledge the significant contributions of coauthors for the 

following work and makes no claim of sole contribution to the data. All sections included here are 

for clarity and a comprehensive understanding of the work, and more information can be found in 

the above publication.  

9.2.1 Introduction 

Thermal analysis consists of determining melting/boiling points, phase transitions, 

contamination, and stability. These metrics are integral to material development in many fields, 

including pharmaceuticals30,31, electronics32–34, polymers35–37, and food science38–40. Instruments 

typically used to for this analysis include differential scanning calorimetry (DSC) and differential 

thermal analysis (DTA), which compare a sample and reference under identical thermal cycles41. 

The measurements are precise, but are often slow, with a single sample taking upwards of an hour 

to run, and multi-cycle runs taking many hours. For small batches of samples, the time needed is 

not a deterrent, but in fields where the sample pool is large, running all the samples with a DSC 

becomes unreasonable. There are add-ons to these instruments that allow for automated sample 

measurement, but while this reduces the work of the researcher, the time frame remains lengthy. 

Therefore, these instruments are not conducive to high-throughput experimentation, inhibiting the 

use of a powerful materials discovery tool, especially when paired with data science and machine 

learning algorithms42–46. Other researchers have proposed methods of thermal analysis that may 

be more conducive to high throughput experimentation using infrared (IR) cameras. Kawakami et 

al introduced this method using an IR camera to observe the melting of common active 

pharmaceutical agents on a hotplate and was able to determine melting points from a spike in 

temperature of the sample due to an increase in thermal conductivity upon melting47. Other 

researchers, such as Hou et al. expanded on this method using custom aluminum pans with multiple 

wells to sample multiple materials at once48. These methods have established a proof-of-concept 

for high-throughput measurement of phase change using IR cameras, but an accessible hardware 

and software system is not currently available. We set out to develop an effective, low-cost, lab-

customizable platform for measurement, detection, and analysis of phase transitions that can be 

used to measure and quantify large sample sets at one time. 

9.2.2 PhaseIR Platform 

The PhaseIR platform encompasses both the hardware and software needs for the 

experiment. The goal of the platform is to provide an instrument capable of performing accurate 
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high-throughput measurement of the thermal information of a sample set as well as the software 

necessary to run, collect, process, and quickly analyze the data. All of the resources are provided, 

and the system is able to be modified by the researcher to account for sample specific or need 

specific changes.  

9.2.2.1 Full Design Overview  

 

Figure 9.3: Overview of the PhaseIR system. a) show the full system as set up for use, b) is a close 

up of the FLIR Lepton 3.5 camera which collects the IR data from the samples, c) is a close up of 

the Raspberry pi powered computer with software GUI for running, d) is a close up of the sample 

location on top of the hotplate with an alignment grid and aluminum well plate where the samples 

are melted.  
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The PhaseIR system was designed to be easily constructable and inexpensive, so all parts 

are either individually purchased commercially, machined, or 3D-printed. The total cost of the 

system at the time it was built was $1,800. The system utilizes a FLIR Lepton 3.5 IR camera placed 

at a fixed position above an Echotherm IC25 Peltier plate with a sample holder. The sample holder 

consists of a machined aluminum well plate, with options for 96, 48, or 24 conical sample 

locations, and a 3D-printed Acrylonitrile Butadiene Styrene (ABS) sample enclosure for consistent 

placement of the well plates below the camera. The conical wells and ABS enclosure aids in sample 

positioning, ensuring that the location of the sample is known, and the data is streamlined for 

analysis. During the measurement, the IR camera records the entire plate, and each frame of the 

recording is saved in a collected HDF5 file. The data file is then processed by the accompanying 

open-source software package, and, like DTA techniques, the sample temperature is compared to 

a reference point on the black anodized aluminum plate to determine phase information30.  

9.2.2.2 Hardware Specifics 

We utilized a FLIR Lepton 3.5 Radiometric IR camera procured from GroupGets to capture 

thermal processes occurring because of the simultaneous heating/cooling of samples in parallel. 

The dynamic range of this camera varies from –10°C to +140°C in high-gain mode and –10°C to 

+400°C in low-gain mode, with radiometric accuracy of 5% and 10%, respectively. This is 

adequate for capturing a wide range of phase transitions occurring in organic materials and covers 

the entire operable range of the chosen heating/cooling plate. The image size obtained from the 

Lepton 3.5 is 160 × 120 pixels. The Lepton 3.5 camera core was integrated with the PureThermal 

2 Smart I/O module procured from GroupGets to interface as a USB webcam, Figure 3c. The 

Lepton 3.5 and PureThermal 2 board were both enclosed in a case that was also provided by 

GroupGets. To obtain a collection of thermal images and save them using the IR camera, the open-

source software purethermal1-uvc-capture available on Github was used49. This software starts the 

camera, obtains a real-time frame of the system, records and saves the data collected into an .HDF5 

file, all from the same window. The well plates were designed from 6061 black anodized aluminum 

bars procured from McMaster Carr (#7083T47) with length, width, and height dimensions of 12 × 

6 × 0.5 inches (30.48 × 15.24 × 1.27 cm). These aluminum bars were anodized with black dye to 

maximize the emissivity and minimize reflectivity of the system, which is critical for the IR camera 

to obtain a proper radiometric measurement. A Tormach 1100M CNC mill was used to machine 

the aluminum bars into the approximate length and width of the ANSI/SLAS standard microplates 
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that are routinely used in biotech analyses, 5” by 3.4” (12.7 by 8.64 cm). Three well plates can be 

obtained from each stock piece of aluminum. Plate designs with 96, 48, and 24 conical wells were 

machined. The wells were machined specifically with a 90-degree countersink end mill. As for the 

heating element, a Torrey Pines Scientific Inc. Echotherm IC25 Chilling/Heating Peltier plate was 

used but other heating/cooling plates would also be suitable to use with minor modifications to the 

camera and plate stabilization hardware design. The operable temperature range for this Echotherm 

plate is between –10°C to +100°C. The rectangular active heating element on the Echotherm 

measures approximately 4.3” by 2.8” (10.92 by 7.11 cm) which is very similar to the size of the 

designed well plates, making it ideal for integration into the PhasIR system. Changes to the heating 

element may also require changes to the IR camera (increasing measurable range for high 

temperature samples) and enclosure material (preventing deformation at high temperatures). A 3-

D printed enclosure was secured to the Echotherm via screws on the main body. This helps to hold 

the aluminum well plate in a consistent position during the entire measurement, prevents 

movements of the IR camera after it is locked in place, and provides thermal insulation on the sides 

of the aluminum plates to minimize lateral temperature gradients. The enclosure was printed from 

ABS filament, which is heat resistant to ~100°C with no noticeable deformation. Poly-lactic-acid 

(PLA) would not be suitable due to its low temperature stability. A 19-inch (48.26 cm) V-slot 

aluminum extrusion was used and secured vertically to the enclosure via a dedicated 3D-printed 

slot, which allows the Lepton 3.5 to be mounted facing directly above the aluminum well plate. 

The mount can be easily adjusted to give the Lepton 3.5 a larger or smaller field of view. At the 

top of the V-slot rail, a Raspberry Pi 3 B+ and the standard 7” (17.8 cm) touch-screen display is 

mounted in an additional 3D printed enclosure. This integration allows the entire data collection 

process to be interfaced and initiated without the need for an additional computer. 

STL files for 3D printing and machining, as well as a full list of materials can be found on 

the GitHub repository: https://github.com/pozzo-research-group/phasIR. 

9.2.2.3 Software Specifics 

The PhasIR hardware is accompanied by an open-source Python-based package that allows 

for high-throughput analysis of the output video from the IR camera. The package is designed to 

streamline the data exploration by allowing the user to extract and analyze the results directly from 

a Jupyter Notebook. The open-source package can be divided into two main sections: image 

analysis and thermal analysis. The former module allows for the initial analysis of the frames that 
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are collected by the IR camera. The image can be cropped and resized to remove any objects in 

the field of view that are neither samples nor part of the well plate (e.g., insulating plastic 

enclosures). Next the position of the wells containing the samples can be obtained automatically 

or selected manually on a sample frame. The average sample temperature is obtained from the 

average pixel values across a circular region of variable diameter that is positioned around each 

well’s centroid across all frames of the video. For each well identified in the image, the plate 

temperature is identified as four equidistant points placed diagonally with respect to the well 

centroid. The latter module allows us to measure the temperature profile for each well and to 

analyze the curve, plotted relative to the plate temperature, to identify the phase transition 

temperature of each sample. Finally, the phase transition point is then obtained by identifying the 

onset of the peak that is formed by the curve that is obtained when subtracting the plate temperature 

from each sample temperature. This information can then be extracted and saved for further 

analysis.  

Examples and further documentation of the open-source package can be found on the 

GitHub repository: https://github.com/pozzo-research-group/phasIR. 

9.2.3 Experimental Validation 

Results from PhaseIR were compared to samples run in the industry standard for thermal 

analysis, the DSC. A TA Discovery 2500 DSC with auto sampling capabilities was used to identify 

the melting point of a selection of materials, which were then duplicated in the PhaseIR system. 

The PhaseIR run was completed in under 15 minutes, compared to the over 5 hours needed for the 

DSC. For pure substances run in both instruments, the results are within experimental error, with 

the highest discrepancy being less than 10%, which is below the temperature accuracy limit 

reported by the IR camera. All measurements were performed in triplicate on 24-well plates. We 

also tested the precision of the PhaseIR system by performing 24 measurements each of xylitol 

and candelilla wax on the 48-well plate. The results change minimally across the plate and help to 

ensure that the location of the sample does not affect the temperature measurement. 
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Figure 9.4: a) collected Differential Scanning Calorimetry data for substances of interest, with 

melting points marked for each material b) PhaseIR data for the substances of interest, with melting 

points and deviation marked for each material. 

Sample DSC PhaseIR Literature Reference 

[-] [⁰C] [⁰C] [⁰C] [-] 

Candella Wax 61 59.4 ± 1.2 68-72 [ref]50 

Dodecanoic Acid 43.9 44.9 ± 0.9 44-46 [ref]51 

Phenylpropinoic Acid 48.1 49.4 ± 1.3 45-48 [ref]52 

Phenylacetic Acid 77.1 73.8 ± 0.42 76-78 [ref]53 

Table 9.1:  Table with materials of interest, the DSC value, the phase IR value with deviation, the 

literature values observed for the material, and reference information for the materials.  

9.2.4 Conclusions  

We have successfully created an effective, low-cost platform for high-throughput thermal 

analysis, with agreement to industry standard Differential Scanning Calorimetry (DSC) data. The 

PhaseIR results agree with a maximum deviation below 10%, while also being capable of 

collecting up to 96 samples of information in under 15 minutes. This is monumentally faster than 

a single DSC measurement taking upwards of an hour for a single sample. We have also shown 

the successful use of an IR camera with aluminum well plates to automatically detect and measure 

phase transition information for pure organic substances and binary mixture deep eutectic solvents. 
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This suggests adaptability to further samples and expands the use of the system to samples not 

considered in this work. With the open-source nature of the PhaseIR system, we hope that other 

users can modify and refine the package and hardware to their specific needs and improve the 

space for high-throughput techniques. 

9.3 Primary Peak Shifting Observed in PS-PI-PS/P3HT Blends 

9.3.1 Data Status 

During the process of data collection for the elastomer projects, a series of triplicates were 

run at Argonne Photon Source (APS) on the USAXS instrument. The triplicates agreed with each 

other and became the backbone of the elastomer blends work for much of the project. As further 

experiments were conducted to probe other processing conditions, trends that were observed in the 

initial triplicate set were not repeated in other samples prepared to probe annealing and temperature 

sensitivity. Further samples were made to determine the cause of the trend difference, but no 

definite cause was found. Samples that were used to discount causes are presented in (Chapter 4 

and 5) highlighting material, temporal, and thermal changes, and their effect on the system. A 

selection of samples is shown in Figure 9.5. This includes the triplicate samples focused on in this 

section as well as samples discussed in previous chapters, all processed identically, which shows 

the difference in trend for the sets. As seen in Figure 9.5a, at low weight percents of RRe-P3HT 

there is not a large difference visually between the samples, but above 10 wt% there emerges a 

large shift and flattening in the triplicate samples that is not observed in the other sample sets. In 

the RRa-P3HT (Figure 9.5b) samples the samples are more consistent and seem to be within the 

normal range of morphological differences observed. The PS-PI-PS control samples are also 

consistent over the replicates.  
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Figure 9.5: Comparisons of data collected in triplicate at the Argonne photon source (APS) for a) 

RRe-P3HT and b) RRa-P3HT alongside a selection of samples that were processed/treated in the 

same way.  

While it appears the break from trend seems to be isolated to the RRe-P3HT blends, the 

entire sample set will be addressed here. The trends observed in the triplicate data are 

morphologically interesting and have promise to be conductively impactful, so this data is 

presented here alongside a caveat that while the observations within the set are precise the cause 

of trend is unknown at this time.  

9.3.2 Materials and Methods 

9.3.2.1 Materials 

Regio-random poly(3-hexylthiophene) (RRa-P3HT) (MW = 63 kg mol-1, D = 2.4, Product 

4007) and Regio-regular poly(3-hexylthiophene (RRe-P3HT) (MW = 65 kg mol-1, D = 2.4, RR = 

95, Product RMI-001EE) were purchased from Rieke Metals (Lincoln, NE USA). Polystyrene-

block-Polyisoprene-block-Polystyrene (PS-PI-PS) was purchased from Aldrich Chemistry (St. 

Louis, MO USA). The PS-PI-PS polymer is a 22% styrene 𝐴ଶଶଽ𝐵ଶସଽ଴𝐴ଶଶଽ  tri-block-copolymer 

with a molecular weight of 217,000 as determined using Gel permeation chromatography (GPC). 

Chloroform was purchased from Fisher Chemical (Waltham, MA USA). For SANS experiments, 
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fully deuterated Chloroform was purchased from Cambridge Isotope Laboratories, Inc. 

(Tewksbury, MA USA). All chemicals were used as received.  

The same RRa-P3HT and PS-PI-PS were used in the experiments discussed in Chapter 4 

and 5, but a different RRe-P3HT was used. Material specifics were explored and determined to 

not be the cause of trend differences. Replicates were also reproduced using identical RRe-P3HT 

but still resulted in differences in results from the initial triplicated set.  

9.3.2.2 Solid Blend Heat Pressed Film Preparation 

All solid blend films were prepared in accordance with the schematic diagram shown in 

Chapter 4 and 5. Carefully weighed portions of conjugated polymer (RRe-P3HT or RRa-P3HT) 

are co-dissolved in chloroform (a good solvent for all polymers involved) at 50⁰C with the 

elastomeric commodity polymer (PS-PI-PS) until fully dissolved and homogenous54–56. The 

solutions were then poured out into equally sized, aluminum foil insulated watch glasses on top of 

a hot plate heated to 50⁰C and then covered to achieve a slow solvent evaporation. The samples 

were left to evaporate for an hour until fully dry, peeled off the watch glass, and left in a fume 

hood to off gas any remaining solvent in the system overnight. The dry polymer blend was then 

heat pressed using a D16 Digital Combo Swing-Away Press from Geo Knight & Co (Brockton, 

MA). The polymers are pressed between steel precision shims from McMaster Carr (Elmhurst, IL) 

with a thickness of 254 µm and an inner diameter of 15mm at 150⁰C. During pressing, each sample 

was sandwiched between thermally conductive Kapton and two polished stainless-steel plates to 

create a smooth and even film. The film was cut, stacked, and pressed three additional times for 5 

min, 5 min, 10 min respectively, then allowed to cool slowly to room temperature for 30 minutes. 

This repeat pressing process was used to ensure that samples were uniform. The films were then 

gently removed from the metal shims and stored at room temperature for measurements.  

9.3.2.4 UV-VIS 

A Thermo Scientific (Waltham, MA, USA) Evolution 300 UV-Visible spectrophotometer 

was used to measure and confirm the actual concentration of solid films after preparation. To 

ensure the models and conclusions drawn are accurate to the actual concentrations of the measured 

films, weighed portions of the solid samples were re-dissolved into chlorobenzene. The UV-Visible 

absorption was measured, and the actual concentrations were calculated from a reference 

calibration curve using the primary absorption peak of P3HT at 450nm. 
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9.3.2.5 USAXS and SAXS 

USAXS and SAXS/WAXS data for samples were collected at the 9ID and the 12ID 

beamline at the Advanced Photon Source at Argonne National Laboratory57. USAXS data was 

collected in the Bonse-Hart configuration using Si [200] crystals in the standard instrument 

configuration. The instrument used an intense X-ray beam of 21 keV and a beam size of 0.8 × 0.8 

mm with a flux density of approximately 5 × 10 photons/s/mm2. Pinhole SAXS and WAXS data 

were also collected with exposure times of 10 s each, while USAXS was collected with exposure 

times of 80 s. Samples were mounted using custom-designed 3D-printed 48-sample frames58 that 

enabled execution of remote experiments during COVID-19-constrained access. The sample 

chamber was held under vacuum at ambient temperature (approx. 20 °C) during all measurements. 

USAXS, SAXS and WAXS data were reduced, de-smeared (USAXS), and set to absolute intensity 

units using the Nika package59 for Igor Pro60. This package was also used to combine the ‘pinhole’ 

data from the SAXS and WAXS detectors to produce datasets that will be referred to as ‘WAXS 

data’ for the remainder of the work. Analysis of WAXS data was performed using the 

SasView61/sasmodels62  and bumps63 packages for Python.  

SAXS and WAXS data for the same samples were also collected at the University of 

Washington using a Xenocs (Grenoble, France) Xeuss 3.0 SAXS instrument. This is a pinhole 

collimated laboratory SAXS instrument with a copper x-ray source. Samples were collected in 

three modes at various sample-detector distances to collect the full accessible Q range. The 

‘WAXS’ data (sample to detector distance of 0.07m) was collected for 60s, ‘SAXS’ (sample to 

detector distance of 0.9m) for 60s, and ‘ESAXS’ (sample to detector distance of 1.8m) for 300 

seconds, while mounted in a 48-sample holder. The data was merged into a combined dataset that 

will be referred to as ‘SAXS data’ through this work. The sample chamber was held under vacuum 

at ambient temperature (approx. 20 °C) for all measurements. Reduction and analysis of all data 

was performed using XSACT, the Xenocs supported software provided with the instrument. 

Analysis was then conducted using SasView61/sasmodels62  and bumps63 packages for Python. 

9.3.2.5 Data Analysis 

Once fully reduced, data is exported, and further analysis is conducted using 

SasView61/sasmodels62  and bumps63 packages for Python. Features in both the USAXS and SAXS 

data are fit with shape independent models to extract parameters of the features. A low-Q feature 
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(Figure 3) in the USAXS regime, associated to polymer phase segregation, was fit using the 

Guinier-Porod64 combined model as described in chapter 2.  

The prominent primary peak in the SAXS data (Figure 3), which corresponds to the 

nanometer scale self-segregation of the block-copolymer matrix, was fit using a generalized broad 

peak model65.  

WAXS data are fitted using a combination of Gaussian functions corresponding to each of 

the peaks observed in the system. First, three broad peaks are fit corresponding to the copolymer 

matrix peak, the conjugated polymer amorphous peak, and a broad background. Subsequently, the 

narrower lamellar and π-stacking peaks corresponding to the crystallized fraction of the 

polythiophene fraction are fit while being constrained to Q-ranges of .25Åିଵ-.35 Åିଵ and 1.6-

Åିଵ1.7 Åିଵ respectively.  

All analysis and modeling of the UV-VIS, DSC, USAXS, SAXS, WAXS and SANS data 

was performed using Python 3, which aids in reproducibility, while the use of 

SasView61/sasmodels62  and bumps63 packages for Python, allows for rapid and easily adjustable 

fitting of the data sets. 

9.3.3 Analysis and Discussion 

9.3.3.1 Analysis 

We split the data into three regions, each covering a different scale of polymer film 

morphology and together covering the full scope of the impacts of the conjugated polymer additive 

on the structure of the elastomeric template. The low-Q USAXS region shows emerging features 

(i.e., a broad ‘hump’) with the addition of higher weight percentages of conjugated polymer (either 

Regio-regular or Regio-random) which suggest large-scale formations of phase-separated regions. 

Mid-Q features in the SAXS region are dominated by the emergence of a prominent peak around 

0.018Åିଵ, which corresponds to a characteristic distance of ~350Å. This peak is present in all 

samples that are collected, including the pure PS-PI-PS matrix, and it is attributed to the 

characteristic spacing of the ordered structure of the PS and the PI blocks. From experiments 

shown in Chapter 4, we have determined the structure of high temperature processed samples to 

be variable but consist of hexagonally packed cylinder with various levels of mixed phase. For 

more information, refer to Chapter 4. We anticipate that the structural trend remains the same, with 

larger events of mixed phases, and will address the structure as so in this section. With the addition 

of conjugated polymers, we see this characteristic peak shift and change in shape, suggesting the 
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structure is affected by the integration of the conjugated polymer in the blend. Finally, at high-Q 

(i.e., WAXS region) we observe the structure at the smallest molecular and atomic scales. This 

region allows us to determine changes in the crystallinity of the components that make up the 

composite polymer blend. The PS-PI-PS matrix has peaks characteristic to an amorphous structure 

but does not display narrow peaks that are typically attributed to crystallinity. When semi-

crystalline RRe-P3HT is added, we see the emergence of two new narrow peaks that correspond 

well to the lamellar and π-stacking peaks that are commonly observed in the literature and that 

allow us to calculate the extent of crystallinity66,67.  
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Figure 9.6: Full Q range of SAXS data collected on a pure PS-PI-PS matrix sample (black) and a 

5 weight percent RRe-P3HT composite blend (blue) from 10ିସÅିଵ  to 3 Åିଵ . Peaks and features 

of interest have been marked and inset provide scale for each feature observed.  

In the SAXS data range, we observe a characteristic peak corresponding to the PS and PI 

hexagonally packed cylinder structure. The two polymer blocks in the elastomer do not have 

thermodynamically favorable interactions, and segregate into self-defined regions as established 

for SIS block copolymers68–71. With the addition of the CP, we see that there are shifts to the peak 

location and the peak width as shown in a selection of representative samples in Figure 9.7. As 

seen in Figure 9.7, the addition of the semicrystalline conjugated polymer (RRe-P3HT) causes a 

sizable shift towards low-Q, indicating a growing distance between segregated blocks, and a 

widening of the peak as the content of CP is increased. Also notable is the abrupt peak shift and 

peak widening that is observed in samples containing RRe-P3HT additives between concentrations 

of 6.7 wt% and 10.7 wt%. In contrast, when the amorphous RRa-P3HT is added (Figure 9.7d), 

we observe a different trend. There are no visibly large changes in either the peak location or the 

peak width as a function of RRa-P3HT additive concentration.  

To quantify these observations, we fit all the data with a broad peak model. During fitting, 

we fix the Porod exponent to 4, which fits the data and is appropriate for smooth interfaces between 

domains. Phase-separated polymer blends typically form sharp interfaces67 and initial 

unconstrained fits show the Porod exponent trending towards 4 in agreement with literature. All 

other parameters are allowed to vary within reasonable ranges and the primary parameters of 

interest are the peak location and the Lorentzian length, which describes the peak width. The fits 

for the peak location and Lorentzian length are plotted against weight percent with error bars 

determined by standard deviation from three or more replicate samples at the same weight percent 

of additive. Horizontal error bars represent fluctuations between the target CP concentration in 

preparation, and the actual concentration as determined from UV-Vis measurements. The peak 

location for the semi-crystalline blends drops in Q rapidly (suggesting a rise in the repeat spacing) 

before leveling out past 10 weight percent. The RRa-P3HT blend, which is amorphous, shows a 

very small growth in repeat spacing with the addition of a small amount of conjugated polymer, 

but little or no further increase with increasing weight percent. The Lorentzian length is related to 

the extent of order in the matrix polymer with shorter lengths indicating wider peaks and a more 

disordered phase structure. We see the peak widths for semi-crystalline RRe-P3HT blends fluctuate 
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initially and even seem to sharpen until the 10 wt% RRe-P3HT blend sample before dropping 

considerably for the highest weight percent samples. In the case of RRa-P3HT blends, the 

Lorentzian length drops slightly, relative to the neat PS-PI-PS matrix, with the addition of 

conjugated polymer, but remains relatively constant with the addition of increasing weight 

percentages.   

 

Figure 9.7: SAXS regime plots with broad peak fits of(a) Regio-regular P3HT and PS-PI-PS 

blends from 0-20 weight percent of conjugated polymer and b) Regio-random P3HT and PS-PI-

PS blends from 0 – 15 weight percent of conjugated polymer. Parameter plots of c) peak location 

and d) peak width are plotted with both conjugated polymer series.  
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Figure 9.8: USAXS regime plots with Guinier-Porod fits of a) Regio-regular P3HT and PS-PI-PS 

blends from 0-20 weight percent of conjugated polymer and b) Regio-random P3HT and PS-PI-

PS blends from 0 – 15 weight percent of conjugated polymer. Parameter plots of c) radius of 

gyration and d) dimensionality coefficient is plotted with both conjugated polymer series. 

Changes are also observed in the low-Q feature that is observed in the USAXS regime for 

blend samples. All data shown in the USAXS dataset was collected at APS 9-ID USAXS beamline. 

As seen in Figure 9.8a, the control does not display any features in this length scale, but the 

addition of semi-crystalline RRe-P3HT at concentrations of 2.5 wt% or greater creates a prominent 

feature that is indicative of large-scale phase separation. As the CP concentration is increased, the 

feature shifts further towards lower Q, indicating that the characteristic length scale is growing. At 

and above 12.5 wt% of RRe-P3HT loading, there is a noticeable shift towards high-Q before 

shifting again towards low-Q with increasing CP loading. Interestingly, this shift corresponds to 

the loss of order and significant shift in the matrix lamellar spacing that is observed in the SAXS 
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regime (Figure 9.7a). This suggests that there is a large-scale phase-separation process that begins 

with the addition of RRe-P3HT, growing steadily until a shift occurs at ~10 wt%. This USAXS 

feature is also observed in amorphous CP additions (Figure 9.8d) although higher weight 

percentages of CP are needed to form the feature. As increasing amounts of RRa-P3HT are added, 

the feature again shifts towards low-Q, but there is no ‘transition’ towards high-Q observed in the 

loading range that was measured. This phase separation feature has also been observed for CP 

blends with PS homopolymers67. 

The USAXS feature fits well with a Guinier-Porod model, allowing for the quantitative 

extraction of parameters of interest. As before, the Porod exponent is fixed to 4, which is typical 

for sharp interfaces and was also found to be appropriate for the data. The radius of gyration, which 

is a general metric of domain size, and the dimensionality coefficient, which is as a metric of shape, 

are obtained and plotted against the loading of CP in Figure 9.8. We see similar trends in both 

domain size and shape, for both conjugated polymers we worked with. As seen in Figure 9.8b, the 

radius of gyration for the RRe-P3HT features, which is in the range of 100’s of nanometers, grows 

rapidly before peaking around 7.5 wt%, dropping and leveling out for the highest weight percent 

samples. The RRa-P3HT samples grow steadily in an almost linear fashion. For both polymers, 

lines are added to guide the eye, not as a fit.  

In Figure 9.8c, we see similar trends for the shape or dimensionality parameter ‘s’. The 

dimensionality variable describes the shape characteristics of the feature and ranges from 1 (rods) 

to 2 (plates). For both types of CPs, the phase-separated domains tend from more one-dimensional 

to a more two-dimensional or ‘platelike’ shape. However, the dimensionality parameter for RRe-

P3HT increases more rapidly with increased loading before leveling out at s ~ 1.5 at the highest 

concentrations.  
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Figure 9.9: WAXS data collected of a) Regio-regular P3HT and PS-PI-PS blends from 0-20 

weight percent of conjugated polymer normalized to the amorphous peak. Inset shows P3HT 

crystal structure. Each WAXS signal was fit with six gaussian curves, as seen in representative 

plot b). The ratio of the peak heights of the π-stacking and lamellar peaks is plotted for the RRe-

P3HT blend series c).  

Finally, at very high-Q, we analyze WAXS data from APS 12-ID-C SAXS beamline. This 

region allows for analysis of variations in the extent of crystallinity of the conjugated polymer 

component within the blends. The data is normalized to the amorphous peak at 1.4 Åିଵ, and the 

peaks of interest for the P3HT are the lamellar peak at ~0.4 Åିଵ and the π-stacking peak at ~1.7 

Åିଵ. The RRa-P3HT data is not shown as no lamellar or π-stacking peaks are present due to the 

lack of crystallinity in a fully amorphous blend. Fits are performed using six simultaneously fit 

gaussian functions as shown in Figure 9.9b, with the intensities being extracted for the two 

primary peaks of interest. The ratio of these peaks, which is related to the relative crystallization 

in the lamellar vs. π-stacking directions, is plotted against weight percent loading of P3HT to assess 

changes in the crystallization within the blends. Notably, the ratio of the two peaks does not change 

considerably with the addition of more conjugated polymer. 
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9.3.3.2 Discussion 

X-ray scattering shows that the addition of a conjugated polymer additive changes the 

structure of the template as summarized in Figure 9.10. Samples of pure elastomer show clear 

structure that is, as determined in Chapter 4, hexagonally packed cylinders (SAXS region) and no 

evidence of large-scale phase-segregation (USAXS region), which was maintained through 

multiple samples. When P3HT is added to form the composite blend, there are signs of an 

expanding cylinder spacing (SAXS). This suggests that some or all the RRe-P3HT conjugated 

polymer additive is incorporated into the block copolymer elastomer template structure, pushing 

the cylinders apart, which results in the expansion of the periodic structure. As the concentration 

of RRe-P3HT is increased, the semi-crystalline P3HT causes gradual swelling of the layers up to 

loadings of ~10 wt%, where there is a more abrupt large increase in template spacing that coincides 

with a significant loss of order. The widening peak suggests that there is increased variability in 

the characteristic domain size with the addition of the P3HT. From the high temperature samples 

in chapter 5, we anticipate this also includes phase changes to a more mixed phase. This leads us 

to believe that there is a loss of integrity in the PS-PI-PS matrix when enough P3HT has been 

added into the mixture. Perhaps a saturation point has been reached, and past that point, there is a 

steady formation of phase-separated P3HT-enriched domains that form outside of the lamellar 

template structure. The phase-separated domains emerge with the addition of between 1 and 2.5 

weight percent conjugated polymer and continue to grow as more P3HT is added to the blend until 

a maximum size is reached around 7.5 weight percent.  Around the same inflection point between 

7.5 and 10 weight percent we see a plateau of size for these domains. When more than 10 weight 

percent of conjugated polymer is added, there is no longer an increase in size or dimensionality of 

the PS-PI-PS matrix repeat structure. This suggests that with higher loadings of P3HT, the most 

favorable state for the material is to be phase separated without a strict ordering of the phases. This 

loss of ordering in the phases may be seen both in a decrease regularity of the repeat space, an 

increase in the directions the cylinders are oriented in, or the formation of large swaths of 

disordered but phase separated regions.  

Amorphous P3HT displays different trends. With the addition of any RRa-P3HT, we see a 

slight increase in the layer spacing and peak width, but there is not a significant change in either 

property with increasing amounts of conjugated polymer. With this in mind, we do not believe that 

the amorphous P3HT is incorporated in the PS-PI-PS elastomer in the same way as the stiff semi-



192 
 

crystalline polymer. Instead, the P3HT is segregating with itself, outside of the structure of the 

template. A small amount of self-associated globular aggregates may incorporate within the 

structure of the template, but that amount is constant and increasing the weight percent of 

conjugated polymer does not increase the amount of globular RRa-P3HT aggregates within the 

template. Instead, the additional polymer begins to form large amorphous domains that steadily 

increase in size and appear as features in the USAXS region. These large aggregates require a 

slightly higher weight percent to form than they do in the semi-crystalline blends but show a steady 

increase in the size without an apparent plateau in the range measured.  

 

Figure 9.10: Initial schematic of morphological changes of a PS-PI-PS template with the addition 

of increasing weight percents of a) RRe-P3HT or b) RRa-P3HT 

9.3.4 Next Steps 

A series of experiments were conducted to check possible variables that may have changed 

the behavior between the APS triplicate set and later samples. These variables include P3HT lot 

(Chapter 4), pressing temperature (Chapter 4), pressing time (Chapter 5), solvent (Chapter 5), 

vacuum off-gassing (Chapter 5), post processing exposure to cold or hot temperatures (Chapter 5), 

remakes of selected samples using remaining triplicate P3HT, as well as redissolving and recasting 

selected triplicate samples. The recasts from the same samples showed vastly different physical 

properties and structure to any of the sample sets, most likely due to age and oxidation from air 
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exposure. The remakes showed similar trends as the other non-triplicate set with no drastic peak 

shifts. At this time there is no clear understanding of why the triplicate set had this trend whereas 

the others did not. Possible factors that have not been investigated may be related to their data 

collection at APS or changes due to steps taken during that process. The samples were made on 

campus at the University of Washington and no data/aliquots were taken from the process before 

they were packed, shipped, and flown to APS where they were run remotely during covid on high 

throughput 3d printed cartridges, packed, and shipped back to the UW where any subsequent data 

collection occurred.  

Determining the cause of why this triplet set of RRe-P3HT samples have different trends 

than subsequent sample sets would be key to understanding and utilizing this data. From 

morphological considerations, there seems to be increased incorporation of the P3HT into the 

structure of the PS-PI-PS and with enough crystallization of the RRe-P3HT, there can be clear 

avenues of charge transfer along these channels/structures. Even without a conductivity 

motivation, there is a repeatable (within set) change that displays different properties from 

identically produced samples, and in order to better understand these complex systems, identifying 

processing, material, or environmental effects can better flesh out the design space.  
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