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ABSTRACT 

Leveraging Electrostatic Interactions in Engineering Advanced Semiconducting Polymers 

by 

My Linh Le 

Semiconducting conjugated polymers (CPs) are an important class of organic electronic 

materials due to their mechanical flexibility, molecular design versatility, and compatibility 

with inexpensive and scalable processing methods. However, the limited solubility of CPs in 

most solvents and their melt intractability remain one of the key challenges in harnessing their 

optoelectronic performance. In particular, these processing limits hinder the fabrication of CPs 

into thick films and bulk structures that are required in a wide range of applications, such as 

actuators, bioelectronic scaffolds, or thermoelectric modules.  

 

Complexation between two oppositely charged polyelectrolytes offers unique opportunities 

for solvent-lean processing of semiconducting polymers, facilitated by the formation of a 

polymer-dense fluid phase known as the coacervate. Moreover, the electrostatic interactions 

in these systems provide additional handles for controlling the material’s structure and 

properties. Despite extensive investigation on coacervate of two insulating polyelectrolytes, 

studies focusing on the coacervate where at least one of the components is conjugated are 

sparse. The processability of the conjugated coacervate and the solid-state properties of the 

resulting polymer complex are still not well understood.  

 

This thesis investigates how electrostatic interactions can be leveraged to design advanced 

semiconducting polymeric materials by developing fundamental understanding on the 
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structure – processing – property relationships of charged conjugated polymer complexes. 

First, we demonstrate how electrostatic attraction between a conjugated polyelectrolyte (CPE) 

and an oppositely charged insulating polymeric ionic liquid can be utilized to formulate a 

conjugated coacervate with notably high polymer loading. We show that this coacervate can 

be easily blade coated to fabricate 𝜇m-thick films, a task that is otherwise challenging to 

achieve with conventional solution casting of semiconducting polymers. We then look into 

the solid-state structure of charged conjugated polymer complexes and examine how 

electrostatic interactions can be leveraged to control the self-assembly of this material. We 

find that manipulation of electrostatic parameters, including polymer charge fraction and 

counterion concentration, can adjust the morphology of these polymer complexes from a 

homogeneously mixed state to a weakly structured state in which the local ordering arises 

from backbone-immiscibility-induced segregation. Subsequently, we elucidate how this 

structural evolution influences the local order and interconnectivity of the CPE chains within 

these complexes. Our findings demonstrate that the structural disorders along the CPE 

backbone is alleviated in strongly mixed complexes. Charge transport on the other hand is 

improved in all morphologies, indicating the enhancement in the long-range connectivity of 

the CPE upon complexation. These studies suggest electrostatic interactions as an effective 

handle for controlling the structure and properties of charged conjugated polymer complexes 

to obtain targeted optoelectronic performance. Finally, we utilize the attractive electrostatic 

interactions to effectively combine conjugated and bottlebrush polyelectrolytes. The resulting 

material is a phase-compatible complex that is soft, stretchable, elastic, and conductive. This 

study emphasizes ionic complexation as an exciting pathway for engineering multifunctional 

polymeric materials.   
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Chapter 1 

 

Introduction 

This chapter is reproduced in part with permission from:  
 
Fredrickson, G. H., Xie, S., Edmund, J., Le, M. L., Sun, D., Grzetic, D. J., Vigil, D. L., 
Delaney, K. T., Chabinyc, M. L., Segalman, R. A. Ionic Compatibilization of Polymers. ACS 
Polym. Au 2022, 2, 299−312. DOI: 10.1021/acspolymersau.2c00026 
 
 
1.1 Fundamentals of semiconducting polymers 

Conjugated polymers, whose backbone is composed of alternating single and double bonds, 

are an emerging class of organic semiconductor due to their low cost, versatility for molecular 

modifications, superior flexibility compared to many traditional inorganic semiconductors, 

and compatibility with large-scale industrial processing protocols. The semiconducting nature 

of conjugated polymers comes from the sp2-hybridized atoms (commonly C) that make up 

their backbones.1 The π-bond in these structure is formed by sharing of an electron pair from 

the unhybridized 𝑝! orbitals between 2 neighboring atoms. In conjugated small molecules, the 

𝑝! atomic orbitals across the entire molecule overlap, forming a delocalized π-molecular 

orbital that can be described as a linear combination of the participating atomic orbitals. For 

conjugated polymer, this delocalization of π-molecular orbital can span across several repeat 

units. This is commonly referred to as the conjugation length of the polymer. As the 

conjugation length increases, the energy levels become more closely spaced, analogous to 

increasing the box side in the classical particle-in-a-box argument. This results in the band-

like electronic structure in conjugated polymers, where the highest occupied molecular orbital 
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(HOMO) is comparable to the valence band, and the lowest unoccupied molecular orbital 

(LUMO) is comparable to the conduction band in inorganic semiconducting materials.2   

 

One of the first major breakthroughs in the field of semiconducting polymers is the discovery 

of the metallic behavior of polyacetylene (structure shown in Figure 1.1a) when it is oxidized 

by halogens and halogenated oxidant.3 While being an insulator at pristine state, polyacetylene 

was shown to experience ≈ 7 orders of magnitude increase in conductivity when it is oxidized. 

While this system is considered responsible for launching of the conductive plastic field, 

studies have shifted away from polyacetylene due to its poor solution processability and poor 

stability in ambient conditions. Since then, much progress has been made on improving the 

solution processability of conjugated polymers, mostly via side-chain engineering. For 

example, polythiophene’s solution processability was imparted by the addition of alkyl side-

chains to these backbones, yielding poly(3-alkyl thiophene) (P3AT). Indeed, poly(3-alkyl 

thiophene) (P3HT) is one of the most studied semiconducting polymers to date. The inclusion 

polar side chains with oligoether or ionic groups,4–6 on the other hand, can promote dissolution 

of these hydrophobic-backbone polymers in polar organic solvents or aqueous media. These 

design strategies have expand the application of conjugated polymers to more advanced mixed 

ionic – electronic application such as in electrochemical and bio-interfacing devices.7–9    
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Figure 1.1 Chemical structures of (a) Polyacetylene (b) P3HT (c) poly[2,5-bis(thiophenyl)-
1,4-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)benzene] and (d) poly[6-(thiophen-3-yl) hex- 
ane-1-sulfonate sodium] 
 
1.2 Electronic structure and charge transport in semiconducting polymers  

An important parameter that directly govern the optoelectronic performance of conjugated 

polymers is their band gap, or transport gap 𝐸"#$%&'(#", defined as the energy different 

between the HOMO and LUMO energy levels.10 Due to its dependence on the intramolecular 

interactions between molecular orbitals along the conjugated backbone, the band gap is highly 

tunable via modifications of the molecular architecture and chain conformation of conjugated 

polymers. Intermolecular interactions in solid-state can also modify single chain energy states, 

however these interactions are generally much weaker than intramolecular interactions.11 As 

a result, band gap engineering has been mostly done via molecular design of the polymer’s 

repeat unit, copolymerization of different conjugated structures, or post-polymerization 

functionalization.12  

 

Another critical parameter of conjugated polymer is their optical gap 𝐸('", defined as the  

energy of the lowest electronic transition accessible via absorption of a single photon.10 

𝐸('" ≈ 𝐸"#$%&'(#" is most inorganic semiconductors, implying that free charge carriers can be 

generated with optical excitation. However, for organic semiconductors such as conjugated 
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polymers, the small dielectric constant (e	≈ 2 – 5) and the localized electron – electron and 

electron – phonon couplings lead to the formation of a bound electron – hole pair, called an 

exciton, upon photoexcitation.13 The energy difference between 𝐸('" and  𝐸"#$%&'(#" is the 

binding energy 𝐸) of the exciton, which is usually in the order of ≈ 0.5 – 1 eV.14  Both the 

transport gap and the optical gap are determinative factors in the fabrication and performance 

of many devices where organic semiconductors are employed, such as the photocurrent 

generation efficiency in organic photovoltaics or the photoluminescence quantum yield in 

organic light-emitting diodes.  

 

Concentration of mobile charge carriers is very low in pristine conjugated polymers because 

they are neutral organic compounds. A process called doping is thus required to generate 

enough charge carriers to induce electrical conduction. It is noted that this process is different 

from doping in inorganic semiconductor, and indeed is simply a redox reaction between the 

polymer and the “dopant”. Doping can be done by different methods, such as field-effect 

doping,15 electrochemical doping,16 or doping with a molecular dopant, which is the doping 

method utilized in this Dissertation. During molecular doping, the insulating neutral polymer 

is reduced (n-type) or oxidized (p-type) by the dopant, generating a free electron (n-type) or 

hole (p-type) accompanied by an counterion from the oxidized or reduced dopant molecule. 

Strong acids can also be used to protonate the backbone, which then subsequently reacts with 

neighboring chain segments to form charge carriers. However, understanding the exact 

mechanism on how this redox reaction happens between protonated chain and pristine chain 

remains an ongoing research effort. To ensure efficient doping of conjugated polymer, it is 

important to choose a polymer – dopant pair with proper energy levels alignment (Figure 
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1.2). p-type doping has been much more commonly studied than n-type doping due to the high 

HOMO level of most organic semiconductors (typically between 4.8 – 5.3 eV) that is well 

above the LUMO level of many molecular dopants.17 Additionally, the high energy LUMO 

level of conjugated polymers makes the addition of an electron to this orbital highly unstable. 

Additions of electron-withdrawing functional groups to the repeat unit can lower the LUMO 

energy, but this strategy introduces significant challenges in the polymerization step.18 As a 

result, the design and development of n-type polymeric semiconductor has faced many major 

limitations.  

 

Figure 1.2. (a) p-type and (b) n-type doping of conjugated polymer 

Transport of charge carriers (electrons in n-type and holes in p-type) is one of the most 

important processes when considering the utilization of conjugated polymers for an 

application. For most organic compounds, the weak intermolecular interactions do not 

maintain the coherence between adjacent molecules, so band-like transport is not possible. 

Transport in organic semiconductors is thus dominated by phonon-assisted hopping of charge 

carriers between adjacent sites. In conjugated polymers, charge carriers can delocalized 

coherently along the polymer backbone (intrachain transport) or hopping between neighboring 

chain segments (interchain transport). Intrachain transport is generally orders of magnitude 

faster than interchain hopping.19 However, backbone structural defects such as torsions of 
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twists could break the conjugation of the electronic wavefunction, forming localized trapped 

states and significantly reducing carrier mobility. Due to the finite molecular weight of a 

polymer, transport in conjugated polymers is always limited by interchain hopping. On a 

larger length scale, macroscopic transport is limited by transport in the amorphous regions 

where interchain stackings are disrupted and charge carriers are more likely to encounter 

structural traps. As transport is more efficient within crystallites, for a long time improving 

the crystallinity and long-range order of conjugated polymers has been the main approach for 

optimizing charge transport in these systems. Many highly crystalline conjugated polymers 

have been synthesized with charge carrier mobility ranging between 0.01 – 0.1 cm2V-1s-1.20,21 

However, recent reports on a new class of conjugated polymer whose backbone consists of 

electron donor and acceptor repeat units, commonly referred to as donor – acceptor (D-A) 

polymer, with high field-effect mobility (up to 10 cm2V-1s-1) without long-range crystallinity 

have challenged this design rule.22,23 It then has been shown that improving interconnectivity 

between intermolecular aggregates (which can be large polymer crystallites or local regions 

of as few as 2 chains overlapping) is critical in optimizing charge transport in conjugated 

polymers.24,25 

 

1.3 Morphological complexities of conjugated polymers 

The solid-state morphology of conjugated polymers is fundamentally complexed, with 

hierarchical heterogeneities. The electronic interactions between the planar conjugated 

backbones often results in their co-facial arrangement called π-π stacking. This π-π stacking 

is more commonly observed in polymers with regioregular (RR) backbones and/or more 

planar backbone repeat units. While these π-π stacks can persist over several nanometers and 
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form polymer crystallites, they can also form short-range aggregates that do not have any 

long-range translational order. Polymer chains can also form lamellar stack that are separated 

by their sidechains. An example of an idealized conjugated polymer crystalline stacking is 

shown in Figure 1.3a for P3HT. In reality, the side-chains have considerable freedom and are 

not confined to the backbone plane. Moreover, there is usually not much persistence of order 

across the π-π stacking direction. Added functionalities on the side-chain and variation in 

intrachain spacing of these side chains can also induce additional ordering. For example, 

interdigitated stacking of side chains has been reported for conjugated polymers with sparsely 

spaced oligoether side chains.26 Lastly, most conjugated polymers are semicrystalline in 

nature, with regions of ordered crystallites coexisting with amorphous areas where the 

polymer chains coil up and do not co-align. At a larger length scale, ordered domains can be 

connected by tie molecules – the polymer chains that extend across the amorphous region and 

connect ordered crystallites/aggregates. These molecules are often high molecular weight 

chains so they can sufficiently span the intervening amorphous area. The ordered 

crystallites/aggregates can sometimes aligned isotropically or sharing a preferential 

orientation over a macroscopic distance. 
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Figure 1.3 Packing of crystallite in semiconducting polymers, example shown for P3HT  
 
Doping introduces charge carriers on the backbone that are compensated by a dopant 

counterions, ultimately disrupt the pristine state’s intrachain ordering and solid-state 

morphology of semiconducting polymers. In particular, doping can affect chain conformation 

by introducing electrostatic and steric interactions.11 Doping can also lead to changes in the 

crystalline regions of conjugated polymers, even though these effects are highly dependent on 

the polymer – dopant system. It has been shown that the counterions reside in the amorphous 

regions of a semicrystalline polymer at low doping level, but infiltrates the crystalline region 

at higher doping level.27 Expansion of the side-chain stacks and the contraction of the π-π 

stacks within the polymer crystallites have been reported for various systems upon dopant 

infiltration.27–30 Small and planar molecular dopants, such as 2,3,5,6-Tetrafluoro-7,7,8,8-

tetracyanoquinodimethane (F4TCNQ), can co-crystallize with P3HT by intercalating between 

the π-stacked backbones.31 Lastly, dopant-induced morphological changes are shown to be 

dependent on the doping method. Sequential doping, when the dopant is introduced after the 

Lamellar 
stacking

!- !
stacking
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polymer films has been casted, usually results in less disruption to the morphology, especially 

the crystalline ordering, of the polymer than solution doping, when the polymer and the dopant 

are dissolved and casted from the same solution.26,29  

 

Several characterization methods can be used to probe the structural ordering of 

semiconducting polymers across several length scales. High-resolution transmission electron 

microscopy (HR-TEM) has successfully captured down to single-chain resolution the stacking 

of conjugated polymers in the crystallite.32 Conventional hard X-ray scattering can be used to 

probe the degree of crystallinity as well as crystallite size. Resonant soft X-ray scattering can 

be used to probe the long-range orientational correlation of the polymer crystallites.33 

Spectroscopy is another powerful set of techniques that can probe the local chain 

conformation, intermolecular aggregates, and the relative amount of crystalline and 

amorphous region within a sample.34 

  

As discussed above, the hierarchical structures of conjugated polymers in the solid state 

directly govern their optoelectronic and transport performance.35–42 As a result, significant 

efforts in improving the performance of conjugated polymers has been made by optimizing 

their solid-state self-assembly via molecular design or variation of processing conditions.43–50 

 

1.4 Limited processability of conjugated polymers hinders their utilizations  

Due to their high melting temperature and their tendency to aggregate in solution, conjugated 

polymers suffer from melt intractability and limited compatibility with most solvents. As 

previously mentioned, much effort has been made since the discovery of conductive doped 
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polyacetylene on improving the solubility of semiconducting polymers. However, there exists 

a trade-off between performance and processability, as the inclusion of the bulky solubilizing 

side-chains often results in disruption of the π–π interactions and compromise the 

optoelectronic properties of the backbone.51 Moreover, most polymers are still processed at 

low concentration (typically ≈ 1 wt%), thus studies of these materials are mostly limited to 

thin film configurations. This significantly limits the understanding on other critical properties 

of conjugated polymers such as their thermal conductivity or mechanical properties since 

these measurements often require thick films or bulk samples. Additionally, the utilization of 

conjugated polymers in various applications is strictly hindered. For example, thick films are 

needed to maintain a large thermal gradients in thermoelectric modules; or the ability to 

fabricate bulk 3 dimensional structures is also a critical factor in free-form energy harvesting 

or wearable devices. Therefore, designs to increase or broaden the processability of 

conjugated polymers in parallel with optimizing their optoelectronic properties have been of 

longstanding interest.  

 

1.5 Electrostatic assembly as a pathway to engineer advanced semiconducting polymers  

Complex coacervation between 2 oppositely charged polyelectrolyte provides a viable 

strategy to improve the solvent compatibility of semiconducting polymers. Uncharged 

mixtures of dissimilar polymers are commonly immiscible over a full composition range due 

to the small entropy of mixing per unit volume, which scales as 1/N where N is the degree of 

polymerization of a chain, and a positive Flory–Huggins interaction parameter χ. However, 

intimate mixing between 2 oppositely charged polyelectrolytes is thermodynamically 

favorable due to the electrostatic attraction of charged groups. When solutions of 2 oppositely 
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charged polyelectrolytes are mixed at some certain conditions, associative liquid – liquid 

phase separation emerges, resulting in the formation of a polymer-dense fluid phase called the 

coacervate (typically 20 – 30 wt%) 52 coexisting in equilibrium with the polymer-depleted 

supernatant. The high polymer content in the coacervate and its liquid-like properties make it 

an attractive candidate for enabling solvent-lean processing of conjugated polymers.  

 

The concept of complex coacervation was first introduced in 1929 and is the underlying co-

assembly process in various natural and man-made materials. The widespread relevance of 

this material class has resulted in its utilization in many applications ranging from personal 

care products, biomedical applications, to the food industry. Remarkable progress has been 

made in developing fundamental understandings the thermodynamic phase behavior, 

dynamics and mechanical properties, and self-assembled structure 53 of complex coacervates. 

However, majority of the literature focuses on coacervation of colloids, proteins, surfactants, 

and non-conjugated polyelectrolytes.54–59  

 

It is important to note that electrostatic assemblies have previously been utilized for 

conjugated polymers to improve their aqueous processability, such as the widely investigated 

interpolymer complexes of poly(3,4-ethylenedioxythiophene) with poly(styrenesulfonate) 

(PEDOT:PSS) or of polyaniline with poly(2-acryl amido-2-methyl-1-propanesulfonic acid) 

(PANI:PAAMPSA). However, this strategy is fundamentally different from the complex 

coacervation phenomenon. In particular, the conjugated monomers in this case are 

polymerized on the polymer acid templates, where the hydrophilic nature of the template 

forms a shell that stabilizes the hydrophobic conjugated core in water. Such a stabilization 
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pathway results in the formation of a polymer particle dispersion in water, and the structures 

of such primary particles are hierarchical, ill-defined, and sensitive to processing conditions. 

Moreover, the concentration of the electroactive material in these formulations is still similar 

to typical solutions of conjugated polymer in organic solvent. On the other hand, 

polyelectrolyte coacervation results in the intimate mixing of the two polymers in an 

electrostatically stabilized fluid or gel with high viscosity that can be tailored toward specific 

processing protocols.60   

 

Studies on complex coacervate of conjugated polyelectrolytes are still limited and have been 

reported in a only few studies. In particular, a conjugated polymer coacervate was 

demonstrated for a blend of a polythiophene-based CPE with PSS.61 Unlike traditional 

aqueous coacervate systems, the coacervate region emerged upon the addition of organic 

solvent. This observation suggests the critical role of solvent quality for the hydrophobic π-

conjugated backbone in modulating the phase behavior of a conjugated coacervate, likely due 

to the strong intermolecular interactions between aromatic repeat units that are not present in 

nonconjugated systems. Interestingly, planarization of the CPE backbone that yields enhanced 

emissivity of the coacervate compared to the neat CPE solution was observed, indicating 

potentials of the complex coacervation process on the optoelectronic performance of the 

electroactive component. In another study, a gel coacervate phase was obtained by mixing a 

cationic semiflexible donor–acceptor CPE with PSS in aqueous media.62 Although the phase 

behavior in this system more closely resembles that of conventional aqueous polyelectrolyte 

mixtures, the formation of small, liquid-like spherical coacervate droplets was not observed. 
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Instead, the polymer-rich coacervate phase had a colloidal gel structure with the gel modulus 

enhanced with added salt and the particle size diminished. 

 

While some initial insights have been made on conjugated coacervates, early studies only 

assessed the solvated state of these polyelectrolyte complex systems. On the other hand, 

conjugated polymers are mostly utilized in solid-state devices. As a result, it is critical to 

examine the processing pathway for obtaining a solid film from conjugated coacervates. After 

solvent removal, the conjugated coacervate will transform into an ionically crosslinked 

polymer complex whose structure and properties remain largely unknown. Properties of 

conjugated polymers in solutions have been demonstrated to survive the casting process and 

be carried over to the solid state. Thus, investigating the optoelectronic properties of the solid 

polymer complex obtained from drying the coacervate will yield insights to how the 

characteristics of the solvated coacervate can inform the complex’s solid state performance.  

 

Lastly, evidence from theories and experiments has presented a breadth of electrostatic 

complexes of 2 distinct polymers. This suggests opportunities not only to improve the 

processability and the existing properties of conjugated polymers but also to introduce 

additional functionalities by leveraging ionic complexation. While investigation on charge-

mediated complexation of polymers is dated back to ≈ 30 years ago,63 it remains a largely 

unexplored topic in the semiconducting polymer research community. Further investigation 

of charged conjugated polymer complexes is required to develop a robust understanding on 

how electrostatic assembly can be leveraged toward the development of next generation 

semiconducting polymeric materials. This will enable the access to advanced processing 
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protocols and multifunctional applications where the potentials of semiconducting polymers 

have not yet been realized. 

 

1.6 Thesis outline 

The studies detailed in this dissertation aim to leverage electrostatic interactions to impart 

solvent-lean processability while controlling and optimizing the structure and properties of 

semiconducting polymers. Throughout this thesis, charge-mediated complexation between a 

CPE and an oppositely charged insulating polyelectrolyte was utilized, and the resulting dry 

polymer complexes were thoroughly investigated. Insights from findings in this Dissertation 

provide fundamental understanding on the structure – processing – property relations in this 

novel system of solid-state semiconductor and emphasize the potentials of electrostatic 

assembly in future developments of advanced semiconducting polymeric materials. 

 

In the next chapter, the processability of a CPE – polymeric ionic liquid (PIL) coacervate is 

examined, and the solid-state optoelectronic performance of the solid film obtained from 

casting such coacervate is discussed. Chapter 3 and 4 utilize a model system of CPE – PIL 

random copolymers where the complexation strength can be controlled by varying the 

frequency of charged repeat units on the 2 polymers. In chapter 3, the impact of complexation 

strength on the mesoscopic structure of the CPE – PIL complex is examined. Chapter 4 details 

how the evolution of the material’s structure with complexation strength affects the local 

structure and interconnectivity of the CPE chains within these complexes. Discussion on how 

these effect translate to the optoelectronic and transport properties of the material is provided. 

In chapter 5, realizing the great potential of ionic complexation in compatibilizing 2 
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chemically distinct polymers, we discuss how this pathway can be leveraged to obtain 

multifunctional electronic materials. A demonstration of a effectively mixed polymer complex 

that is soft, elastic, and conductive is provided. 

 

The final chapter provides a short conclusions on what I have learned from the studies detailed 

in this thesis, and a brief discussion on the future directions that I think are necessary to 

effectively utilize electrostatic interactions in designing high-performing semiconducting 

polymers.  
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Chapter 2 

Aqueous Formulation of Concentrated Semiconductive 

Fluid Using Polyelectrolyte Coacervation 

This chapter is reproduced with permission from:  
 
Le, M. L., Rawlings, D., Danielsen, S. P. O., Kennard, R., Chabinyc, M. L., Segalman, R. A. 
Aqueous Formulation of Concentrated Semiconductive Fluid Using Polyelectrolyte 
Coacervation. ACS Macro Lett. 2021, 10, 8, 1008–1014. DOI: 10.1021/acsmacrolett.1c00354 
Copyright 2021 American Chemical Society.  
 
2.1 Abstract 

Conjugated polyelectrolytes (CPEs), which combine πconjugated backbones with ionic side 

chains, are intrinsically soluble in polar solvents and have demonstrated tunability with 

respect to solution processability and optoelectronic performance. However, this class of 

polymers often suffers from limited solubility in water. Here, we demonstrate how 

polyelectrolyte coacervation can be utilized for aqueous processing of conjugated polymers 

at extremely high polymer loading. Sampling various mixing conditions, we identify 

compositions that enable the formation of complex coacervates of an 

alkoxysulfonatesubstituted PEDOT (PEDOT-S) with poly(3-methyl-1 

propylimidazolylacrylamide) (PA-MPI). The resulting coacervate is a viscous fluid 

containing 50% w/v polymer and can be readily blade-coated into films of 4 ± 0.5 μm thick. 

Subsequent acid doping of the film increased the electrical conductivity of the coacervate to 

twice that of a doped film of neat PEDOT-S. This higher conductivity of the doped coacervate 

film suggests an enhancement in charge carrier transport along PEDOT-S backbone, in 
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agreement with spectroscopic data, which shows an enhancement in the conjugation length of 

PEDOT-S upon coacervation. This study illustrates the utilization of electrostatic interactions 

in aqueous processing of conjugated polymers, which will be useful in large-scale industrial 

processing of semiconductive materials using limited solvent and with added enhancements 

to optoelectronic properties 

 

2.2 Introduction 

Aqueous formulation of conjugated polymers enables environmentally benign processing 

routes, fabrication of multi-layer devices via deposition from varying solvents, and 

bioelectronic applications.1 Enhanced dissolution of conjugated polymers in water can be 

achieved by ionic functionalization of side chains that compensate for the hydrophobicity of 

the π-conjugated backbone. This class of materials, conjugated polyelectrolytes (CPEs),2 

offers orthogonal control of the material’s optoelectronic properties and aqueous 

processability. Nonetheless, the limited solubility of CPEs in water often inhibits the ability 

to make concentrated solutions that are desirable for many applications.  

 

Complexation with  polyelectrolytes offers a promising route to improve the aqueous 

solubility of CPEs. Mixing two oppositely charged polyelectrolytes can result in formulations 

with much higher concentrations than simple solutions of polymers and solvents.3 Intimate 

mixing of two polyelectrolytes is thermodynamically favorable because of the electrostatic 

attraction of charged groups, in contrast to the common immiscibility of uncharged polymers 

that results from a high Flory–Huggins interaction parameter c. In certain conditions, mixing 

of two polyelectrolytes results in an associative liquid–liquid phase separation in which a 
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polymer-depleted phase, the supernatant, is in coexistence with a polymer-dense phase 

(typically 20-30% w/v polymer) called the coacervate.4 The fluid nature of the coacervate 

suggests its potential compatibility with industrial processing protocols such as blade coating 

and gravure printing.5 Polyelectrolyte coacervation is important to several biological 

processes including the formation of membraneless organelles 6,7 and underwater adhesives, 

8,9 and has been widely proposed for new biotechnologies.10–12 Since the first observation of 

coacervation almost a century ago,4,13 much effort has been devoted to elucidating a general 

theoretical thermodynamic framework, phase behavior, dynamics and mechanics, and self-

assembled structure of polyelectrolyte complex coacervates.15–27  

 

Despite this large body of literature on non-conjugated polyelectrolytes, coacervation has only 

been reported in a few conjugated polymer systems.3,27 For example, the coacervation between 

a polythiophene-based CPE and an insulating polyelectrolyte in THF/water solvent mixtures 

has been shown to increase the CPE’s conjugation length and photoluminescence yield.3 

CPE–polyelectrolyte coacervation was also reported to occur in aqueous high-salt media, with 

the mixture’s phase behavior and photophysical properties showing a strong dependence on 

the identity of the cation salt.27 Studies on CPE-CPE complexation in salt-free water,28,29 

focusing on dilute regimes and the solid-state complexes, have further elucidated how the 

inclusion of the conjugated moieties fundamentally affects complexation thermodynamics. 

Similar to the CPE–polyelectrolyte coacervate, complexation of two CPEs in the dilute regime 

was shown to induce extension and planarization of the CPE backbone. Lastly, a study on the 

complexation between a di-block(neutral conjugated polymer-CPE) and DNA in dilute 

environments points out that the microstructure of the complex and the photophysical 
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properties of the conjugated components could be tunned via modification of the polycation-

polyanion mixing ratio.30 Together, these studies demonstrate that polyelectrolyte 

complexation can be utilized as a highly versatile self-assembly motif to formulate dense 

coacervates of CPEs with beneficial changes in optoelectronic performance. 

Prior studies have only focused on conjugated polymer complexes in the solvated state, while 

many electronic applications require the use of the conjugated material in the form of solvent-

free solid. Thus, it is crucial to investigate processing routes for obtaining solid films from the 

CPE coacervate and the impacts that coacervation might have on the material’s solid-state 

properties. Understanding these formulation—processing–property relationships will not only 

allow us to evaluate the properties of the solid polymer blend obtained by drying the 

coacervate, but also assess the practicality of this self-assembly pathway for processing of 

high concentration conjugated polymer solutions for use in optoelectronic devices.  

 

Herein, we show that the aqueous coacervation between a CPE and an oppositely charged 

polymerized ionic liquid (PIL), an analogy to polyelectrolytes but with larger and more 

diffusive ionic sidechains, can be used to obtain a concentrated functional fluid of 50% w/v 

polymer. This viscous fluid was blade coated and dried to form a homogeneous solid film of 

µm-scale thickness. Spectroscopy and conductivity measurements of the film cast from the 

coacervate indicate that coacervation enhanced the conjugated length in both solvated and 

solid states of the CPE and, as a result, increased the charge carrier mobility along the 

conjugated backbone. This study suggests that polymer–polymer coacervation is a viable 

route for formulation of a highly concentrated semiconductive fluid phase that can be casted 

into solid films with enhanced optoelectronic properties.  
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2.3 Experimental Methods 

PEDOT-S synthesis: (2,3-Dihydrothieno[3,4-b][1,4]dioxin-2-yl)methanol (EDOT-OH) was 

purchased from Sigma-Aldrich. The conversion of  EDOT-OH to 4-(2,3-dihydrothieno [3,4-

b][1,4]dioxin-2-yl-meth-oxy)-l-butanesulfonic acid, sodium salt (EDOT-S) monomer was 

carried out using a previously described procedure.31  

H1 NMR (600 MHz) in D2O:  6.42 (2H, s); 4.34 (1H, m); 4.20 (1H,m): 4.00 (1H, m); 3.65 

(2H, m); 3.52 (2H, m); 2.83 (2H, t); 1.69 (2H, m);  1.61 (2H, m). 

MS (ESI) m/z calculated for C11H15O6S2Na: 330.3; found: 307.0 (M-Na) -  

 

In a dry round bottom flask, EDOT-S (0.7 g, 2.1 mmol) and 3.3 equiv of anhydrous iron(III) 

chloride were mixed in 50 mL of anhydrous chloroform. The mixture was stirred vigorously 

under nitrogen atmosphere at room temperature for 24 hours. A few drops of hydrazine 

solution (35 %wt in H2O) was added to the mixture at the end of the reaction, and the solution 

then poured into 250 mL of methanol. This mixture was then centrifuged at 3500 rpm for 5 

minutes, and the dark precipitate was stirred in a solution of 50 mL sodium hydroxide in 

methanol for 1 day to exchange the iron ions for sodium. The solution was centrifuged again, 

and the collected black polymer powder was dissolved in deionized water. This polymer 

solution was dialyzed against deionized water for 3 days using a 10 000 g/mol cutoff 

membrane, and the water was exchanged every 12 hours. The polymer was freeze-dried to 

obtain 0.5g (71.4 % yield) black powder. Water GPC with PSS standard was used to determine 

the MW of PEDOT-S: Mn = 16.7 kDa, Mw = 32.6 kDa, PDI = 1.95 
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PA-MPI synthesis PA-MPI was synthesized according to a previously described procedure in 

literature.32 H NMR end-group analysis in deuterated methanol was used to determine the Mn 

of the polymer, yielding a Mn of 13.0 kDa. 

 

Materials Characterization: 1H NMR spectra were recorded at 600 MHz (Varian VNMRS). 

Chemical shifts are reported in ppm referenced to residual solvent peaks. Mass spectroscopy 

was performed using Electrospray ionization (ESI) methods on a Waters LCT Premier ESI 

TOF mass spectrometer. Gel permeation chromatography (GPC) was performed using a 

Waters system (Waters Alliance HPLC 2695) with a Tosoh TSKgel G3000PWXL (7um) and 

a TSKgel G5000PWXL (10um) columns. This system used a refractive index (Waters 2414) 

and a photodiode array (Waters 2998) detectors. Milli-Q Water with 0.1M NaNO3 (pH 7) at 

25oC was used as the mobile phase with a flow rate of 1 mL min-1.  

 

XPS analysis: Experiments were performed using an Escalab Xi+ Spectrometer 

(ThermoFisher Scientific) with a monochromatic aluminum Kα X-ray source under a vacuum 

of ~ 5 x 10−9 mbar. Charge compensation was carried out using a dual ion-electron low-energy 

flood source. High-resolution spectra were recorded at 20 eV pass energy at intervals of 

0.05 eV. Survey spectra were recorded at 100 eV pass energy at intervals of 0.5 eV. Depth 

profiling was completed with a monatomic Ar source with a beam energy of 2 kV and a raster 

size of 1.5 mm. 
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UV-Vis Absorption spectra: were collected using an Agilent Cary 60 UV-vis 

Spectrophotometer. Wet samples were sandwiched between 2 quartz slides with a Kapton 

spacer. Solid-state samples were used as casted.  

 

X-ray Characterization: Grazing Incident Wide Angle X-ray Scattering (GIWAXS) was 

conducted on beamline 11-BM at the Brookhaven National Laboratory (NSLS-II). Silver 

behenate was used as a calibration for determination of the beam center and the sample-to-

detector distance. An incidence angle of 0.1o with 5-10 s exposure times were used.  

 

Construction of PEDOT-S:PA-MPI phase diagram: Solutions of PEDOT-S and PA-MPI were 

mixed in charge stoichiometric ratio. Aqueous KBr solutions were used as the solvent, and 

the dielectric medium was tuned by varying the concentration of salt. To prevent the self-

doping of PEDOT-S in the mildly acidic condition of milli-Q water33 prior to mixing, 3.5 wt% 

hydrazine was added to all PEDOT-S solutions. Mixing was done on a glass microscope slide 

using a total volume of 20 µL of solutions. A cover slip was then put over the glass slide, and 

the mixture was looked under an Olympus BX51 optical microscope in bright-field mode for 

determination of phases. Images were calibrated with StreamView (Olympus). All mixing 

experiments were carried out in ambient temperature, which is expected to stay relatively 

constant at 25◦C 

 

Coacervate Film Casting Procedure: 100µL solutions of 100 mM PEDOT-S and PA-MPI in 

500 mM KBr were added to a 500 µL Eppendorf tube. The tube was vortexed for 1 minute to 

ensure even mixing. The mixture was then centrifuged at 7000 rpm for 5 minutes to promote 
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complete coalescence of the coacervate droplets. The supernatant phase was then decanted, 

and the coacervate was scooped out of the tube using a plastic spatula. This coacervate was 

transferred to a flat substrate, and a square frame applicator with a gap height of 635µm was 

glided at a speed of 10 mm/s across the substrate. Upon drying, the film was immersed in 50 

mL of milli-Q water overnight for removal of KBr salt ions. The film was then heated at 50oC 

in nitrogen atmosphere for 30 minutes, and further dried under high vacuum for 12 hours 

before being immediately transferred to a glovebox.  

 

Film Characterization: Film thickness was measured using a Bruker DektakXT Stylus 

profilometer. The morphology of the film was characterized using an FEI Nova Nano FEG 

scanning electron microscopy operating at 5 kV accelerating voltage with beam currents of 

0.40-0.80 nA. Coacervate film was sputter-coated with gold prior to SEM measurement to 

prevent charging.  

 

Vapor Doping: All doping experiments were carried out inside a glovebox under nitrogen 

atmosphere. HTFSI crystals were placed inside a clean glass jar, and the pristine polymer film 

was attached to the jar lid using double sided Kapton tape. The far was closed tightly and 

heated at 50oC for certain exposure times on a hot plate. For the coacervate film, the film was 

transferred to another closed clean glass jar and annealed at 60oC over the course of 24 hours 

to promote efficient diffusion of dopants into the film and to prevent leakage of dopant vapor. 

Eventually the film was quenched at 25oC for 30 minutes prior to characterization.  
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Conductivity Measurements: 15 mg/mL solution of PEDOT-S in water was spun cast on gold 

coated quartz substrate to make neat CPE conductivity samples. Chromium (3 nm) and gold 

(40 nm) contacts were thermally evaporated on coacervate-coated quartz substrates using a 

shadow mask to make coacervate conductivity samples. Transmission line measurements 

were carried out in the in-plane direction using a Keithley 6485 picoammeter. For fully doped 

coacervate film, impedance measurements were carried out using a Biologic VSP-300 

potentiostat.  

 

2.4 Results and Discussion 

A CPE:PIL model system was designed to achieve highly tunable ionic interactions between 

two polymers and to facilitate the doping of the CPE component. An alkyl sulfonate derivative 

of poly(3,4-ethylenedioxythiophene) with sodium counter-ions (PEDOT-S, Figure 2.1) was 

chosen as the CPE. The dioxane ring has been shown to donate electron density to the 

thiophene ring and thus lowers the band gap and the oxidation potential of EDOT-based 

polymers relative to polythiophenes.34,35 Moreover, the oxygen atoms on the dioxane ring give 

PEDOT-S the capability to accept hydrogen bonds, enhancing the polymer solubility in water. 

For the PIL, a polyacrylamide backbone with methyl-imidazolium functionalized side chains 

and iodine counter-ions was used (PA-MPI, Figure 2.1).  The wide electrochemical stability 

window of the imidazolium group 36 allows it to remain stable upon electrical doping of the 

CPE coacervate. PEDOT-S and PA-MPI polymers were obtained via oxidative 

polymerization and reversible addition-fragmentation chain transfer polymerizations (Figure 

S2.1 and S2.2). The number-average molecular weights are 16 kDa for PEDOT-S (relative to 

a Bovine Serum Albumin (BSA) standard in aqueous Gel-Permeation Chromatography) and 
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13 kDa for PA-MPI (obtained via NMR end group analysis). We note that PEDOT-S has a 

high dispersity (Ð=1.95 relative to PSS standard) due to the nature of oxidative 

polymerization. 

 

Figure 2.1. Chemical structures of PA-MPI (polycation) and PEDOT-S (polyanion) and their 
formation of a polyelectrolyte complex upon mixing.  
 
The phase behavior of the CPE:PIL complex, which was examined by varying the 

concentration aqueous KBr solvent and the concentration of the polymers in the stock 

solutions, shows a wide coacervate window that stretches across a broad region of the phase 

diagram (Figure 2.2). In particular, the coexistence of the coacervate and the supernatant was 

absent only in the diagram’s top-left and the bottom-right corners. In the high-salt-low-

polymer region (top-left), the strong electrostatic screening from the added ionic strength 

suppresses the charge-mediated complexation between the CPE and the PIL. As a result, only 
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1-phase solutions form in these conditions. In the low-salt-high-polymer region (bottom-

right), the strong electrostatic interactions trap the complex structure to form a dense complex. 

This phase is commonly referred to as the precipitate.37 Due to its solid-like nature, the 

precipitate is much more challenging to process than the coacervate. The CPE:PIL coacervate 

was observed in the rest of the phase diagram, covering the majority of the mixing conditions 

where the balance between ionic screening and kinetics was maintained. The PEDOT-S:PA-

MPI phase diagram therefore suggests the processability of the complex across a wide range 

of accessible compositions.  

 

Figure 2.2 (a) Phase diagram of PEDOT-S and PA-MPI as a function of solvent KBr 
concentration and total polymer concentration. The coacervate–solution coexistence region 
covers the majority of the accessible phase diagram. At high polymer concentrations and 
intermediate ionic strength (~0.25M KBr solution), there was a crossover “three phase” region 
in which both the coacervate and the precipitate were in co-existence with the supernatant (b) 
Optical microscopy images and (c) color photographs of the coacervate (upper) and the 
precipitate (lower) phases in coexistence with their supernatant phases. The complexed phases 
are distinctive by optical microscopy and by their macroscopic behavior.  Both the coacervate 
and precipitate are optically dense due to the high concentration of CPE while the solution is 
less optically dense. At the macroscopic scale, the precipitate appears as dense solid chunks 
aggregated at the bottom of the Eppendorf tube, while the coacervate has more liquid-like 
behavior and sticks to the tube walls upon centrifugation.  
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For the following studies of thin solid films, the coacervate was used because of its increased 

processability relative to the precipitate. The 100mM total polymer with 0.5M KBr condition 

was chosen, as it is well within the coacervate region in the phase diagram. For processing 

and characterization of the coacervate, the mixture was centrifuged to promote complete 

coalescence of the coacervate droplets. This coacervate was highly concentrated with 50% 

w/v polymer and was left in contact with the supernatant phase to preserve the equilibrium 

conditions until ready for use.  

 

Interestingly, the complexation process with the PIL only induces a minimal change in the 

chain conformation of PEDOT-S possibly due to the stiffer nature of this polymer relative to 

other CPEs. As shown in Figure 2.3, the p–p* electronic transition peaks of the stock CPE 

solution and the coacervate are both at ≈ 2.2 eV, with the coacervate’s absorption peak shifted 

slightly to lower energies. Red shifts in the absorption peak were previously reported in 

polymer–small molecule 38 and polymer–polymer 3,27,28 complex systems and were attributed 

to the reduction in conformational disorder along the conjugated backbone leading to an 

increase in the conjugation length. A Gaussian fitting procedure was performed on both 

spectra, deconvoluting this peak into two overlapping peaks (Figure S2.3 and S2.4) whose 

positions red-shifted minimally (~ 0.02 eV) upon coacervation. This observation is 

fundamentally different from our previously reported results, where much larger red-shifts 

(up to 0.25 eV) in the absorption peak of (poly{3-[6′-(N-butylimidazolium)-

hexyl]thiophene}bromide (P3BImHT+:Br-) were observed upon the CPE’s complexation with 

sodium poly(styrenesulfonate) (Na+:PSS-).3 However, in a recent study, the complexation 
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between poly(fluorene-alt-phenylene) (PFPI) and Na+:PSS- was reported to lead to red-shifts 

of only 0.04 – 0.08 eV in the absorption profile of the CPE.27 Thus, it is likely that the higher 

rigidity of PEDOT-S and PFPI backbones compared to P3BImHT+:Br- made these polymers 

less susceptible to conformational changes upon complexation.   

 

Figure 2.3. UV-Vis spectra of PEDOT-S in stock CPE solution form and in the swollen 
complex coacervate. The position of the optical absorption peak slightly red-shifted upon 
coacervation, suggesting a small enhancement in the conjugation length of PEDOT-S upon 
coacervation.   

 

Due to its high solids loading and viscous nature, the PEDOT-S:PA-MPI coacervate can be 

easily blade coated to form a solid film with little thickness loss upon drying (~ 4.0 ± 0.5 µm). 

The preparation of the coacervate in an aqueous KBr solution led to the partition of salt ions 

into the cast film. Elemental analysis of the solid film cast from the coacervate confirmed the 

presence of K and Br (Table S1) indicating doping by the salt. Nonetheless, these ions can be 

removed easily from the coacervate by immersing the resulting film in milli-Q water overnight 

to promote diffusion of salt ions out of the film.  
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The lyophilic nature of the coacervate stabilizes the hydrophobic CPE backbone in a gel-like 

homogeneous network instead of forming collapsed aggregates with hydrophilic outer shell 

(for example as PEDOT:PSS). The homogeneous distribution of the conjugated material in 

the coacervate is indicated by the homogeneous intensity of brown of the coacervate droplets 

in the microscopic image (Figure 2.2). Memory of the conformations from the solvated-

coacervate appears to be retained in the solid-state, as indicated by the homogeneous 

morphology of the complex film (scanning electron microscope (SEM) images of the film, 

Figure 2.4).  

 

Figure 2.4. (a) Top view and (b) side view SEM images of a dry film cast from the coacervate 
after salt removal.  

 

Electronic charge carriers could be introduced into the solid formed from the coacervate via 

doping to form electrically conductive films. In this study, we introduced the dopant from the 

vapor phase to not disturb the coacervate assembly. Other methods such as doping in 

solution,39–41 solution-sequential doping,42 and immersion doping,43 which have been 
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successfully utilized with neat semiconducting polymers, introduced complications in 

processing. In particular, when doping in solution was attempted, the additional charges along 

the doped CPE backbone led to preferential formation of the dense precipitate over the weakly 

complexed coacervate. The use of salt to effectively screen the strong electrostatic interactions 

within the doped system was counteracted by the poor solubility of doped PEDOT-S in 

aqueous solution with large levels of added salt. Immersion doping and solution-sequential 

doping did not interrupt the mixing phase behavior but disrupted the structure of the solid film 

cast from the coacervate. We attribute this observation to the ionic cross-linking within the 

polymer–polymer complex breaking up by infiltration of dopant molecules into the film in the 

presence of a solvent, analogous to the partitioning of salt. As a result, the complex film 

partially dissolved or detached from the substrate. The infiltration of a dopant from the vapor 

phase, in contrast, not only ensured the formation of the coacervate phase (prior to doping) 

but also minimized interruption to the complexed structure during doping. HTFSI was chosen 

to be the dopant, as this strong acid vapor has been used effectively in doping of other 

conjugated polymers 44 and the resulting TFSI anion has good thermal and chemical stability. 

Moreover, the low sublimation temperature of HTFSI allows the doping process to be carried 

out at relatively low temperature, which is desirable for preserving the coacervate film 

structure.45  

 

Effective electronic doping of the complex film was evidenced by the emergence of the 

polaronic features (1.2 – 1.5 eV) and the bleaching of the neutral polymer peak at 2.2 eV in 

the optical absorption spectrum of the film upon doping (Figure 2.5). Interestingly, we also 

observe a shift to lower energy when comparing the polaronic absorption peaks of the doped 
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coacervate and doped CPE films. This agreement between the optical spectra of doped and 

pristine samples confirms the enhancement in the conjugation length of the CPE upon 

coacervation that leads to more delocalized polaron along the CPE backbone. 

 

Figure 2.5. UV-Vis spectra of PEDOT-S and complex films doped with HTFSI vapor. The 
position of the polaron peak was red-shifted upon coacervation, indicating more delocalization 
of the radical cation along complexed PEDOT-S backbone.  

 

Consistent with the conjugation length enhancement of the CPE observed in the UV-Vis 

spectra, coacervation appears to have increased the charge carrier mobility of PEDOT-S. In 

particular, the conductivity of the complex film at the optimal doping level was 2 x10-4 S cm-

1, twice that of the PEDOT-S film doped by the same method. Since approximately half of the 

material in the coacervate was insulating, this difference in conductivity suggests a higher 

charge-carrier mobility in the coacervate than in the PEDOT-S film.  

 

Beyond enhancing the conjugation of the CPE, coacervation may have possibly increased the 

conductivity of the coacervate  by the partitioning of longer chains in the coacervate relative 

to the stock CPE sample from which it was formed. Higher fractions of long polymer chains 

have been shown to increase charge carrier mobility due to the enhancement in intrachain 

1.0

0.8

0.6

0.4

0.2

0.0

A
bs

or
ba

nc
e 

(a
.u

.)

3.02.52.01.5

Energy (eV)

 Doped Coacervate
 Doped PEDOT-S



 

 37 

charge transport.46 There are two possible driving forces for this partitioning of long chains 

into the coacervate. Firstly, longer chains have smaller reduction of translational entropy upon 

coacervation. Secondly, longer polymer chains likely have poor solubility in the supernatant 

phase, as elemental analysis of the film casted from the coacervate indicates the preferential 

partitioning of KBr into the supernatant and thus making it a high-salt environment (Table 

S1.) Previous studies on conventional polyelectrolyte coacervate also reported the preferential 

partitioning of long polymer chains from stock solution into the coacervate phase, as indicated 

by a higher average radius of gyration (Rg) of the polymer in the coacervate than that in the 

stock polymer solution.47 We note that the high polydispersity of our PEDOT-S sample might 

further amplify the impact of long-chain-partitioning.  

 

It appears that the enhanced charge carrier mobility is unlikely to be a caused by changes in 

ordering, as both the neat PEDOT-S and the coacervate are amorphous with no evidence of 

long-range ordering in X-ray scattering (Figure S2.5). This lack of crystallinity in both 

PEDOT-S and the complex films also explains their relatively low conductivities compared 

to some other conjugated polymers. It is likely that the highly charged nature (charge fraction 

f = 1) and the uncontrolled regiochemistry of PEDOT-S synthesis have prevented sufficient 

interchain packing in these materials.  

 

Interestingly, we also observed excellent ion solvation by the CPE:PIL complex film. At the 

optimal electronic doping level, a room-temperature ionic conductivity of 9 x 10 - 5 S cm-1 was 

measured. Since the complete removal of KBr was confirmed via XPS, this ionic conductivity 

was contributed solely by HTFSI. XPS elemental analysis of the film supports this 
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observation: the F/S ratio, which is an indication of the amount of TFSI anion relative to 

PEDOT-S, in the doped complex film was approximately 2 times higher than in the doped 

PEDOT-S film (Table S2.1). Etching experiments performed on the complex film show this 

trend to be consistent through the film’s µm-scale depth. These results indicate that upon its 

infiltration to the complex film, HTFSI not only doped the PEDOT-S backbone but also act 

as an ionic dopant, possibly by partitioning into the side chain regions (Figure 2.6). A major 

driving force for this process is likely the much lower pKa of HTFSI (pKa ~ -12) 48 compared 

to that of polymerized sulfonic acid, whose pKa decreases with higher degree of 

polymerization and plateaus at around 2.9 for poly(styrene sulfonic acid).49 This significant 

difference in pKa makes the association of protons with PEDOT-S side chains preferential 

over TFSI anions. It is not clear whether HTFSI partitions first into the side chain regions or 

dopes the PEDOT-S backbone. Nonetheless, the relatively high ionic conductivity of the 

complex at room temperature indicates that this CPE:PIL complex can solvate and facilitate 

the transport of a significant number of ions in solvent-free conditions, suggesting its great 

potential as a solid-state ion conductor.  

 

Figure 2.6. Schematic of the partitioning of HTFSI into the coacervate system and the 
contribution of the dissociated protons and TFSI anions to the observed ionic conductivity.  
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2.5 Conclusion 

We have shown that CPE:PIL coacervation provides a promising route for processing of 

conjugated polymers in aqueous media at exceptionally higher polymer concentrations (50% 

w/v polymer) than conventional solution processing methods (~ 1% w/v polymer). The 

resulting coacervate fluid is compatible with large-scale processing methods such as blade 

coating, and the highly concentrated nature of this material enables the fabrication of µm-

thick films. Thick films also possess advantages over thin (100s nm) films in some 

applications such as thermoelectrics 50 and pressure sensors.51 This approach is highly 

versatile for use in CPE systems, as the complexation process can be easily tuned by changing 

mixing conditions such as solvent dielectric strength and polymer concentration. Salt is often 

needed to achieve the fluidic coacervate phase, yet the salt ions remaining in the coacervate 

can be removed easily at the end of the film casting process.  

 

Beyond advantages in processing, coacervation also can positively impact the optoelectronic 

performance of conjugated polymers. In particular, a reduction in conformational disorder 

along the CPE backbone upon its coacervation with another polyelectrolyte results in 

enhanced conjugation length and higher charge carrier mobility. Thus, the process of 

polyelectrolyte coacervation could also be utilized for improved performance of organic 

optoelectronic devices.  

 

While not investigated in this study, it is expected that tuning of other factors such as the 

Flory–Huggins parameter and the mixing ratio of the two polyelectrolytes could result in 

interesting morphological changes of the coacervate from a homogeneous, disordered 
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complex to microphase-separated structure,52,53 or even macrophases rich in either the 

polycation or polyanion.54–56 These changes in morphology will likely affect the electronic 

conduction pathway and as a result the transport property of the coacervate drastically. An 

analogous trend has been observed with PEDOT:PSS, where a significant improvement in the 

electrical conductivity of this material was achieved by promoting microphase-segregation 

within the complex to produce PEDOT-rich and PSS-rich domains.57 Thus, further studies 

toward the manipulation of the complexation process to access different morphologies are 

needed to provide a more thorough understanding of the structure—properties relationships 

in this system. 

 

2.6 Acknowledgement 

The authors acknowledge funding support from the Department of Energy Office of Basic 

Energy Sciences under grant no. DE-SC0016390. The authors acknowledge the use of 

shared facilities of the UCSB MRSEC (NSF DMR 1720256), a member of the Materials 

Research Facilities Network (www.mrfn.org) and the use of the Nanostructures Cleanroom 

Facility within the California NanoSystems Institute, supported by the University of 

California, Santa Barbara and the University of California, Office of the President. This 

research used resources of the National Synchrotron Light Source II, a U.S. Department of 

Energy Office of Science User Facility (DE-SC0012704; beamline 11-BM). The authors 

thank Dr. Thomas Mates for XPS and Dr. Rachel Behrens for GPC data acquisition and 

analysis.  

 

2.7 Appendix  



 

 41 

 

Figure S2.1. Synthesis of PEDOT-S 

 

Figure S2.2. Synthesis of PA-MPI 

Table S2.1. XPS elemental analysis of solid films processed from neat PEDOT-S and 
PEDOT-S:PA-MPI coacervate. XPS data indicates that in the film casted from the coacervate, 
there is 1 KBr molecule for every 3 monomers. As the total concentration of KBr is 5 times 
higher than the monomer concentration, this indicate that KBr preferentially stays in the 
supernatant phase. 

Film Chemical Element Atomic % 
C O S I Na Br N K F 

Coacervate as-cast 60.65 20.77 5.28 0.18 0.07 1.85 9.0 2.2 0 
Coacervate salt-free 64.47 18.63 4.71 0 0 0.15 12.0 0 0 
Doped PEDOT-S 40.59 28.60 11.14 0 0.37 0 6.77 0 12.53 
Doped coacervate 33.42 23.09 11.49 0 0 0 11.9 0 20.14 

 

Furthermore, there appears to be a cation-dependent partitioning of ions into the coacervate. 

In particular, the total concentration of K+  in the PEDOT-S:PA-MPI mixture is 10 times 

higher than Na+. However, the K+ concentration in the coacervate were roughly 31 times 

higher than the Na+ concentration. We postulate that the competition between ion size and the 

energy cost of the solvation process that the ion experiences when partitioning into the 

coacervate is what determines the relative concentrations of ions in the complex film. 
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Figure S2.3. Peak fitting results for UV-Vis data of PEDOT-S film. Peak 0: 2.07 eV, peak 1: 
2.41eV 

 

 

Figure S2.4. Peak fitting results for UV-Vis data of coacervate film. Peak 0: 2.05 eV, peak 1: 
2.39eV 
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Figure S2.5. GIWAXS pattern for (a) neat PEDOT-S film, (b) coacervate film, and (c) 
coacervate film after salt removal. Upon salt removal, the high-q features, which we attribute 
to the scattering from salt crystals, disappeared. This data confirms the complete removal of 
ions from the coacervate after the water immersion process. We also note the scattering ring 
at q = 0.4 Å*+, which is commonly assigned to side-chain lamellar stacking, was broadened 
after salt removal. This is likely a result of the disruption to the stacking caused by water 
infiltration and the movement of ions out of the polymer complex film during the salt removal 
process.    

 

 

Figure S2.6. Nyquist plot of optimally doped coacervate film and the circuit model used for 
fitting of electrochemical impedance data. The ionic conductivity determined from this circuit 
model is 9 x 10-5 S/cm, and the electronic conductivity is 2 x 10-4 S/cm – consistent with the 
electronic conductivity obtained from transmission line method. 
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Chapter 3 

Electrostatic interactions control the nanostructure of 

conjugated polyelectrolyte – polymeric ionic liquid blends 

This chapter is reproduced with permission from:  
 
Le, M. L., Grzetic, D., Delaney, K. T., Yang, K. C., Xie, S., Fredrickson, G. H., Chabinyc, 
M. L., Segalman, R. A. Electrostatic interactions control the nanostructure of conjugated 
polyelectrolyte-polymeric ionic liquid blends. Macromolecules 2022, 55, 8321−8331. DOI: 
10.1021/acs.macromol.2c01142. Copyright 2022 American Chemical Society.  
 
Field-theoretic simulations and RPA calculations were done by Dr. Douglas Grzetic. 
 
3.1 Abstract 

Polyelectrolyte complexation offers unique opportunities to compatibilize polymers with very 

different backbone chemistries and to control the morphology of the resulting blend via 

electrostatic manipulation. In this study, we demonstrate the ability to formulate homogeneous 

complexes of a conjugated polyelectrolyte with a polymeric ionic liquid utilizing the 

electrostatic attraction among their oppositely charged sidechains. Variation of electrostatic 

parameters, such as counterion concentration or polymer charge fraction, tunes the 

morphology of these polymer complexes from homogeneously disordered blend to weakly 

structured microemulsion where the local ordering arises from backbone-immiscibility-

induced microphase segregation. Our experimental observations are in qualitative agreement 

with both field theoretic simulation and random phase approximation calculations. Simulated 

morphology snapshots suggest and experimental evidence also indicates that the microphase 

segregated complex likely takes on a co-continuous microemulsion structure. Our findings 
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show that ionic interactions are an effective pathway to compatibilize polymers at 

macroscopic length scales while achieving controlled nanostructures in these ionic blends. 

Such systems have great potential for engineering the nanostructure of polymers to tailor 

applications such as nanofiltration, catalysis, and energy storage, where local ordering can 

enhance the physical properties of an otherwise macroscopically homogeneous structure.    

 

3.2 Introduction 

Multicomponent polymeric systems have been utilized widely in polymer science to achieve 

functional requirements that cannot be fulfilled by using single-component materials. There 

are many examples where multicomponent systems were successfully leveraged to 

simultaneously  combine orthogonal properties such as toughness and elasticity,1 ionic 

conductivity and mechanical strength,2 or ionic and electronic conductivity 3–5 into the final 

material. Additionally, these systems could be engineered to tune the material’s final 

properties, such as electronic density of states 6–8 or luminous efficiency.9 In some cases, the 

use of multicomponent systems can also impart processability 10 and/or environmental 

stability 11,12 to the final material. 

 

Controlling the morphology of the material is critical in all of these applications. However, 

simple blends of neutral polymers are prone to macrophase separation due to the unfavorable 

enthalpic interactions between dissimilar polymer chains. To promote mixing and to control 

the morphology of the resulting material, it is essential to push the blend out of the miscibility 

gap. This usually requires extreme dilution of one of the components, and in many cases the 

dilution can detrimentally affect the material’s performance. Another commonly used 
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approach is to covalently link the individual components together to form copolymers. In 

copolymers, macrophase separation is prohibited by the presence of the covalent linkages, so 

the material possesses either a homogeneous disordered or a microphase-segregated ordered 

morphology. Dissimilar monomers can be combined in copolymers in random, alternating, 

graft, or block architectures. Among these architectures, block and graft copolymers have 

received significant investigation due to their ability to self-assemble into ordered structures 

down to nanoscale that can be tuned precisely via various parameters such as chemical 

composition, chain length, and chain conformation.13,14  Non-covalent or supramolecular 

linkages, in the form of e.g. hydrogen bonds 15 or metal-ligand interactions,16 can also be used 

as an alternative to covalent linkages in order to compatibilize dissimilar polymers. For 

example, hydrogen bonding has been utilized widely in many miscible blends of poly(vinyl 

alcohol), poly(acrylic acid), or poly(4-vinyl phenol) with polyesters, polyacrylates, or 

polyethers.17 Dipole-dipole interactions have been used to achieve mixing of polyacrylates 

with poly(vinylidene fluoride).18 Donor-acceptor interactions were used to compatibilize 

poly[w-(3,5- dinitrobenzoyl)-hydroxy-alkylmethacrylate] with poly[2-(N-carbazolyl)ethyl 

methacrylate].19 In addition to the compatibilization effect, the reversibility of these 

supramolecular bonds can improve the processability of the resulting material and may also 

be leveraged to achieve desirable stimuli-response or self-healing properties.20,21  

 

In addition to these approaches, polyelectrolyte complexation, mediated by the electrostatic 

attraction among side chains of oppositely charged polymers, offers very unique opportunities 

to promote mixing between polymers of different backbone chemistries. In this case, 

electrostatic interactions are leveraged to overcome repulsive interactions that would render a 
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conventional polymer blend immiscible. In the context of such polyelectrolyte complexes 

(PECs) the electrostatic interactions play an analogous role to the covalent bond in a block 

copolymer, i.e. by prohibiting macrophase separation and stabilizing the disordered phase. 

For example, taking a pair of A and B polymers, each of length 𝑁, and covalently bonding 

them together into an AB diblock copolymer can expand the window of stability of the 

homogeneous (mixed) phase from 𝜒𝑁 < 2 to 𝜒𝑁 < 5.248, where 𝜒 is the Flory interaction 

parameter between A and B segments.22 Above this value, ordered microphases occur since 

the covalent bond prohibits macroscale phase separation. In the case of the PEC, no covalent 

bond is needed and the expansion of the stability window for the mixed phase, compared to 

an equivalent uncharged blend, can be far greater. Moreover, PEC assembly is controllable 

by tuning the electrostatic parameters (Bjerrum length, charge density, counterion/salt 

concentration, etc.).23–27 In fact, in most cases for a PEC of immiscible backbones, the window 

of stability for the mixed phase is so expanded that its stability limit is inaccessible for all 

practical purposes, unless the polyelectrolytes’ charge densities are very low. This makes 

charge complexation an extremely powerful tool to facilitate the mixing of polymers with very 

different dielectric, mechanical, or conducting properties without the need to resort to block 

architectures. 

 

Similar to the block copolymer, if the Flory parameter 𝜒	between the backbones of the 

oppositely charged polymers is large enough, the mixed phase of the PEC is expected to give 

way to ordered microphases. In the absence of salt or counterions, macrophase separation of 

the polyanion and polycation is not possible because it involves charge separation on 

macroscopic scales and thus costs a prohibitive electrostatic energy. However, in the presence 
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of any added salt or residual counterions, localization of the small ions could charge-neutralize 

the A and B-rich domains, opening up the possibility of macrophase separation. In this 

scenario, the length scale of phase separation is determined by a competition between the 

entropy of the small ions and the strength of electrostatic interactions that localize those ions 

so as to locally charge-neutralize the PEC. Indeed, the PEC in principle exhibits a mean-field 

Lifshitz point, a tricritical point at which tendencies for macrophase and microphase 

separation are exactly balanced.28–30 The Lifshitz point in PEC systems can be accessed by 

adding salt where the critical salt concentration at the Lifshitz point is sensitive to the other 

electrostatic parameters (Bjerrum length, charge density).25 Thus, from a theoretical 

perspective, PECs containing immiscible backbones should exhibit a rich variety of phase 

behavior, but this has largely been unexplored experimentally.  

 

In this study, we demonstrate the ability to utilize electrostatic interactions to achieve intimate 

mixing of a conjugated polyelectrolyte (CPE) and a polymeric ionic liquid (PIL). We also 

show that while the CPE-PIL complex (CPC) stays homogeneously mixed at the macroscopic 

scale, microphase separation occurs as the attractive interactions among polymer chains are 

weakened. This leads to the formation of microemulsion structure that stays globally 

disordered yet locally ordered with a length scale of correlation around 4 nm to 5 nm. Such 

nanostructure resembles that of a block copolymer melt above, but near, the order-disorder 

transition temperature (TODT), but is stabilized by electrostatic interactions in the PEC case 

rather than by block connectivity. Two electrostatic parameters, the polymer charge density 

and the concentration of counterions, were both shown to have significant impacts on the local 

structure of the CPCs. Our results suggest an opportunity to  engineer the nanostructure of 
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polymer blends to tailor specific applications. Lastly, we leverage a field-theoretic model that 

was recently used to investigate the ordered microphase morphology of PECs 25 and random 

phase approximation calculations to better understand the nanoscale composition fluctuations 

at equilibrium in the disordered regime and aid the interpretation of our experimental findings. 

Our study illustrates an alternate route to compatibilize polymers and to obtain controlled 

nanostructure of the resulting polymer complex in the disordered regime, with additional 

tunability and without the need to synthesize block copolymers.  

 

3.3 Experimental and Theoretical Methods 

Sample Preparation 

All precursors, monomers, and polymers were synthesized according to previously reported 

literature procedures, which are described in details in the supporting information. Stock 

solutions of CPE and PIL are prepared by dissolving the polymer in a 40% THF in water 

mixture, resulting in a final polymer concentration of 1M. Solutions of CPE and PIL with 

equal charge density were added in stoichiometric ratio to an Eppendorf tube. The tube was 

vortexed for 1 minute to ensure even mixing. The coacervate droplets that formed during the 

complexation process (Figure S3.1) were collected by centrifugation of the tube at 7000 rpm 

for 10 minutes. The coacervate phase, which then accumulated at the bottom of the tube, was 

collected by decanting the supernatant. The residual counterions that partitioned into the 

coacervate were washed away using dialysis against the THF/water solvent mixture for 3 days, 

with the solvent being exchanged once every 12 hours. To verify the completion of the dialysis 

process, AgNO3 was added to the decanted solvent to check for the presence of trace Cl 

counterions. Since AgCl is poorly soluble, any remaining Cl- in solution rapidly form the 
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easily detected AgCl aggregates upon AgNO3 addition. If no white AgCl precipitate, then the 

dialysis process was confirmed to be completed. The dialyzed coacervate was then dried at 

50oC under high vacuum (2x10-8 Torr) overnight to obtain the dry counterion-free CPCs. 

Materials Characterization 

1H NMR spectra were recorded at 600 MHz (Varian VNMRS). Gel permeation 

chromatography (GPC) was performed using a Waters Alliance HPLC system with an Agilent 

PLgel 5 μm MiniMIX-D column using THF as the eluent. Refractive index traces from a 

Waters 2414 detector were used for molecular weight determination using polystyrene 

calibration standards (Agilent Technologies).  

Small Angle X-ray Scattering (SAXS) 

Samples were loaded into aluminum washers, heated at 50oC overnight under vacuum to 

remove residual solvent, and cooled slowly to room temperature inside a nitrogen glovebox. 

These samples were then sealed with Kapton tape. X-ray scattering measurements were 

performed at the National Synchrotron Light Source II (NSLS-II, beamline 11-BM, 

Brookhaven National Laboratory), with an X-ray energy of 13.5 keV. Data processing, 

including detector distance calibration using a silver behenate standard, reduction of 2D raw 

SAXS images into 1D intensity versus q curves, and corrections for empty cell scattering were 

performed using the Nika package for Igor Pro for data taken at the ALS, and using the 

SciAnalysis software for NSLS-II data. Non-linear least-squares fits of scattering profiles to 

the Teubner-Strey equation were performed using Python SciPy library.  

X-ray Photoelectron Spectroscopy (XPS) 

Same samples used in X-ray scattering experiments were used for XPS. Experiments were 

performed using an Escalab Xi+ Spectrometer (ThermoFisher Scientific) with a 
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monochromatic aluminum Kα X‐ray source under a vacuum of ~ 5 x 10−9 mbar. Charge 

compensation was carried out using a dual ion‐electron low‐energy flood source. High‐

resolution spectra were recorded at 20 eV pass energy at intervals of 0.05 eV.  

Theoretical Model 

Our theoretical model is similar to one presented in a recent publication by some of us.25 We 

consider a weakly compressible system containing 𝑛, = 𝑛- =
%!
.

 polycations (A) and 

polyanions (B), which we model as continuous Gaussian chains having equal degrees of 

polymerization 𝑁, and equal statistical segment lengths 𝑏 for simplicity. Each 

polycation/polyanion possesses 𝑄 charges that are uniformly smeared along its backbone, 

giving equal and opposite charge densities 𝜎 = ± /
0

. In addition, the system contains 𝑛1 =

𝑛* =
%"#
.

 small-molecule monovalent counterions, and is solvent-free. The non-bonded 

interaction energies in the model include the Flory-Huggins interaction between the polyions: 

𝛽𝑈+ =
𝜒,-
𝜌2

∫ 𝑑𝒓	𝜌<,(𝒓)𝜌<-(𝒓)	(1) 

the Coulomb interaction 

 

𝛽𝑈3 =
𝑙-
2 ∫ 𝑑𝒓	∫ 𝑑𝒓′

𝜌<3(𝒓)𝜌<3(𝒓4)
|𝒓 − 𝒓4| 	(2) 

and the Helfand compressibility term 

 

𝛽𝑈. =
𝜁
2𝜌2

∫ 𝑑𝒓	(𝜌<(𝒓) − 𝜌2).	(3) 

Here,  𝜌<5(𝒓) is the microscopic number density operator for monomers of species 𝑖 (where 

𝑖 ∈ {𝐴, 𝐵, +,−} is the species label, and the labels 𝑖 = ± refer to the counterions), 𝜌<(𝒓) =
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𝜌<,(𝒓) + 𝜌<-(𝒓) + 𝜌<1(𝒓) + 𝜌<*(𝒓) is the total microscopic density operator, 𝜌<3(𝑟) =

𝜎𝜌<,(𝒓) − 𝜎𝜌<-(𝒓) + 𝜌<1(𝒓) − 𝜌<*(𝒓) is the microscopic charge density, and 𝜌2 =

%$01%%01%&1%'
6

 is the bulk density of the system. Note that all microscopic density operators 

are smeared, having the usual delta function particle density distributions (corresponding to 

point particles) replaced by normalized Gaussians Γ(𝒓) = (2𝜋𝑎.)*
(
)𝑒*

*)

)+),31 where the 

smearing range is fixed in this work to be 𝑎 = .
√8
𝑏 ≈ 0.8𝑏; the usage of smeared densities is 

a regularization strategy that renders the resulting field theory ultraviolet convergent and has 

become commonplace in polymer field theories in recent years.32–34 The Flory-Huggins 

parameter 𝜒,- characterizes the repulsion between unlike backbones, the parameter 𝑙- =

9:)

;<==,
 is the Bjerrum length (where 𝛽 = +

>%?
, 𝜖2 is the vacuum permittivity of free space, 𝜖 is 

the bulk dielectric constant and 𝑒 is the elementary charge) and 𝜁 is a parameter that sets the 

compressibility of the system, which is fixed here to 𝜁 = 1 as in similar recent work.33 

 

Using standard techniques, the canonical partition function for the above model in the field-

theoretic representation takes the form of a functional integral over field configurations 35 

 

𝑍 = 𝑍2∫ 𝒟𝑤+∫ 𝒟𝑤.∫ 𝒟𝑤@∫ 𝒟𝜑	𝑒*A[C-,C),C(,E]	(4) 

 

where the fields 𝑤5(𝒓) are exchange-mapped chemical potential fields responsible for 

mediating the Flory-Huggins interaction and Helfand compressibility, and 𝜑(𝒓) is the 

electrostatic potential field. Here the pre-factor 𝑍2 contains the ideal gas terms as well as 

normalization factors from the Hubbard-Stratonovich transforms. The Hamiltonian 
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𝐻[𝑤+, 𝑤., 𝑤@, 𝜑] and related details are presented in the Supporting Information. In order to 

examine the structure of the fluctuating disordered phase of this model, we will employ field-

theoretic simulations with complex Langevin sampling (CL-FTS), which allows us to sample 

the above statistical field theory model without approximation.36–43 This approach has been 

previously used to study polyelectrolyte complexes in various contexts.44–49 In CL-FTS, the 

auxiliary fields are promoted to be complex variables and are sampled according to the 

following Langevin equations of motion: 

 

𝜕𝑤5(𝒓, 𝑡)
𝜕𝑡 = −λC.

𝛿𝐻[{𝑤}, 𝜑]
𝛿𝑤5(𝒓, 𝑡)

+ 𝜂C.(𝒓, 𝑡)	(5) 

 

𝜕𝜑(𝒓, 𝑡)
𝜕𝑡 = −λE

𝛿𝐻[{𝑤}, 𝜑]
𝛿𝜑(𝒓, 𝑡) + 𝜂E(𝒓, 𝑡)	(6) 

 

where the 𝜂G(𝒓, 𝑡) are real-valued and Gaussian-distributed white noise variables with zero 

mean (b𝜂G(𝒓, 𝑡)c = 0) and which satisfy the fluctuation-dissipation theorem 

(b𝜂5(𝒓, 𝑡)𝜂G(𝒓4, 𝑡4)c = 2λG𝛿5G𝛿(𝒓 − 𝒓4)𝛿(𝑡 − 𝑡4)). In order to compute a given observable 

(such as the structure factors presented below), the field-theoretic operator corresponding to 

that observable is computed as a time average on the complex Langevin trajectory, leveraging 

the ergodic principle. 

 

In addition to sampling the exact field theory in this work via CL-FTS, we will also consider 

the particle-center structure factor predictions of the random-phase approximation (RPA) for 

the same model. In the RPA calculation, the fields are assumed to fluctuate weakly about the 
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homogeneous saddle point, and the structure factor calculation involves an expansion of the 

Hamiltonian up to quadratic order in the fields. The RPA calculation for the model above was 

carried out in a previous work, 25 which we refer the reader to for more details. For the 

counterion-free symmetric system (𝑁, = 𝑁- = 𝑁, 𝑏, = 𝑏- = 𝑏, 𝜎, = −𝜎- = 𝜎), the RPA 

result for the particle-center structure factor H$$(>)
0

= ⟨LM$(𝒌)LM$(*𝒌)⟩
0PQ)(>)

 is given by 

 

𝑆,,(𝑘)
𝑁 =

Ω(𝑘)
(Ω.(𝑘) − Λ.(𝑘))Γh.(𝑘)

	(7) 

 

where the wavevector-dependent correlation functions Ω and Λ are given by 

 

Ω(𝑘) = 𝜁𝑁 +
𝛾(𝜎𝑁).

𝑘.𝑅R.
+

2
𝑔mS(𝑘)Γh.(𝑘)

	(8) 

Λ(𝑘) = 𝜁𝑁 + 𝜒,-𝑁 −
𝛾(𝜎𝑁).

𝑘.𝑅R.
	(9) 

Note here that 𝑔mS(𝑘) =
.

>/T0/
o𝑒*>)T0) − 1 + 𝑘.𝑅R.p is the Debye function, 𝑅R = q0

8
𝑏 is the 

ideal chain radius of gyration, Γh(𝑘) = 𝑒*
+)1)

)  is the Fourier transform of the Gaussian 

smearing function, and 𝛾 = ;<
8
𝑙-𝜌2𝑏. is a dimensionless parameter that characterizes the 

strength of the electrostatic interactions in the PEC. Note that for the purposes of comparison 

with CL-FTS simulations, in which the chain backbone contour is discretized, we use Debye 

functions in our RPA expressions that are computed with the same chain contour 

discretization as the simulations – these have a slightly different behavior at large-𝑘 than the 



 

 60 

continuum Debye function given above, but give the same large-𝑘 behavior as the CL-FTS 

results. 

 

3.4 Results and Discussion 

The goal of this study is to investigate ionic compatibilization of a CPE and a PIL, and how 

electrostatic interactions can be utilized to tune the morphology of the resulting blend. A series 

of copolymers with charged repeat units randomly distributed along the polymer backbone 

was used as the model system. 4 different charge fractions, 50%, 60%, 75% and 100%, were 

used (Figure 3.1) to vary the strength of electrostatic attraction between polymers in each 

CPE-PIL pair. Because thiophene-based polymers have been studied extensively both in 

solution and solid state, and the information on chain conformation and solid state packing is 

readily available, we used a thiophene-based CPE, poly[6-(thiophen-3-yl)hexane-1-sulfonate-

co-3-(hexylthiophene)] copolymers, with tetramethyl ammonium (TMA) counterion for this 

model system. Acrylamide-based imidazolium-functionalized PIL, poly[(3-methyl-1-

propylimidazolylacrylamide)-co-3-methyl-1-(propyl acrylamide)], with chloride counterions 

was chosen to pair with the CPE. This is because the imidazolium group has been shown to 

have a wide electrochemical stability window,50 thus the incorporation of such 

electrochemically stable PIL enables further investigation of this CPC in electrochemical 

applications.  
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Figure 3.1. Chemical structures of CPE (left) and PIL (right) copolymers utilized in this study. 
x indicates the mole fraction of charged repeat units, which were spaced out randomly along 
the polymer chains. We chose 4 different x values: 50%, 60%, 75% and 100% (fully charged 
polymer).  
 

To isolate charge fraction as the primary variable controlling complexation strength, the same 

mixing conditions were used to obtain the CPCs. Stock solutions of CPE and PIL were 

prepared by dissolving the polymer in a 40% THF in water mixture, resulting in a final 

polymer concentration of 1M. Due to the poor solubility of CPE with < 50% charged repeat 

units in the employed solvent mixture, in this study we only investigated concentrations above 

50% charge fraction. In order to achieve the stable/meta-stable blend, we first obtained the 

coacervate of the CPE and PIL, and then remove solvent from the coacervate to get the dry 

CPCs. Unlike more traditional systems used to study coacervation in which  coacervation 

occurs in an added salt environment, in these conjugated systems, the addition of THF 

promoted the formation of the CPE-PIL coacervate with a broad coacervation window. 

Similar observations of coacervation between a CPE and a non-conjugated polyelectrolyte 

upon the addition of THF were the subject of earlier studies.51 When a  CPE-PIL coacervate 

was formulated in purely aqueous media, the coacervation window was quite narrow and the 
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system required very high added salt concentration to transition from the kinetically trapped 

precipitate phase to the coacervate phase.10 As the presence of the conjugated backbone in 

these systems introduces additional intermolecular forces, such as π–π stacking, hydrophobic 

interactions, and cation−π interactions, these systems have a complex mixing thermodynamics 

that can be very different from non-conjugated systems. For example, prior studies 

demonstrate that solvent quality plays a critical role in the complexation behavior of systems 

with conjugated polymers due to the strong hydrophobic interactions within the system.51 

Potential changes to the CPE chain conformation were proposed to result in a significant 

enthalpic driving force to the complexation process.52 These studies have illustrated the 

intriguing physics of conjugated polymer complex systems, highlighting the need of further 

investigation to fully understand their complexation thermodynamics. 

 

Electrostatic interactions prove to be a powerful pathway for compatibilizing CPEs and PILs, 

with the microstructure of the resulting complex controlled by polymer charge fraction. In 

particular, CPE-PIL coacervation occurred across all charge fractions with no macrophase 

separation observed, indicating the effective mixing of all polymer pairs in this study. 

However, as illustrated in Figure 3.2a, CPCs with partially charged polymers show evidence 

of local structure formation except for CPC100 whose featureless scattering profile suggests 

a homogeneously disordered morphology. Particularly, a single broad peak located at q ≈ 0.12 

– 0.15 Å*+,corresponding to a length scale of around 5 nm, shows up in SAXS traces of 

CPC75, 60 and 50. This scattering peak likely corresponds to the length scale of concentration 

fluctuation caused by the formation of CPE-rich and PIL-rich nanodomains. The emergence 

of these nanophases is likely induced by the short-range repulsion among the polymers’ 
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immiscible backbones. At lower polymer charge density, these repulsive interactions can 

compete more effectively with complexation forces, giving rise to microphase segregation. 

This scattering peak shifts to lower q and gets sharper with decreasing polymer charge density, 

suggesting an increase in the length scale of segregation and the formation of more well-

defined interfaces among nanodomains. Our experimental observation is consistent with prior 

theoretical studies, where it has been shown that weakening the strength of Coulombic 

interactions in charged polymer blends enlarges the domain size of their microphase 

segregated structures.23,25–27 However, the breadth of the scattering peak and the lack of higher 

order peaks in the scattering traces of partially charged CPCs indicate that they still maintain 

a globally well-mixed morphology, with some local nanostructure. The sharpening of the 

scattering peak at low polymer charge density likely suggests the shift of the CPC’s 

morphology from mean-field disordered to fluctuating disordered nanostructure that 

resembles a block copolymer melt when heated above the TODT. Such structures have been 

shown to possess some topological similarities to a bi-continuous microemulsion, 53 which 

could be useful in various applications such as filtration membranes or battery electrolytes.  
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Figure 3.2. (a) Background-subtracted SAXS profiles of CPCs show dependence of peak 
position, width, and intensity on polymer charge fraction. As the complexation strength 
decreases, the CPC remains macrophase-mixed, but with more nanoscale texturing. Traces 
have been shifted vertically for clarity (b) Amphiphilicity factor, domain size and correlation 
length of CPCs obtained from fitting their scattering traces to the Teubner-Strey equation. The 
dependence of these 3 parameters on polymer charge fraction is in agreement with the 
evolution of the scattering peak with complexation strength observed in SAXS. 

 

To quantitatively investigate the morphology of the CPCs in the aforementioned locally 

structured states, we fit their scattering traces to the Teubner−Strey (TS) model,54 which is 

based on a Laudau expansion of a blend free energy. Besides the Berk model,55 which utilizes 

the generalized theory of spinodal decomposition to account for microemulsion scattering, the 

TS model is commonly used for systems that take on a microemulsion-like structure.53,56,57 

Geometric approaches that consider the emulsion to be a distorted lamellar structure 58 also 

result in a functional form of the correlation function similar to that derived by Teubner and 

Strey. The TS equation takes in the following form: 

 

𝐼(𝑞) = 	
1

𝑎. +	𝑐+𝑞. + 	𝑐.𝑞;	
	(10) 

Where a2, c1 and c2 are the fitting parameters. From this model, 3 important factors can be 

extracted: 
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𝑓$ =	
𝑐+

{4𝑎.𝑐.	
	(13) 

  

Where d represents the domain size, 𝜉 is the correlation length that indicates the distance over 

which structural correlations persist,56,59 and 𝑓$ is the amphiphilicity factor that takes on a 

value between 0 and -1 for microemulsion structures (𝑓$ =  -1 corresponds to the lamellar 

phase, and 𝑓$ = 0 is where the system crosses over the Lifshitz line).60  

 

Even though TS equation was motivated by the scattering behavior of oil/water/surfactant 

microemulsions, we found the model to fit relatively well to the scattering data (Figure S3.2), 

suggesting that the partially-charged CPCs form good microemulsions. For CPC50 especially, 

the peak position and the q-4 decay at large q match the experimental data reasonably well. 

The q-4 decay fit becomes slightly worse for CPCs with stronger electrostatic interactions, 

indicating the lack of sharp interfaces in these complexes. For all CPCs, the TS fit fails to 

capture the scattering upturn at low q which we attribute to the inaccuracy in background 

subtraction and some concentration fluctuation that happens at larger length scale. We 

hypothesize that the microemulsion morphology of these CPCs is likely co-continuous, rather 

than droplet or multilayers vesicle, due to the compositional symmetry of the blends and as 

suggested by simulation snapshots (Figure S3.6). An analogous morphology was predicted 

for polymer blends compatibilized by hydrogen bonding in a recent study,57 where simulations 

predict a bi-continuous microemulsion structure for systems with intermediate hydrogen 

bonding strength regardless of the placement of hydrogen bonding sites along the polymer 

backbones.  
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The 3 aforementioned physical parameters calculated from the TS fit provide further 

quantitative insights on how the local ordering of CPCs is enhanced with decreasing polymer 

charge fraction. As shown in Figure 3.2b, all CPCs have their amphiphilicity factor 𝑓$ values 

in the range of 0 and -1, suggesting the microemulsion characteristic of these CPCs. As the 

CPC’s charge fraction becomes smaller, 𝑓$ becomes more negative and approaches − 0.96 for 

x = 50%. Since 𝑓$ = −1 corresponds to lamellar structure, this suggests that CPC50 locally 

resembles a lamellar morphology, with distortion of the lamellar stacks happening at larger 

length scales. While CPC60 and CPC75 have less negative 𝑓$, their values are still well below 

0 and thus suggest a significant concentration of interfaces presence in these complexes. We 

postulate that such interfaces are caused by the tendency of CPE chains to be in proximity due 

to their attractive intermolecular forces, such as 𝜋-𝜋 stacking and hydrophobic interaction. In 

agreement with the trend in 𝑓$ values, 𝜉 increases with decreasing charge density. Since 𝜉 

reflects how far a certain structural correlation persists, a larger value of 𝜉 indicates higher 

level of ordering in the system. Given the sharp increase of 𝜉 going from CPC60 to CPC50, 

it is likely that the CPC transitions from a mean-field-like to a co-continuous fluctuating 

disordered state between these 2 charge fractions. The dependence of domain spacing, d, on 

the polymer charge fraction x, however, is rather modest. In particular, d only increases from 

4.6 nm to 5.1 nm when x was decreased from 75% to x = 50%. The variations in how 𝑓$, 𝜉 

and d change with respect to x underscores the significant impact of electrostatic interactions 

on the segregation-induced morphology of CPCs within the range of polymer charge density 

chosen in this study, while the length scale of the segregation only shows a minimal change. 
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In agreement with our experimental observation of effective CPE-PIL mixing across all 

charge fractions used in this study, our RPA calculation suggests that charged polymer 

complexes stay well-mixed down to extremely low polymer charge density before crossing 

the order-disorder transition (ODT) threshold. Figure 3.3 shows this universal RPA prediction 

for the ODT value of 𝜒𝑁, as a function of 𝛾(𝜎𝑁). where 𝜎 is the density of charge per polymer 

chain. The RPA expression for the structure factor indicates that in the special case of a 

symmetric CPC without counterions, the ODT should collapse to a universal curve that 

depends on the electrostatic interactions only through the dimensionless group 𝛾(𝜎𝑁).. 

Determining the precise value of 𝛾 for RPA calculations of our experimental system is 

challenging because it requires the exact values of the statistical segment length and the 

conformation of polymer chains inside the complex, as well as the bulk dielectric constant of 

the CPC environment. However, rough estimations can be made assuming a dielectric 

constant of 2-3, which are typical values for polymer melts, a number-density of 1 repeat unit 

for every nm3, and a polymer statistical segment length between 2 and 6 nm (corresponding 

to roughly 2 to 6 repeat units per segment). It should be noted that prior studies on conjugated 

coacervate have raised some speculations on the extension of CPE chains upon complexation, 

yet more concrete observations of such extension are still lacking.10,51 As a result, the 

aforementioned estimation of statistical segment length likely underestimates the actual value 

of 𝛾 for this system due to potential extension of polymer chains in the CPC. Nonetheless, the 

estimation yields 𝛾 values within the range of 150-250, implying that we should at least 

assume that 𝛾 is of order 10.. Assuming that polymer length N is also in the order of 10., the 

parameter 𝛾(𝜎𝑁). is of order 10; for fully charged polymer complexes. As shown in Figure 

3.3, crossing the ODT of such system requires 𝜒𝑁 ≈ 700, corresponding to 𝜒 value of 7 which 
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is rarely seen in any polymer backbone pair. Our calculation indicates that prohibitively large 

values of 𝜒𝑁 are required to drive the system to phase separate unless the polymer charge 

density is very low (𝜎𝑁 ∼ 1), meaning one or a few charges per polymer chain. This low 

charge-density requirement is quite stringent if one wishes to obtain the ordered microphases, 

but it also underscores the power of electrostatic interactions to compatibilize polymer blends 

comprising completely different backbones that would not normally be miscible. 

 

Figure 3.3. Value of 𝜒,-𝑁 needed to cross the ODT, as a function of dimensionless group 
𝛾(𝜎𝑁)., according to RPA, for a symmetric CPC without counterions. 

 

An examination of the density correlations using RPA also suggests qualitative agreement 

with X-ray scattering with respect to the dependence of CPC morphology on polymer charge 

fraction. As shown in Figure 3.4a, the polycation-polycation structure factor (𝑆,,(𝑘)) at 𝛾 =

20 is a function of charge fraction: the structure factor peak shifts to larger wavevector and 

diminishes in intensity when the polymer charge density increases. For large charge densities, 

a shoulder in the structure factor becomes apparent (this can be seen most clearly for 𝜎 = 1.0). 

This underlying feature appears to be caused by the particle smearing in the model, as it is 

independent of the electrostatic parameters but changes with the smearing range (Figure 
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S3.7), and thus is not a feature that we are interested in here. As highlighted earlier, the value 

of 𝛾 in our system could be as high as 250. However, due to challenges associated with 

conducting FTS simulations at such high electrostatic strength, as well as difficulties in 

interpreting RPA at such large 𝛾 due to the above-mentioned smearing-related feature, we will 

consider more moderate values of 𝛾 in our theoretical comparisons. Most importantly, we note 

that while the specific value of 𝛾 does affect the overall structure factor peak intensity and 

wavevector, it does not appear to have a qualitative effect on the complexation strength 

dependence of the structure factors. This can be seen more clearly in Figure 3.4b, which 

shows the dependence of the domain size (given by 𝐿 = .<
>2

, where 𝑘U is the electrostatic 

correlation peak wavevector from the structure factor) on the polymer charge fraction for 

different values of gamma ranging from small (𝛾 = 1) to relatively large (𝛾 = 50). The 

domain size decreases monotonically as charge density is increased, and diverges as 𝜎 → 0 

where the conventional (uncharged) binary blend limit (with peak wavevector 𝑘U = 0) is 

recovered. Though not investigated in this study, a prior study of on charged polymer blends 

with low charge fraction also reported a transition of the blend from a homogeneous single-

phase to a macrophase separated mixture as charge fraction was decreased from 5% to 2%.61 

This observation is in line with the how quickly the domain size increases at low polymer 

charge fraction 𝜎 as shown in Figure 3.4b. Increasing 𝛾 reduces the length scale associated 

with the concentration fluctuations overall, but does not change the trend with charge density. 

For a given fixed value of gamma, the change in this length scale with charge density is rather 

modest (provided that the charge density is not close to zero), in agreement with the trend 

observed for domain size d shown in Figure 3.2b. Note that our theoretical model assumes 

linear and uniformly charged polymer chains and thus ignores the side-chain architecture and 
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consequent monomer aspect ratio of the experimental system. However, qualitative agreement 

between RPA calculations and experimental SAXS data was still achieved, suggesting that 

the observed trends are primarily governed by electrostatic parameters such as the overall 

charge density of the chains, rather than the specific backbone architecture 

 

 

Figure 3.4. a) RPA structure factor dependence on polymer charge fraction 𝜎, for 𝛾	 = 	20. 
b) Length scale of concentration fluctuations (obtained from the peak positions 𝑘U) as a 
function of 𝜎 for several values of 𝛾. All results use 𝑁 = 100, 𝜒,- = 0.15 and correspond to 
counterion-free systems. 

 

Besides polymer charge fraction, an important parameter that is also frequently examined in 

theoretical studies is the concentration of counterions in the polymer complex.23,62 In this 

study, we probed the impact of counterion concentration on CPCs structure by comparing 

CPCs with and without the dialysis step. Prior to dialysis, dry CPCs contain residual 

counterions that partition into the polymer complex during the coacervation process. The 

presence of these residual counterions is confirmed by the strong Cl peaks in high-resolution 

XPS scans of all CPC samples before dialysis (Figure S3.3). These peaks disappeared in XPS 

traces of all CPCs after dialysis, confirming that dialysis effectively yielded counterion-free 

CPCs. To understand the dependence of CPCs structure on the inclusion/removal of 
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counterions, SAXS profiles of CPCs before dialysis were also collected and compared to that 

of counterion-free CPCs. Because TMACl (the salt of the 2 counterions) does not show any 

scattering peak in the SAXS region (Figure S3.4), any difference in the SAXS traces of CPC 

samples with and without counterions was not caused by salt scattering and thus is attributed 

to the ion-induced structural perturbations.   

 

Similar to polymer charge density, the concentration of counterions also influences the 

structure of CPCs, but likely via a combination of ionic screening and excluded volume 

effects. As shown in Figure 3.5a, except for CPC100 which stays homogeneously disordered 

regardless of the counterion concentration, the scattering peaks of all partially charged CPCs 

with counterions are at lower q values and are broader compared to those of counterion-free 

CPCs. This trend suggests that the presence of counterions leads to larger domain size and 

less ordered local structure in microphase-segregated charged polymer complexes. The 

amphiphilicity factors extracted from TS fit for CI-containing CPCs are also closer to 0 than 

those of the CI-free CPCs (Figure S3.5), implying that the inclusion of counterions in the 

systems leads to more disordered structure with less well-defined interfaces. These impacts 

are likely driven by 2 factors. Firstly, the added ionic strength from counterions can effectively 

screen the electrostatic attraction among polymer side chains, leading to stronger segregation 

between CPE and PIL. This effect is analogous to lowering polymer charge fraction, which 

also increases domain size and improves local ordering, thus enhancing the intensity of the 

scattering peaks, in CPCs. Another factor is the excluded volume of counterions, which can 

swell the polymer complex and dilute the structure. Such dilution effect can also result in 

increasing domain size and swelling of the interfaces among the domains. Given the shift in 
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the scattering peak is rather modest, it is not clear which of these effects is the primary cause 

for the counterion-dependence of CPC structure.  

 

Figure 3.5. (a) SAXS traces of CPCs before (dashed line) and after (solid line) dialysis. For 
CPCs with microphase segregation, the presence of residual counterions (CI) shifts the 
scattering peak to lower q and broadens the peak relative to CI-free CPCs. Data has been 
shifted vertically for clarity (b) Effect of counterions on the structure factor peak intensity and 
position in RPA and CL-FTS simulations for the 𝑥 = 50% CPC. Solid lines/filled symbols 
correspond to the counterion-free system, and dashed lines/hollow symbols correspond to the 
system with charge-neutralizing counterions. 𝛾 = 1 is shown in red, 𝛾 = 50 in black, and in 
both cases 𝜒,-𝑁 = 15. 

 

Results from FTS and RPA, as shown in Figure 3.5b, show that the presence of counterions 

weakens CPC scattering peak and shifts the peak to lower q values, in qualitative agreement 

with SAXS data. In our model, the size of the counterion is assumed to be similar to that of a 

polymer repeat unit. Values of 𝛾 = 1 and 𝛾 = 50 are shown, for a charge fraction of 𝜎 = 0.5. 

Despite a factor of 50 difference in the 2 chosen 𝛾 values, a same trend was observed on how 

the structure factor changes with respect to counterion presence for both 𝛾 values. This 

qualitative agreement between the two scenarios again confirms that the precise value of 𝛾 is 

not so critical to describe qualitatively the features of the disordered CPC structure. 
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Furthermore, the RPA (lines) and CL-FTS (points) results are in excellent agreement, 

indicating that RPA provides a very accurate approximation for this system. To visualize the 

weaker segregation strength and less ordered local structure in CPCs with retained 

counterions, we conducted a line scan of the concentration fluctuations through the system 

(Figure 3.6) in simulation. The change in the interface sharpness, or the local ordering, of 

CPCs with and without counterions can be seen from the clear difference in concentration 

fluctuation within CPCs with and without counterions. However, the rather modest change in 

the length scale of the fluctuations (which is quantified by the shift in peak position in the 

structure factors of Figure 3.5) is more difficult to see visually. 

 

Figure 3.6. Example line scan of concentration fluctuations of the polycation (𝛿𝜙,(𝑥) =
𝜙,(𝑥) − 𝜙,	) through the simulation box in CL-FTS, for the 50% CPC with 𝛾 = 50 and 
𝜒,-𝑁 = 15. Filled symbols (solid lines) are without counterions, hollow symbols (dashed 
lines) are with counterions. 
 

3.5 Conclusions 

This study illustrates that ionic interactions can be a powerful pathway to compatibilize two 

polymers with very different backbone chemistries (CPE and PIL), and to control the 

morphology of the resulting polymer complexes. Effective mixing of the CPE and the PIL 

was observed across all polymer charge fractions used in this study. While the ability to 
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compatibilize polymers by ionic interactions is not new, prior experimental studies only 

focused on the weak complexation regime where the blend resembles a supramolecular block 

copolymer and self-assembles to form ordered morphology.63–65 This was achieved by adding 

only a few, or even just 1, charged repeat unit per polymer chain. This study demonstrates that 

in the intermediate complexation regime when the blend appears to be homogeneously mixed, 

some short-range local ordering with domain size of a few nm can emerge. In particular, when 

the complexation strength was decreased via lowering of the polymer charge fractions, 

microphase separation happened, leading to the formation of CPE-rich and PIL-rich domains 

ranging between 4 nm to 5 nm in size while the complexes still maintained globally disordered 

structures. The morphology of these microphase-segregated CPCs is microemulsion-like and 

likely co-continuous, resembling that of a block copolymer heated above the TODT. Lastly, 

manipulation of electrostatic parameters, such as polymer charge fraction and counterion 

concentration, enable effective control of the local nanostructure such as the domain size and 

the interface width.  

 

Our observations imply that ionic interactions have great potential in engineering the 

nanostructure of globally disordered polymer complexes. Prior studies done on disordered 

block copolymers quenched right above the TODT have suggested that the presences of the 

nanoscopic and percolating domains can be beneficial in separation, catalysis, and energy 

applications.9,53,56,66 However, achieving such morphology in block copolymers is challenging 

because the structure only exists right above the ODT temperature and often requires kinetic 

trapping, chemical crosslinks, or swelling the interface with the addition of a homopolymer. 

As a result, investigation on stabilized local structures within disordered block copolymers is 
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still limited compared to the breadth of studies on ordered block copolymers with 

thermodynamically equilibrated microstructures. This electrostatic assembly pathway offers 

an exciting opportunity to stabilize this unique structure with great versatility and without 

introducing any synthetic, kinetic or thermal limitations. In broader contexts, charged polymer 

complexes also offer much easier structural control compared to the traditional block 

copolymers. For example, structure variations in charged polymer complexes can simply be 

achieved by changing the concentration of added salt, or mixing the two polymers in different 

compositions. In contrast, utilizing the block architecture would require synthesizing an 

entirely new polymer to achieve similar results. Lastly, we have shown that ionic 

compatibilization enables the macroscopically homogeneous mixing of a conjugated polymer 

with a non-conjugated counterpart. This study thus opens up exciting directions in formulation 

of multifunctional electronic materials via ionic complexation of CPEs with another 

functional polymer. The morphology of such polymer complexes can be controllably tuned 

via electrostatic manipulations, enabling fundamental studies on structure-property 

relationships or for optimization of optoelectronic and other properties. 
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3.7 Appendix 

Synthesis of Poly(3-(6’-bromohexyl)thiophene-co-3-hexylthiophene) (P3BrHT:P3HT) 

 

 

Synthesis of P3BrHT:P3HT random copolymers was carried out following a previously 

reported protocol.67 2,5-dibromo-3-(6-bromohexyl)thiophene and 2,5-dibromo-3-

hexylthiophene were mixed in 9:1 molar ratio in an oven-dried round bottom flask equipped 

with a magnetic stir bar. The reaction flask was sealed with rubber septa and was dried 

overnight under active vacuum. Anhydrous THF was added to the flask to dissolve the dry 

monomer mixture, and the flask was purged with dry nitrogen for 20 minutes. 

Isopropylmagnesium chloride was added dropwise to the reaction flask, and the mixture was 

stirred at ambient temperature under nitrogen. Care was taken to prevent contact of 

isopropylmagnesium with air during the transferring process. After 2 hours, Ni(dppp)Cl2 

suspended in dry THF was added to the reaction. Immediate color change from pale yellow 

to vibrant red was observed, indicating the polymerization taking place. After 12 hours, the 

polymerization was quenched by rapid addition of 1M HCl solution, and was precipitated into 

cold methanol. The obtained polymer was purified by washing in a Soxhlet apparatus with 
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methanol, acetone, and ethyl acetate before extraction with THF. The product was 

concentrated under vacuum, yielding a red-purple solid. The isolated product was then dried 

overnight under vacuum to remove any remaining solvent. 

Synthesis of Poly[6-(thiophen-3-yl)hexane-1-sulfonate-co-3-(hexylthiophene)]  

 

 

P3BrHT-P3HT was dissolved in THF in a round bottom flask equipped with a magnetic stir 

bar. The flask was sealed with a rubber septa, and the solution was purged with dry nitrogen 

gas for 30 minutes. 1M bis(tetramethylammonium)sulfite (TMA2SO3) salt solution in 

methanol was prepared following a previously reported protocol.68 10-fold excess of 

TMA2SO3 was added to the reaction flask, and the mixture was heated to 70oC and refluxed 

for 1 hour. After that, more methanol was added to the reaction mixture to help dissolve the 

ionic-functionalized polymer and drive the reaction to completion. The reaction mixture was 

left to react overnight. The polymer was purified by dialyzing using 10 kDa cutoff dialysis 

membranes against deionized water for 3 days, with the dialysate replaced every 12 h. The 

isolated product was dried with lyophilizer, yielding the CPE as a red-purple solid. 

Synthesis of Poly(N-hydroxysuccinimidyl acrylate) (PNHSA) 
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Synthesis of PNHSA was carried out following a previously reported protocol.69 In a Schlenk 

flask equipped with a magnetic stir bar, N-acryloxysuccinimide, DDMAT, and AIBN were 

dissolved in anhydrous DMF. The solution was degassed using five freeze-pump-thaw cycles. 

After the fifth cycle, the flask was filled with dry nitrogen and heated to 70˚C in an oil bath. 

The reaction was kept at that temperature for 24 h, and during the process the mixture was 

stirred vigorously. After cooling to 25˚C, the polymer was precipitated from methanol, filtered 

and dried in ambient, dissolved in DMF and reprecipitated from methanol, twice. The polymer 

was filtered and dried under a vacuum at 60˚C for 24 h to yield a pale yellow powder. 

Synthesis of Poly[(1-propylimidazolacrylamide)-co-3-methyl-1-(propyl acrylamide)]  

 

PNHSA repeat units were randomly functionalized with imidazole-amine and butylamine 

following a previously reported protocol.70 The polymer was first dissolved in anhydrous 

DMF in a round bottom flask. The flask was sealed with rubber septa and degassed with dry 

nitrogen for 30 minutes. After that, appropriate molar equivalent (50%, 60%, 75% and 100%) 

of 1-(3- aminopropyl)imidazole solution in anhydrous DMF was added dropwise to the 

vigorously stirring polymer solution. The reaction was left running for 12 hours at 25˚C using 

a water bath. The resulting polymer was precipitated from ethyl acetate, dissolved in 

methanol, and re-precipitated from diethyl ether twice. The polymer was collected by 

centrifugation and dried under a vacuum at 60˚C for 12 h to obtain a pale yellow brittle solid. 

It was then dissolved in anhydrous DMF and the NHSA groups were reacted with 5-fold 
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excess of butylamine for 12 h at 25˚C f to yield the neutral random copolymers. NMR end-

group analysis indicate an average DP of 60 for the PIL. 

Synthesis of Poly[(3-methyl-1-propylimidazolylacrylamide)-co-3-methyl-1-(propyl 

acrylamide)] 

 

In a round bottom flask, the neutral copolymer was dissolved in anhydrous DMF. The flask 

was sealed with a rubber septa, and the solution mixture was purged for 30 minutes using dry 

nitrogen. 3-fold excess of iodomethane (with respect the imidazole) was added to the flask, 

and the reaction mixture was heated slightly and kept at 40oC for 12 hours. The polymer was 

then precipitated from diethyl ether and dried under vacuum overnight. The iodine anion was 

exchanged to chloride by co-dissolving the polymer in methanol with 10-fold excess of NaCl. 

This mixture was stirred vigorously at 45oC overnight. After that, the solution mixture was 

dialyzed using a 10 kDa cutoff dialysis membranes against methanol for 4 days, with the 

dialysate replaced every 12 h. The isolated product was dried under vacuum at 90˚C for 24 h, 

yielding an off-white solid.  

Table S3.1. Mn, Mw and PDI of CPBr precursors  
Sample Mn Mw PDI 

CPBr100 12.2 22.9 1.88 
CPBr75 8.70 11.9 1.37 
CPBr60 8.34 11.2 1.34 
CPBr50 8.95 12.9 1.44 
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Figure S3.1. Formation of CPE-PIL coacervate (red) droplets upon mixing, in co-existence 
with the dilute supernatant (orange background). Example shown for x = 50% 
 

 

Figure S3.2. Fit results of TS model to the scattering profiles of CPCs with microphase 
segregation 
 
Table S3.2. Fit parameters of TS model 

Sample a2 c1 c2 
CPC75 0.137565 -11.37747 336.182266 
CPC60 0.149365 -13.239675 361.532134 
CPC50 0.257333 -32.514904 1102.08773 
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Figure S3.3. High-resolution XPS scans of CPC with (bottom) and without (top) dialysis. 
Disappearance of Cl signal upon dialysis indicates that Cl ions have been effectively removed 
from the complex. Data has been shifted vertically for clarity. Elemental analysis from XPS 
survey scans gives a rough estimation of 1 Cl ion per 3, 5, 6, and 5 charged monomers for 
CPC50, 60, 75, and 100 respectively. 
 

 

 

Figure S3.4. SAXS profile of TMACl salt shows no peak, confirming that scattering peaks in 
CI-containing CPCs are due to the domains segregation 
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Figure S3.5. The amphiphilicity factors extracted from TS fit for CI-containing CPCs 
compared to CI-free CPCs showing less ordered nanostructure of ion-containing complexes 
 

Field Theory and Simulation Details 

The field-theoretic Hamiltonian is given by 

𝐻[𝑤+, 𝑤., 𝑤@, 𝜑]

=
𝜌2
2 �

1
|𝜇5|

∫ 𝑑𝒓	𝑤5.(𝒓)
@

5V+

+ 𝜁𝜌2�
𝜉5
𝜇5

@

5V+

� Φ5G∫ 𝑑𝒓	𝑤5(𝒓)
GV,,-,1,*

+
1

8𝜋𝑙-
∫ 𝑑𝒓	|∇𝜑|. − 𝑛, ln 𝑄,[Ω,] − 𝑛- ln 𝑄-[Ω-] − 𝑛1 ln 𝑄1[Ω1]

− 𝑛* ln 𝑄*[Ω*]. 

Here the number of 𝑤5 fields (in this case three) is determined by the number of non-zero 

eigenvalues of the contact interaction matrix, the parameters 𝜇5 and Φ5G are the respective 

eigenvalues and eigenvectors of that matrix, and the parameter 𝜉5 takes the value 1 if 𝜇5 < 0 

and the value 𝑖 if 𝜇5 > 0. 𝑄W is the single-molecule partition function for molecular species 𝑙, 
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and ΩU is the local chemical potential field for bead species 𝑚. The single-chain partition 

functions 𝑄,/- take the form 

𝑄,/-�Ω, -⁄ � =
1
𝑉 ∫ 𝑑𝒓	𝑞, -⁄ o𝒓, 𝑁; �Ω, -⁄ �p, 

where the chain propagator 𝑞, -⁄ o𝒓, 𝑠; �Ω, -⁄ �p satisfies the modified diffusion equation for a 

linear polymer chain 

𝜕
𝜕𝑠 𝑞, -⁄ (𝒓, 𝑠) = �

𝑏.

6 ∇
. − Ω, -⁄ (𝒓, 𝑠)� 𝑞, -⁄ (𝒓, 𝑠) 

subject to the initial condition 𝑞, -⁄ (𝒓, 0) = 1. The counterion partition functions take a 

simpler form: 

𝑄±[Ω±] =
1
𝑉 ∫ 𝑑𝒓	𝑒

*[±(𝒓). 

The species chemical potential fields ΩU are related to the auxiliary fields according to 

ΩU(𝒓) =�𝜉5Φ5U𝑤�5(𝒓)
@

5V+

+ 𝑖𝜎U𝜑�(𝒓), 

where 𝜎U is the linear charge density (±𝜎) for polymeric species (𝑚 = 𝐴,𝐵), and 𝜎± = ±1 

for the counterion species (we assume monovalent counterions). The overbar on the auxiliary 

fields that appear in the species fields ΩU indicate that those fields have been smeared via 

convolution with the smearing function; that is, 

𝑤�5(𝒓) = ∫ 𝑑𝒓4Γ(𝒓 − 𝒓4)𝑤5(𝒓4), 

and a similar expression for 𝜑�(𝒓). 

 

In complex Langevin field-theoretic simulations (FTS), the average of a given thermodynamic 

operator 𝒪, which is formally defined as 
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〈𝒪[{𝑤}, 𝜑]〉 =
∫ 𝒟𝑤+𝒟𝑤.𝒟𝑤@𝒟𝜑𝒪[{𝑤}, 𝜑]exp(−𝐻[{𝑤}, 𝜑])

∫ 𝒟𝑤+𝒟𝑤.𝒟𝑤@𝒟𝜑 exp(−𝐻[{𝑤}, 𝜑])
 

is obtained by sampling the complex Langevin trajectories of the auxiliary fields, and 

computing the (fictitious) time average of 𝒪, leveraging the ergodic principle. In this work, 

we make use of operators for the density 𝜌5(𝒓) and the species 𝐴 (polycation) structure factor 

𝑆,,(𝑘) 𝑁⁄ ; definitions of these operators can be found in prior publications from some of 

us.34,42,71  

 

All simulations were conducted in a cubic box with dimensions o6.4𝑅Rp
@ subject to periodic 

boundary conditions, with a spatial collocation mesh spacing equal to the smearing range; that 

is, Δ𝑥 = 𝑎 in all cases and all directions, except in the density linescan presented in Figure 

3.6, for which the mesh spacing in the x-direction (the direction of the linescan) is reduced to 

Δ𝑥 = 𝑎 3⁄  in order to provide a higher resolution. The modified diffusion equations are solved 

using a pseudospectral operator-splitting scheme with a chain contour resolution of Δ𝑠 =

0.01𝑁, and the CL equations are evolved using an exponential time differencing (ETD) 

algorithm with a time step Δ𝑡 = 0.05, following our recent work.33 For all simulations, the 

system is initialized in a random disordered configuration that has been equilibrated via a 

warmup simulation on the order of 108 timesteps. The structure factor results of Figure 3.5 

in the main manuscript are also the result of an average over 108 timesteps, and the 𝛾 = 50 

data involve an additional average over 10 independent simulations, the additional averaging 

being necessary due to the strong electrostatic fluctuations in that case. All simulations were 

performed on Intel Xeon E5-2650 or E5-2670 CPUs, or NVIDIA Tesla M2075 graphics 

processing units (GPUs). 
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Figure S3.6. Simulated snapshots (𝜌,(𝒓) − 𝜌-(𝒓)) of the 50% CPC from CL-FTS, 𝛾 = 50 

suggesting the CPE-PIL microemulsion take on a bi-continuous rather than a droplet 

morphology. Left snapshot is CPC without counterions, and right snapshot is CPC with 

counterions.  

Random Phase Approximation 

The RPA result for 𝑆,,(𝑘) 𝑁⁄  in the case with counterions is given by 

�
𝑆,,(𝑘)
𝑁 �

*+

= Ω,, −
Ω,*.

Ω**	
−
�Ω,1 −

Ω,*Ω1*
Ω**

�
.

Ω11 −
Ω1*.
Ω**

−

�Ω,- −
Ω,*Ω-*
Ω**

−
�Ω,1 −

Ω,*Ω1*
Ω**

� vΩ-1 −
Ω1*.
Ω**

w

Ω11 −
Ω1*.
Ω**

�

.

Ω-- −
Ω-*.
Ω**

−
�Ω-1 −

Ω-*Ω1*
Ω**

�
.

Ω11 −
Ω1*.
Ω—

 

where the correlation functions Ω5G are given by 

Ω,,(𝑘) = 𝜁𝑁 +
𝛾(𝜎𝑁).

𝑘.𝑅R.
+

1
𝜙,𝑔mS(𝑘)Γh.(𝑘)

, 
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Ω,-(𝑘) = 𝜁𝑁 + 𝜒,-𝑁 −
𝛾(𝜎𝑁).

𝑘.𝑅R.
, 

Ω,1(𝑘) = 𝜁𝑁 +
𝛾𝜎𝑁.

𝑘.𝑅R.
, 

Ω,*(𝑘) = 𝜁𝑁 −
𝛾𝜎𝑁.

𝑘.𝑅R.
, 

Ω--(𝑘) = 𝜁𝑁 +
𝛾(𝜎𝑁).

𝑘.𝑅R.
+

1
𝜙-𝑔mS(𝑘)Γh.(𝑘)

, 

Ω-1(𝑘) = 𝜁𝑁 −
𝛾𝜎𝑁.

𝑘.𝑅R.
, 

Ω-*(𝑘) = 𝜁𝑁 +
𝛾𝜎𝑁.

𝑘.𝑅R.
, 

Ω11(𝑘) = 𝜁𝑁 +
𝛾𝑁.

𝑘.𝑅R.
+

𝑁
𝜙1Γh.(𝑘)

, 

Ω1*(𝑘) = 𝜁𝑁 −
𝛾𝑁.

𝑘.𝑅R.
, 

Ω**(𝑘) = 𝜁𝑁 +
𝛾𝑁.

𝑘.𝑅R.
+

𝑁
𝜙*Γh.(𝑘)

. 

 

The shoulder feature that appears at large 𝛾 in the RPA and FTS structure factors is a 	𝛾-

independent feature that can be isolated by taking the 𝛾 → ∞ limit. In the 𝛾 → ∞ limit, the 

RPA structure factor for the counterion-free system takes the form 

𝑆,,(𝑘)
𝑁 =

1

2𝑁 �2𝜁Γh.(𝑘) + 2
𝑁𝑔mS(𝑘)

+ 𝜒,-Γh.(𝑘)�
	 

which exposes this 𝛾-independent peak. In Figure S3.5a, we plot the full RPA result for 

increasing values of 𝛾, compared with the 𝛾 → ∞ result, demonstrating the presence of this 
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residual peak in addition to the peak of interest, which shifts to larger 𝑘 and reduces in 

intensity as 𝛾 is increased. We note that for high values of 𝛾, the presence of the 𝛾-independent 

peak obfuscates the peak of interest and complicates the interpretation of our theoretical 

model, which is another motivation for restricting ourselves to lower values of 𝛾 in this work. 

Figure S3.5b shows how this gamma-independent peak depends on the smearing range 𝑎; 

note from the expression above that there is also an 𝑁-dependence. 

 

 

Figure S3.7. a) RPA structure factors for 𝜎 = 1, in the counterion-free system, for increasing 
values of 𝛾, as well as the 𝛾 → ∞ limit, reveals a 𝛾-independent feature. b) RPA structure 
factors in the 𝛾 → ∞ limit, for different values of the smearing range 𝑎, show that this feature 
is strongly dependent on 𝑎. 
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Chapter 4 

Role of complexation strength on the photophysical and 

transport properties of semiconducting charged polymer 

complexes 

This chapter is reproduced with permission from:  

Le, M. L.; Warner, C.; Segalman, R. A.; Chabinyc, M. L. Role of Complexation Strength on 
the Photophysical and Transport Properties of Semiconducting Charged Polymer Complexes. 
Chem. Mater. 2023, DOI: 10.1021/acs.chemmater.3c00627. Copyright 2023 American 
Chemical Society. 
 

4.1 Abstract 

The high polymer fraction in complexes of conjugated and insulating polyelectrolytes offers 

unique opportunities for fabrication of conductive thick films and bulk structures. The 

electrostatic interactions in these systems further provide a handle for controlling their 

structure and properties. The impact of charge-mediated complexation strength on the 

photophysical and electronic transport properties in blends of conjugated polyelectrolytes 

(CPEs) with oppositely charged polymeric ionic liquids (PILs) was examined. Complexes 

were formed with varying frequency of charged repeat units, from 50% to 100%, on an anionic 

polythiophene-based CPE and a complimentary cationic PIL. In highly charged complexes, 

the intimate mixing between the CPE and the PIL reduced the structural disorder along the 

CPE backbone, enhancing its intrachain conjugation and interchain stacking. In weakly 

charged complexes (<90%), these chain planarization effects were absent and microphase 

separation occurred. At all charge fractions examined, the electrical conductivity of an acid-
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doped complex was higher than that of the unblended constituent CPE. The highest electrical 

conductivity, near 1 S cm-1, was found for a charge fraction of 100%. These results 

demonstrate the potential for designing effective polymeric conductors using electrostatic 

complexation. 

 

4.2 Introduction 

Conjugated polymers are an important class of organic electronic materials because of their 

mechanical properties, versatile molecular design, and compatibility with inexpensive and 

scalable processing methods.1–4 The hierarchical structures of conjugated polymers in the 

solid state, including the degree of crystallinity, the size and texture of ordered aggregates, 

and the long range orientational correlation between backbones, have direct and profound 

impacts on their optoelectronic and transport properties.5–12 Significant efforts to optimize the 

optoelectronic performance of conjugated polymers have been made by controlling and 

manipulating their solid-state self-assembly. Critical factors have been identified, including 

molecular weight,13–16 chain conformations,17,18 solution and casting conditions,19,20 

interactions with substrates,21 and the nucleation conditions.22  In general, the limited 

solubility of conjugated polymers has also played a strong role in their optoelectronic 

properties that can be impacted by processing. Therefore, molecular designs to increase or 

broaden the processability of conjugated polymers have been of longstanding interest.   

 

Conjugated polyelectrolytes (CPEs) are π-conjugated polymers with pendant ionic side 

chains, making them highly compatible with water and other high dielectric solvents for 

improved solution processability.23–25 The CPE side chains, accompanied by counterions, not 
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only impart potential solubility in polar solvents and ionic conductivity but also present new 

handles to electrostatically manipulate their self-assembly processes. In particular, the charged 

side chains impart strong electrostatic interactions within and between chains.26–28 Thus, the 

structure of CPEs is controlled by a combination of aromatic interactions as well as 

electrostatics and hydrophobic forces. Leveraging these added ionic degrees of freedom, it 

has been demonstrated that the structure and electronic properties of CPE chains in both 

solution and solid films can be controlled by varying the charge-compensating counterion, 

ionic strength of solvent, frequency and placement of ionic moieties, and added ionic 

additives.29–39  

 

These same electrostatic interactions, moreover, can be used to induce electrostatic 

complexation of the CPE with an oppositely charged polyelectrolyte. When solutions of two 

polyelectrolytes are mixed, the electrostatic attraction of the polymers combined with the 

entropy gain of exclusion of counterions overcomes the unfavorable enthalpic interactions 

between the immiscible polymers.40,41 As a result, associative phase separation emerges, 

resulting in polymer complex phase with extremely high solid loading in coexistence with the 

polymer-deficient supernatant.42,43 Initial studies on complexes of CPEs have suggested 

changes in the photophysical properties of the CPE upon charged-induced complexation.33,42–

46 Red shifts in optical transitions of the CPE chains upon complexation have been reported, 

suggesting the more planar conformation of CPE chains in the polymeric complex phases.42,45 

These observations have been attributed to the reduction in torsions and kinks along the CPE 

backbones in the polymer complex. In complexes where both polyelectrolytes are conjugated 

polymers with differing backbone rigidity, extension of the more flexible CPE has been 
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observed.47 These initial findings underscore the potential of ionic interactions in modulating 

the photophysical properties of CPEs in charged complexes.  

 

The high polymer loading in charge conjugated complexes suggests potential for the 

fabrication of solid-state conductive thick films and bulk structures for applications such as 

thermoelectric and bioelectronics which have been previously illusive due to the limited 

solubility of most conjugated polymers.1,48,49 A fundamental understanding of behavior of 

CPEs within solvent-free complexes is critical to the development of high-performing solid 

materials. While the coacervate phase is ~50% solvent and gel-like, upon drying, it transforms 

into an ionically cross-linked polymer network. Because of the high solids loading in the 

coacervate, thick films (4 – 5 μm) can be obtained from casting the material. Surprisingly, the 

solid film of ethylenedioxythiophene-based CPE complexed with another insulating 

polyelectrolyte, once doped with a strong acid, was found to have higher electronic 

conductivity than the unblended CPE.43 This suggests that understanding the roles of 

electrostatic strength and molecular design on both the local order and interconnectivity of the 

CPE chains in the complex could yield significant improvements on the final optoelectronic 

properties of the complex materials.  

 

Here, we investigate how the charge-mediated complexation process affects the photophysical 

and electronic transport properties of CPEs in blends of CPE with an oppositely charged 

polymeric ionic liquid (PIL) as a function of charge fraction. By varying the frequency of 

charged repeat units on an anionic polythiophene CPE and a complimentary insulating 

cationic PIL we developed a model system with controlled complexation strength. We found 
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that the relative strength of intrachain and interchain excitonic coupling in the CPE aggregates 

stayed relatively constant between unblended and blended CPE regardless of charge fraction. 

For densely charged complexes, strong complexation with the PIL reduced structural disorder 

along the CPE backbones, leading to increased intrachain conjugation and interchain 

electronic couplings of the CPE. Due to the short-range repulsion between the dissimilar CPE 

and PIL chains, weakly charged complexes nanophase segregated whereas densely charged 

complexes were more homogeneous. In both cases, the long-range percolation necessary for 

electronic transport was improved, resulting in all complexes exhibiting superior electrical 

conductivity (2-3 orders of magnitude higher) compared to the constituent CPEs when doped 

with a strong acid. Our findings provide a fundamental basis to understanding the role of 

complexation on the structural ordering and the optoelectronic properties of CPE chains 

within electrostatic complexes.  

 

4.3 Experimental Methods 

Materials 

All chemicals, unless otherwise noted, were commercially available and used as received from 

Sigma-Aldrich. Deionized water (> 19 MΩ·cm at 25 °C) was used for the synthesis and 

preparation of samples. Deuterated solvents were obtained from Cambridge Isotope 

Laboratories. 

 

Molecular Characterization 

1H NMR spectra were recorded at using 600 MHz (Varian VNMRS) in CDCl3, DMSO-d6 or 

d-Methanol. Gel permeation chromatography (GPC) was conducted using a Waters e2695 
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instrument using THF as the mobile phase with a flow rate of 1 mL/min. Reported molecular 

weight and polydispersity (Đ) values are relative to a polystyrene (PS) standard.  

 

Sample Preparation 

Stock polymer solution was prepared by dissolving the polymer in a 40% THF : 60% water 

solvent mixture to achieve a final molar concentration of 1M. In an Eppendorf tube, solutions 

of CPE and PIL of similar charge fraction were mixed in a stoichiometric ratio and the tube 

was mixed for one minute using a vortex mixer. Subsequently, the mixture was centrifuged at 

7000 rpm for 10 minutes to drive the accumulation of coacervate droplets to the bottom of the 

Eppendorf tube while the polymer-deficient supernatant phase floated to the top. The 

coacervate was then collected by decanting the supernatant and was blade-coated onto quartz 

substrates for subsequent spectroscopy and conductivity measurements. CPE solutions were 

spin cast onto quartz substrate. CPE films are 250 to 300 nm thick, while complex film 

thickness ranges from 1 µm to 4 µm going from Complex50 to Complex100 due to the 

difference in polymer loading in the coacervate phase. Film thickness was measured with a 

Bruker DektakXT Stylus profilometer. Except for UV-Vis experiments where films were spun 

cast from solutions in Methanol, CPE films used in all other experiments were prepared by 

spin casting from 40% THF:60% water solutions. All samples were heated at 50°C under 

vacuum for 30 min to remove excess solvent and were further dried under high vacuum (10-8 

Torr) overnight.  

 

Vapor Doping  
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Doping was performed inside a nitrogen glovebox. Polymer film was attached upside down 

in the lid of a glass jar and HTFSI crystals were placed inside the jar. The jar was closed 

tightly and heated at 50°C on a hot plate for 13 minutes (CPEs) or 45 minutes (complexes). 

For the complex films, the films were transferred to another closed clean glass jar and heated 

at 55oC for an additional 48 hours to promote efficient diffusion of dopants into the film and 

to prevent leakage of dopant vapor.  

 

Optical Spectroscopy 

Films of CPEs and Complexes were casted onto 0.5 mm-thick quartz substrates. UV-Vis 

absorption spectra were taken using an Agilent Cary 60 UV-Vis spectrophotometer. All 

measurements were done at ambient temperature (≈ 25oC). Emission spectra were taken using 

a Horiba FluoroMax® 4 spectrometer at 450 nm excitation wavelength. The sample is 

illuminated by a 150 W xenon, continuous output, ozone-free lamp. Emission spectrum of 

each film was averaged over 3 scans.  

 

Electronic Conductivity Measurement 

Gold electrical contacts (≈ 60 nm thick) were deposited at ~ 1 Å s−1 rate onto casted polymer 

film on quartz via controlled thermal evaporation through a shadow mask. Transmission line 

measurements were carried out to determine in-plane electronic conductivity of the polymer 

film using a Keithley 6485 picoammeter. Electrical measurements were carried out inside a 

nitrogen glovebox at room temperature. To obtain the activation energy and high-temperature 

conductivity limit of the samples, temperature-dependent conductivity measurements were 

performed under vacuum (≈10−4 Torr) in a Lakeshore cryogenic probe station at temperatures 
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from 300 K down to 180 K; elevated temperature measurements were not carried out to 

prevent any potential de-doping of the polymer films. 

 

X-ray Scattering 

Samples were loaded into aluminum washers, soft-baked at 50 °C under vacuum to remove 

the excess solvent, and further dried under high vacuum (≈ 10-8 Torr) overnight. These 

samples were then sealed with Kapton tape. X-ray scattering measurements were performed 

at the National Synchrotron Light Source II (NSLS-II, beamline 11-BM, Brookhaven National 

Laboratory), with an X-ray energy of 13.5 keV. Data processing, including the detector 

distance calibration using a silver behenate standard, the reduction of two-dimensional (2D) 

raw SAXS images into one-dimensional (1D) intensity versus q curves, and corrections for 

empty cell scattering, was performed using the SciAnalysis software for NSLS-II data. 

 

4.4 Results and Discussion 

We sought to investigate the role of electrostatic complexation strength and the resulting 

nanostructure on the photophysical and electronic transport properties of a series of CPE-PIL 

complexes. The fraction of charged repeat units on the polymer backbones can be varied to 

control the strength of electrostatic attraction between CPE and PIL chains. We chose poly[6-

(thiophen-3-yl)hexane-1-sulfonate-co-3-(hexylthiophene)] copolymers with tetramethyl 

ammonium (TMA) counterion as the CPE because thiophene-based polymers have well-

understood optoelectronic behavior. These CPEs were paired with a PIL, poly[(3-methyl-1-

propylimidazolylacrylamide)-co-3-methyl-1-(propyl acrylamide)], with chloride counterions 

as the complimentary polycation. The wide electrochemical stability window of the 
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imidazolium group makes this PIL an ideal candidate here 50 as it is important that the 

insulating polymer remains stable upon electrical doping of the CPE within the complex. The 

chemical structure of the CPEs and PILs are shown in Figure 4.1a.  

 

 

Figure 4.1. Schematic showing the process of obtaining solid-state CPE – PIL charged 
complex films for further characterizations. (a) Chemical structures of the CPE and the PIL 
used in this study, with x being the percentage of charged units (b) Concentration of polymers 
in the coacervate phase (red markers) in comparison to that in the stock solutions (black 
markers). Inset showing a photograph of CPE-PIL (x = 75%) coacervate in coexistence with 
its supernatant (c) The coacervate obtained from decanting the supernatant, and drop-casted 
onto a quartz substrate (d) Solid film (≈ 1 µm – 4 µm thick) obtained from blade coating the 
CPE – PIL coacervate and drying under high vacuum overnight 

 

The solid-state polymer complexes investigated in this study were obtained by drying the 

coacervate phase that formed upon mixing the solutions of the CPE and the PIL with matching 

charge fractions. Both polymers were synthesized with charge fraction x of 50%, 60%, 75%, 

90%, and 100% to cover a range of complexation strength while maintaining sufficient 

electrostatic interactions to ensure the formation of the coacervate phase upon mixing. Details 

of the mixing protocol are included in the Experimental Section. As shown in Figure 4.1b, 

the concentration of polymer in the coacervate phase — both in absolute value and relative to 

the concentration of the stock solutions — increases with polymer charge fraction, indicating 

the more favorable partition of polymer chains into the complex coacervate phase. This trend 

confirms that the polymer charge fraction provides an effective and direct handle to tune the 
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complexation strength between the CPE and the PIL. Once formed, the coacervate phase was 

collected by decanting the supernatant (Figure 4.1c) and was blade-coated onto quartz 

substrates and dried under high vacuum (≈ 10-8 Torr) (Figure 4.1d). Due to the differences in 

the polymer concentration of the coacervate at different charge fractions x, the resulting solid 

films’ thicknesses varied from 1 µm to 4 µm going from Complex50 to Complex100.  

 

Motivated from our prior work demonstrating that the polymer charge fraction effectively 

controls the nanostructure of conjugated polymer complexes,51 we aimed to elucidate the 

impacts of such structural evolution on the hierarchical ordering of CPE chains in the complex 

and on the optoelectronic properties of these complexes. In particular, we have observed from 

our prior study that the small angle X-ray scattering (SAXS) profile of the complex transitions 

from being featureless (x = 100%) to having a single broad peak as the charge fraction is 

reduced to 50%. These results indicate that at x = 100%, the strong complexation between the 

CPE and the PIL chains leads to the formation of a homogeneously disordered structure where 

the polymers are intimately mixed. At lower x values, short-range repulsive forces can 

compete more effectively with the weaker electrostatic interactions, giving rise to nanoscale 

phase segregation. As a result, weakly charged complexes have globally homogeneous but 

locally-ordered structure with a correlation length of 4 – 5 nm. The weaker the electrostatic 

attractions, the larger the domain size and the sharper the interfaces becomes. Nonetheless, 

the consequences of this morphological change on the hierarchical ordering and the 

optoelectronic properties of the CPE component remained unknown.  
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Absorption and emission spectroscopy measurements provide a means to understand the 

short-range ordering of the CPE chains within the CPE-PIL complex. It is worth noting that 

the thick complex films (> 1µm, with ≈ 50% conjugated material) were essentially opaque 

due to the high absorption coefficient of polythiophenes (≈ 105 cm-1).52  However, we were 

still able to collect absorption spectra of all the materials (Figure 4.2b) and attributed the 

spectra to transmission through thin spots in the large area of illumination or the edges of the 

sample. Due to the unknown thickness of the transmitting regions, the UV-Vis spectra of the 

complexes were not amenable to quantitative fitting as transmission UV-Vis measurements 

were shown to be very sensitive to the reflection behavior of the sample which varies with 

sample thickness and surface homogeneity.53 

 

Figure 4.2. Optical absorption spectra of (a) thin films (spun-cast) of CPEs and (b) thick films 
(blade-coated) of complexes as a function of charge fraction. The dashed lines show the 
absorption onset. 
 

Optical absorption spectra of CPE films suggest that these polymers form films with both 

aggregated and disordered regions. As shown in Figure 4.2a, the spectra of the CPEs have a 

low-energy absorption edge (≈ 1.95 eV), followed by a vibronic shoulder and a broad 
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absorption peak at higher energy. These general spectral features are similar to those of 

poly(3-hexylthiophene) P3HT,54–59 suggesting similar excitonic behavior between charged 

and neutral polythiophenes. The dipoles from charged side chains and their counterions in 

CPE films can be considered static within the lifetime of an exciton (within ns), and thus have 

minimal impact on the excitons. The absorption onset here is slightly blue-shifted compared 

to the one reported for CPE100 (with the same TMA counterion) in literature (≈ 1.91 eV).60 

The presence of the vibronic progressions from 2.0 – 2.4 eV in the spectra is indicative of 

polymer aggregates with strong coupling between the electronic transition and the vibrational 

levels of the conjugated backbone.57,61 These aggregates of two or more chromophores form 

due to their favorable electronic interactions between and along the conjugated backbones.61 

Depending on how the transition dipoles of the chromophores are oriented relative to each 

other, the aggregates can be classified as H-type (cofacial orientation) or J-type (collinear 

orientation) aggregates.62 The former leads to optical properties that are dominated by 

interchain electronic coupling, whereas the latter is dominated by intrachain coupling.63,64 The 

molecular weights of the CPEs used in this study are below the chain folding threshold 63 so 

the possibility of a CPE chain folding back on itself and causing intrachain interaction can be 

ruled out. The polymer aggregates in these CPE films are likely HJ-type aggregates with 

predominant interchain aggregates (H-type) characteristic. Interestingly, the absorption peak 

and shape do not appear to change monotonically with polymer charge fraction (Figure 4.2a), 

likely because of the variation in the MW and the dispersity index Đ of these CPEs (Table 

S4.1). As no sign of 𝜋 − 𝜋 stacking was observed in wide angle X-ray scattering (WAXS) 

data of the CPEs (Figure S4.2), it is likely that these CPEs only form short-range aggregates 

but do not maintain any longer range order. Similar observations have been reported for a few 
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other conjugated polymer systems, where X-ray scattering indicates no crystallite formation, 

but optical spectroscopy was able to detect short-range ordered domains.65,66  

 

The low-energy edge of the absorption spectra of the complexes is similar to that in the spectra 

of unblended CPE films, suggesting the presence of CPE aggregates in all complexes. As 

shown in Figure 4.2b, the onset of optical absorption showed up at 1.95 eV for all complexes, 

followed by a vibronic shoulder at ~ 2.15 eV. While these features likely indicate that the 

dilution from the PIL component in the complexes does not inhibit the aggregation of CPE 

chains, they can also correspond to the absorption from isolated chains that are stretched out. 

Thus, further quantitative analysis is needed to determine whether interchain CPE aggregates, 

isolated and strongly extended CPE chains, or a combination of both give rise to the low 

energy absorption of complex films. However, as noted above, the application of such analysis 

to the absorption of the complex could be misleading due to experimental limitations. Given 

the difficulties in quantitative comparison of the CPEs and complex’s absorption spectra, we 

turned to photoluminescence (PL) spectroscopy, which is only marginally affected by 

reflectance,53 to further probe the nature of CPE chromophores in each. The comparison 

between UV-Vis and PL data was made under the assumption that both techniques probe 

representative aggregate population within the films.  
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Figure 4.3. Normalized PL spectra of CPEs (dashed traces) and complexes (solid traces) for 
varying charge fractions. A vibronic progression is present for both CPEs and complexes. 
 

The PL spectra show that blending the CPE with the insulating PIL does not hinder the 

possibility of two CPE segments being in close proximity, and that the CPE aggregates have 

comparable emission in neat and complexed form. As shown in Figure 4.3, CPEs and 

complexes both emit at ≈ 2.2 eV and below, and the emission spectra of these samples all 

have a high-energy shoulder at ≈ 1.9 – 2.0 eV. This shoulder is assigned to the 0-0 emission, 
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which is forbidden in interchain H-type aggregates; in contrast in a J-type aggregate, the 0-0 

emission would have a higher intensity than the 0-1 emission. As a result, the presence of the 

high-energy shoulder confirms the HJ-aggregate characteristic of CPE aggregates in both neat 

and complexed films. This observation confirms that while extended isolated CPE chains (J 

aggregates) can contribute to the absorption onset, appreciable interchain coupling is present 

in the complex giving rise to the H-J characteristic absorption. Lastly, the emission spectra of 

the complexes are relatively narrower compared to those of the CPEs, especially for more 

strongly charged complexes (x = 75%, 90%, and 100%). Commonly, optical transitions are 

broadened due to the structural disorder along polymer chains.62 As a result, the narrower and 

more defined emission profiles of the complexes are consistent with an increase in the 

conjugation length of the CPEs upon complexation with the PILs.  

 

The PL spectra can be modeled using a framework developed by Spano for conjugated 

polymers.54 The emission arises from the aggregated regions of the polymer films and can be 

described by a summation of S1→S0 emission peaks coupled to vibronic states of the 

molecules. PL spectra as a function of energy (E) can be fitted to a modified Frank-Condon 

model (Eq. 1). 

𝐼(𝐸) = 𝐶𝐸@

⎩
⎪
⎨

⎪
⎧

𝛼 × exp �
(𝐸 −	𝐸2*2).

2𝜎.
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⎪
⎫

	(1)  

   

The model deconvolutes the PL spectrum into a series of Gaussian peaks, each correspond to 

a S1→S0 transition (coupled to 0-0, 0-1, etc. vibrational states), with a fixed width of 𝜎.54,62 
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In Eq 1, Ep is the characteristic C=C phonon stretch of polythiophenes, S is the Huang-Rhys 

factor, C is a proportionality,  𝜎 is the Gaussian width of the transition, E0-0 is the energy of 

the 0-0 transition, and 𝛼 is a parameter for exciton coherence. Details of the PL spectra fit are 

discussed further in the Supporting Information, and the fits are shown in Figure S4.3.   

 

The parameters obtained from the modified Frank – Condon fit, in agreement with the PL 

spectra shapes, support the hypothesis that the CPE chains are more planar in the highly 

charged complexes. As shown in Figure 4.4a, the E0-0 of all samples ranges from 1.9 eV to 

2.0 eV. For higher charge fractions, E0-0 is red-shifted from the neat CPE while it is slightly 

blue-shifted in Complex50 and Complex60. Red-shift in the 0-0 emission peak can be due to 

enhanced chromophore interactions from the more planar backbone.62,67 However, this effect 

can also arise from polarity differences and can be explained by the strongly charged 

complexes having higher dielectric constants than their corresponding CPEs.   

 

Figure 4.4. (a) Position of the 0-0 emission peak (b) Ratio between 0-2 and 0-1 and (c) 0-0 
and 0-1 emission peak intensities of CPE and complex films across charge fractions. Results 
obtained from fitting PL spectra to equation 1.  

 

The ratio between the 0-2 and 0-1 emission intensities also indicates planarization of the CPE 

backbone in strongly charged complexes. In particular, I0-2/I0-1 has been shown to be primarily 
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governed by the disorder along the polymer backbone and thus is indicative of intrachain 

excitonic coupling.68 As illustrated in Figure 4.4b, the value of I0-2/I0-1 remains relatively 

constant at ≈ 0.55 for all CPEs and the weakly charged complexes. However, for Complex90 

and Complex100, this ratio decreased significantly to ≈ 0.4. We hypothesize that the strong 

mixing with the PIL planarizes the CPE chains, effectively reducing torsions and 

conformational kinks along the CPE backbone. Such a backbone planarization effect is in 

agreement with numerous previous studies.42,43,45 However, in all these complexes, the two 

polymers are fully charged, and we expect the two polymers are intimately mixed. For the 

more weakly charged complexes, local phase separation emerged. As a result, the CPE chain 

is now locally surrounded by neighboring CPE chains, diminishing the complexation-induced 

backbone planarization effects.  

 

Quantification of the ratio between 0-0 and 0-1 emission can be used to determine the relative 

H-type to J-type characteristic of CPE aggregates. It appears that the characteristics of CPE 

aggregates are unperturbed upon complexation. The I0-0 (J-type only) to I0-1 (both H-type and 

J-type) ratio reflects the relative strength between intra- and interchain coupling and I0-0/I0-1 is 

< 1 for all complexes and CPE films, confirming the H-J nature of CPE aggregates in all 

samples (Figure 4.4c). Interestingly, this value stays relatively consistent (≈ 0.55 eV – 0.75 

eV) among all films, suggesting that complexation with the PIL does not perturb the nature of 

CPE aggregates in both locally-segregated complexes and strongly mixed complexes. This is 

intuitive for the more weakly charged complexes, as the CPE domains (≈ 4 – 5 nm in size 

from SAXS)51 could theoretically accommodate up to ten CPE chains if we assume the length 

scale is set by p - p stacking. However, it is important to note that it only takes as few as two 
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chain segments overlapping to form H-type aggregates.13,66 We postulate that in strongly 

mixed complexes, where no characteristic length scale is observed in SAXS, the interchain 

CPE aggregates form from at least two CPE chains in proximity to each other. This length 

scale is within the sub-nanometer range thus will not appear in small angle X-ray scattering. 

Spectroscopy, on the other hand, was able to confirm the presence of CPE – CPE overlap, 

providing information on local ordering of the complex that would otherwise not appear in 

mesoscopic techniques.  

 

Our observations of minimal disturbance to the CPE aggregates in weakly segregated 

conjugated polymer charged complexes are fundamentally different from what has been 

previously reported for blends of neutral conjugated polymers with an insulating and polar 

polymer. In particular, P3HT aggregates in phase-separated blends of P3HT with 

poly(ethylene oxide), PEO, and with poly(methyl methacrylate), PMMA, have been reported 

to significantly shifted from H-J type to predominantly J-type.69,70 These studies suggested 

that the change in the nature of P3HT aggregates was induced by the formation of confined 

P3HT domains within a polar matrix. Due to the strong repulsive forces between dissimilar 

neutral polymers, the P3HT domains in these studies are within sub-micrometer in size, in 

contrast to the more intimate mixing that occurs in the complexes studied here (domain size 

is only ≈ 5 nm). Here, the simultaneous presence of electrostatic attractive forces of the side 

chains and the short-range repulsion of dissimilar polymer backbone results does not result in 

significant changes in the nature of CPE aggregates in the weakly charged complexes. 
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The as-cast film of CPEs and conjugated polymer complex films had very low charge carrier 

concentrations as indicated by the absence of the polaronic peak in their absorption spectra 

(Figure 4.2), suggesting that they did not behave as self-doped polymers.71–74  To investigate 

the electrical conductivity, the films were doped with the strong acid bistriflimidic acid 

(HTFSI) to introduce charge carriers. Films of CPE and conjugated complexes were doped by 

exposure to a vapor of HTFSI at 50°C. The films of the complexes were further heated at 55°C 

overnight to promote complete diffusion of dopants throughout the thick film. We defined 

saturation as the point at which further exposure of the film the HTFSI vapor did not induce 

additional changes to the absorption spectrum and the electrical conductivity. Evidence of 

electronic doping can be seen from the bleaching of the neutral polymer absorption in the 2.0 

– 3.0 eV region, and the emergence of an absorption peak at ≈ 1.55 eV indicates charge carrier 

formation (Figure S4.4).   

 

All CPE films have relatively low electronic conductivity, which is consistent with their 

disordered structure indicated by WAXS (Figure S4.2) and their low MWs (Table S4.1). As 

shown in Figure 4.5a, the electronic conductivity of the CPE films lies between 5 × 10-4 to 5 

× 10-3 S/cm and does not vary monotonically with charge fraction. These values are within 

the same order of magnitude to the previously reported conductivity of other chemically doped 

CPE systems.43,75 From the bleaching of the neutral backbone peak in UV-Vis data (Figure 

S4.4), we estimate the charge carrier concentration in these films to be ≈ 6 × 1020 cm-3, 

corresponding to 1 polaron per 5 – 6 repeat units. The conductivity suggests a charge carrier 

mobility ~5 × 10-6  to 5 × 10-5 cm2 V-1 s-1 for the unblended CPEs, within the same order of 

magnitude to those reported for other hexylthiophene-based CPE.76 Low carrier mobility has 
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also been observed for low MW77 or regiorandom P3HT.78  Much higher mobilities of 10-3 – 

10-2 cm2 V-1 s-1 have been reported for a series of poly(3-alkylsulfonate thiophene) CPEs with 

the same tetramethylammonium (TMA) counterion.79 These values were determined using 

measurements of organic electrochemical transistors (OECT) where the CPE layer was 

crosslinked and swollen in aqueous electrolyte making the direct comparison less 

straightforward. 

 

Interestingly, the conductivities of complex films at each charge fraction are much higher than 

that of the unblended CPEs despite the dilution with the insulating PIL. As shown in Figure 

4.5a and 4.5b, Complex50, Complex60 and Complex 75 have conductivities that are two 

orders of magnitude greater than the unblended CPEs. For highly charged complexes, the 

increase was around 1000 times, resulting in an electrical conductivity of ≈ 1 S/cm. The 

conductivities of Complex90 and Complex100 are comparable to that of the unoptimized 

commercial-grade PEDOT:PSS 80 and polyaniline–polyacid complexes.81,82 Assuming that 

complexes have around half of the charge carrier concentration of unblended CPEs (3 ×  1020 

cm-3), these conductivity values suggest that the charge carrier mobility is ~10-3 cm2 V-1 s-1 

for weakly charged complexes and ~10-2 cm2 V-1 s-1 for highly charged complexes.  
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Figure 4.5. (a) Electrical conductivity of CPEs and complexes at varying charge fraction (b) 
The relative increase in electronic conductivity upon complexation at each charge fraction.  

 

To further elucidate the differences in electronic transport between CPE and conjugated 

polymer complexes, temperature-dependent conductivity measurements of these samples 

were performed. As shown in Figure 4.6, the temperature-dependent conductivities for both 

the CPEs and complexes have an Arrhenius-type form (Equation 2) 

 

𝜎 = 	𝜎2	𝑒𝑥𝑝 ¯
−𝐸$
𝑘-𝑇

± (2) 

 

where the pre-exponential factor σ0 is the high temperature limit of the conductivity 

assuming no phase change, Ea is the transport activation energy, kB is the Boltzmann constant, 

and T is temperature. The linear relationship between the logarithm of conductivity and T-1 

indicates thermally activated nearest neighbor hopping transport in these samples between 

300 K and 180 K. For comparison, temperature-dependent conductivities of all samples were 

also fitted with variable-range hopping models, and the results are given in the Supporting 

Information (Figures S4.5, S4.6 and S4.7). The nearest neighbor hopping model gives the 

best fit in all cases, as frequently observed for semiconducting polymers having electrical 

conductivities of 1 S cm-1 and below.   
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Figure 4.6. Semi-log plot of conductivity of (a) CPEs and (b) complexes with different charge 
fractions as a function of inverse temperature, showing nearest neighbor hopping mechanism. 
Dashed lines are fits to a thermally activated hopping model for transport (Eq. 2).  

 

Values of the two transport parameters Ea and s2 obtained from fitting the temperature-

dependent conductivity of the samples to Equation (2) suggest more facile electrical transport 

in complex films, consistent with their higher room-temperature conductivities compared to 

unblended CPEs. As shown in Figure 4.7a, all complexes have lower Ea than their 

corresponding CPEs across all charge fractions, indicating a lower energy barrier for the 

hopping of charge carriers. Particularly, the activation energy in CPEs range 90 – 120 meV, 

within the same range that was reported for vapor-doped P3HT with comparable electrical 

conductivity.83 For complexes, that energy barrier is much lower (55 – 100 meV). While there 

is no clear correlation between activation energy and polymer charge fraction, it is consistent 

that Ea is larger in CPE films than in complex films for the same charge fraction. Similarly, 

the values of the pre-factor s2 of the complex are consistently higher than those of the CPEs 

for the same charge fraction (Figure 4.7b). Interestingly, the pre-factors s2 of the highly 

charged, homogeneous complexes (x = 90% and 100%) appear to be higher than that of the 
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locally ordered ones (x = 60% and 50%), even though they all have relatively similar 

activation energies. Lastly, at x =75%, the complex has the highest Ea as well as the lowest s2 

and room-temperature conductivity compared to other charge fractions, indicating that 

electronic transport is the least efficient in this complex. 

 

Figure 4.7. (a) Activation energy and (b) high-temperature conductivity limit of CPEs and 
conjugated polymer complexes 

 

Our data indicates that the complexation process induces morphologies with better 

connectivity between CPE chains across mesoscopic distances, leading to the enhanced 

electronic transport properties of the complexes compared to the CPEs. In particular, the 

increase in electrical conductivity could arise from changes in the breadth of the electronic 

density of states or changes in the connectivity of the transport pathways in the solid. The 

interactions of the CPE chains in the complex should impact the density of states and the 
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hopping barrier between sites impacting Ea, while the percolation of carriers through the solid 

is mainly associated with the pre-factor s2. As shown in Figure 4.7, while for all complexes 

the Ea is smaller than that for the corresponding CPE, the pre-factor the s2 is substantially 

higher. As a result, the overall increase in the conductivity upon complexation is dominated 

by the pre-factor, s2, that is indicative of the long-range connectivity among conductive sites. 

Our observations support conclusions from prior studies that long-range connectivity is more 

important than local ordering.65,84,85  

 

The mechanism for the improvement in long-range percolation, however, likely varies 

between different complexes. It is important to note that no improvement in the local ordering 

of the CPE was observed for phase-segregated complexes, yet a significant increase in 

conductivity was still observed. Despite the local phase segregation occurring in these weakly 

charged complexes, their higher pre-factor compared to the corresponding CPEs suggests that 

the CPE domains still form a continuous pathways that can support efficient electron transport. 

In strongly mixed complexes, the pre-factor is even higher indicating that the reduction in 

structural disorder of the CPE backbone in these complexes can improve both the interchain 

hopping and bridge aggregated regions to improve the transport pathways.86–88 Lastly, there 

is a crossover point between strongly mixed and locally segregated morphologies, which is at 

x = 75%. Among all complexes, Complex75 appears to have the lowest electrical conductivity. 

We hypothesize that this sample has a combination of both locally segregated and strongly 

mixed structures, resulting in mesoscopic heterogeneity that disrupts the continuity of 

transport pathway evidenced by its higher Ea  and lower s2, relative to the other complexes. 
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Thus, a morphology that is heterogeneous between strongly mixed and locally ordered is 

likely detrimental in optimizing electronic transport in charged polymer complexes. 

 

4.5 Conclusion 

We have demonstrated that the complexation between a CPE and an oppositely charged PIL 

results in polymer complexes whose morphology leads to higher electrical conductivity than 

unblended CPEs. We utilized a model system of CPE and PIL with varying frequency of 

charged repeat units and found that for complexes of highly charged polymers, the intimate 

mixing with the PIL reduces structural disorder of the CPE backbone, leading to 

improvements in the intrachain conjugation. The electrical conductivity is three orders of 

magnitude higher than in unblended CPEs suggesting that the planarization of CPE chains in 

the complex improves the 𝜋-orbital overlap between adjacent chains for efficient interchain 

hopping and increases the connectivity between CPE aggregates. For complexes of more 

weakly charged polymers, the local repulsion between dissimilar chains lead to the formation 

of nanoscale domains enriched in either the CPE or the PIL. Such phase segregation did not 

result in major differences in the local structure of the CPE chains as determined by optical 

spectroscopy compared to its unblended state. However, these complexes still show a two 

order of magnitude increase in conductivity compared to their corresponding neat CPEs. This 

suggests that the CPE domains formed via local phase segregation are continuous and thus 

can support efficient long-range electronic transport.  

 

Our study has elucidated the role of complexation on the structural ordering and the 

optoelectronic properties of CPE chains within conjugated polymer complexes and provided 
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fundamental design rules for improving transport performance of CPEs via morphological 

control. Currently, manipulation of electronic properties of conjugated polymers is limited to 

variation in synthesis (for new repeat units, changing MW, copolymerization) 15,89,90 or in 

processing conditions,56,91,92 or blending with additives.56,93,94 Our results emphasize the 

potential of electrostatic interactions in blends as an effective handle for controlling the 

morphology and electronic structure of conjugated polymers, with added  advantages for 

processing. Charged conjugated polymer complexes offer a versatile design space not only 

for controlling existing optoelectronic properties, but also for incorporating other desirable 

properties for soft electronics, such as mechanical behavior, that are difficult to achieve with 

a single material.    
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4.7 Appendix 

Synthesis of Poly(3-(6’-bromohexyl)thiophene-co-3-hexylthiophene) (P3BrHT:P3HT) 
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P3BrHT:P3HT random copolymers was synthesized following a previously reported 

protocol.95 In an oven-dried round bottom flask equipped with a magnetic stir bar, 2,5-

dibromo-3-(6-bromohexyl)thiophene (purchased from eNovation Chemicals LLC) and 2,5-

dibromo-3-hexylthiophene monomers were mixed in targeted molar ratios (50:50, 60:40, 

75:25, 90:10, and 100:0). The flask was sealed with rubber septa and dried under active 

vacuum overnight. Distilled THF was added to the flask, and the mixture was stirred and 

purged with dry nitrogen for 20 minutes. Isopropylmagnesium chloride was then added 

dropwise to the flask under rigorous stirring, and the mixture was stirred at ambient 

temperature for two hours under nitrogen. After 2 hours, a suspension of Ni(dppp)Cl2 in 

distilled THF was added quickly to the reaction. Immediately, the mixture turned from pale 

yellow to vibrant red, indicating that the polymerization process was taking place. The 

polymerization was run for 12 hours and was then quenched by rapid addition of 1M HCl 

solution. The mixture was precipitated in cold methanol, and the obtained polymer was 

purified by washing in a Soxhlet apparatus with methanol, acetone, and ethyl acetate before 

extraction with THF. The product was concentrated under vacuum, yielding a red-purple 

solid. The isolated product was then dried overnight under vacuum to remove any remaining 

solvent. 
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Synthesis of Poly[6-(thiophen-3-yl)hexane-1-sulfonate-co-3-(hexylthiophene)]  

 

 

In a round bottom flask equipped with a magnetic stir bar, P3BrHT-P3HT was dissolved in 

THF and the flask was sealed with a rubber septa. The mixture was stirred and purged with 

dry nitrogen for 30 minutes. Solution of 1M bis(tetramethylammonium)sulfite (TMA2SO3) in 

methanol was then added in 10-x excess to the reaction flask, and the mixture was refluxed at 

70˚C. After 1 hour, more methanol was added to the flask to dissolve the ionic-functionalized 

polymer and to drive the reaction to completion. The reaction was carried on overnight, and 

the reaction mixture was then let cool down to room temperature. The polymer was purified 

by dialyzing with deionized water for 5 days using 10 kDa cutoff membranes for 5 days. The 

dialysate was replaced every 12 h. The isolated product was dried with lyophilizer, yielding a 

red-purple solid. 

 

Synthesis of Poly(N-hydroxysuccinimidyl acrylate) (PNHSA) 
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PNHSA was synthesized following a previously reported protocol.96 In a Schlenk flask 

equipped with a magnetic stir bar, N-acryloxysuccinimide, DDMAT, and AIBN were 

dissolved in anhydrous DMF. The solution was degassed using five freeze-pump-thaw cycles. 

Then, the flask was filled with dry nitrogen and heated to 70˚C in an oil bath. The mixture 

was stirred vigorously, and the reaction was let run for 24 h. After cooling to 25˚C, the reaction 

mixture was precipitated from methanol. The mixture was filtered to collect the polymer solid, 

which was then dried under vacuum, dissolved in DMF, and reprecipitated from methanol, 

twice. The final product was filtered and dried under a vacuum at 60˚C for 24 h to obtain a 

pale-yellow polymer powder.  

 

Synthesis of Poly[(1-propylimidazolacrylamide)-co-3-methyl-1-(propyl acrylamide)]  

 

PNHSA was randomly functionalized with imidazole-amine and butylamine according to a 

previously reported protocol.97 In a round bottom flask equipped with a magnetic stir bar, the 

polymer was dissolved in anhydrous DMF. The flask was sealed with rubber septa and was 

purged with dry nitrogen for 30 minutes. Appropriate amount of 1-(3- aminopropyl)imidazole 

solution (50%, 60%, 75%, 90%, and 100% molar equivalent) in anhydrous DMF was added 

dropwise to the polymer solution. The reaction was stirred vigorously and let run at 25˚C. A 

water bath was used to control the reaction temperature. After 12 hours, the reaction mixture 

was precipitated from ethyl acetate, the polymer solid was collected and re-dissolve in 

methanol. The solution was re-precipitated from diethyl ether, and the process was repeated 

H2N N N

H2N O NH O NH

N
N

r

OO
N OO

1.

2.



 

 122 

twice. At the end, the polymer solid was collected and dried under vacuum at 60˚C for 12 h, 

yielding a pale-yellow brittle solid. This polymer was then dissolved in anhydrous DMF, and 

5-fold excess of butylamine was added to the solution. The reaction mixture was stirred for 

12 hours at 25˚C to fully react all NHSA groups, yielding the neutral random copolymers.  

 

Synthesis of Poly[(3-methyl-1-propylimidazolylacrylamide)-co-3-methyl-1-(propyl 

acrylamide)] 

 

The neutral copolymer was dissolved in anhydrous DMF in a round bottom flask, and the 

flask was then sealed with a rubber septa. The solution was heated mildly to 40˚C and purged 

with dry nitrogen for 30 minutes. After that, 3-fold excess of iodomethane was added to the 

flask with a syringe, and the reaction mixture was stirred continuously for an additional 12 

hours. The mixture was then precipitated from diethyl ether, and the solid polymer was 

collected and dried under vacuum at 60˚C overnight. Exchange of the iodine anion with 

chloride anion was carried out by dissolving the polymer in a 10-fold excess of NaCl solution 

in methanol. This mixture was stirred vigorously at 45˚C overnight. The ion-exchanged 

polymer was purified by dialysis against methanol using a 10 kDa cutoff membrane for 4 

days, and the dialysate was replaced every 12 hours. The purified polymer was dried under 

vacuum at 90˚C for 24 h, yielding a pale yellow solid.  
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Figure S4.1a. Solution state 1H NMR spectra of Poly(3-(6’-bromohexyl)thiophene-co-3-
hexylthiophene) 

 

Figure S4.1b. Solution state 1H NMR spectra of Poly[6-(thiophen-3-yl)hexane-1-sulfonate-
co-3-(hexylthiophene)] trimethyl amine 
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Figure S4.1c. Solution state 1H NMR spectra of Poly(N-hydroxysuccinimidyl acrylate) 

 

Figure S4.1d. Solution state 1H NMR spectra of Poly[(1-propylimidazolacrylamide)-co-3-
methyl-1-(propyl acrylamide)] 
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Stock polymer solution was prepared by dissolving the polymer in a 40% THF : 60% water 

solvent mixture to achieve a final molar concentration of 1M. Inside an Eppendorf tube, 

solutions of CPE and PIL of similar charge fraction were mixed in stoichiometric ratio, and 

the tube was mixed for 1 minute using a vortex mixture. After that, the mixture was 

centrifuged at 7000 rpm for 10 minutes to drive the accumulation of coacervate droplets to 

the bottom of the Eppendorf tube, while the polymer-deficient supernatant phase floated to 

the top due to its lower density.  

 

The coacervate was then collected by decanting the supernatant and was blade-coated onto 

quartz substrates for subsequent spectroscopy and conductivity measurements. CPE solutions 

were spin casted onto quartz substrate. CPE films are 250 to 300 nm thick, while CPC film 

thickness ranges from 1 µm to 4 µm going from CPC50 to CPC100 due to the difference in 

polymer loading in the coacervate phase and hence variation in the coacervate viscosity. Film 

thickness was measured with a Bruker DektakXT Stylus profilometer. All samples were soft-

baked at 50˚C under vacuum for 30 min to remove excess solvent, and were further dried 

under high vacuum (10-8 Torr) overnight.  

 

Vapor Doping  

Doping was done inside a nitrogen glovebox. Polymer film was attached to a lid of a glass jar, 

and HTFSI crystals were placed inside the jar. The jar was closed tightly and heated at 50˚C 

on a hot plate for 13 minutes (CPE) or 45 minutes (CPC). For the coacervate film, the film 

was transferred to another closed clean glass jar and heated at 55oC for an additional 48 hours 

to promote efficient diffusion of dopants into the film and to prevent leakage of dopant vapor.  
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Optical Spectroscopy 

UV-Vis absorption spectra of CPE and CPC films were taken using an Agilent Cary 60 UV-

Vis spectrophotometer. All measurements were done at ambient temperature (~ 25˚C). 

Emission spectra were taken using a Horiba FluoroMax® 4 spectrometer at 450 nm excitation 

wavelength. The sample is illuminated by a 150 W xenon, continuous output, ozone-free 

lamp. Emission spectrum of each film was averaged over 3 scans.  

 

Electronic Conductivity Measurement 

Gold electrical contacts (≈ 60 nm thick) were deposited at 1 Å s−1 rate onto casted polymer 

film on quartz via controlled thermal evaporation through a shadow mask. Transmission line 

measurements were carried out to determine in-plane electronic conductivity of the polymer 

film using a Keithley 6485 picoammeter. Measurements were carried out inside a nitrogen 

glovebox at room temperature. To obtain the activation energy and high-temperature 

conductivity limit of the samples, temperature-dependent conductivity measurements were 

performed under vacuum (≈ 10-4 Torr) at temperatures from 300K down to 180K to prevent 

de-doping of the polymer films.  

 

X-ray Scattering 

Samples were loaded into aluminum washers, soft-baked at 50 °C under vacuum to remove 

the excess solvent, and further dried under high vacuum (≈ 10-8 Torr) overnight. These 

samples were then sealed with Kapton tape. X-ray scattering measurements were performed 

at the National Synchrotron Light Source II (NSLS-II, beamline 11-BM, Brookhaven National 
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Laboratory), with an X-ray energy of 13.5 keV. Data processings (the detector distance 

calibration with a silver behenate standard, the reduction of two-dimensional (2D) raw SAXS 

images into one-dimensional (1D) intensity versus q curves, and corrections for empty cell 

scattering) were performed using the Nika package for Igor Pro for data taken at the 

amyotrophic lateral sclerosis (ALS) and using the SciAnalysis software for NSLS-II data. 

Table S4.1. MW of CPEs used in this study  
Charge fraction Mn (kDa) Mw (kDa) PDI 

50 9.01 12.6 1.40 
60 8.17 10.7 1.31 
75 12.2 15.2 1.24 
90 13.6 20.6 1.52 
100 13.0 22.9 1.76 

 

 

Figure S4.2. WAXS data indicates the lack of crystallinity in both CPEs and CPCs. Some 
spikes in CPE WAXS traces are likely due to residual salt crystals from CPE solutions. It is 
possible that there is 𝜋-stacked structure, but it appears to be too weak and is completely 
overwhelmed by the amorphous halo. The shifting of the broad peak at ~ 1.38 Å*+ spacing of 
4.55 Å in neat CPEs to ~ 1.55 Å*+ of 4.0 Å in CPCs could suggest shorter interchain distances.  
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Figure S4.3. PL spectra of CPEs (top row) and CPCs (bottom row) fit to the modified Frank-
Condon model according to equation (1) in the main text. Jacobian transformation 98 was used 
to convert wavelength to energy in all spectra. The refractive index of the film was assumed 
to be constant across the energy of interest. The Huang – Rhys factor, S, was set to varied 
within a range of 1.0 – 1.5. 
 

 

Figure S4.4. UV-Vis spectroscopy confirmed electronic doping of CPE and CPC films upon 
exposure to acid vapor 

CPE50 CPE60 CPE75 CPE90 CPE100

Complex50 Complex60 Complex75 Complex90 Complex100

A
bs

or
ba

nc
e 

(a
.u

.)

3.02.52.01.5
Energy (eV)

 Complex100
 Complex90
 Complex75
 Complex60
 Complex50

 
 

 CPE100
 CPE90
 CPE75
 CPE60
 CPE50

 



 

 129 

 

Figure S4.5. Fit of temperature-dependent conductivity data to Arrhenius equation 

Variable Range Hopping (VRH) Models 

𝜎 = 	𝜎2	𝑒𝑥𝑝 �
𝑇2
𝑇

9

� 

Where 𝜎2 is a pre-factor representing the high temperature limiting conductivity, 𝑇2 is a 

characteristic temperature, and 𝛽 = 1/2 for Efros – Shklovskii variable range hopping with a 

Coulomb gap (or 1-D Mott-type VRH), and 𝛽 = 1/4 for Mott 3-D VRH. 

 

Figure S4.6. Fit of temperature-dependent conductivity data to Efors – Shklovskii VRH 
model  
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Figure S4.7. Fit of temperature-dependent conductivity data to Mott VRH model 
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Chapter 5 

Engineering soft, elastic, and conductive polymers for 

stretchable electronics using ionic compatibilization 

This chapter is reproduced in part from:  
 
Le, M. L.,* Lapkriengkri, I.,* Albanese, K. R., Nguyen, H. P., Tran, C., Blankenship, J. R., 
Segalman, R. A., Bates, C. M., and Chabinyc, M. L. Engineering Soft, Elastic, and Conductive 
Polymers for Stretchable Electronics Using Ionic Compatibilization. [working title], 
manuscript in preparation.  
 
* M. L. L. and I. L. contributed equally to this work.  
 
Bottlebrush polymer synthesis and mechanical characterizations were done by Intanon 
Lapkriengkri 
 
 
5.1 Abstract 

Designing a material that is soft, elastic, and conductive for bio-interfacing technologies has 

remained a major challenge due to the high stiffness of conventional conductive materials. 

The homogeneous mixing of a polymeric elastomer with a conductive material to gain the 

requisite composite properties has presented a formidable challenge due to the general 

immiscibility of these two classes of polymers. Herein, we demonstrate that electrostatic 

interactions provide an effective pathway to compatibilize distinct polymer chemistries and 

backbone architectures to achieve homogeneous and multifunctional (soft, elastic, and 

conductive) polymer complexes. In particular, an anionic conjugated polyelectrolyte (CPE) 

was blended with a cationic bottlebrush polyelectrolyte (BPE). In this design, the CPE 

provides electrical conductivity, while the BPE offers a super-soft matrix for mechanical 

flexibility. The strong electrostatic attraction between the oppositely charged pendant side 
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chains of the CPE and the BPE effectively suppresses phase separation, and the polymers 

formed a phase-compatible complex despite the stark differences in their chemistries and 

architecture. Upon drying of the solvent, the ionic complexes act as dynamic crosslinks, and 

the resulting material behaves like a viscoelastic solid. Moreover, the dynamic nature of the 

ionic crosslinks and the low glass-transition temperature of the BPE enable room-temperature 

reprocessing of the complex with simple pressing. Once doped with a strong acid, this polymer 

complex yields a conductivity up to 0.3 S/cm and maintains a low tensile modulus of 0.2 MPa. 

Moreover, this CPE – BPE complex shows superior recovery of its electronic conductivity 

after an applied strain is removed. Our findings emphasize the potential of electrostatic 

interactions in designing advanced polymer complexes by compatibilizing polymers with 

different functionalities, demonstrated here for soft and stretchable electronics, with 

potentially added processing and performance advantages.  

 

5.2 Introduction 

Soft robotics and wearable electronics create a need for materials with tailored electrical 

conductivity and mechanical properties that are challenging to obtain. For example, the 

significant difference in mechanical modulus between conventional conductive materials (E 

≥ 108 Pa) and biological tissues (E ≤ 106 Pa) leads to interfacial mismatches in mechanical 

behavior.1,2 Geometric engineering, i.e. utilizing special spatial structuring into meshes, 

kirigamis, or waves,3–6 has been shown to be effective in imparting stretchability of 

intrinsically rigid conductive materials, but can be challenging to implement in some 

applications. The development of materials that are both soft and electrically conductive could 

help to address these issues. 
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Conjugated polymers offer the ability to form conductive materials with varying mechanical 

properties set by molecular design. The backbone of semiconducting polymers can be 

relatively stiff, but modification of the design of sidechains can modify their mechanical 

softness. For example, polythiophenes with tetra-ethylene glycol side chains have been shown 

to have a Young’s modulus of only 8 MPa,7 which is up to 2 orders of magnitude lower than 

polythiophenes with alkyl sidechains (60 – 900 MPa).8–10 However, these softer conjugated 

polymers have been shown to experience significant increase in stiffness (up to 50 times) upon 

doping to achieve charge carrier concentrations necessary for electrical conduction. Another 

strategy is adding conjugation-break spacers (CBS) to the backbone of semiconducting 

polymers for improved softness.11 However, this strategy possesses major softness-

conductivity trade-offs, and the moduli of these polymers still fall within the range of 100 – 

1000 MPa.11–15 

 

Blends or composites are a common strategy to modify mechanical and electrical properties 

that are beyond what is achievable with a single material. The development of composites 

between soft (commonly made of polymeric elastomers such as PDMS based silicone/triblock 

thermoplastic elastomers 16–18 or hydrogels 19,20) and conductive materials (such as carbon 

nanotubes (CNTs),21–23 metal,24–27 or conjugated polymers 28–30) allow tunable electrical and 

mechanical properties. CNTs have been successfully embedded in elastomer matrixes via 

solution mixing, melt mixing, and in situ polymerization.31 A wide range of properties, 

between 10-4 to 100 S/cm for conductivity and 105 to 109 Pa for elastic modulus, have been 

reported for the resultant polymer nanocomposites, depending heavily on the modification of 
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the CNTS and the mixing procedure.31–33 On the other hand, studies that blended conductive 

polymers with polymeric elastomers have reported conductivity values from 100 up to 104 

S/cm, with moduli ranging from 105 to 109 Pa.28–30 Softer composites (E £ 105 Pa) have been 

reported for systems using super-soft bottlebrush elastomer 2,34 and hydrogels 19,20 as the soft 

matrix, with reported conductivities ranging between 10-3 to 101 S/cm.2,34,35  

 

Despite these reports of promising performance, there are major obstacles in formulating soft 

and conductive composite systems. Firstly, a tradeoff between mechanical softness and 

conductivity originates from a requirement that the conductive material (with inherently high 

stiffness) percolates to provide a transport pathway. This ultimately increases the modulus of 

the composite and can potentially render it unsuitable for soft electronics. While systems such 

as hydrogels possess impressively low moduli and can mitigate the stiffening effect from hard 

fillers, they rely critically on an exact degree of swelling or hydration which is impossible to 

maintain in many device configurations. Secondly, blending and homogenizing a soft and a 

conductive materials is extremely difficult. In particular, conductive particles have tendency 

to agglomerate, making them difficult to disperse homogeneously. The reaggregation of these 

particles during use results in poor stability and deterioration in performance.32 Further, these 

classes of materials are generally immiscible and tend to macrophase separate.  This can 

obstruct the formation of a continuous transport pathway, cause undue brittleness, and present 

significant processing complications. Lastly, the requirement of chemical crosslinking to 

impart elasticity in many systems introduces additional challenges such as poor compatibility 

between the crosslinker and the system, sophisticated curing procedures, and compromise of 

the blend’s stability.  
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Ionic compatibilization of polymers offers the opportunity to effectively combine distinct 

polymers into a single homogeneous system. In mixtures of oppositely charged ionic 

polymers, the strong electrostatic attractions between the two species can limit the domain 

size of microphase separation.  The long range nature of electrostatic attractions can even 

overcome the enthalpic penalties that lead to macrophase separation entirely. 36–44 Indeed, 

calculations suggest that the inclusion of just 10 charges per polymer chain can increase the 

critical segregation strength (χN)c of a blend from 2 to 400 for a typical polymer melt dielectric 

environment.45 We have previously investigated the processability, self-assembly, 

photophysical, and optoelectronic properties of complexes obtained from the blending of 

linear ionic conjugated polymer and linear polyelectrolytes.46–48 However the role of 

molecular architecture of the polymers in these complexes and the ability to leverage ionic 

compatibilization in formulating multifunctional complexes have not been investigated. 

 

Here, we find that ionic interactions can effectively stabilize a homogeneous blend of two 

polymers that are different in not only chemistry but also backbone architecture for achieving 

soft and conductive polymer complex. A complex of a linear conjugated polyelectrolyte 

(CPE) and a bottlebrush polyelectrolyte (BPE) was formed by coacervation of the 2 polymers. 

We show that the solid-state CPE – BPE blend forms an ionically crosslinked polymer 

network with appreciable elasticity without any addition of crosslinkers, and can be 

reprocessed by simple pressing at room temperature. Moreover, the blend possesses the 

properties of both components: soft and semiconductive. In particular, due to the brush 

architecture of the BPE, which suppresses chain entanglements,49–51 the modulus of the blend 
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is 0.7 MPa, which is comparable with the modulus of biological soft tissues.2 The CPE, despite 

being highly dispersed in the complex, forms a percolating conducting network. As a result, 

the complex conductivity can go up to  3 × 10*+	S/cm when the material is doped with a 

strong acid vapor. Doping also decreases the modulus of the complex to 0.2 MPa. The 

complex (both when pristine and after doping) can be stretched to appreciable strains (450% 

and 100%, respectively), with great elastic mechanical and electrical conductivity recovery 

behavior. Our findings emphasize the potential of electrostatic interactions in compatibilizing 

2 distinct polymers for multifunctional blends – particularly here for soft electronic – with 

added processing and performance advantages. 

 

5.3 Experimental Methods 

Materials 

N-(hydroxyethyl)-cis-5-norbornene-exo-2,3-dicarboximide was prepared according to the 

literature.52 Grubbs’ second-generation metathesis catalyst [(H2IMes)(PCy3)(Cl)2Ru=CHPh] 

was purchased from Sigma Aldrich. Grubbs’ third-generation metathesis catalyst 

[(H2IMes)(pyr)2(Cl)2Ru=CHPh] (G3) was prepared according to the literature.53 N-

(hydroxyethyl)-cis-5-norbornene-exo-2,3-dicarboximide (Nb-OH) was synthesized 

according to literature.52 Poly(4-methylcaprolactone) (pMCL) macromonomer and 

bottlebrushes were prepared using previously reported methods.54 Tin(II) 2-ethylhexanoate 

(Sn(Oct)2, Sigma Aldrich, 92.5–100%) was purified according to literature.55 2,5-dibromo-3-

(6-bromohexyl)thiophene (eNovation Chemicals LLC), 1H-Imidazol-1-ylacetic acid (Sigma 

Aldrich). N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC∙HCl, 

Sigma Aldrich, commercial grade), 4-(Dimethylamino)pyridine (DMAP, Sigma Aldrich), 
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ethanol amine (Sigma Aldrich, purity ≥ 99%), Chloroform (Sigma Aldrich, anhydrous, 

contains amylenes as a stabilizer, purity ≥ 99%), acetone (Fisher Scientific, purity ≥ 99.5%), 

methanol (Fisher Scientific, purity = 99.5%), dichloromethane (Fisher Scientific, purity ≥ 

99.5%), ethyl vinyl ether (ACROS Organic, Contains 0.1% KOH as stabilizer, purity = 99%), 

dimethylformamide (dry over molecular sieve), CDCl3 (Cambridge Isotope Laboratories, 

purity = 99.8%), and acetone-d6 (Cambridge Isotope Laboratories, purity = 99.9%) were used 

as received.  

 

Complex formation 

120 mM stock solutions of the BPE and the CPE were prepared by dissolving the polymers in 

adequate amount of solvent mixtures of 80%THF:20% water and 60%THF:40% water, 

respectively. BPE and CPE solutions were mixed in stoichiometric ratio in an Eppendorf tube, 

and the mixture was vortexed for 1 minute to ensure even mixing. The coacervate droplets 

that formed during the complexation process were collected by centrifugation of the tube at 

7000 rpm for 10 min followed by decanting the supernatant.  

 

Film fabrication 

The complex film was obtained by drop casting the CPE – BPE coacervate onto a silicon 

substrate with custom made gold digits, and the substrate was heated at 50°C for 10 minutes 

to remove most solvent. The substrate with the roughly dried complex was then pressed 

between 2 metal plates separated by Teflon spacers, resulting in a ≈ 20 – 30 𝜇m thick film. 

The film was then fully dried under high vacuum (≈ 2 × 10*^ Torr) at 50°C overnight. CPE 

films were obtain by spin casting the 120 mM stock solution at 500 rpm for 2 min 30 sec. 
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Vapor Doping  

Doping was done inside a nitrogen glovebox. The complex film on substrate was attached to 

a lid of a glass jar with HTFSI crystals. The jar was closed tightly and heated at 50˚C on a hot 

plate for 13 minutes (CPE) or 1 hour (CPC). For the complex film, the film was transferred to 

another closed clean glass jar and kept at 55oC for an additional 48 hours to promote efficient 

diffusion of dopants into the film and to prevent leakage of dopant vapor. After this, the film 

was put under vacuum for 2 days to fully remove all the excess HTFSI molecules. For bulk 

sample, vapor doping was carried out for 48 hours, as we observed that after this no further 

mass gain was observed. The sample was then put under vacuum for an additional 72 hours 

to obtain the doped bulk sample.  

 

Nuclear magnetic resonance (NMR) 

All bottlebrush polymer 1H NMR spectra were collected using a Varian Unity Inova AS600 

600 MHz equipped with a 5 mm Varian triple resonance 1H/13C/15N inverse detection probe 

with z-axis pulsed field gradient (PFG). Other materials’ 1H and 13C NMR spectra were 

collected using either a Bruker Avance NEO 500 MHz equipped with a CryoProbe Prodigy 

BBO probe with z-axis PFG, or a Varian VNMRS 600 MHz.  

 

Size-exclusion chromatography (SEC)  

SEC was performed on a Waters Alliance HPLC System equipped with 2690 Separation 

Module, or a Waters Alliance HPLC system with an Agilent PLgel 5 μm MiniMIX-D column. 

The former uses chloroform with 0.25% triethylamine, while the latter uses THF as the eluent. 
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For the former, refractive index from a Waters 2410 Differential Refractometer detector were 

used to estimate the molar mass and dispersity relative to linear polystyrene standards. For the 

latter, refractive index traces from a Waters 2414 detector were used for molecular weight 

determination using polystyrene calibration standards (Agilent Technologies).  

 

Tensile tests 

Uniaxial tensile testing was performed with a TA.XTplusC texture analyzer equipped with 

A/MTG tensile grips. Samples were clamped without additional adhesive. The pristine 

complex was prepared by simple pressing into a metal rectangular mold (8 mm wide × 15 mm 

long × 0.5 mm thick) sandwich between 2 PTFE sheet at room temperature using 1 metric ton 

of force. The samples were punch into a dog-bone shape (10 mm long × 1.5 mm wide × 0.5 

mm thick) using a brass punch. The doped complex was prepared by firstly simple pressing 

of CPE−BPE into a rectangular shape previously described, then the rectangular-shaped 

sample was doped with HTFSI as described in the vapor doping section. All measurements 

were done at a constant strain rate of 1 min−1. 

 

Dynamic mechanical analysis 

Cyclic stress-controlled recovery measurements were performed on a Discovery DMA 850 at 

room temperature. A film clamp was used, and the sample was clamped without additional 

adhesive. Strain-sweep experiments were performed prior to the recovery experiment to 

determine the linear-viscoelastic region (LVE) of the materials. In each measurement, the 

sample were strain with a constant stress (dwell time = 1 min) before letting to relax. The 

samples were prepared similarly to the uniaxial tensile measurements. 
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Rheology 

A strain-controlled ARES-G2 rheometer equipped with a liquid nitrogen dewar from TA 

Instruments was used to investigate the shear stress relaxation, and linear viscoelastic 

properties of the blend. A pair of 8-mm stainless steel parallel plates were used for all 

measurements. Strain-sweep experiments were performed prior to measurement to determine 

the linear-viscoelastic region (LVE) of the materials. Stress relaxation data were collected 

under small amount of axial force to prevent slipping. To generate mastercurves, isothermal 

frequency sweep between 100 and 0.1 rad/s at a constant 1% strain were collected at different 

temperatures. A mastercurve was constructed using time-temperature superposition (TTS) 

under Williams–Landel–Ferry (WLF) relation. 

 

Differential Scanning Calorimetry (DSC) 

DSC measurements were performed on a DSC 2500 calorimeter (TA Instruments). 

Approximately 5 mg of material was sealed in Tzero hermetic pans and cycled between −80 

and 200 °C at 10 °C/min. The glass transition temperature (Tg) of the sample was determined 

on the second heating cycle using the midpoint analysis method. 

 

Optical Spectroscopy 

UV-Vis absorption spectra of CPE and the complex films were taken using an Agilent Cary 

60 UV-Vis spectrophotometer. All measurements were done at ambient temperature (~ 25˚C). 

Emission spectra were taken using a Horiba FluoroMax® 4 spectrometer at 450 nm excitation 

wavelength with a 495 nm long pass filter. The sample is illuminated by a 150 W xenon, 
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continuous output, ozone-free lamp. Emission spectrum of each film was averaged over 3 

scans.  

 

Conductivity Measurement 

In-plane electronic conductivity of the samples were measured with transmission line 

measurements using custom made gold digits on silicon substrates. For the strain-dependent 

and strain cycling conductivity tests, complex film was casted onto a Kraton substrate. The 

whole Kraton substrate with casted complex film was subjected to the designated strain. For 

the cycling test, the sample was first subjected to 20% strain for 15 seconds, and the 

measurement at 0% strain was done after the sample was let relax for 15 minutes. All 

measurements done with a Keithley 6485 picoammeter, and were carried out inside a nitrogen 

glovebox at room temperature. 

 

X-ray Photoelectron Spectroscopy (XPS) 

The X-ray photoelectron spectroscopy (XPS) analyses were performed using a ThermoFisher 

Escalab Xi+ with Al Kα X-ray radiation, in conjunction with an electron flood gun. We 

quantified the relative atomic percentages from XPS survey spectra through the Avantage 

software suite, provided by Thermo Fisher Scientific Inc. We specifically focused on 

integrating and normalizing the C 1s (CPE and BPE), N 1s (BPE and CPE counterion), O 1s 

(BPE, CPE counterion, and substrate), S 2s (CPE and CPE counterion), and Si 2p (substrate) 

peaks by their respective photoionization cross sections. The iodine signal, which was at a 

comparable level to noise in the survey spectra, was omitted from our analysis. 
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Dynamic Secondary Ion Mass Spectroscopy (DSIMS) 

For the DSIMS analysis, films were first coated with a thin layer of Pd/Au to augment 

conductivity. Examinations were then carried out using a Cmaeca IMS 7f Auto SIMS. 

Following this, the films were sputtered with reactive O2+ ions over an area of 63 × 63 μm2, 

while simultaneously monitoring the counts per second of 127I within the central 50 × 50 μm2 

region, against sputtering time. In two distinct regions, a considerable and nearly consistent 

level of 127I signal was detected throughout the sputtering depth of the sample (refer to Figure 

S5.2). We attribute this to the retention of I- ions within the BPE-rich domains. 

 

5.4 Results and Discussion 

This study aims to leverage electrostatic interactions to compatibilize polymers with different 

functionalities to obtain a polymer complex that is soft (comparable with biological tissues), 

elastic, and conductive. We chose to form a coacervate from an anionic conjugated 

polyelectrolyte (CPE) and a cationic bottlebrush polyelectrolyte (BPE) (Figure 5.1a). 

Subsequent removal of the solvent from this coacervate transformed it into an ionically 

crosslinked polymer complex, which was the material of interest. Poly(4-methyl caprolactone) 

(pMCL) was chosen as the BPE side-chain for its low glass-transition temperature ( Tg = −60 

°C),56 lack of crystallinity as a homopolymer. The hydroxyl chain-ends of the BPE enable 

post-modification to obtain the pendant ionic group. The degree of polymerization (DP) of the 

pMCL macromonomer was kept at 17 to stay below the entanglement molecular weight of the 

linear chain.56 The macromonomer was then polymerized via ring-opening metathesis 

polymerization (ROMP) to obtain a bottlebrush polymer with backbone degree of 

polymerization (NBB) around 100. The resulting bottlebrush polymer was functionalized with 
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cationic imidazolium chain-ends compensated by iodine counterions. The wide 

electrochemical stability window of the imidazolium group 57 allows it to remain stable upon 

electrical doping of the CPE in the resulting complex. Due to the nature of the post-

modification reaction on bottlebrush with densely grafted side-chain, we were only able to 

obtain up to 60% charged repeat unit, as indicated by 1H NMR of the polymer. We note that 

ionic functionalization did not result in significant increase in the Tg  of the BPE (Tg = −55 °C, 

Figure S5.1). This BPE is paired with an anionic CPE, poly[6-(thiophen-3-yl)hexane-1-

sulfonate, as thiophene-based polymers have been extensively studied with well documented 

optoelectronic and transport properties. The fraction of charged repeat units on the CPE was 

tailored to match the number of charges per macromonomer on the BPE (60%).  
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Figure 5.1. (a) Chemical structures of the conjugated polyelectrolyte (CPE – red) and the 
bottlebrush polyelectrolyte (BPE – blue). (b) Associative phase-separation emerged upon 
mixing CPE and BPE solutions lead to the formation of a concentrated coacervate in 
coexistent with a polymer-deficient supernatant. Optical microscope images of the CPE – BPE 
solid-state complex obtained from drying their coacervate. The homogeneous red color 
indicates homogeneous distribution of the CPE in the blend, confirming phase compatibility 
between the CPE and the BPE in the complex. In contrast, blend of poly(3-hexylthiophene) 
(P3HT) with hydroxyl-functionalized PMCL (PMCL-OH) (corresponding to charge fraction 
x = 0%) shows macroscopic separation between P3HT-rich and PMCL-OH-rich phases due 
to incompatibility between 2 neutral polymers. 

 

Despite their stark differences in chemistry and architecture, the polymers appear to be 

effectively compatibilized by the electrostatic interactions. The CPE – BPE coacervate 

appears to be well-mixed by optical microscopy, as indicated by the homogeneous distribution 

of the red color (from the CPE) (Figure 5.1b). In contrast to the charged complex, a solution 

blend of uncharged polymers (x = 0%) shows significant phase separation between 2 

components and aggregation of the conjugated polymer. These can be seen via the regions of 

dark-red CPE aggregates heterogeneously distributed in a matrix with lighter color (mainly 

BPE and low concentration of CPE). While the charge fraction of both polymers is around 

60% with respect to the number of monomers, the charge density of the BPE is much lower 

than that of the CPE due to the macromolecular BPE side-chains. Given that 𝑁&3 = 17, there 

is only 1 cation – anion pair to compatibilize 18 repeat units from the BPE with the CPE repeat 

unit. Our observation agrees with prior mean-field prediction that only a few charges per 

polymer chain are needed to completely compatibilize most polymer pairs.45 Lastly, we note 

that while ionic interactions have been successfully implemented in stabilizing mixtures of 2 

linear polymers, little has been investigated for compatibilization of polymers with different 

architectures. Our observation indicates that electrostatic interactions are a powerful force for 
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combining very distinct polymers into a stabilized blends for multifunctional polymeric 

materials.  

 

While the two polymer solutions were mixed in stoichiometric in terms of charge ratio, the 

resulting solid-state complex obtained from drying the coacervate appears to be non-

stoichiometric. In particular, X-ray photoelectron spectroscopy (XPS) suggests that the 

relative ratio of Nitrogen (only present in the BPE and the CPE counterion) to Sulfur (only 

present in the CPE) in the complex is N:S ≈ 2:1. For stoichiometric complex, this value would 

be between 1.4:1 – 1.75:1 depending on the amount of tetramethyl ammonium ions that are 

still present in the complex. This indicates that the BPE (macromonomer) : CPE (monomer) 

ratio in the complex is between 1.2 – 1.5. This non-stoichiometry suggests that the BPE 

preferentially partitions into the complex coacervate phase while the CPE dominates the 

supernatant phase, a situation that is not unusual in the formation of coacervates of linear 

polymers with a mismatch in charge density.58 While the molar ratio of the BPE and the CPE 

in the complex is still close to 1:1, we note that the material is mainly composed of the BPE 

due to its much larger size. In particular, the molar mass of the CPE’s repeat unit is 213.4 

g/mol, while that of the BPE is approximately 12 times larger (2478 g/mol). As a result, 

approximately 93 – 95 vol% of the complex (95 – 96 wt%) is the BPE, while the conductive 

CPE is only present as a minor component (details of calculation discussed in the Appendix). 

These results demonstrate that molecular architecture can have important consequences for 

the composition of the resulting complex. 
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While the BPE – CPE complex is homogeneously mixed at mesoscopic scales, hierarchical 

local structures are present within the material. As shown in Figure 5.2a, the small-angle X-

ray scattering (SAXS) profile of the complex has a broad peak centered at q ≈ 0.05 Å*+, 

corresponding to a correlation length of ≈ 13 nm. As the SAXS profiles of both the CPE and 

the BPE are featureless, this correlation length indicates formation of structure due to the 

complexation process. Interestingly, this lengthscale is very close to the size of a BPE – CPE 

pair stacked in parallel (Figure 5.2c, details of calculation included in the Appendix). Since 

the CPE is only present in minor quantity within the complex (≈ 5 vol% and below 

stoichiometric molar quantity), we postulate that the complex takes on a morphology as 

illustrated in Figure 5.2c, where the CPE chains adhere onto the surface of the BPE domains 

and form a percolating CPE network. Charge-mediated complexation should occur at the BPE 

– CPE interface because the low dielectric constant of the polymers requires close contact 

between oppositely charged ions. As the BPE are present in excess, the BPE domains can 

contain more than 1 BPE chain, and the excess ionic groups from the BPE sidechains in these 

domain are charge-compensated by their counterions (Iodine anions). While XPS detects no 

Iodine due to its small concentration (i.e. at% I in neat BPE ≈ 0.3%), we were able to confirm 

its presence in the complex with Dynamic Secondary Ions Mass Spectroscopy (DSIMS) 

(Figure S5.2) thanks to its sensitivity. Due to the mismatch between in charge density of the 

2 polymers, it is likely that the more densly charged CPE chain is charge-compensated by 

multiple BPE chains and act as a crosslinker within the BPE matrix. While there is no direct 

observation of the real-space morphology of the complex that gives rise to the correlation 

length observed in SAXS data, our hypothesis on the material’s morphology is supported by 

analysis of the complex’s mechanical and charge transport behavior, vida infra.   
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Figure 5.2. (a) SAXS patterns showing formation of nanodomains due to short-range 
enthalpic repulsion between 2 polymers. (b) WAXS data indicating no disturbance of the BPE 
is observed in the complex. Signals from the stacking of CPE chains (if any) are likely 
overwhelmed by the scattering from the BPE component. (c) Proposed mesoscopic structure 
of the complex where domains of BPE are separated by thin layers of CPE chains.  

 

Due to the significant dilution of the CPE, no CPE scattering signal is observed in the 

complex, while the relevant length scales observed in the bulk BPE are unperturbed upon 

complexation. As shown in Figure 5.2b, the peak at q ≈ 0.4 Å*+ (d = 1.6 nm) in the wide-

angle X-ray scattering (WAXS) trace of the BPE remain its position and intensity in the 

complex. This peak likely corresponds to the correlation distance between neighboring 

segments along the BPE backbone.59 The neat CPE forms a semicrystalline solid where CPE 
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chains are stacked both along the backbone and the sidechain directions. Scattering peaks 

were observed at q ≈ 0.27 Å*+, 0.55 Å*+, and 1.67 Å*+, corresponding to the 100, 200 (alkyl 

stacking), and 010 (𝜋-stacking) peaks of the CPE crystallite, in agreement with studies of thin 

films in literature.60 In our prior work, where a similar CPE with x = 60% was studied, we did 

not observe crystalline features, which we attribute to the lower MW of that CPE (Mn ≈ 8 

kDa) compared to the one employed in this study (Mn ≈ 11kDa and 16 kDa). None of these 

features show up in the WAXS of the complex, likely due to the absence of CPE crystallites 

in the complex and the overwhelming scattering signal from the predominantly present BPE 

component. Lastly, the sharp peaks that are present at high q in the complex WAXS curve, 

and more weakly in the BPE curve, likely come from residual salts in the BPE synthesis that 

are difficult to completely remove during the polymer synthesis work-up.  

 

Emission spectroscopy indicates a stronger J-type characteristic of CPE aggregates in the 

complex compared to its neat form and an improvement in intrachain structural order of the 

CPE upon complexation. As shown in Figure 5.3, the photoluminescence (PL) spectrum of 

the complex exhibits a higher I0-0/I0-1 ratio (0.94) compared to neat CPE PL spectrum (0.82). 

In the limit of pure H-type (inter-chain) aggregates, the 0 – 0 transmission is dipole-forbidden. 

As a result, the more intense 0 – 0 peak in the complex PL spectrum indicates that electronic 

coupling of CPE chains in the complex has more J-type character than those in the neat CPE 

film. As the CPE is dispersed within the BPE matrix at 5 vol%, it is reasonable that the CPE 

chains are more isolated from each other. Moreover, the complex also has a lower I0-2/I0-1 ratio 

(0.37) compared to the neat CPE (0.48). The intensity of the 0 – 2 emission peak has been 

shown to be an effective measure of intrachain conjugation,61 with longer intrachain 
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conjugation length yields weaker 0 – 2 emission. As a result, the smaller I0-2/I0-1 ratio of the 

complex suggests that complexation with the BPE enhances the delocalization of exciton 

along the CPE backbone. This observation is different from what we have previously reported 

for systems of linear polymers in that the complexation-induced planarization of the CPE is 

only present in complexes of highly charged polymers.48 We hypothesize that the cause for 

this different behavior of the CPE – BPE complex is the asymmetry of this system in both the 

volume fraction of each polymer and in their relative size.   

 

 
Figure 5.3. Normalized PL emission spectra suggesting predominant J-type aggregate 
characteristic of CPE in the complex compared to neat CPE film 

 

Doping was carried out to yield electrically conductive films. CPE – BPE complex films were 

exposed to bistriflimidic acid (HTFSI) vapor at 55oC for 1 hour, followed by a 24-hour heating 

in an enclosed chamber to ensure sufficient diffusion of dopant molecules into the material. 

HTFSI was chosen as the dopant as it sublimes at room temperature, so no excessive heating 

is required to keep minimal disturbance to the complex whose major component is the low-

Tg BPE. Moreover, we have shown in our prior works on linear systems that this dopant can 
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effectively diffuse into the ionically crosslinked polymer complexes and dope the backbone 

of the CPE component.46,62 We chose the completion point of the doping process to be the 

time at which no further increase in the conductivity of the film was observed with longer 

exposure of the film to the dopant. Effective doping of the polymer complex was confirmed 

by the bleaching of the neutral CPE backbone absorption and the emergence of the polaronic 

absorption peak at ~ 1.7 eV and bipolaron absorption at ℎ𝜈 ≤ 1.5 eV in the UV-Vis spectrum 

of the doped film (Figure S5.3).  

 

The doped complex is electronically conducting, confirming our prior hypothesis that CPE 

chains form a macroscopically connected network instead of being confined into droplets, 

which is a commonly observed morphology for asymmetric polymer blend/block copolymer 

systems. The conductivity of HTFSI-doped complex can vary significantly from 3 × 10*@	to 

3 × 10*+ S/cm; complexes made from higher MW (16 kDa) CPE  had higher conductivity 

(5× 10*. to 3 × 10*+ S/cm) than those made from lower MW (11 kDa) CPE  (3 × 10*@ to 

2 × 10*. S/cm). These data suggest an influence of the CPE chain length and processing on 

the resulting electrical conductivity. We attribute this to the variations that can arise during 

the hot-pressing complex into films and vapor doping processes, which are not well 

controlled. Despite the variation, the conductivity of complex when normalized by the CPE 

concentration (14- 20 times dilution) is significantly higher than conductivity of the equivalent 

neat CPE in thin films (6 × 10*@S/cm). Neat CPEs of various backbone and side-chain 

chemistries have been reported to have similarly low electrical conductivity (≈ 10*@S/cm), 

while the conductivity of the most conductive complex sample (3 × 10*+ S/cm) can be 

normalized by the concentration of CPE to a value of 4 – 6 S/cm, within the range typically 
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reported for doped P3HT films. This suggests an improvement in charge carrier mobility of 

the CPE upon complexation with the BPE, which likely is a result of the planarization of the 

CPE backbone (Figure 5.3), leading to more efficient intrachain transport and potentially 

more interconnectivity between chains resulting from better chain alignment. This hypothesis 

is further supported when considering the percolation threshold of a conductor – insulator 

blend. In particular, for various blends of a conductive polymer with an insulating polymer, it 

is commonly reported that percolation threshold for the insulator – metal transition is 16 

vol%.63,64 This is also the expected threshold for a dispersion of spherical particles in 3-

dimension, in both site and continuum percolation.65 However, the value decreases rapidly as 

the conducting component forms domains with more elongated and/or lower dimensional 

shapes (thin rods, or pancake) with improved alignment. For example, it has been shown that 

the percolation threshold can be as low as 0.05 vol% for pancakes of conducting polymers 

that are templated onto a mechanically connected gel network.66 In our system, the complex 

is conductive with just 5 – 7 vol% of the conducting component, suggesting that the 

percolation threshold for this electrostatically complexed morphology is below 5 vol%. Our 

observation supports a previously proposed design rule for lowering the percolation threshold 

in conductive – insulative polymer blends by dispersing the conductive component at the 

molecular level instead of forming conducting aggregates inside an insulator matrix.67  

 

Despite the lack of chain entanglement in the BPE, the complex is elastic due to the 

crosslinking nature of ionic complexation. This eliminates the need for subsequent 

crosslinking that is commonly required in other bottlebrush elastomer composites.2,34 As 

shown in Figure 5.4a, while the BPE is a viscoelastic liquid (G¢¢ < G¢), upon its complexation 
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with the CPE the resulting complex behaves like a viscoelastic solid with a shear storage 

modulus G¢ that is consistently higher than its loss modulus G¢¢ across the broad frequency 

range studied. While ionic complexation with the CPE significantly stiffens the BPE, the 

complex’s modulus (𝐺'#5&"5%:4 ≈ 0.14 MPa) is of a similar low value to other bottlebrush 

elastomer networks 68,69 and is comparable to soft-tissues (Figure S5.6).    

 

Figure 5.4. (a) Rheological master curves of the BPE, the pristine complex, and the HTFSI-
doped complex. The complex (both pristine and doped) are viscoelastic solid, as seen from 
the shear storage modulus (G¢) dominating the loss modulus (G¢¢) across wide range of 
frequencies at room temperature. (b) Possible impacts of doping on the CPE – BPE network 
are: (1) electronically dope the CPE backbone, forming a polaron accompanied by an TFSI 
anion (2) partition into the side-chain ionic crosslink, forming an ionic cluster (3) plasticize 
the system and (4) Protonating the hydroxyl end of non-ionized BPE repeat units. Objects are 
not drawn to scale, the ions and HTFSI molecules are enlarged for demonstration purposes. 

 

The introduction of ionic species during vapor doping process complicates the behavior of the 

charged complex. As shown in Figure 5.4a, doping decreases the shear modulus of the 

complex by approximately 5 folds (𝐺_(':_4 ≈ 0.03 MPa) but does not significantly disrupt the 

ionic crosslinks. The storage modulus G¢ still dominates the loss modulus G¢¢ in the doped 

complex across all frequencies below the transition region, confirming that the doped material 

is a viscoelastic solid at room temperature. As shown in Figure 5.4b, the introduction of 
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HTFSI to the complex, besides electronically doping the CPE backbone (mechanism 1), can 

also: disrupt the ion pairing between the CPE and BPE (mechanism 2), plasticize the system 

if HTFSI is present in unreacted form (mechanism 3), and protonate the hydroxyl side-chain 

ends of the BPE with charge balance by the TFSI counterions (mechanism 4). Mechanisms 2 

and 4 are driven by the higher pKa of polymeric sulfonic acid and hydroxyl group compared 

to HTFSI.70,71 We note that mechanisms 1, 3, and 4 can all introduce the bulky TFSI 

anion/HTFSI molecule to the system, possibly plasticize the complex.72 However, if 

plasticization was the only cause for the softening, the molecular weight between crosslink 

𝑀` would have had to increase by 5 folds to result in such change in the modulus, suggesting 

a 80 wt% uptake of HTFSI. On the other hand, measurement of HTFSI mass uptake of the 

bulk sample yields only 20% mass gain upon doping, indicating that the significant drop in 

the material’s modulus is likely due to the localization of TFSI anions between crosslinking 

strands. Indeed, the partitioning of H+ and TFSI- into the ionic crosslinks as described in 

mechanism 2 can screen the ionic interactions within the crosslink and/or increase the length 

and architecture of the “crosslinker” from a cation-anion pair to an ionic cluster. It is likely 

that the combination of all these effects and their disruption to the complex’s structure 

ultimately give rise to the changes in the material’s mechanical properties. 

 

The use of other dopant molecules might give better controlled on some of these processes, 

but sublimation temperature needs to be taken into consideration as mentioned above. Lastly, 

while vapor doping allows minimal disturbance to the polymer complex compared to other 

methods such as solution (sequential) doping, there are a lot of variables are difficult to control 

precisely such as the amount of dopant gets absorbed into the material or the rate of dopant 
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infiltration. Pre-doping the CPE before complexation, or using a self-doped CPE to form 

charged complex with a BPE, can be promising alternatives to obtain electrically conductive 

complexes with more controlled doping.   

 

The soft complex is easily stretchable with low tensile modulus as evidenced by the elastic 

recovery both before and after doping. As shown in Figure 5.5a, the pristine complex shows 

an initial linear elastic region up to 20% strain, with a low tensile modulus 𝐸4 of ≈ 0.7 MPa, 

orders of magnitude lower than those of semicrystalline conducting polymers (≈ 10 – 1000 

MPa).7 For the doped complex, the elastic region is extended to nearly 45% strain, while the 

tensile modulus decreases to ≈ 0.2 MPa. This recovery behavior of the CPE – BPE complex 

further confirms that ionic bonds can effectively induce elasticity to the system. The wider 

strain range of elasticity in the doped complex is likely caused by the plasticizing effect and 

the partitioning of HTFSI into the ionic crosslinks as discussed above. The lower 𝐸4 of the 

doped complex is consistent with the softening of the complex upon doping observed from 

rheology data.  
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Figure 5.5. (a) Stress-strain curve and (b) recovery behavior of the complex before and after 
doping when subjected to 1 minute of 20% elongation. 

 

The doped complex showed better elastic recovery after deformation compared to the pristine 

complex when subjected to 20 % strain, suggesting potentials of this material in stretchable – 

recoverable applications. To probe the recovery behavior of the material, multiple recovery 

cycles were carried out during which the material was elongated at 20% strain (within the 

elastic limit of both pristine and doped complex) for 1 min. The strain was then released, and 

the material was left to relax until no further decrease in strain was observed (Figure 5.5b). 

The pristine complex showed an appreciable recovery of 87% after the first cycle, and its 

recovery remained consistently >75% on the subsequent cycles. On the other hand, the doped 
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complex recovered 99% in the first cycle, and the percent recovery stayed consistently around 

99% in the 3 subsequent cycles. We postulate that the partition of HTFSI to the ionic 

crosslinks increases both the crosslink strand size and the chain mobility around these 

crosslinking points. Both of these impacts can result in the improvement in the recovery of 

the material when subjected to strain. 

 

Both the pristine and the doped complex can be extended to appreciable elongation before 

break. As illustrated in Figure 5.5a, the pristine complex undergoes plastic deformation after 

the elastic limit at ≈ 20% strain, reaches an ultimate tensile strength at approximately 70 kPa, 

and eventually breaks at 450% strain. This stretchability is significantly higher than many 

previously reported conjugated polymer – linear elastomer composite (typically < 150% 

strain).73–75 The doped complex, on the other hand, only has a more narrow region of plastic 

deformation before breaking, with an ultimate tensile strength of ≈ 90 kPa. We note that the 

failure mechanism of 2 samples are different: while the pristine complex breaks at the middle 

of the gauge length region, the doped complex tends to break at the clamped point. This 

difference makes it difficult to directly compare the failure mechanism and stretchability of 

the 2 samples. Nonetheless, we found that the complex, both before and after doping, shows 

good stretchability over a range that is relevant for most applications.  

 

To probe how the electron conduction pathway within the material changes with stretching, 

we measured the resistance of a sheet of the complex as a function of applied strain. A film of 

doped complex was formed on a supporting Kraton substrate, so that during the stretching 

experiment the substrate was clamped instead of the complex (Figure S5.7a). This geometry 
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avoided compression and shearing of the complex that could contribute to the resistance 

measurement. The change in resistance of the sample upon tensile strain is compared to a 

model of an ideal elastomeric conductor with an unchanging bulk resistivity, shown in Figure 

5.6 as a blue curve (details of the calculation are in the Appendix).  

  

Figure 5.6. Resistance of the doped complex film (normalized to the resistance at 0% strain) 
as a function of applied strain. Solid line showing predicted behavior of an ideal elastic 
conductor. The red and orange markers show the normalized resistance of the sample when 
let relax back to 0% strain that was measured immediately (orange) and after 1 day(red), 
indicating full recovery of the conductivity.  

 

The increase in the resistance of the complex film when subjected to strain is consistently 

lower than the behavior expected for an ideal elastomeric conductor, which can be attributed 

to the non-idealities in the complex. First, it is possible that when the complex is stretched, 

the CPE chains change their alignment or local interactions, leading to an increase in charge 

carrier mobility that decreases the resistivity 𝜌 of the complex. Second, the ideal elastomer 

model assumes the material is isotropic with Poisson’s ratio of 0.5 whereas the complex here 

deviates from this value based on the small strain tensile and shear moduli ( 𝐸4 = 0.2MPa and 
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𝐺4 = 0.03MPa for doped complex). The strain rate of the electrical measurement was not 

matched to the rheological data as well. The change in resistance on return to 0% strain after 

large deformation to 100% and subsequent recovery over 1 day suggests significant relaxation 

within the sample after deformation. Additionally, measurements of the sample’s resistance 

after cyclic deformation to 20% strain, a comparable strain within the regime of nearly elastic 

mechanical recovery (Figure 5.5b), shows near-complete recovery of the sample resistance 

after the strain was removed (Figure S5.7b). However, detailed origin of such electrical 

conductivity relaxation requires further investigation. Overall, the mechanical and electrical 

conductivity relaxation behaviors of the complex show significant promise of this material as 

stretchable conductors. 

 

5.5 Conclusions 

We report here a novel approach to engineer stretchable, elastic, and semiconductive materials 

by leveraging the charge-induced complexation between two oppositely charged 

polyelectrolytes. Mixing an anionic semiconducting CPE with a cationic super-soft BPE 

resulted in a stabilized polymer complex that is mesoscopically homogeneous with some local 

structures from the BPE component that was preserved upon complexation. The complex has 

a compatible modulus with that of soft-tissues (≈ 0.2 – 0.7 MPa), and possesses an appreciable 

conductivity up to 3 × 10*+S/cm when doped with a strong acid. It is important to emphasize 

that our design strategy requires no addition of crosslinkers or excessive processing to induce 

elasticity or to homogenize the 2 distinct components. Our study underscores the potentials of 

ionic compatibilization in engineering multifunctional polymeric materials for soft electronic 
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applications, with many added processing advantages and potentials for optimizing 

orthogonal properties.   
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5.7 Appendix 

Synthesis of norbornene-poly(4-methylcaprolactone) (pMCL MM) 

 

Synthesis of pMCL bottlebrush polymer (pMCL BB) 
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Polymerization of the macromonomers using a Grubbs’ third-generation catalyst (G3) was 

performed in a very dilute solution of the macromonomers. In a nitrogen-filled glovebox, 

pMCL MM (6.9 g, 3.1mmol, 100 eq) were dissolved in anhydrous DCM (100 mL). In a 

separate container, G3 (23 mg, 0.0314 mmol, 1 eq) was dissolved in 0.3 mL of anhydrous 

DCM before rapid injection into a vigorously stirring solution of the macromonomers. After 

12 hours, the polymerization was removed from the glovebox and terminated using a large 

excess ethyl vinyl ether (EVE) (˃100 eq) with stirring for 30 minutes. A crude 1H NMR of 

the freshly quenched reaction was taken. The disappearance of a peak at 6.3 ppm 

corresponding to unreacted olefin protons was observed suggesting high reaction conversion. 

The resulting reaction mixture was concentrated in vacuo and the polymer precipitated into 

methanol at 0 °C. After two more precipitations into methanol, the bottlebrush polymer was 

dried in vacuo. The polymer was characterized with 1H NMR. The dispersity of the polymer 

was determined by SEC in chloroform. 

 

Synthesis of pMCL BB imidazole 
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In a round-bottom flask charged with stirbar, EDC∙HCl (1.4 g, 400 eq, 7.2 mmol), DMAP 

(110 mg, 50 eq, 0.9 mmol), imidazole-ylacetic acid (683 mg, 300 eq, 5.42 mmol), and 150 

mL of dry DMF are added. The mixture was stirred until EDC∙HCl, and DMAP are dissolved. 

The solution was sonicated for 5 minutes to obtain cloudy solution. In a separate flask, pMCL 

BB (3.97 g, 1 eq, 0.018 mmol) was dissolved in 50 mL DMF before adding into the reaction 

mixture. The flask was capped and stir for 48 hours at room temperature. The reaction was 

condensed in vacuo, and 300 mL of DCM was added. The solution was washed repeatedly 

with diluted HCl (1M, 50 mL), water, and brine. The organic layer was collected and 

centrifuged (9000 rpm, 5 minutes). A while top-layer emulsion was taken out, and the organic 

layer was collected. The solution was condensed, and the polymer was precipitated in 

methanol at 0 °C twice. The polymer was dry in vacuo. %Recovery = 68%. The mol% of 

imidazole was calculated by normalizing the methyl protons of the pMCL sidechain (0.9 ppm) 

to the amounts observed in the macromonomer, the integration of observed ester peak at 4.9 

ppm was, then, calculated to give an approximate mol% imidazole.  

 

Synthesis of the bottlebrush polyelectrolyte (BPE) 
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All glassware were oven dried for 24 hours prior to the synthesis. In a thick wall round-bottom 

pressure flask charged with a stirbar, pMCL BB imidazole (2 g, 1 eq, 0.0083 mmol) was added 

and dissolved with 70 mL DCM. MeI (809 mg, 650 eq, 5.7 mmol) was added, and the flask 

was sealed with a bottom-seating PTFE lined cap and a perfluoro O-ring. The reaction flask 

was heated to 60 °C while stirring for 48 hours. The completion of the reaction was confirmed 

with the disappearance of the imidazole ester at 4.9 ppm, and the appearance of imidazolium 

ester at 5.2 ppm. The polymer was dry in a vacuum oven (50 °C, 0.1 mTorr) for 48 hours to 

evaporate excess MeI.  

 

Synthesis of Poly(3-(6’-bromohexyl)thiophene-co-3-hexylthiophene) (P3BrHT:P3HT) 
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P3BrHT:P3HT random copolymers was synthesized following a previously reported 

protocol.76 2,5-dibromo-3-(6-bromohexyl)thiophene (purchased from eNovation Chemicals 

LLC) and 2,5-dibromo-3-hexylthiophene monomers were mixed in targeted molar ratios 

(50:50, 60:40, 75:25, 90:10, and 100:0) in an oven-dried round bottom flask sealed with rubber 

septa. The mixture was dried under active vacuum overnight, and later dissolved in distilled 

THF. The solution was purged with dry nitrogen for 20 minutes. Isopropylmagnesium 

chloride was then added dropwise to the reaction flask under rigorous stirring, and the mixture 

was let react at ambient temperature for 2 hours. A suspension of Ni(dppp)Cl2 in distilled THF 

was then added quickly to the reaction, and the mixture turned from pale yellow to vibrant red 

immediately. The polymerization was run for 12 hours and was then quenched by rapid 

addition of 1M HCl solution. The mixture was precipitated in cold methanol, and the obtained 

polymer was purified by washing in a Soxhlet apparatus with methanol, acetone, and ethyl 

acetate before extraction with THF. The product was concentrated under vacuum, yielding a 

red-purple solid. The isolated product was then dried overnight under vacuum to remove any 

remaining solvent. 

 

Synthesis of Poly[6-(thiophen-3-yl)hexane-1-sulfonate-co-3-(hexylthiophene)] (the CPE) 
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P3BrHT-P3HT was dissolved in THF and the reaction flask was sealed with a rubber septa. 

The solution was stirred and purged with dry nitrogen for 30 minutes. 1M solution of  

bis(tetramethylammonium)sulfite (TMA2SO3) in methanol was then added in 10-fold excess 

to the flask, and the mixture was refluxed at 70˚C. Methanol was added to the flask after 1 

hour to help dissolve the ionic-functionalized polymer and to drive the reaction to completion. 

The reaction was let run overnight. The polymer was collected by dialyzing the reaction 

mixture with methanol for 5 days using 10 kDa cutoff membranes. The dialysate was replaced 

every 12 h. The CPE was collected in vacuo, and further dried under vacuum at 60˚C, yielding 

a red-purple solid. 

 

Calculations  

• Estimation of CPE vol% and wt%: 

CPE repeat unit MW = 0.6 × 245 + 0.4 × 166 = 213.4 g/mol 

BPE repeat unit MW =  0.6 × 2530 + 0.4 × 	2400 = 2478 g/mol 

From XPS data, there is roughly 1.2 – 1.5 moles of BPE for every mole of CPE.  

ð CPE wt% = 213.4 ÷ (213.4 + 2478 × (1.2	𝑜𝑟	1.5) × 100% ≈ 5.4% − 6.7	%	 

ð BPE wt% = 100% − 5.4	% = 93.3% − 	94.6% 

Density of BPE = 1.03 g/mL 

Density of CPE = 1.33 g/mL 

ð CPE vol% = (213.4 ÷ 1.33) ÷ (213.4 ÷ 1.33 + ((1.2	𝑜𝑟	1.5) × 2478 ÷ 1.03) ×

100% ≈ 4.3% − 5. 3% 

ð BPE vol% = 100% − 4.3	% = 94.7% − 95.7% 
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• Doped complex theoretical mass uptake 

For a complex with BPE : CPE molar ratio = 1.5 : 1, excluding mechanism #3: Assuming 

HTFSI generate 1 charge carrier per 6 CPE repeat units (mechanism #1) and protonate all OH 

side-chain ends (mechanism #4), and there are 2 molecules of HTFSI partition into every ionic 

crosslink, meaning that each ionic sidechain solvates 1 HTFSI molecule (mechanism #2): 

Mass of HTFSI = (+
8
+ 0.4 × 1.5	 + 2 × 0.6) × 281.14 = 553  

Mass of pristine complex = 213.4 + 2478 × 1.5 = 3930 

ð wt% mass gain =  553 ÷ 3930 × 100% = 14.1% 

 

• Estimation of relevant length scales in the complex 

The average length of the side chain of bottlebrush polymers has been shown to follow a 

scaling law with a power of ≈	0.41. A linear fit was done for polydimethylsiloxane side chains 

in a study by Sheiko et al.,77 yielding:  

2 < 𝑅&3 >	= 0.5 + 1.2 × 𝑁&32.;+ 

Since a dimethylsiloxane monomer only has 2 atoms along the side-chain projection while the 

sidechain monomer of our BPE has 7 atoms, we used a rough estimation of an equivalent 𝑁&3 

= 17 × 	3.5 ≈ 60. So the diameter of the BPE filament (or 2 times the side-chain size) is: 

2 < 𝑅&3 >	= 0.5 + 1.2 × 602.;+ = 7	𝑛𝑚 

This number is likely close to 8 – 9 nm for the side chains that are functionalized with the 

methylimidazole acetic group. 

Such length scale in the CPE can also be estimated from the 100 peak in Figure 5.2b, which 

is ≈ 2.3 nm 
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ð The size of a BPE – CPE stack is thus approximately 11 – 12 nm, which is very close 

to the length scale observed in Figure 5.2a. 

 

• Prediction of the resistance of an ideal elastic conductor when subjected to strain 

When the sheet of an elastomer with resistance R and a resistivity of 𝜌 is stretched along the 

length L with an extension ratio of 𝜆b (i.e. the new length 𝐿4 = 𝐿 × 𝜆b), the width (W) and 

thickness (t) of the film will decrease by a factor of 𝜆c and 𝜆", respectively. For an ideal 

elastomer (Poisson’s ratio = 0.5, and isotropic): 

𝜆b × 𝜆c × 𝜆" = 1 

and 

𝜆c = 𝜆". 

Thus, the new dimensions of the stretched film would be 𝐿 × 𝜆b, 𝑊 × +
de4

, and 𝑡 × +
de4

. The 

new resistance of the film is: 

𝑅4 = 	𝜌
𝐿4

𝑊4𝑡4 = 𝜌
𝐿
𝑊𝑡 𝜆b

. = 𝑅 × 𝜆b
. 

meaning that the resistance of the stretched film will increase proportionally to the square of 

the extension ratio. 
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Figure S5.1. DSC shows no change to the Tg of the BPE upon complexation with the CPE  
 

 

Figure S5.2. DSIMS detects the presence of Iodine in the complex, data shown for 2 different 
spots in the sample 
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Figure S5.3. Formation of polaron and bipolaron observed upon doping of the complex with 
HTFSI 

 

 

Figure S5.4. (a) SAXS and (b) WAXS of the complex after vapor-doped with HTFSI. The 
introduction of HTFSI into the complex likely swells the CPE- and BPE-domains as well as 
domain interfaces. Increase concentration of ions in linear charged polymer complex has been 
shown to shift the correlation peak to higher q and significantly broaden the peak.47 We 
postulate that similar effects are seen here for the CPE – BPE complex, however the scattering 
peak is likely significantly broadened and overwhelmed by the low-q scattering upturn, 
resulting in a featureless SAXS trace. 
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Figure S5.5. (a) Illustration of reprocessing of the complex by simple pressing at room 
temperature (b) Tensile strength of the complex after each reprocessing cycle indicate no loss 
in mechanical performance.  

 

The complex appears to be dynamic and can be easily reprocessed at room temperature by 

simple pressing (Figure S5.5a), enabling facile processing of this material into different 

shapes or even 𝜇m-scale thin films. Processing conjugated polymers has been a major 

challenge due to their melt intractability and limited solubility. Our observation suggests that 

complexation with a super-soft polymer can enable bulk processing of conjugated polymers 

and open opportunities for the utilization of these materials in applications where bulk/shaped 

structures are required. We note that reprocessability of the polymer networks can be induced 

by various types of interaction ranging from van der Waal interaction,78 hydrogen bonding,79 

metal-ligand interaction,80 and covalent adaptive network.81 However, most of these routes 

require high temperatures to reprocess. Some exceptions such as hydrogen bonding polymer 

networks can be reprocessed at near room temperature (≈ 40°C) due to the low dissociation 

energy required.56 Ionic crosslink polymer networks, on the other hand, usually require ≥ 

100°C to reprocess.82,83 Besides dynamic crosslinks, we attribute the room-temperature 

reprocessability of our complex to the special bottlebrush architecture and the low Tg (−55°C) 

of the BPE. We note that while the complex contains a high Tg component, CPE, the minor 

presence of it in the complex likely makes its impact negligible in terms of setting reprocessing 

10 mm

Pristine Reprocess 
×1

Reprocess 
×2

(a) (b)
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conditions. To demonstrate mechanical strength after reprocessing, uniaxial tensile tests were 

performed where the blend was pulled at a constant rate of 10 mm/min until break. The 

material was then recovered, remolded into the original dog bone shape, and the same test was 

repeated 2 more times on the same sample. As shown in Figure S5.5b, the tensile strengths 

are relatively similar at ≈ 80 kPa in all 3 processing cycles, confirming that there is no loss in 

the mechanical performance of the complex after reprocessing. 

 

Figure S5.6. Ashby-style plot of conductivity and modulus of different elastomer – 
conductive material blends. Our material lies well within the modulus range of native soft 
tissues and organ, and has appreciable conductivity compared to other system of similar 
modulus range 
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Figure S5.7. (a) Set up for measurement of the complex resistance when subjected to strain. 
Kraton was chosen as the supporting substrate for the complex film to avoid shearing of the 
film at the clamped point, which can lead to breaking of the material. Kraton was chosen for 
the supporting substrate due to its excellent elastic recovery and resistance to acids (in this 
case, HTFSI from the doped sample). Copper tape was used as the electrodes, and conductive 
carbon paint was used to ensure good contact between the complex film and the electrodes. 
(b) Full recovery of the doped complex’s conductivity when the sample was subjected to 20% 
strain and let relax for 15 minutes, and the process was repeated for 7 cycles 
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Chapter 6 

 

Conclusions 

This chapter is reproduced in part with permission from:  

Fredrickson, G. H., Xie, S., Edmund, J., Le, M. L., Sun, D., Grzetic, D. J., Vigil, D. L., 
Delaney, K. T., Chabinyc, M. L., Segalman, R. A. Ionic Compatibilization of Polymers. ACS 
Polym. Au 2022, 2, 299−312. DOI: 10.1021/acspolymersau.2c00026  
 

In summary, this Dissertation highlights the potentials of electrostatic interactions in 

designing advanced semiconducting polymers. We have shown that polyelectrolyte 

complexation can be leveraged to process conjugated polymers at high loading (Chapter 2), 

to control the structure (Chapter 3) and optoelectronic properties (Chapter 4) of the resulting 

polymer complexes, and to introduce new functionalities to the material besides electronic 

conductivity (Chapter 5). We believe that our findings suggest not only an additional handle 

for optimizing the processability and the performance of conjugated polymers, but also 

exciting opportunities to further study these materials in applications where they have not 

been widely utilized.  

 

The conformation of the polymer backbone and how chains pack are critical in applications 

that utilize conjugated polymers, as they play direct roles in determining the material’s 

electronic structure and transport properties. While we have gained initial insights on the 

arrangement of CPE chains within a complex, mainly by exploiting the strong coupling 

between the conformation of a conjugated polymer and its optical properties, the nature of 

chain conformations in conjugated complexes and how factors such as charge density, rigidity 
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mismatch, and molecular structure of individual components influence chain packing and 

conformation remain elusive. Moreover, experimental investigations of conjugated polymer 

complexes to date have not employed CPEs with highly rigid backbones, which are subjected 

to specific and directional interactions such as π–π stacking. Clearly, more theoretical and 

experimental attention is required, but the universality of complexation-induced conformation 

changes in such systems may be limited. Other experimental techniques are needed to 

complement spectroscopic measurements to reveal the chain conformation and structure of 

the individual components. For example, neutron scattering could be conducted on complexes 

with one of the chains deuterated to probe the structure of an individual component.  

 

We only focused on complexes of CPE with an insulating polyelectrolyte in this Dissertation. 

Studies on charged complexes in which both polymers are conjugated, on the other hand, have 

shown some intriguing complexation physics. CPE–CPE complexes in solid-state precipitate 

form 1 and in dilute aqueous solution 2 were reported to show a qualitative difference in 

complexation thermodynamics compared to conventional (nonconjugated) polyelectrolytes. 

At least in the particular systems studied, CPE–CPE complexation appears to have an 

enthalpic contribution that changes sign with temperature. In particular, at room temperature, 

complexation is driven mainly by counterion entropy and electrostatic correlations, yet at 

elevated temperatures, a significant negative enthalpic contribution was measured. This 

exothermic process was attributed to the extension of the more flexible CPE chains at elevated 

temperature within the dilute aqueous solution CPE complex, resulting in more delocalization 

of the π-electron wave function and thus a reduction in chain energy. It is important to note 

that fluid or gel coacervate phases were not observed in these systems at higher concentration 
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but, rather, solid precipitates were. Such precipitates cannot be easily processed into uniform 

thick films, although the introduction of an appropriate cosolvent could potentially mitigate 

this problem.3 Together, these observations suggest that charged polymer blend systems with 

conjugated components have rich complexation behavior that can differ from conventional 

complex coacervation. The presence of the conjugated backbones in the complex introduces 

additional intermolecular interactions to the system such as π–π stacking, hydrophobic 

interactions, hydrogen bonding, and cation−π interactions. A fundamental understanding of 

how the interplay among such complex interactions determines the phase behavior, structure, 

and rheology of conjugated charged polymer blends in (lean) mixed solvent conditions is still 

lacking, and further investigation is needed. 

 

Ultimately, the knowledge of how complexation controls chain conformation and interchain 

packing of one or more conjugated components will enable electrostatic manipulation of 

optoelectronic and transport properties for a range of applications. There are also opportunities 

in optimizing and engineering the existing properties of the conjugated polymers. In 

particular, electrostatic blends of two CPEs with different backbones could be utilized to 

continuously tune (with composition and charge density) bandgap and electronic structure for 

active layers in light-emitting/light-harvesting devices. Currently, electronic structure 

manipulation of conjugated polymers is limited to the synthesis of new monomers (e.g., 

donor–acceptor monomers), copolymerization, or post-polymerization functionalization, all 

of which are laborious, or to doping/additive strategies, which can be unpredictable.4  
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