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ABSTRACT 

Conducting polymers (CPs) are widely used in applications including 

wearable electronics, on-skin biosensors, and tissue engineering, all of which can 

benefit from custom 3D topographies via additive manufacturing (AM), also known 

as 3D printing. However, the environmental and processing sensitivities of CPs 

render the combination of structural complexity and high electrical conductivity 

difficult to achieve. In this dissertation, I will discuss the strategies developed 

through my PhD work that have overcome some of these challenges. First, by 

taking advantage of the solution processability of CPs, we employed direct ink 

write (DIW) to print a custom poly(3,4-ethylenedioxythiophene): 

poly(styrenesulfonate) (PEDOT:PSS) ink. The printed specimens exhibit moderate 

conductivity and high anisotropy. A variety of complementary characterizations 

revealed that the anisotropic conductivity is a result of the phase separation 

between PEDOT and PSS. Removal of the PSS shell has reduced anisotropy and 

led to a significant increase of conductivity to over 1200 S/cm. However, the 

structural complexity of the resulting prints is low due to the intrinsic limitations of 

the DIW technique, prompting us to explore a two-step vat-polymerization method 

to first 3D print the dopant network followed by infiltrating CPs through interfacial 

polymerization. Excellent geometric complexity has been achieved; however, the 

conductivity is unsatisfactory (<0.1 S/cm) due to the high dopant polymer 

concentration. Finally, we developed a 3D printing-assisted casting method to 

balance shape complexity and high conductivity. A PEDOT precursor is melt-

processed into vat-photopolymerized 3D molds. Upon mold removal, the precursor 

is polymerized into PEDOT in the solid-state with excellent shape-retention. 

Complex objects such as octet, truncated octahedron, and trees have been 

achieved. Their electrical conductivity can be made as high as 7000 S/cm by 

compositing the molten precursor with silver flakes. Collectively, this body of work 

has led to an improved understanding of processing-structure-property 

relationships of 3D printed conducting polymers as well as new methods for 

additively manufacturing these chemically temperamental electronic materials, 

opening doors to new applications.  
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Chapter 1 

Overview of the additive manufacturing of conjugated 

polymers 

 

 

1.1 General overview  

Conjugated polymers (CPs) are organic materials that are conducting or 

semiconducting (Figure 1.1). Their discovery and development have led to 

innovations in lightweight, low-cost solar cells, light-emitting diodes, and field-effect 

transistors.1 These devices are typically two-dimensional (2D), and hence can be 

fabricated from spin-coated CP thin films followed by top-down patterning 

techniques such as lithography. In recent years, CPs have been extensively used 

in emerging applications such as on-skin, wearable, and implantable electronics 

and bioelectronics or even tissue engineering due to their tunable mechanical, 

electronic, and chemical properties.2–6 These applications require intimate contact 

between soft electronics and the body or organ, which have three-dimensional 

(3D) contour that differ from person-to-person. Devising strategies to process CPs 

into 3D topographies while retaining their electrical properties has emerged as a 

new challenge and research priority. Therefore, developing additive manufacturing 

(AM), also known as 3D printing, routes to process this class of materials carries 

urgency and can provide new opportunities for the field of CPs.  
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Figure 1.1. Examples of common CPs with properties (a) controlled through 

chemical structures through synthetic design, (b) examples of synthetic tuning to 

make CPs solution-processable. 

 

The AM of CPs presents more challenges than most other classes of 

polymers due to a number of processability restrictions that arise from their 

chemical structures. Specifically, the mobility of CP chains is strongly restricted by 

intermolecular π-π interactions, which result in poor solubility and meltability.7 At 

the same time, the delocalization of π electrons along this conjugated backbone is 

responsible for endowing CPs with electrically conductive properties.8 

 

Each of these double bonds, or π bonds, forms from overlapping p-orbitals 

(Figure 1.2a). Electronic interactions between these π bonds of the conjugated 

backbone system causes energy level splitting of π orbitals into π (bonding) and 

π* (antibonding) orbitals. Every additional monomer unit added to a CP increases 

the number of π and π* orbitals to the conjugated system, leading to the formation 

of a conduction band with a lowest unoccupied molecular orbital (LUMO) and a 

valence band with a highest occupied molecular orbital (HOMO). These additional 

energy states increase the energy level of the HOMO and decrease the energy 

level of the LUMO, which are separated by a band gap (Eg) energy barrier (Figure 

1.2b). For charges to conduct, sufficient energy must be introduced to π electrons 

in the valence band to allow for a transition through the Eg to the conduction band.8 

Materials with a Eg above 3.0 eV are generally considered insulators, between 0.1 

and 3.0 eV are generally considered semiconductors, and below 0.1 eV are 

generally considered conductors.9 

 

 

Increasing Conjugation Length

Polyacetylene

Ethylene

πbond

a b

Name Structure
Molecular 
Orbitals

σ bond

Delocalized π electrons
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Figure 1.2. (a) Figure showing the overlaping p orbitals (π bonds) in ethylene (top) 

and polyacetylene (bottom). (b) Diagram showing the emergence of valence and 

conduction bands from the numerous energy levels that emerge from longer 

conjugation length of a CP.10 

 

1.2 Factors Influencing Conductivity 

Conductivity can be generally expressed mathematically by eq. 1.1.11 

𝜎 = 𝑛𝑒𝜇 ,                                 eq. 1.1 

where 𝜎 is electrical conductivity of a material, e is the charge of an electron in 

coulombs, n is the number of charge carriers, which can be holes in p-type or 

electrons in n-type materials, and μ is the mobility of charge carriers.11 Since most 

CPs are p-type, including the ones in this dissertation, the primary focus here will 

be dedicated to main strategies to control the conductivity of p-type CPs.8 

However, eq. 1.1 mostly describes the charge transport within polymer 

chains, or intrachain conductivity (𝜎𝑖𝑛𝑡𝑟𝑎𝑐ℎ𝑎𝑖𝑛). CPs in film or bulk forms can often 

have very different crystallinity and microstructures depending on processing 

conditions. These factors can greatly affect the bulk conductivity (𝜎𝑏𝑢𝑙𝑘) of CPs. 

The quality of interchain conductivity (𝜎𝑖𝑛𝑡𝑒𝑟𝑐ℎ𝑎𝑖𝑛) is dictated by the quality of p-

orbital overlapping between adjacent chains, which is often related to the degree 

of crystallinity of CPs. In addition, the degree of overlap or connectivity between 

adjacent domains, which can be between two crystallites or between a crystallite 

and the surrounding amorphous regions, within the CP microstructure also dictates 

the bulk conductivity. This is commonly referred to as interdomain conductivity 

(𝜎𝑖𝑛𝑡𝑒𝑟𝑑𝑜𝑚𝑎𝑖𝑛). Collectively, the bulk conductivity of CPs can be expressed by eq. 

1.2.11 

𝜎𝑏𝑢𝑙𝑘 = 𝑭 (𝜎𝑖𝑛𝑡𝑟𝑎𝑐ℎ𝑎𝑖𝑛, 𝜎𝑖𝑛𝑡𝑒𝑟𝑐ℎ𝑎𝑖𝑛, 𝜎𝑖𝑛𝑡𝑒𝑟𝑑𝑜𝑚𝑎𝑖𝑛)                        eq. 1.2 

 

1.2.1 Chemical Doping to Increase CP Conductivity 

One important factor influencing a CP’s conductivity is its number of charge 

carriers, n (eq. 1.1). For example, the emeraldine base form of polyaniline (PANI) 

contains the conjugated backbone structure of overlapping π electrons 

characteristic of CPs, which is necessary for charge transport along the conjugated 

system.12 However, it contains very few charge carriers, and thus behaves as an 

insulator. A common strategy used to improve conductivity is by increasing the 

number of hole carriers in CPs by the addition of a primary dopant, which can be 

carried out by protonation or addition of an oxidant to remove π electrons from the 
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conjugated system. One example of using oxidative dopant strategy to increase 

conductivity is by introducing oxidizing halogens such as Br2 or I2 to trans-

polyacetylene.13,14 Another approach to creating hole carriers is by using an acid 

to protonate the CP. For instance, adding an acid dopant to the electrically 

insulating emeraldine base form of PANI protonates its nitrogen atoms and 

converts it into the highly conductive emeraldine salt form (Figure 1.3a). 

1.2.2 Secondary Doping 

The conductivity of CPs relies on the transport of charges along the 

delocalized π electrons of their conjugated backbone, and is an influential 

component of a CP’s charge mobility (μ). However, when the polymer does not 

adopt a linear conformation due to kinks, π orbitals do not overlap, which hinders 

their charge transport ability and decreases the 𝜎𝑖𝑛𝑡𝑒𝑟𝑐ℎ𝑎𝑖𝑛 and 𝜎𝑖𝑛𝑡𝑒𝑟𝑑𝑜𝑚𝑎𝑖𝑛. One 

method to overcome this is to use a ‘secondary dopant’ which is an ‘inert’ additive 

that can increase a CP’s conductivity, often by alternating its chain conformation, 

and is retained even after the secondary dopant is removed. An example of this 

phenomena is when the conductive emeraldine salt form of polyaniline is cast from 

chloroform. This solvent has little interaction with the charged groups on 

polyaniline, leading the polymer to adopt a compact coil conformation with many 

kinked chains due to twist defects between aromatic rings. The localization of 

charges between two kinks decreases the charge mobility along the polymer chain, 

resulting in poor conductivity. In a better solvent, the polymer has an extended coil 

structure with fewer kinks and straighter segments. The fewer twist defects 

between aromatic rings allow for polarons to be delocalized along the chain, 

resulting in higher conductivity from greater intrachain μ. 

 The electronic transitions from different states absorb a characteristic 

wavelength of light based on the amount of energy required to excite electrons to 

a new state. These electronic transitions typically occur with light ranging from 

the ultraviolet to the near infrared region, which makes ultraviolet-visible-near-

infrared spectroscopy (UV-Vis-NIR) a valuable tool for probing these electronic 

transitions. 

 Using polyaniline (PANI) as a representative CP, it typically has an 

absorption peak at around 360 nm from the excitement of π band electrons to the 

π* band, 440 nm from the excitement of the polaron band electrons to the π* band, 

and 780 nm from the excitement of localized π band electrons to the polaron band. 

However, PANI with delocalized electrons from an extended backbone 

conformation have a free carrier tail that begins around 1000 nm, and extends into 

the IR region, rather than the 780 nm peak of the localized electrons.  

When the emeraldine salt form of polyaniline has a compact coil 

conformation, it absorbs at the three characteristic regions of CPs, with absorption 
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at 360, 440, and 780 nm (Figure 1.3b). The presence of a peak at 360 nm and 780 

nm indicates that the coil structure causes twist defects between aromatic rings 

that prevent delocalization of the polarons, causing them to be localized. This 

localization remains in films cast from these solutions, and results in low 

conductivity of ~0.1 S/cm. 

However, when cast from a more polar solvent like m-cresol, the polymer 

adopts an expanded coil conformation, where the peak at 780 nm disappears and 

a prominent free-carrier tail appears from around 1000 nm and extending into the 

IR region. This indicates that a more linear backbone conformation and twist 

defects between aromatic rings have subsided, allowing for enhanced 

delocalization of polarons. The polaron band-π* peak remains at 440 nm, but the 

π-π* peak at 360 nm disappears due to the elimination of that energy gap from the 

merging of the polaron band with the π band. Films cast from these solutions result 

in high conductivity of ~150 S/cm, indicating that chains remain extended after 

casting.11,15  

In order to achieve long-range conductivity, CPs must effectively transfer 

charges between polymer chains, as noted in eq. 1.2, which is efficiently done in 

tightly packed crystalline regions, as well as through tie chains which bridge the 

distances between crystalline regions.16 Introducing a secondary dopant can 

improve the ability of CPs to adopt a more linear conformation that allows for more 

efficient π-π stacking between adjacent polymer chains and improve interchain 

stacking of highly crystalline regions, leading to higher conductivity. Additionally, 

some CPs contain insulating components to promote solubility, such as the 

poly(styrene sulfonate) in poly(3,4-ethylenedioxythiophene):poly(styrene 

sulfonate) (PEDOT:PSS), which hinders charge transfer between the conductive 

PEDOT chains. Secondary dopants can be used to improve phase separation 

between PEDOT and PSS, selectively removing the insulating PSS component, 

and increase the PEDOT crystallinity. These collective effects can result in 

conductivity increases of over three orders of magnitude.17 
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Figure 1.3. (a) Example of doping with acid and oxidant to dope/dedope 

polyaniline,18 (b) example of the influence of ‘secondary doping’ effect, where 

polyaniline has a coil-like shape in a poor solvent (top) and expanded coil in a good 

solvent with high conductivity in the UV-Vis spectrometry.15 

 

1.3 Improving Solution Processability of CPs 

Processability from melt or solution are standard properties of most 

polymers, but not for CPs. CPs have a rigid backbone, which makes them 

exceedingly difficult to dissolve or melt, limiting their widespread use upon their 

initial discovery and development.1 Over time, strategies have been developed to 

make CPs more solution processable, which has become an essential part of their 

growing appeal. One general strategy to realize solution processability is to attach 

a solubilizing side chain to the repeating units of CPs, which can increase the 

resulting polymer’s interactions with a solvent and make it solution processable. 

Common examples of this approach include the long hydrocarbon chains of poly(3-

hexylthiophene) P3HT (Figure 1.1b), or the sulfonic acid sidechain of self-doped 

PEDOT.19,20 Another approach to improving a CP’s solution processability is to use 

a soluble anionic polymer as the dopant for the insoluble, cationic CP. The most 

widespread example is PEDOT:PSS (Figure 1.1b). In this example, PEDOT is 

polymerized via oxidative polymerization in the presence of excess water-soluble 

PSS. PEDOT becomes positively charged during the oxidative polymerization 

process, and electrostatically attracts to the negatively charged sulfonate groups 

of PSS, which keeps the hydrophobic PEDOT in suspension. To minimize the 

exposure of the hydrophobic PEDOT to the surrounding aqueous solution, the 

excess PSS forms a hydrophilic shell which encapsulates a PEDOT-rich core.21 

 

1.4 Conventional 2D Processing of CPs and Their Limitations 

Low 
Conductivity
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Solution processable CPs are widely used in applications that require thin, 

lightweight, conductive films, and are typically processed using 2D fabrication 

methods, such as spin coating or solution casting. However, these fabrication 

approaches limit the use of these materials to having a flat 2D geometry, and limits 

what electronics could be made. For instance, wearable electronic devices depend 

on conformal contact with the uneven surface of an organ, such as the skin, in 

order to have accurate sensing. Electronics that are designed to fit the uneven 3D 

surfaces would have more accurate sensing of the desired physiological signals. 

Additionally, in contrast to 2D fabricated electronics, 3D electronics can have a 

wide range of geometries to fit into unused spaces. 

 

1.5 Overview of 3D Printing Methods 

Before I delve into the details of the 3D printing of CPs, the most commonly 

used 3D printing methods will be reviewed in this section. They are inkjet printing, 

vat polymerization (VP), and extrusion-based 3D printing, which contains fused 

deposition modeling (FDM) and direct ink writing (DIW). Each of these methods 

follows a distinctive operational mechanism that associates with certain 

advantages and limitations, including ease of implementation, resolution, 

scalability, material versatility, and printing speed. An overview of these methods, 

along with their mechanisms, advantages, and limitations is provided in Figure 1.4.  
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Figure 1.4. Illustrations of different AM methods.22 

 

1.5.1 Inkjet Printing 

Inkjet printing is a widely used AM technique due to its ability to rapidly 

produce customized 2D patterns with a range of desirable materials (Figure 1.4). 

This process is similar to the one used in commercial desktop inkjet printing, but 

the material can be deposited repeatedly to create 3D objects. In this method, a 

cartridge containing a low viscosity liquid ink material is positioned above the 

substrate at the desired locations along an x-y axis, and sprays small ink droplets 

onto the substrate.23 The solvent in the ink can then evaporate leading to a solid, 

or it can be chemically cured into a solid by exposure to light or heat. Once the 

deposited layer has solidified, the build plate moves along the z-axis, and the 

deposition and solidification process is repeated to form a 3D printed object. One 

advantage of using this method is its ability to produce patterned, customizable 

thin films with high resolution on the order of tens of microns and high print speed, 

making it valuable for commercially producing thin films of patterned materials. 
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However, this method requires complex ink formulations to have specific surface 

tension and low viscosity to control the drop formation process and control the 

printing resolution, which can greatly limit the loading of a desired solid material in 

the ink. Additionally, this method of depositing thin layers of material for the 

purpose of creating 3D objects can take an impractical amount of time for objects 

beyond millimeter sizes. Because of these limitations, inkjet printing is mostly used 

for producing patterned flat 2D objects or tall 2D objects (sometimes referred to as 

“2.5D objects”). 

1.5.2 Vat Photopolymerization 

Light-based, vat photopolymerization (VP) AM methods, such as 

stereolithography (SLA) or digital light processing (DLP) are proficient at producing 

complex 3D objects (Figure 1.4). VP consists of a vat of UV-curable resin with a 

transparent window on its bottom side. This resin typically consists of a radical 

polymerizable monomer and crosslinker to produce a solid polymer, a UV-activated 

polymerization initiator to start the polymerization reaction, a radical inhibitor to 

control the polymerization process, light-absorbing dye to increase resolution. A 

reactive diluent is often added to reduce the resin viscosity to promote flow of resin. 

If species in a resin are solids, a solvent is added for dissolution. A build plate is 

lowered into the resin to form a thin layer of resin between the build plate and the 

window. Then, a 2D pattern of ultraviolet (UV) light is projected to the thin layer of 

resin to cure it in the pattern of the light. Then, the build plate moves up along the 

z-axis to allow for more resin to flow into the thin space between the window and 

the previously printed layer, and the curing process repeats until the pre-

programmed 3D object is produced. The ability to rapidly produce complex, 3D 

objects with high resolution makes this a widely used AM method, but its resin 

chemistry requirements limit what materials can be incorporated without interfering 

with the polymerization process. The light-based mechanism also largely prohibits 

sizable quantities of light-scattering particles or opaque materials from being 

incorporated, limiting the diversity of printable materials.  

1.5.3 Extrusion-Based Methods 

Extrusion-based AM methods are widely used, due to their generality with 

materials. To pattern using these methods, a material is extruded from a nozzle 

onto a build plate along a pre-programed x-y axis to produce a 2D layer of material. 

The build plate then moves along the z-axis to allow for another layer to be 

deposited, and the process is repeated to produce a 3D object. The following two 

methods are the most commonly explored within this general category.  

1.5.3.1 Fused Deposition Modeling 

Fused deposition modeling (FDM) is a commonly used extrusion-based AM 

method that can produce 3D objects from fusible polymers (Figure 1.4). The 
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polymer filament to be patterned is first fed into a heated nozzle that melts and 

extrudes it as a narrow filament of molten polymer onto a build plate, and is moved 

along the x-y axis to produce a 2D pattern. The extruded polymer rapidly cools and 

solidifies after deposition, which allows the next layer to be deposited on top of it, 

and the process is repeated to produce a 3D object. The ability to produce 3D 

objects from a wide range of thermoplastics, the low amount of waste produced, 

and the lack of solvents are attractive features that makes this a widely used AM 

method. However, it can only be used for processing materials that flow when 

heated and remain stable without degradation, restricting the material diversity. 

1.5.3.2 Direct Ink Writing 

Another commonly used extrusion-based AM method is direct ink writing 

(DIW), where a flowable ink is extruded through a nozzle by displacement, either 

by a piston, air pressure, or a screw driver (Figure 1.4). DIW can deposit inks that 

can shear-thin (i.e., decreasing viscosity with increasing shear stress) when 

pressure is applied, allowing a thick paste to flow through the nozzle, but returns 

to the initial high viscosity state upon the release of shear stress to create stackable 

layers.24 After a layer of ink has been deposited, it must have enough internal 

cohesive forces to be able to maintain its extruded shape and resist the downward 

force of gravity, as well as the weight of other layers that will be printed on top of 

it. Inks with a moderate yield stress are able to meet that requirement. Low 

viscosity inks with Newtonian flow behavior (i.e., constant viscosity with changing 

shear stress) can be used, but in order to retain their shape and produce 3D 

objects, their physical form must be rapidly changed after deposition to increase 

their cohesive force, either through solidifying through rapid cooling,25 precipitation 

through solvent loss or exposure to a poor solvent,26 or solidification by a chemical 

reaction,27 or cured using UV-light.28 This diverse range of possibilities make DIW 

a versatile method to manufacture 3D objects with the widest range of materials, 

including materials that are sensitive to high heat that are not suitable for 

processing with FDM. 

 

1.6 Summary of AM Techniques Suitable for CPs 

While the AM techniques reviewed in the previous section have been widely 

explored in recent year, applying them to CPs poses myriad challenges due to the 

chemical sensitivity of CPs. Various innovative approaches have been developed 

to adapt many of these techniques for CPs, with the main approaches being inkjet 

printing, DIW, and VP methods. While each of the studies brings the field one step 

forward, the field is nascent, and significant challenges remain.  

Within the limited examples of 3DP CPs due to existing challenges to 

processing this class of material, they often suffer from poor conductivity. For 
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example, 2D thin films of PEDOT:PSS can achieve conductivity over 

1000 S/cm,8,17,29 but values have been limited to around 1-155 S/cm for 3D printed 

versions,30–34 indicating that there is a knowledge gap in understanding and 

manipulating the 3D printing-structure-property relationships of CPs. Moderately 

high conductivity from 3DP CPs has been achieved, but it comes at the expense 

of limited 3D printing capabilities. In these studies, complex 2D patterns with height 

limited to merely a few layers30,31,34–39 or very simple 3D shapes without 

overhanging structures (2.5D structures) have been produced from CPs (Table 

1.2).33,39–42 A few examples of printing CPs into truly 3D structures have been 

achieved, but the resulting prints suffer from low conductivity.43–47 Overall, these 

examples demonstrate the challenge of harnessing both high conductivity and high 

3D shape complexity for CPs. 

These limitations are the result of a number of intrinsic properties of CPs 

that make them difficult to process with available 3D printing mechanisms. First, it 

is important to consider whether the 3DP method of choice can preserve the 

chemical structure of the conductive polymer. CPs are electron-rich from the 

extended backbone π bonds, making many susceptible to permanent oxidation 

and degradation when exposed to oxygen and heat for extended periods of time 

or for short periods of time at high temperature.48–50 This sensitivity makes their 

printing using heat-based 3DP methods like FDM impractical. 

Additionally, CPs are dark in color due to the extensive conjugation. Their 

absorption of visible and UV light makes the UV light used in VP methods difficult 

to penetrate and cure a CP-containing resin, making resin formulation 

challenging.51,52 The opaque color of CP means that only 2-3 wt.% of CPs can be 

loaded into the resin, which leads to poor conductivity of printed structures (Table 

1.2).37,43–45 

These advantages and limitations of processing PEDOT:PSS with each 

3DP method are summarized in Table 1.1. Case studies along with more detailed 

discussions on the advantages and limitations of each approach are delineated in 

the subsequent sections. 

 

Table 1.1. Table correlating the CP properties and the suitability of each commonly 

used AM method. CP properties that make a 3D printing technique difficult to be 

applicable are represented by red crosses, whereas those that promote the 

applicability of a certain technique is presented by green checks.  
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1.6.1 Inkjet Printing for CPs 

Inkjet printing is an excellent option for fabricating CPs into thin layers of 

electronic materials with good resolution.30,53 Of the many solution processable 

CPs, PEDOT:PSS is commonly used in order to achieve high conductivity. 

However, the low viscosity requirements of inkjet printing requires that solutions 

have a low amount of loaded solid material, and often requires dilution with 

solvents.54 The resulting printed layers are very thin when dried out, and require 

the deposition of many layers to make an object that is not limited to a flat 

geometry, making it difficult to produce 3D CP objects using this technique (Table 

1.2).30,53 Due to the limit on dimensionality, this technique will not be addressed in 

this dissertation. 

 

1.6.2 Direct Ink Writing for CPs 

In contrast to inkjet printing, DIW is compatible with a wider range of CP 

formulations, due to its ability to process higher viscosity inks, enabling it to print 

concentrated solutions that can produce 3D objects with high conductivity 

formulations. However, despite this formulation advantage, most efforts failed to 

produce even moderate conductivity in comparison to what could be achieved 

using 2D fabrication methods. For instance, spin-coating of highly conductive 

PEDOT:PSS formulations can achieve over 700 S/cm.8,17,29 In contrast, 

PEDOT:PSS that has been formulated using conductive inks to produce 2D 

electronic arrays or simple 3D shapes using DIW printing only achieves 

conductivity from 1-155 S/cm (Table 1.2).31–36,41 These examples were used for the 

fabrication of PEDOT:PSS hydrogels for bioelectronic applications, including soft 

neural probes, which only require conductivity in the range of 0.1-50 S/cm.8,17,29 

For high conductivity devices with PEDOT:PSS in its dry form, these materials 

should ideally meet or exceed the benchmark value of 1000 S/cm for 

PEDOT:PSS29 to reach the full potential of high-performance 3D printed organic 

electronics. 

Vat photopolymerization 
(VP) 

Direct ink write (DIW)
Fused deposition 
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Light Pressure / displacement Melt 3DP mechanism 
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Additionally, these 3D printing efforts have been limited to printing either 

complex 2D patterns or simple, multi-layer 3D structures without overhanging 

structures. For instance, Wei and coworkers demonstrated the patterning of 

complex 2D patterns with a PEDOT:PSS ink, as well as simple cones and dome 

shapes.32 Zhang and coworkers demonstrated the fabrication of vertical 

PEDOT:PSS pillars, demonstrating the limited ability to fabricate complex, vertical 

structures with this material.33 

 

1.6.3 Vat Polymerization for CPs 

Although DIW printing is capable of processing a wide range of CP 

materials, it has several limitations. It can achieve limited shape complexity, 

especially with overhanging structures, because the shear-thinning inks typically 

lack the strength to hold their own weight without support. It is also limited in 

throughput due to the line-by-line, layer-by-layer deposition mechanism. One 

method for overcoming these shortcomings is VP-based methods. However, the 

difficulty of directly printing CPs from precursors using this light-based AM 

technique is the UV-light absorption of CPs and their precursors limits the 

penetration of light needed to initiate the resin polymerization. Efforts to directly 

incorporate CPs into the resin result in low conductivity of printed objects, due to 

the limited amount of light-absorbing CP that can be added. For instance, Lopez-

Larrea and coworkers added a PEDOT:PSS suspension to a VP resin mixture, and 

were able to print a variety of arbitrarily complex 3D structures, such as a 3D snail 

and abstract shapes with overhanging segments.43 However, only 0.65% of 

PEDOT:PSS suspension could be added to their resin without becoming 

inhomogeneous and without hindering light penetration that could lead to defects 

in the printed objects, leading to low conductivity values up to 0.1 S/cm. Others 

have demonstrated the use of PEDOT:PSS-containing resins to produce 

conductive, 3D shapes, but the same issue of low PEDOT:PSS content led to low 

conductivity ranging from 0.0171 S/cm to 0.05 S/cm (Table 1.2).37,44,45 
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Table 1.2. Comparison of electrical performance, shape complexity, and resolution 

capabilities of 3D printed PEDOT:PSS using different 3D printing methods. 

Desirable traits are shown in green, moderate ones in tan, and undesirable traits 

in red. 

Method Reference 
Conductivity or 
Power Density 

Shape 
Complexity 

Resolution 

 

DIW 

H. Yuk31 155 S/cm 2D 30 μm  

S. Ghaderi40 967 S/cm Simple 3D shapes 295.6 μm  

I. Hill55 1200 S/cm 
Complex 3D 

shapes 
50 μm  

Y. J. Kim41 101.7 μW/cm2 Simple 3D stacks 270 μm  

Y. Zheng35 ≈600 S/cm 
Simple 2D 
woodpile 

<10 μm  

X. Wang36 72 S/cm 2D patterns 479 μm  

H. Wei32 0.5 S/cm 
Simple cone 

structure 
100 μm  

P. Zhang33 50.4 S/cm 
Simple vertical 

columns 
50 μm  

S. Kee34 137 S/cm 2D films 800 μm  

        

VP 

N. Lopez-Larrea43 0.1 S/cm 
Simple 3D 
shapes, 

overhangs 
150 μm  

G. Scordo44 0.05 S/cm 
Complex 3D 

shapes 
50 μm hatch spacing  

G. Scordo45 0.055 S/cm 
Complex 3D 

shapes 
not reported  

H. Zhu37 ≈0.0171 S/cm Simple 3D shapes ≈70 μm  

           

Inkjet 
M. Y. Teo53 900 S/cm Low Low  

C. A. Mire30 0.21 S/cm Linear tracks 50 μm  

           

2PP 

K. Kurselis46 0.04 S/cm 
3D Micro-
scaffolds 

50 μm, 1 μm hatch 
distance 

 

Y. Tao47 0.42 S/cm 
Complex 3D 

shapes 
≈300 nm  

O. Dadras-
Toussi39 

281 S/cm 
Complex 2D 

shapes 
1 μm  

 

 

1.7 Chapter outline 

My PhD work addresses many of the key challenges in the field of 3DP CPs 

and bridges many of the knowledge gaps. First, the fundamental printing 
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processing-structure-property relationship of 3DP CPs is studied to gain an 

understanding of the origins of low conductivity. These insights were instructive to 

understanding how to improve the conductive properties of 3DP CPs, leading to 

significant conductivity enhancement. Additionally, we developed individualized 

approaches to fabricating highly conductive CPs with the capability of producing 

highly complex 3D structures with traditionally difficult-to-produce overhanging 

segments, uniting the currently exclusionary properties of high conductivity and 3D 

geometric freedom. A chapter outline for this dissertation along with the highlights 

of findings are overviewed below.  

 

Chapter 2: Imparting High Conductivity to 3D Printed PEDOT:PSS 

• Improved the conductivity of DIW-printable ink to have conductivity over 700 

S/cm by mimicking the formulation of highly conductive spin-coated 

PEDOT:PSS. 

• Identified anisotropic conductivity arising from the printing process, and carried 

out a systematic investigation of the printing processing-structure-property 

relationship. 

• Found that the source of anisotropy is due to phase separation, which causes 

migration, insulating PSS to outer parts of printed filament. 

• Discovered that using a simple DMSO solvent wash eliminates anisotropic 

conductivity by removing insulating PSS and improves conductivity to over 

1200 S/cm, well above the 1000 S/cm benchmark for high conductivity, finally 

making printed PEDOT:PSS performance on-par with highly conductive 2D-

processed PEDOT:PSS. 

• Fully took advantage of the structural design capabilities of 3D printing by using 

two-material extrusion to produce elastic PEDOT:PSS free-standing 3D 

structures, capable of decoupling the mechanical performance from its 

intrinsically brittle nature. 

 

Chapter 3: Pure PEDOT with complex architectures via 3D printing-assisted 

casting 

• Previous efforts to produce 3D-printed PEDOT:PSS suffer from either low 

conductivity or poor structural fidelity with respect to intended printed object, 

limiting its use for electronics where high precision is required. 

• Our new approach bridges this gap in fidelity and conductivity by using high-

resolution VP-printed casting molds that serve as highly detailed 3D templates 

for casting a molten PEDOT monomer which produces highly detailed 3D 

electronically conductive objects. 
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• A systematic investigation into the incomplete solid-state polymerization of 

PEDOT led to the discovery of a method to improve the polymerization yield 

and conductivity of these electronically conductive materials. 

• The flowable nature of the molten precursor allows for the incorporation of 

highly conductive silver flakes, to produce highly conductive 3D materials 

embedded in insoluble PEDOT for solvent-resistant electronics applications.  

• In contrast to other soluble molds that require caustic chemicals to remove, 

ours are a green alternative that can be easily removed with water. 

• This approach is widely applicable for fabricating a wide range of  materials, 

including silicones, into arbitrary 3D shapes, without the need for developing 

new chemistries to make them processable with other 3D printing methods. 

 

Chapter 4: Oligoaniline-Assisted Self-Assembly of Polyaniline Crystals 

• We found that the incorporation of a small amount of tetraaniline oligomer can 

induce crystallization of the parent polymer, polyaniline, through a single-step 

self-assembly process, without the introduction of any impurities. 

• This approach can be used to control the crystal growth and orientation of 

polyaniline of desired molecular weights. 

• Investigation of the UV-vis-NIR spectra indicates that this crystallization 

process improves the charge carrier delocalization for producing highly 

conductive CPs. 

• This simple self-assembly process can be used to improve the self-assembly 

of many other CPs for much greater control of crystal growth in solution, and 

for enhanced performance of thin film electronics. 

 

Chapter 5: Synthesis of modified PAMPSA for rate-adaptive polymers 

• The rate-adaptive behavior of a polymeric material developed and investigated 

by Hernandez and coworkers56 is strongly dependent on the dynamic hydrogen 

bonding of hydrogen bond-containing polymer poly(2-acrylamido-2-methyl-1-

propanesulfonic acid) (PAMPSA). 

• A systematic investigation into the mechanism of this interaction can inform us 

as to how we can potentially tune this property for higher impact-adaptive 

electronic devices.  

• To investigate this effect, PAMPSA derivatives of varying hydrogen-bonding 

strengths are synthesized, as well as methods to control their polymer length. 

• Several issues arose and were solved when perusing these synthetic goals, 

including the premature polymerization of a modified AMPSA monomer, and 
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the premature termination of the polymerization of the modified AMPSA 

monomer. 

• This work almost achieved its goal of developing all of the intended hydrogen-

bonding rate-adaptive polymers, but provides valuable instructions for future 

work. 
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Chapter 2 

Imparting High Conductivity to 3D Printed PEDOT:PSS 

 

 

2.1 Abstract 

Complex 3D geometry and high conductivity have generally been mutually 

exclusive characteristics for conducting polymers. For instance, poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), a benchmark 

conducting polymer, typically exhibits conductivity 1 to 2 orders of magnitude lower 

in 3D-printed forms compared to 2D-processed thin films, due to its sensitivity to 

processing conditions. Here, we investigate the main causes of this reduced 

conductivity, which are found to be (1) the ink formulation strategy and (2) the 

strong lateral phase separation of the printed filaments. Processing approaches 

that overcome these factors have produced significant conductivity enhancement 

to 1200 S/cm, higher than the typical 2D-processed PEDOT:PSS. Our study also 

unveils a set of guiding principles for optimizing the conductivity of direct ink writing 

(DIW)-printed PEDOT:PSS, including printing orientation, print bed temperature, 

and nozzle diameter. With the combination of high conductivity and 3D geometric 

freedom, potential applications such as omnidirectionally deformable LED devices 

with strain-independent electrical behavior and bespoke electronics that replicate 

the shape of human body parts have been demonstrated.  

 

 

Figure 2.1. Summary figure for Imparting High Conductivity to 3D Printed 
PEDOT:PSS. 
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2.2 Introduction 

 Three-dimensional (3D) printing offers a range of benefits, such as 

geometric freedom, rapid prototyping, and additive patterning capabilities, across 

fields including automotive, aerospace, robotics, biomedicine, and electronics.1–3 

While the use of 3D printing technology has become widespread, the challenges 

of printing organic electronic materials like conjugated, conducting polymers (CPs) 

persist. This is mainly due to the delicate nature of CPs, which are sensitive to 

chemical, thermal, and processing conditions.4 The electron-rich nature of CPs 

makes them prone to irreversible oxidation or decomposition at elevated 

temperatures, rendering them incompatible with 3D printing mechanisms such as 

fused deposition modeling (FDM) or selective laser sintering (SLS), which rely on 

elevated temperature to produce parts from molten or semimolten polymers.5–7 

Furthermore, even at short chain length, CPs absorb strongly in the ultraviolet and 

visible wavelength range,8,9 hindering photoinitiation in light-based 3D printing 

methods such as stereolithography (SLA) and digital light processing (DLP).10 

A number of methods, primarily utilizing composite materials or secondary 

networks, have been used to generate 3D structures with CPs.11–16 However, the 

electrical properties of the resulting materials are generally poor due to the 

insulating additives or chemical modification that improve printability but reduce 

conductivity. Several recent reports have shown that, among the major 3D printing 

technologies, direct ink writing (DIW) yields the best electrical performance 

retention for CPs.17–19 CPs’ solution processability and shear-thinning behavior 

make them suitable for a shear-based extrusion mechanism of DIW. In particular, 

poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (Error! 

Reference source not found..2) is the most heavily investigated CP due to its 

high conductivity and its wide applications in organic electronics, optoelectronics, 

and bioelectronics.20–22  

 

Figure 2.2. Chemical structure of PEDOT:PSS. 
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However, CPs’ sensitivity to processing conditions is clearly reflected in 

their significantly lower conductivity when 3D printed compared to conventional 2D 

methods. For example, spin-coated PEDOT:PSS has a conductivity of nearly 1000 

S/cm, making it the benchmark material in organic electronic devices.20–22 

However, its DIW-printed counterparts typically have conductivity values ranging 

between 1 and 155 S/cm in the solid state.16–19,23,24 Most of these reports retain 

the printed PEDOT:PSS in the as-processed hydrogel form for bioelectronics 

applications, such as pressure sensors or soft neural probes, for which moderate 

conductivity in the range of 0.1–50 S/cm is satisfactory.12,17–19 However, high 

conductivity, ideally equal to or exceeding the benchmark value of 1000 S/cm for 

PEDOT:PSS,20 is necessary to reach the full potential of 3D printing in high 

performance, solid-state organic electronics, such as organic photovoltaics or field 

effect transistors. Reaching this milestone is crucial for advancing the field of 3D 

organic electronics. 

We aim to address the challenge of inferior conductivity in DIW printed 

PEDOT:PSS by first gaining a fundamental understanding of the factors causing 

it. We then use this knowledge to improve the conductivity of 3D PEDOT:PSS to 

surpass that of its 2D thin film counterparts. The combination of intricate geometry 

and high conductivity in the resulting PEDOT:PSS has the potential to enable new 

applications, such as organic electronics with geometries that can fill unused 

spaces, electronics that merge with art, and personalized biomedical devices 

through integration of 3D scanning and printing.  

 

2.3 Printer Modification 

Aside from the objects shown in Figures 2.30-35, all remaining samples in 

this work were printed using a Discov3ry Complete Paste Extruder (Structur3D) 

coupled to an Ultimaker 2+ to enable piston-based DIW printing. A number of 

machine modifications were carried out to optimize the printer setup for our ink. 

A Discov3ry Complete Paste Extruder coupled to an Ultimaker 2+ was used 

for the majority of this work (Figures 2.1-29). The original design included a 

standalone syringe pump connected to the extrusion nozzle via approximately 60 

cm of Tygon tubing (inner diameter: 3.175 mm). The syringe pump operated via a 

single-start, 8 mm OD, 2 mm pitch stainless steel lead screw attached to an 

approximate 200:1 gear reduction (50:1 from gearbox and 4:1 from differing size 

of gears), powered by a Nema 17 stepper motor.   
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Figure 2.3. Original Discov3ry Complete Paste Extruder. The enclosure to the right 
of the Ultimaker 2+ houses the syringe pump. [Adapted in part with permission 
from Discov3ry Complete. Structur3D Printing Home Page. 
https://www.structur3d.io/ (accessed 2018-01-01) Copyright 2016, Structur3d 
Printing.] 

 

Unfortunately, this as-purchased design became problematic with the use 

of high viscosity extrudates, such as the PEDOT:PSS ink in this work. High head 

loss caused by the long tubing resulted in low pressure generation at the nozzle. 

Simply increasing the power input of the printer was undesirable, as the plastic 

syringe and housing components would experience significant deflection under the 

applied loads.   

To reduce the head loss, a fixture comprised of two angle-bracket supports 

with adjustable slots was mounted to one side of the Ultimaker 2+ (Figure 2.4a). 

Atop of this support structure is the syringe pump device. Using this modified 

apparatus, the length of the tubing has been reduced to 20-23 cm, which is around 

a third of the tube length in the as-purchased setup. This machine modification 

significantly reduced head loss whilst offering a more compact extrusion 

apparatus.   

A 500-watt, 8 inch by 8 inch square silicone heating plate (Keenovo 110V) 

was added underneath the stock build plate to provide extended heating 

temperature range for the printing surface (Figure 2.4a).   



28 
 

 

Figure 2.4. (a) Modified Discov3ry Paste Extruder mounted on a support structure 
above the Ultimaker 2+ with the key components labeled. (b) and (c) angled and 
side views, respectively, of the extrusion assembly area. 

 

2.4 PEDOT:PSS Ink Optimization  

In order to optimize the rheological behavior of the PEDOT:PSS ink for DIW 

printing, we carried out ink rheological modification via drying, then used 

rheological tests to determine which ink was most suitable for DIW printing.  

2.4.1 Ink Preparation 

For a typical ink, 100 mL of aqueous PEDOT:PSS dispersion (Clevios PH 

1000, 1–1.3 wt % solid content) was added to a 600 mL beaker containing a 

magnetic stir bar. 5.3 mL (5 vol %) of DMSO (Fisher Scientific) was added to the 

solution while stirring. The mixture was stirred and heated at 70 °C until it reached 

a concentration of 3 wt %, at which point it became a viscous paste. It was left to 

cool at room temperature for 20 min prior to being pressed through a filtration 

membrane composed of 16 layers of overlapping cheesecloth followed by a 

polyester filter with a 500 μm wide mesh opening (Elko Filtering Co.) to remove 

aggregates. The ink is then homogenized in a planetary centrifugal mixer (Thinky 
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AR-100) for 4 min, followed by a 30 s defoaming cycle. The ink is left undisturbed 

for approximately 10 min to cool to room temperature before syringe loading. 

2.4.2 Ink Rheology Tuning  

Rheology characterizations were performed on an Anton Paar MCR 102 

rheometer at room temperature. Testing parameters were detailed in subsequent 

sections.  

DIW printing requires the ink to be shear-thinning so that it can flow out of 

the nozzle under shear force, and to have moderate yield stress so that the 

extruded filaments can maintain shape and stack vertically upon extrusion.1 These 

are rheological properties typically associated with viscous polymer solutions or 

dispersions. The as-purchased PEDOT:PSS aqueous colloidal dispersion has a 

solid content of 1-1.3 wt % and low viscosity, making it unsuitable for DIW printing 

(Figures 2.6 and 7). To circumvent this issue, previous reports reformulated the 

PEDOT:PSS dispersion through lyophilization followed by redistribution, used a 

gelation agent, or carried out in situ polymerization in the presence of another 

polymer network.12,17,19 Given the well-known effects that processing solvents, 

additives, and other conditions often have on factors that control the electrical 

properties of CPs, including chain conformation, packing arrangement, crystallinity, 

and phase separation, we hypothesize that these formulation strategies may have 

led to the significantly lower conductivity of PEDOT:PSS compared to the 

counterparts processed via conventional 2D methods. Therefore, we prepared a 

DIW-printable ink simply by mixing in 5 vol % of dimethyl sulfoxide (DMSO), the 

most commonly used “secondary dopant” for PEDOT:PSS,20 into the as-purchased 

aqueous dispersion, followed by slowly evaporating the solvent under gentle 

heating. This procedure mimics the natural solvent evaporation process in the drop 

casted or spin coated films where high conductivity is readily obtained. 

 

Figure 2.5. Images of PEDOT:PSS ink at different concentrations after mixing and 
defoaming. 
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Figure 2.6. Images of extruded PEDOT:PSS inks at concentrations of 1, 2, 3, and 
4 wt % (a-e) viewed from the side, (f-j) top view of samples on a level surface, and 
(k-o) after tilting the samples 45°. 

The PEDOT:PSS dispersions with 2, 3, and 4 wt % concentrations all show 

significantly increased low-shear steady-state viscosity and exhibit consistent 

shear thinning behavior across the entire applied shear rate regime (Figure 2.7a). 

Oscillatory amplitude sweeps show that all three inks are viscoelastic, and the 

storage and loss moduli (G’ and G”, respectively) both increase with increasing 

PEDOT:PSS concentration (Figure 2.7b). The yield stress of an ink is defined by 

the crossover between G’ and G”. Retaining self-supportive 3D structural integrity 

typically requires a yield stress of above 100 Pa to overcome structural distortions 

caused by capillary forces that arise from the curved surfaces of the filaments.25 

Both the 3 and 4 wt % inks meet this criterion as they exhibit yield stresses of 140 

and 143 Pa, respectively. These rheological observations are also reflected in the 

hand extrusion tests, where both the 3 and 4 wt % inks appear as viscous paste 

and lead to stackable filaments (Figure 2.6). The 4 wt % ink generates the best 

defined filaments, whereas minor line spreading upon nozzle exit is observed for 

the 3 wt % ink. However, the 4 wt % ink displayed a sizable amount of aggregates 

even after filtration and caused frequent clogging during printing. Conversely, the 

minor line widening from the 3 wt % ink can be easily corrected through commonly 

used parameter optimization strategies in DIW printing. As a result, the 3 wt % ink 

was chosen for this study.  

2.4.3 Rheology Experimental Method 
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2.4.3.1 Rheological characterization for PEDOT:PSS ink  

The gap size between the upper and lower plates of the rheometer was set 

at 1 mm. For steady-state tests, a pre-shear at 1 s-1 was applied for 10 s, followed 

by a 300 s resting period prior to steady-state shear testing. Samples for oscillatory 

amplitude tests were subject to a pre-shearing condition of 1% strain with an 

angular frequency of 10 rad/sec for 10 seconds, followed by a relaxation stage of 

300 s prior to data collection. 

 

Figure 2.7. Rheology data for PEDOT:PSS inks of various concentrations 
collected under (a) steady-shear and (b) oscillatory conditions. 

 

2.4.3.2 Time-dependence of the rheological properties for PEDOT:PSS ink  

One challenge with this ink formulation is that the yield stress of the ink 

slowly increases with time, from 125 to 192 Pa within 5 h of paste preparation, 

likely due to the formation of more extended hydrogen bonding networks (Figure 

2.8), but remains printable. Past this duration, the ink would occasionally clog the 

nozzle. The lifetime of the ink can be extended by re-homogenizing the aged ink 

followed by filtration, which removes most aggregates. Because of the time-

dependence of the ink yield stress, a piston-based DIW setup is more suitable than 

the more commonly used pneumatic mechanism.26 The air pressure of a 

pneumatic setup needs to be periodically adjusted to facilitate high quality printing 

of an ink with time-dependent yield stress, making the process manually tedious 

albeit feasible. Conversely, the piston mechanism depresses the volume of the ink 

at a specific rate with displacement controlled by a mechanical motor, making it 

significantly less sensitive to small changes in yield stress of the ink. As a result, 

optimized computerized settings would lead to high quality prints of our 

PEDOT:PSS ink without manual adjustments. The usage of piston-based DIW 

setup has led to good printing resolution and feature fidelity, highlighting the 

importance of tailoring the extrusion method to material characteristics. 
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Because of the strong focus of this work on enhancing the conductivity of 

PEDOT:PSS, we considered trading off ink shelf-life as an acceptable 

compromise. In future work, ink shelf life may be extended by incorporating a 

suitable inhibitor to delay or prevent physical crosslinking. To provide context for 

the sizes of structures for which such endeavors will be necessary, the printing 

time for the films used in conductivity measurements (Figure 2.14d), the hand 

(Figure 2.30c), and the encased spring (Figure 2.31a,b) were 12 sec, 9.5 min, and 

35.5 min, respectively. 

 

Figure 2.8. (a) Measurements of storage (G’) and loss (G”) moduli from oscillatory 
amplitude sweeps and (b) Yield stresses of PEDOT:PSS inks that are 1, 2, 3, 4, 5, 
and 24 hours after preparation. 

 

2.5 Printing Parameter Optimization and 3D Printing 

2.5.1 Experimental for 3D Printing Parameter Tuning 

In a typical print, the PEDOT:PSS ink was loaded into a 20 mL luer-lok 

syringe (Kinesis), which was inserted into the external carriage of the Discov3ry 

extruder. The syringe and an extrusion nozzle (Subrex) of select gauge size was 

connected by a ca. 230 mm-long Tygon tubing (Thermo Scientific, 3.175 mm inner 

diameter) using male and female hosebarb adapters (Cole-Parmer, 3.2 mm inner 

diameter; part numbers: male: EW-30800-24 and female: EW-30800-08). A print 

speed of 16 mm/s was used for most prints unless otherwise stated.  

Structures shown in Figures 2.12a,b were printed on a fluorinated ethylene 

propylene (FEP) sheet and wax paper, respectively, and adhered to a build plate 

at room temperature. Structure in Figures 2.12c,d was printed onto a sheet of 

Ecoflex 00-30 silicone (Smooth-On). Upon drying of the PEDOT:PSS, a thin layer 

of uncured Ecoflex 00-30 was poured on top of the print to encapsulate it. Individual 

lines and 10 line-wide films were printed on glass slides (Fisher Scientific) with the 
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print bed heated to different temperatures. Samples printed at room temperature 

were left to dry for 36 hours. For all remaining samples, after the completion of 

printing, they were immediately transferred to a hotplate (Chemat Technology, Inc.) 

set to the same heating temperature as the build plate and left there until dried. 

Samples printed at 50 °C typically require approximately 2 hours of heating time 

for drying, whereas the 80-130 °C samples become dried in about 20 min. Finally, 

all samples were annealed at 130 °C for 10 minutes to remove trace residual 

solvents prior to conductivity measurements. Dimensions of the line were 

measured using a FLIR Grasshopper®3 camera through a Nikon MSB50040 

achromatic lens, and analyzed using ImageJ image analysis software. 

2.5.2 3D Printing Parameter Tuning 

Different nozzle diameters can lead to different printed filament sizes, 

requiring the extrusion rate to be adjusted against nozzle diameters. However, the 

resolution and print quality from each given nozzle is greatly influenced by the rate 

of extrusion and printhead travel speed. The combination of these two factors can 

greatly influence the printing resolution, including creating discontinuous lines or 

thinning of lines if the extrusion rate is too low, or if the rate is too high, die swelling 

or coiling.27 When a fixed extrusion rate is used for printing with different nozzle 

sizes, the nozzle size does not effectively control the printing resolution (Figure 

2.9a). The smallest nozzles used in this test extrudes much wider lines than their 

respective nozzle widths because of the high extrusion rate, as well as die swelling 

effects (Figure 2.9c), the latter of which is caused by ink relaxation after being 

elongated by high nozzle shear.28 The ink exerts increasing normal force at 

increasing shear rates (Figure 2.9Error! Reference source not found.b) that is 

indicative of die swelling.28 More material is extruded when larger nozzles are 

used, but extruded line dimensions are still less than their inner diameters. Printing 

with a relatively low extrusion rate for a particular nozzle size can result in 

discontinuous lines, unless the nozzle-to-build plate distance is decreased, which 

will further increase the line width to height ratio. We demonstrated that changing 

the extrusion rate for a given nozzle size is an effective way of tuning the printed 

dimensions (Figure 2.9d). Setting the extrusion rate too low or too high results in 

printed line dimensions that are smaller or larger than the ideal dimensions of the 

nozzle inner diameter, respectively. After optimizing the extrusion rates for each 

nozzle (Figure 2.9f), we were able to effectively control the printing resolution 

(Figure 2.9e). This not only allows us to preserve printing resolution, but to 

minimize the effect of normal forces, a variable that changes with nozzle sizes, on 

the structure-property relations of DIW printed PEDOT:PSS. 
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Figure 2.9. (a) Graph of printed line dimensions of PEDOT:PSS using different 
nozzle diameters while keeping printing parameters unvaried. (b) Normal force 
exerted by PEDOT:PSS ink when increasing the applied shear rate. (c) Diagram 
of die swelling when ink is extruded with high pressures. (d) Plot of printed line 
dimensions when using different extrusion rates and a 437 μm inner diameter 
nozzle. (e) Plot of printed dimensions when using optimized extrusion rates for 
each nozzle. (f) Optimized extrusion rates for each nozzle inner diameter that is 
used in our study. 

a b

e f

0 200 400 600 800

200

400

600

800

1000

L
in

e
 D

im
e

n
s
io

n
s
 (

μ
m

)

Extrusion Rate (mm3/min)

 Height

 Width

 Ideal dimensions

c

d

200 400 600 800 1000

200

400

600

800

1000

L
in

e
 d

im
e

n
s
io

n
s
 (

μ
m

)

Nozzle diameter (μm)

 Height

 Width

 Ideal dimensions

Width

Height

0 200 400 600 800

200

400

600

800

1000

In
n

e
r 

D
ia

m
e

te
r 

(μ
m

)

Extrusion Rate (mm3/min)

 3 wt% Paste

a b

e f

0 200 400 600 800

200

400

600

800

1000

L
in

e
 D

im
e

n
s
io

n
s
 (

μ
m

)

Extrusion Rate (mm3/min)

 Height

 Width

 Ideal dimensions

c

d

200 400 600 800 1000

200

400

600

800

1000

L
in

e
 d

im
e

n
s
io

n
s
 (

μ
m

)

Nozzle diameter (μm)

 Height

 Width

 Ideal dimensions

Width

Height

0 200 400 600 800

200

400

600

800

1000

In
n
e
r 

D
ia

m
e
te

r 
(μ

m
)

Extrusion Rate (mm3/min)

 3 wt% Paste

a b

e f

0 200 400 600 800

200

400

600

800

1000

L
in

e
 D

im
e

n
s
io

n
s
 (

μ
m

)

Extrusion Rate (mm3/min)

 Height

 Width

 Ideal dimensions

c

d

200 400 600 800 1000

200

400

600

800

1000

L
in

e
 d

im
e

n
s
io

n
s
 (

μ
m

)

Nozzle diameter (μm)

 Height

 Width

 Ideal dimensions

Width

Height

0 200 400 600 800

200

400

600

800

1000

In
n
e
r 

D
ia

m
e
te

r 
(μ

m
)

Extrusion Rate (mm3/min)

 3 wt% Paste

a b

e f

0 200 400 600 800

200

400

600

800

1000

L
in

e
 D

im
e

n
s
io

n
s
 (

μ
m

)

Extrusion Rate (mm3/min)

 Height

 Width

 Ideal dimensions

c

d

200 400 600 800 1000

200

400

600

800

1000

L
in

e
 d

im
e

n
s
io

n
s
 (

μ
m

)

Nozzle diameter (μm)

 Height

 Width

 Ideal dimensions

Width

Height

0 200 400 600 800

200

400

600

800

1000

In
n
e
r 

D
ia

m
e
te

r 
(μ

m
)

Extrusion Rate (mm3/min)

 3 wt% Paste



35 
 

 

 

 

Figure 2.10. (a) Optical microscope images of freshly printed PEDOT:PSS 
filaments (i.e., 3 wt % solid, hydrated state) printed using nozzles with different 
inner diameters, each printed with their respective optimal extrusion rates. The 
filament printed with the 50 μm inner diameter nozzle was printed on a Kapton 
substrate, and the other samples were printed on a fluorinated ethylene propylene 
(FEP) substrate. The filaments were printed with their optimized print parameters 
and had uniform, smooth surfaces that often reflected light, which gave their 
surfaces the appearance of having horizontal white lines along the print direction. 
Each frame contains only one filament. (b) Representative cross-sections of 
printed filaments, showing their semi-circular shapes. 

 

2.5.3 Scanning Electron Microscopy 

In order to observe if the printed filiments have good interfilament 

connectivity, we carried out scanning electron microscopy (SEM) characterization 
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for morphology and interfaces between printed filaments of 3D printed 

PEDOT:PSS films.  

PEDOT:PSS films printed on silicon wafers were used for SEM. The film 

cross-section was obtained by cleaving the silicon wafer substrate perpendicular 

to the printing direction of the PEDOT:PSS film. The PEDOT:PSS film breaks along 

the silicon wafer fracture, leading to a pristine cross-section. SEM images were 

collected on a Zeiss Gemini 500 with an accelerating voltage of 3 kV. 

The printed film surfaces appear smooth when examined with the naked 

eye, but interfaces can be seen under illumination from certain angles (Figure 

2.11a). Upon closer examination using SEM, the filaments appear to overlap at the 

edges that lead to good inter-filament connectivity. A minor ridge is formed where 

the adjacent filaments overlap, leading to two shallow valleys to the sides of the 

ridges (Figure 2.11c-e). No distinguishable interfaces or any other morphological 

heterogeneity can be identified within any given 3 mm-wide scanning window of 

the film cross-section, which contains multiple overlapping filaments. 
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Figure 2.11. Filament interfaces within DIW printed PEDOT:PSS films. (a) 

Photograph showing the individual filaments within films. (b) Schematic diagram 

showing the two different viewing angles for the SEM images in (c-k). (c-g) SEM 

images of various magnifications showing the ends of the films. (c-e) Interface 

between individual filaments can be clearly visualized at a tilted angle. The arrow 

on (e) indicates the scanning direction leading to the frame in (f). (f) Approximately 

2-3 mm from the ends of the films, adjacent printed filaments appear to fuse 

completely with no distinguishable interfaces beyond a shallow valley. The arrow 

on (f) indicates the scanning direction for obtaining (g), at/beyond which point, only 

the shallow valley is observable. (h-k) Cross-sectional SEM images of various 

magnifications showing uniform morphology, indicating the lines are indeed fully 

fused together.  
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2.5.4 3D Printing of PEDOT:PSS 

With parameter optimization (Figure 2.9), we were able to demonstrate 

good resolution control for printed lines where their widths are nearly identical with 

the nozzle inner diameter for nozzle sizes ranging from 50 to 1039 μm (Figures 

2.9e and 2.10). Six to ten layers of this ink can be stacked to form a variety of 

freestanding or encapsulated 3D structures (Figure 2.12a-d). Drying of the printed 

specimen leads to solid PEDOT:PSS. Scanning electron microscopy (SEM) 

images of a single-layer, solid PEDOT:PSS film show that adjacent filaments are 

merged together with no distinguishable interfaces along the cross sections 

(Figure 2.11). This is likely a result of the high water content of the PEDOT:PSS 

ink and the slow drying rate, which provides sufficient mobility and time for chains 

to diffuse and merge at the interfaces between adjacent filaments. 

 

Figure 2.12. Photographs of 3D printed PEDOT:PSS: dog bone (a), connected 
wells (b), and bobcat embedded in silicone (c). Scale bar for (c-d): 10 mm. 

 

2.6 Electrical Conductivity Characterization 

2.6.1 Experimental 

A Keithley 2450 SMU SourceMeter with a Keithley Model 5806 Kelvin Clip 

Lead Set was used to measure the four-terminal resistances of two-lead samples. 

2.6.2 Comparison Between 2-Point and 4-Point Measurements 

The average values are similar, with a barely 2.5% difference in conductivity 

between the two measurement methods. Four-point measurements eliminate 

contact resistance, which typically leads to higher conductivity values than when a 

two-point geometry is used. However, the Kelvin clamps are four-wire, two-contact 

measurement probes that are designed to minimize the resistance from contact 

transitions and measurement leads or supply cables. The differences in measured 

values between these two methods are small for our materials. Due to the small 

ba
c

d
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width of the printed single filaments (hundreds of micrometers in width), it is 

challenging to carry out four-probe measurements along the direction 

perpendicular to the printing direction. Given the small difference in conductivity 

between 2-contact Kelvin clamp and 4-probe measurements along the parallel (∥) 

direction, we concluded that it is reasonable to use the 2-contact Kelvin clamp 

method for all measurements in this work (i.e., along directions parallel and 

perpendicular to the printing direction, single filament and films) for consistency 

and comparability. 

 

Figure 2.13. Comparison between two-contact resistance measurement using (a) 
Keithley 5806 Kelvin clamps and (b) four-point resistance measurement 
geometries. (c) Comparison between conductivity values of single printed 
filaments, measured along the direction ∥ to printing direction, obtained from the 
2-contact Kelvin clamp measurements and the 4-point resistance measurements.  

 

2.6.3 Anisotropic Conductivity of Printed Filament 

To thoroughly understand the processing–structure–electrical property 

relations of the 3D printed PEDOT:PSS, we carried out a series of conductivity 

measurements based on the following rationale. (1) Since shear-based directional 

processing is often associated with anisotropic physical properties,29–32 

conductivities were measured in the directions parallel (∥) and perpendicular (⊥) to 

the printing direction, denoted as σ∥ and σ⊥, respectively (Figure 2.14a). (2) DIW 

3D printing involves the extrusion of 1D filaments arranged into 2D layers, which 

are then vertically stacked into 3D structures. To understand the effect of this 

additive nature on the electrical properties of PEDOT:PSS, the conductivity 

anisotropy was analyzed for both single extruded lines and films that comprise ten 

slightly overlapping parallel lines. (3) During DIW extrusion, the ink experiences 

shear thinning, which is associated with domain alignment and/or chain extension 

or alignment.33 A smaller nozzle diameter results in a higher shear force. Therefore, 

conductivity is measured for PEDOT:PSS extruded using a range of nozzle sizes. 

V
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Finally, (4) substrate temperature has been shown to influence the degree of 

crystallinity and phase separation in solution-processed CPs.34 Hence, to 

investigate the relationship between substrate temperature and CP conductivity, 

the printing process was performed using different print bed temperatures. The 

results from these measurements are shown in Figure 2.14b-d. 

Conductivity of the single extruded filaments best represents the electrical 

properties directly induced by the extrusion process (Figure 2.14b,c). Significant 

conductivity anisotropy between σ∥ and σ⊥ is observed for all printed filaments. 

Interestingly, the conductivity values, regardless of measurement directions, have 

negligible correlation with nozzle diameter. Also, both σ∥ and σ⊥ exhibit a minor 

dependence on print bed temperature. The σ∥ increases from ca. 576 to 851 S/cm 

and σ⊥, from ca. 91 to 120 S/cm as the print bed temperature increases from 25 to 

130 °C. We emphasize that the higher end of σ∥ for our printed PEDOT:PSS 

approaches the benchmark value of 1000 S/cm even in the as-printed form. These 

results demonstrate that high conductivity can be achieved in 3D printed CPs 

through ink preparation methods that mimic the conditions leading to high 

conductivity in 2D processing. 

For DIW-printed films composed of ten parallel, slightly overlapping lines, 

the anisotropy between σ∥ and σ⊥ largely diminishes, but σ∥ remains consistently 

higher than σ⊥ within each film (Figure 2.14b,d). The σ∥ for each film is lower than 

the single filament counterpart, whereas the σ⊥ follows the opposite trend. Films 

printed with the high print bed temperature exhibit less conductivity anisotropy than 

those from low print bed temperature. 

 

Figure 2.14. (a) Schematic illustration showing the parallel (∥) and perpendicular 
(⊥) directions with respect to the printing direction. (b) Legend for conductivity plots 
of printed (c) single lines and (d) films (composed of 10 lines). Dashed lines on (c) 
and (d) denote the benchmark 1000 S/cm conductivity for spin- coated 
PEDOT:PSS. 

 

2.7 Mechanistic Investigation 

Printing 

direction

a dc

b
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To uncover the source of these conductivity trends, we investigate how printing 

parameters impact the key factors that influence electrical properties of 

PEDOT:PSS: (1) chain alignment, (2) nanoscopic morphology, (3) crystallinity, and 

(4) phase separation. 

 

2.7.1 Probing Chain Alignment Through Rheology Simulation  

In order to understand the response of PEDOT:PSS ink to shear flow fields and 

the cascade effects of this response on the structure-property relations of 

PEDOT:PSS in solid-state, we designed rheological experiments to simulate the 

DIW extrusion process. 

2.7.1.1 Shear rate calculation for rheology simulation:  

The shear-induced viscosity changes of the printing process were calculated using 

the Hagen-Poiseuille equation (eq. 1),35 where 𝛾̇ is shear rate (s-1), 𝑉 is the 

resulting displacement volume (m3) from each nozzles’ optimized extrusion rate of 

radius 𝑅 (m) in a print of known time 𝑡 (s). 

 

𝛾̇ =
4𝑉

𝜋𝑅3𝑡
                                                       (eq. 2.1) 

 

Optimal extrusion rates were found for each nozzle size, so that the extruded 

filament matched the inner diameter of nozzles for consistant printing performance. 

These optimal extrusion rates were found by printing a 2D path, and modifying the 

extrusion rate, while keeping the print time and distance constant, resulting in 

different total extrusion volumes for each nozzle. The total print volumes were too 

small to directly measure, so instead, each nozzle’s print volume was calculated 

by using the measured extrusion amount from a large print of a known extrusion 

rate. 

The syringe displacement is controlled by a NEMA 17 stepper motor with known 

rotational parameters that allow us to convert from the total number of motor 

microsteps taken and the total extrusion volume. The stepper motor moves 200 

steps per rotation with 16 microsteps per step: 

 

𝑀𝑖𝑐𝑟𝑜𝑠𝑡𝑒𝑝𝑠 = (𝑀𝑜𝑡𝑜𝑟 𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑠) (
200 𝑆𝑡𝑒𝑝𝑠

𝑀𝑜𝑡𝑜𝑟 𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑠
) (

16 𝑀𝑖𝑐𝑟𝑜𝑠𝑡𝑒𝑝𝑠

𝑆𝑡𝑒𝑝𝑠
)        (eq. 2.2) 
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Each extrusion nozzle has an optimal extrusion rate, which is controlled by a 

nozzle-specific M92 E command value. The extrusion motor moves one microstep 

for every mm3 of the extrusion command in the G-code, multiplied by the nozzle-

specific M92 E command value (eq. 2.3).  

 

𝑀𝑖𝑐𝑟𝑜𝑠𝑡𝑒𝑝𝑠 = (𝑀92 𝐸)(𝐺 − 𝐶𝑜𝑑𝑒 𝑃𝑟𝑖𝑛𝑡 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑚𝑚3))             (eq. 2.3) 

 

Equation 2.3 was used to calculate the total number of motor microsteps for a large 

test print which had an M92 E command value of 2000 and a programmed print 

volume of 8476.46 mm3 (eq. 2.4). The real extrusion volume was measured to 

derive a conversion factor that allows for the conversion of total number of 

microsteps to real extrusion volume: 

 

𝑀𝑖𝑐𝑟𝑜𝑠𝑡𝑒𝑝𝑠 = (2000)(8476.46)                              (eq. 2.4) 

 

= 1.6952920 × 107 

 

𝑀𝑖𝑐𝑟𝑜𝑠𝑡𝑒𝑝𝑠

𝑅𝑒𝑎𝑙 𝐸𝑥𝑡𝑟𝑢𝑠𝑖𝑜𝑛 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑚3)
=

1.6952920×107

1.661×10−5                        (eq. 2.5) 

 

𝑀𝑖𝑐𝑟𝑜𝑠𝑡𝑒𝑝𝑠

𝑅𝑒𝑎𝑙 𝐸𝑥𝑡𝑟𝑢𝑠𝑖𝑜𝑛 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑚3)
= 1.02065 × 1012 

 

𝑀𝑖𝑐𝑟𝑜𝑠𝑡𝑒𝑝𝑠 = 1.02065 × 1012 𝑅𝑒𝑎𝑙 𝐸𝑥𝑡𝑟𝑢𝑠𝑖𝑜𝑛 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑚3) 

 

Substituting the value for microsteps in eq. 2.5 for microsteps in eq. 2.3 gives a 

new equation for the real extrusion volume when printing using any nozzle-specific 

M92 E command value (eq. 2.6). 

 

1.02065 × 1012𝑅𝑒𝑎𝑙 𝐸𝑥𝑡𝑟𝑢𝑠𝑖𝑜𝑛 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑚3) = (𝑀92 𝐸)(𝐺 − 𝐶𝑜𝑑𝑒 𝑃𝑟𝑖𝑛𝑡 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑚𝑚3)) 
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𝑅𝑒𝑎𝑙 𝐸𝑥𝑡𝑟𝑢𝑠𝑖𝑜𝑛 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑚3) = (
(𝑀92 𝐸)(𝐺−𝐶𝑜𝑑𝑒 𝑃𝑟𝑖𝑛𝑡 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑚𝑚3))

1.02065×1012 )     (eq. 2.6) 

 

Substituting equation 2.6 for extrusion volume in eq. 2.1 allows us to calculate each 

nozzle’s shear rate by using nozzle inner diameter, G-code print volume, and 

nozzle-specific M92 E value. 

 

𝛾̇ =
4(

(𝑀92 𝐸)(𝐺−𝐶𝑜𝑑𝑒 𝑃𝑟𝑖𝑛𝑡 𝑉𝑜𝑙𝑢𝑚𝑒 ( 𝑚3))

1.020645×1012 )

𝜋𝑅3𝑡
                         (eq. 2.7) 

 

The calculated nozzle shear rates for a variety of nozzles are summarized in Figure 

2.15a. Viscosity values of the PEDOT:PSS ink for these shear rates can be 

extracted from the steady-state flow curves (Figure 2.15b).  

 

Figure 2.15. (a) Calculated shear rates and viscosities of PEDOT:PSS ink while 
extruded through nozzles of different inner diameters. (b) Calculated nozzle 
shear rates plotted on a 3 wt% PEDOT:PSS ink viscosity curve. 

 

2.7.1.2 Rheology simulation  

Two complementary rheological simulation studies were carried out to 

simulate the various stages of ink flow during and post DIW printing (Figure 2.16a). 

First, a rotational simulation test that monitors the viscosity changes of the 

PEDOT:PSS ink through various stages of flow was performed using parameters 

shown in Figure 2.16b. These shear rate values and time durations were 

calculated based on the parameters used for the printing. The simulation results 

are shown in Figure 2.16. Second, a combination of rotational shear and oscillatory 

shear, termed “O-R-O”, were carried out to study the storage modulus recovery of 

the ink. Parameters used for this test are shown in Figure 2.16c, and are chosen 
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to reflect the actual printing conditions. The results are shown in Figure 2.16d; an 

expanded view of the nozzle shear region of the plot is provided in Figure 2.16e. 

Processing methods that involve directional shear flow are often reported 

to induce a certain degree of polymer chain or nanoscopic domain alignment.33 

This led us to investigate whether the shear from DIW printing induces polymer 

chains or domains to uncoil and/or deform and reorient along the flow direction, 

leading to anisotropic conductivity. To probe this hypothesis, we carried out 

rheological experiments to simulate the extrusion process.36 We found that the 

viscosity and storage moduli recover rapidly within approximately 20 s for all nozzle 

diameters, which is faster than the time it takes for the printed ink to dry (Figure 

2.16). From this, we can conclude that shear-induced alignment is not a significant 

contributor to the observed anisotropic conductivity,37 which explains the lack of 

dependence of conductivity on nozzle diameter. 
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Figure 2.16. (a) Schematic illustrations of the travel path of PEDOT:PSS ink and 
the associated conformational changes of PEDOT:PSS complexes under flow. (b) 
Viscosity changes of the PEDOT:PSS ink through various stages of flow. (c) 
Summary of parameters used for simulating the rheological behavior of 
PEDOT:PSS ink during different stages in the extrusion printing process using 
three representative nozzle sizes. O and R represent the test in oscillatory shear 
and steady-state rotational shear modes, respectively. (d) Printing rheology 
simulations with PEDOT:PSS ink using parameters from (c), simulating when ink 
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is in the syringe (S), feed tube (T), print nozzle (N) and post-extrusion (P). (e) An 
expanded view of the nozzle (N) shear rate section in (d). 

 

2.7.2 Wide Angle X-Ray Scattering 

The WAXS spectra shown in this manuscript were collected at Beamline 

7.3.3 of the Advance Light Source (ALS), Lawrence Berkeley National Lab (LBNL). 

Preliminary data (not shown here) were collected on Beamline 11-3 at the Stanford 

Radiation Lightsource, SLAC National Accelerator Laboratory. A transmission 

geometry was used with the printing direction of the films aligned along the vertical 

(qz) direction. The beam energy used for experiments conducted at ALS and SLAC 

were 10 keV and 12.7 keV, respectively. For the ALS experiments, samples were 

analyzed in an argon environment, and an exposure time of 10 s was used. Igor 

Pro Nikka Irena packages were used to analyze the 2D spectra and to extract 1D 

spectra of integrated intensity vs. scattering wave vector (q). The qx and qz curves 

were obtained by integrating a 20 deg sector of the 2D spectra along the direction 

perpendicular and parallel to the printing direction, respectively. Crystal sizes were 

determined by applying the Scherrer equation to the PEDOT (020) π-π stacking 

peak (q = 1.84 Å-1). 1D WAXS spectra integrated from 20 deg sectors along the 

directions parallel (qz) and perpendicular (qx) to the printing direction for films 

printed using two different nozzle sizes, each at a bed temperature of 25 ºC and 

100 ºC, are shown in Figure 2.17. 

Wide angle X-ray scattering (WAXS) was employed to further elucidate the 

origins of the weak dependence of PEDOT:PSS conductivity on substrate 

temperature and the lack of correlation between nozzle size and conductivity. 

Higher print bed temperature leads to an increase in PEDOT 𝜋-𝜋 stacking peak 

intensity (q ≈ 1.8 Å), and hence a higher PEDOT-to-PSS peak ratio, and crystallite 

size (Figure 2.18b). This is consistent with those from prior literature which 

illustrated that elevated solvent evaporation rates, resulting from higher substrate 

temperature, improves the ordering of solution processed CPs, thus increasing 

conductivity.37 However, little difference in PEDOT 𝜋-𝜋 peak intensity, and hence 

PEDOT-to-PSS peak ratio, is observed between PEDOT:PSS printed using 

different nozzle sizes (Figure 2.18a,b), nor is there any anisotropy in peak intensity 

or crystallite sizes (Figures 2.17 and 2.18c). 
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Figure 2.17. Integrated 1D intensities of WAXS spectra along the directions parallel 
and perpendicular to the printing direction under conditions indicated on each plot. 
Plots (a-d) compare spectra along the two directions. Plots (a-b) compare spectra 
when printing with a 1039 μm nozzle and bed temperatures of 25 °C (a) and 100 
°C (b), respectively. Plots (c-d) compare spectra of samples printed with a 437 μm 
nozzle at bed temperatures of 25 °C (c) and 100 °C (d), respectively. Plots (e-h) 
compare spectra of samples printed with bed temperatures of 25 °C and 100 °C. 
Plots (e-f) compare spectra of samples printed using a 1039 μm nozzle, plotted 
along the parallel (e) and S-18 perpendicular (f) directions, respectively. Plots (g-
h) compare spectra printed using a 437 μm nozzle, plotted along the parallel (g) 
and perpendicular (h) directions, respectively. 

 

 

Figure 2.18. (a) Integrated 1D intensities of WAXS spectra along the parallel 
direction of films printed using different nozzle diameters.  (b) Height ratios of the 
PEDOT (020) (q ≈ 1.8 Å–1) and PSS (q ≈ 1.2 Å–1) peaks from integrated 1D 
intensities of WAXS spectra along the parallel direction of films printed using 
different nozzle diameters. (c) Calculated PEDOT crystallite sizes along the 
parallel and perpendicular directions for films printed with different bed 
temperatures and nozzle diameters. 

a cb d

e gf h

ba c



48 
 

 

2.7.3 Atomic Force Microscopy  

Experimental: The AFM samples were prepared by printing PEDOT:PSS 

on highly doped silicon wafers (UniversityWafer, 1113), followed by the same 

drying procedure detailed in a previous section. The samples were annealed at 

130 ºC for 10 min before AFM imaging to remove surface moisture. AFM images 

were collected on a Park NX10 AFM using PPP-NCHR (Nanosensors) tips at the 

Imaging and Manipulation of Nanostructures Lab of the Molecular Foundry, 

Lawrence Berkeley National Lab (LBNL). Phase and height images were obtained 

using tapping mode at a 512 × 512 pixel density and processed using Gwyddion. 

PEDOT:PSS films typically have a grain- or fiber-like morphology comprised 

of PEDOT-rich domains encompassed by PSS-rich shells.20,38 Compared to the 

relatively spherical grain morphology in spin-coated films (Figure 2.19a)20,38Error! 

Bookmark not defined. the grains from DIW-printed samples are more interconnected 

and hence larger in size (Figure 2.19c,e). However, the arrangement of these 

grains do not show clear directionality at the nanoscopic domain scale, evidenced 

by the near-spherical fast Fourier transform (FFT) patterns of the AFM images 

(Figure 2.19c,e). These results are consistent with the findings of rheological 

simulation, which indicated that the chains or domains relax back to the isotropic 

state rapidly after shear force is removed. Previous reports on shear-based 2D 

processing such as solution shearing or brush painting have illustrated that shear 

force can induce aggregation and merging of PEDOT:PSS micelles in solution, 

leading to larger grain sizes or fiber-like morphologies in solid-state.29,32,38 Our 

results demonstrate that the shear force in DIW-extrusion leads to similar 

morphological effects in our 3D printed films.  
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Figure 2.19. (a) AFM phase image of spin coated PEDOT:PSS film as a 
reference for comparison. AFM height (b) and (d) and phase (c), (e) images for 
films printed with a bed temperature of 100 ºC using nozzles with inner diameters 
of 1039 μm (b, c) and 437 μm (d, e). Scale bars: 100 nm. 

 

2.7.4 Phase Separation   

The minor crystallographic and morphological anisotropies cannot account 

for the significant conductivity anisotropy, with a difference as large as 730 S/cm 

between 𝜎∥ and 𝜎⊥ (Figure 2.14c). We noticed that one distinct feature of these 

DIW-printed PEDOT:PSS is that they have unusually strong phase separation. 

Transparent outlines around the printed specimen can often be visibly observed, 

particularly around corners where the capillary force is especially strong. Some of 

these transparent outlines are large enough (3-5 mm in width) to be isolated for 

WAXS and X-ray photoelectron spectroscopy (XPS) analyses, both of which 

confirm its identity as PSS (Figure 2.20).38,39  

To understand the effect of phase separation on sample conductivity, XPS 

was employed to probe the chemical composition at different locations of the 

printed filaments (Figure 2.21) and films (Figure 2.22). For PEDOT:PSS, two sets 

of distinct peaks are observed in XPS: doublets at 163.7 eV and 165.4 eV, arising 

from the S 2p1/2 and S 2p3/2 of the thiophene in PEDOT, and the higher binding 

energy peak centered at around 167.8 eV, which is the sum of the 167.6 eV (S 

2p1/2) and 168.9 eV (S 2p3/2) constituents of the sulfonate sulfur in PSS.39,40 For 

single printed lines, XPS revealed different chemical composition at the middle, 

edge, and outline (i.e., area immediately adjacent to the filament edge), denoted 

as M, E, and O, respectively (Figure 2.21a). Each filament is surrounded by a pure 

cb ed
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PSS outline on the sides. The absence of the inductive effects from positively 

charged PEDOT causes the PSS peak in the outline to appear at a higher binding 

energy (168.6 eV) than that in PEDOT:PSS, confirming that the PSS chains in the 

outline are unbound to PEDOT.41 Integrating the areas under peaks reveal that the 

PEDOT content is slightly higher in the middle of the filament (ca. 35%) than near 

the edges (ca. 31%) (Figure 2.21). 

 

2.7.4.1 Identity of the transparent film around the prints  

 

 

Figure 2.20. (a) XPS and (b) WAXS spectra of the phase separated pure PSS 
around the outline of the printed PEDOT:PSS lines that can be seen in Figure 2d,e. 
The XPS peak centers at around 168.4 eV, characteristic of the sulfonate S 2p 
binding energy from free PSS. The broad peak in WAXS centers at 1.28 Å-1 , 
coincides with the repeating distance between PSS chains.32,37,39 
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2.7.4.2 XPS peak fitting  

 

 

Figure 2.21. (a) Schematic drawing showing the different regions of a single printed 
line. (b) Legend for (c) and (d). (c) Peak fitting for the XPS spectra collected at the 
edge and (d) middle of a single printed line. 

 

 

Figure 2.22. (a) Schematic drawing showing the different regions of a printed film 
(10 parallel lines). (b) Legend for (c-e). (c) Peak fitting for the XPS spectra collected 
at the edge of the film, (d) middle of a line within the film, and (e) interface between 
two adjacent lines within the film. 
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The likely cause of this strong lateral phase separation is the drying kinetics 

of the printed specimen. While the shear-based DIW 3D printing mechanism bears 

resemblance to brush painting or solution shearing, the drying kinetics of the 3D 

printed PEDOT:PSS is similar to drop casted films. The nozzle diameters used in 

our study varied from 50 to 1039 µm, leading to filaments of PEDOT:PSS paste of 

width similar to the nozzle diameters (because the bottom of the filaments are 

pinned to the substrate), but shrinking in the height direction to 25 to 35 µm upon 

complete drying. This thickness range is similar to that of drop casted films, but 

diverges significantly from the spin coated, brush painted, or solution sheared 

counterparts, which have thickness of tens to hundreds of nanometers. As a result, 

the time scale for drying is significantly longer for 3D printed samples than those 

from 2D shear-based methods. The as-purchased PEDOT:PSS formulation has a 

PEDOT-to-PSS ratio of 1-to-2.2 because excess PSS is necessary to offset the 

poor water-solubility of PEDOT to create a stable colloidal dispersion. Previous 

work has shown that ~73% of PSS is associated with PEDOT through electrostatic 

interaction, indicating the presence of a substantial amount of free PSS.42 Prior to 

concentrating the ~1 wt % PEDOT:PSS aqueous dispersion to a 3 wt % printable 

ink, 5 vol % of DMSO was added for conductivity enhancement. DMSO has a low 

vapor pressure and does not form azeotropes with water.43 Therefore, as water 

evaporates, the DMSO concentration in solvent consistently increases. Hence, the 

3 wt % PEDOT:PSS aqueous ink likely has a DMSO concentration of ~17 vol %. 

As the extruded filament dries, the DMSO concentration gradually increases due 

to the decrease in water content. The PEDOT:PSS electrostatic complex can be 

swelled by, but cannot be dissolved in the DMSO-rich solvent.43 On the other hand, 

the free PSS is soluble in this solvent environment and can be extracted to 

concentrate in this phase. As a result of this solid-liquid phase separation, 

PEDOT:PSS complexes precipitate out while the free PSS accumulates in the 

DMSO-rich solvent on the periphery of the printed lines, leading to strong phase 

separation, evidenced by the observed chemical compositional differences across 

the filament width (Figure 2.21). This proposed mechanism is in agreement with 

previous findings demonstrating that drying drop-casted PEDOT:PSS containing 

over 10 vol % DMSO leads to significant radial phase separation, with unbound 

PSS forming a border around the PEDOT:PSS film.43 

 

2.7.5 Relationship Between Phase Separation and Conductivity 

The lateral phase separation of DIW-printed PEDOT:PSS has a strong 

effect on the value and anisotropy of its conductivity. In this section, we first explain 

(i) the electrode configuration for 𝜎∥ and 𝜎⊥ measurements, then discuss (ii) how 
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the phase separation in combination with electrode configuration have led to the 

strongly anisotropic conductivity shown in Figure 2.14. 

2.7.5.1 Electrode configuration 

To measure the 𝜎∥ for a single line, silver electrodes were painted 

perpendicular to the printing direction across the widths of the printed lines 

approximately 1 cm apart from each other perpendicular to the printing direction 

(Figure 2.23a).  

To measure the 𝜎∥ for a printed film, two silver electrodes were painted 

perpendicular to the printing direction across the widths of the printed film. The 

electrodes were approximately 1.3 cm from each other (Figure 2.23b).  

To measure the 𝜎⊥ for a single line, a narrow strip of cellophane tape (Scotch 

Magic Tape, 3M) was cut to a width of approximately half of a printed line’s width. 

It was then aligned along the length of the line and adhered with gentle force to 

the middle section of the line to act as a mask for silver paste electrode deposition 

on both sides. Silver paste electrodes were painted over the exposed sides of the 

printed PEDOT:PSS line and allowed to dry at room temperature for 20 minutes. 

The tape mask was then peeled off, leaving a gap between the electrodes. 

Subsequently, the sample was heated to 130 °C for 10 minutes to remove 

remaining solvents in silver electrodes, followed by being cut into segments that 

are approximately 1 mm wide (Figure 2.23c).  

To measure the 𝜎⊥ for multi-line films, Scotch Magic Tape was cut into 

narrow strips to act as a mask that ensures the electrode is only painted on the 

outer lines. Two narrow strips of tape were applied to a sample along the printing 

direction, each with one of their edges masking the inner half of the outermost 

printed lines on either side of the sample. Silver paste electrodes were painted 

over the exposed outer sides of the PEDOT:PSS samples and then allowed to dry 

at room temperature for 20 minutes. The tape was then peeled off, and the 

samples were heated to 130 °C for 10 minutes to finish drying. The samples were 

then cut perpendicular to the printing directions to make rectangular samples that 

were approximately 3 mm wide (Figure 2.23d).  

 

2.7.5.2 Effect of phase separation on conductivity 

This strong lateral phase separation is likely the cause of the strong 

conductivity anisotropy in printed filaments (Figure 2.14c). For 𝜎∥ measurement, 

the entire width of the printed line is wrapped within the electrodes (Figure 2.22a). 

Despite the strong lateral phase separation, efficient charge transport is facilitated 

by the direct contact of the PEDOT-rich middle section of the line with the 
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electrodes. Conversely, in 𝜎⊥ measurements, the electrodes are largely in contact 

with the PSS outline, so the PSS outline and PSS-rich line edges act as barriers 

that impede efficient charge transport (Figure 2.23c), leading to substantially lower 

measured conductivity values.  

To probe whether inter-filament interfaces in DIW-printed PEDOT:PSS films 

form resistive barriers between adjacent lines, we analyzed the chemical 

composition at the interface (I) between adjacent lines in addition to the middle 

and edge of lines and the outline of the film (Figure 2.22a). As shown in the stacked 

XPS spectra and the integrated atomic composition plot (Figure 2.22), a pure PSS 

outline is observed at the periphery of the film. The PEDOT composition at the line 

edge and the interface between adjacent lines are similar, 32 and 31%, 

respectively, which is slightly lower than the 35% PEDOT content at the middle of 

the line. Considering the drying time for filaments is likely on the order of hundreds 

of seconds,37 and the printing speed is 16 mm/s for printing structures that are 

typically 20-60 mm in length, the newly extruded filament is likely deposited on a 

hydrated previously deposited filament. The absence of a significantly more PSS-

rich region at the line interfaces suggest that the adjacent lines merge while they 

are still hydrated before the lateral phase separation could occur within individual 

filaments, meaning less PSS separates into its own phase. Consequently, we 

conjecture that the printed PEDOT:PSS films contain more free PSS across its 

volume, beyond the surface depth that XPS can profile, than the single printed 

lines. This could explain the weaker conductivity anisotropy in films where their 𝜎∥ 

are lower than those in their respective single-line counterparts (Figure 2.14d). 
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Figure 2.23. Schematic illustration depicting the electrode configuration and 
measurement geometry for 𝜎∥ (a) for single line, (b) for film and 𝜎⊥ (c) for single 

line, (d) for film. For 𝜎⊥ measurements (c), (d), the printed single lines or films are 
isolated into sections that share the same length as the electrode width. Each film 
is comprised of 10 lines deposited parallel to each other. The 𝜎⊥ for films are higher 
than those measured in single-line samples likely due to the larger contact areas 
between electrodes and the filaments forming the edges of films, facilitating more 
efficient charge transport between the more PEDOT-rich areas and electrodes. 
The film 𝜎⊥ values remain lower than their 𝜎∥ counterparts likely because of the 

multiple inter-filament junctions and line edges, both of which have slightly higher 
PSS content compared to the middle of the lines. 

 

2.8 Post-Printing DMSO Treatment to Improve Conductivity  

 With the knowledge that strong phase separation is the main cause for 

lowered conductivity and strong anisotropy in DIW 3D printed PEDOT:PSS films, 

we carried out a post-printing solvent treatment to remove the PSS outline. A 

number of polar organic solvents, including short-chain alcohols or their mixtures, 

DMSO, ethylene glycol, and aqueous acid solutions, have been shown to be 

effective solvents in removing unbound PSS.20 We chose DMSO as the rinsing 

solvent to be consistent with the solvent additive incorporated in the initial DIW ink 

preparation to avoid additional variables.  

Using the 1039 µm nozzle as a case-study, XPS analyses confirm the 

complete removal of the pure PSS outline at the filament and film periphery and 
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some unbound PSS within the PEDOT:PSS (Figures 2.27 and 2.28). The 

anisotropic conductivity data for as-printed single lines and films printed using the 

1039 µm nozzle are isolated in Figure 2.25a, where the different sets of values are 

scattered across a nearly one order of magnitude range. In stark contrast, after 

DMSO treatment, the 𝜎∥ for single lines and films and the 𝜎⊥ for films all converged 

to the ca. 1000 S/cm region (Figure 2.25b). Notably, the 𝜎∥ for the DMSO-treated 

single lines, regardless of print bed temperature, are all above the benchmark 1000 

S/cm value, with values as high as ca. 1200 S/cm. WAXS and AFM also confirm 

that the mechanism for this increase in conductivity and decrease in anisotropy is 

the removal of free-PSS through DMSO-rinsing (Figures 2.24, 26, and 27). 
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Figure 2.24. Integrated 1D intensities of WAXS spectra along the parallel and 
perpendicular directions of films under conditions specified on each plot.  
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Figure 2.25. (a) Conductivity along the parallel and perpendicular directions for as-

printed dried PEDOT:PSS single lines and films extruded using a 1039 μm nozzle. 

(a) shares the same legend as (b). (b) Conductivity for PEDOT:PSS single lines 

and films printed using a 1039 μm nozzle after DMSO treatment. 

 

Figure 2.26. (a) Height ratios of the PEDOT (020) (q ≈ 1.8 Å) and PSS (q ≈ 1.2 Å) 
peaks and (b) calculated PEDOT crystallite sizes based on the PEDOT (020) peak 
along the parallel and perpendicular directions for films printed with different bed 
temperatures and nozzle diameters, before and after DMSO treatment. The 
crystallite sizes after the DMSO treatment are isolated in (c) for clarity.  
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Figure 25.27. AFM height (a, c) and phase (b, d) images for post-DMSO-treated 
PEDOT:PSS films printed with a bed temperature of 100 ºC using nozzles with 
inner diameters of 1039 𝜇m (a, b) and 437 𝜇m (c, d). Scale bars for (a)-(d): 100 
nm. 

 

2.8.1 Additional data on the effect of DMSO treatment on phase separation  

We hypothesized that the PSS concentrated at the interfaces of printed 

filaments were the cause of the observed anisotropic conductivity. XPS analysis 

was used to investigate wheather the DMSO treatment decreased the anisotropy 

by removing these PSS interfaces. 

After the DMSO treatment, the pure PSS outline is removed from both 

single lines and films. In films, the thiophene (from PEDOT) to sulfonate (from 

PSS) S 2p peak ratios become significantly higher compared to the as-printed 

samples (Figure 2.22), which is also reflected by the higher PEDOT content: 48% 

at line edges, 51% at the middle of the lines, and 46% at interfaces between 

adjacent lines. Similar to as-printed films, the slightly higher 𝜎∥ compared to 𝜎⊥ is 

likely a result of the slightly more resistive inter-filament junctions with higher PSS 

content. The spherical nozzle geometry and the line-by-line deposition mechanism 

lead to a slight dip in height between adjacent lines. It is possible that small amount 
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of the PSS that was extracted from the PEDOT:PSS film by the DMSO treatment 

was redeposited in these gaps during the drying step, leading to the higher PSS 

content in these regions. The PSS sulfonate S 2p peak for post-DMSO treated 

samples appear at 167.5 eV as opposed to those in as-printed counterparts (167.8 

eV). This 0.3 eV peak shift to lower binding energy further corroborates the removal 

of free PSS, for which the peak appears at a higher binding energy due to the 

absence of electrostatic effects from the positively charged PEDOT.38,39  

 Interestingly, the 𝜎⊥ for post-DMSO treated single lines remain 

approximately the same as the as-printed samples. This can be attributed to the 

mostly unchanged PEDOT-to-PSS ratio at line edges (2.25a and 2.28). The higher 

PSS content at edges could be a result of the higher edge-to-volume ratio in single 

lines compared to films. This causes the PSS-containing DMSO to collect at 

filament edges due to the higher capillary force, which may have resulted in the 

dissolved PSS to be reabsorbed into the edges during drying. Additional rinsing 

steps with fresh DMSO or other solvents may alleviate this lateral compositional 

difference. Given that the emphasis of this study is to identify the source of low 

conductivity and reach the 1000 S/cm benchmark conductivity in DIW-printed 

PEDOT:PSS, we elected not to focus on post-treatment optimization. 

Interestingly, the 𝜎⊥ and PEDOT-to-PSS ratio for post-DMSO treated single 

lines remain approximately the same as in the as-printed samples (Figures 2.25a,b 

and 2.28). XPS positional analysis reveals that the PEDOT content in the middle 

of the single line increases to 51%, but the content remains approximately the 

same as the as-printed counterparts at the line edges (30%) (Figures 2.28 and 

2.29). This compositional difference could explain the observation that DMSO 

treatment leads to 𝜎∥ increase for single lines, but not for 𝜎⊥ as the more resistive 

PSS-rich line edges are the areas in direct contact with electrodes in 𝜎⊥ 

measurements (Figure 2.30). The reason for the higher PSS content at edges 

could be a result of the higher edge-to-volume ratio in single lines compared to 

films. The PSS-containing DMSO may collect at the single filament edges due to 

the higher capillary force, which may have resulted in the PSS dissolved in the 

DMSO to be reabsorbed into the line edges during drying. Additional rinsing steps 

with fresh DMSO or other solvents may alleviate this lateral compositional 

difference. Given the emphasis of this study is to understand processing-structure-

property relations for DIW 3D printed PEDOT:PSS and to reach the 1000 S/cm 

benchmark conductivity, we elected not to focus on optimization of the post-

treatment step. It will be a subject of future investigations.  
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2.8.1.1 XPS spectra and peak fitting 

 

Figure 2.28. (a) Schematic drawing showing the different regions of a single printed 
line after DMSO-treatment. (b) XPS spectra for the different regions within the film. 
(c) Peak fitting for the XPS spectra collected at the edge and (d) middle of a single 
printed line after DMSO treatment. (c) and (d) share the same legend which is 
shown on (d).  
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Figure 2.29. (a) Schematic drawing showing the different regions of a printed film 
(10 parallel lines) after DMSO treatment. (b) XPS spectra for the different regions 
within the film. (c) Legend for (d-f). Peak fitting for the XPS spectra collected at (d) 
the edge of the film, (e) middle of a line within the film, and (f) interface between 
two adjacent lines within the film.  

 

Collectively, WAXS, AFM, and XPS all confirm that the mechanism for this 

increase in conductivity and decrease in anisotropy is the removal of free-PSS 
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through DMSO-rinsing (Figures 2.24-29). For samples printed with two different 

nozzle diameters, the PEDOT 𝜋-𝜋 to PSS peak ratios in WAXS spectra become 

1.38-1.50 at 25 ºC and 1.63-1.94 at 100 ºC after the DMSO treatment, as 

compared to their pre-treatment values of 1.12-1.15 and 1.24-1.27, respectively 

(Figures 2.24 and 2.26). The crystallite sizes estimated from the PEDOT 𝜋-𝜋 

scattering peak (q = 1.8 Å) for post-DMSO treated samples converged to a much 

narrower region, 6.7-7.1 nm and 7.5-8.0 nm for print bed temperature of 25 ºC and 

100 ºC, respectively, compared to the as-printed samples, indicating polymer chain 

relaxation and rearrangement to a less anisotropic state while they are swelled by 

DMSO during the treatment (Figure 2.26b,c). AFM images reveal that the DMSO 

treatment has also led the PEDOT-rich grains to be better defined and to have a 

thinner PSS-rich shell (Figure 2.27). 

 

Figure 2.30. Schematic illustration depicting the electrode configuration and 
measurement geometry for 𝜎∥: (a) for single line and (b) for film, and 𝜎⊥: (c) for 

single line and (d) for film. Compared to the as-printed samples (Figure 2.23), the 
phase separated pure PSS outline has been removed by the DMSO treatment. 
For 𝜎⊥ measurements (c, d), the printed single lines or films are isolated into 
sections that share the same length as the electrode width.  
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2.9 Demonstration for 3D Applications  

The 3D printing of PEDOT:PSS with conductivity surpassing 1000 S/cm in 

the solid-state opens new opportunities in several previously inaccessible 

applications. We demonstrate such prospects with two examples (Figure 2.31-36).  

Printing parameters for pneumatically extruding the PEDOT:PSS ink were 

first determined using a line test. A series of straight lines was printed with a 

printhead travel speed of 20 mm/s using a Subrex 19G (859 µm) nozzle. The line 

widths were measured to determine at which pressure the line width most closely 

corresponded to the nozzle diameter. Images of the lines were taken with a FLIR 

Grasshopper®3 camera through a Nikon MSB50040 achromatic lens. Line widths 

were analyzed using ImageJ image analysis software. With this method it was 

determined that the optimal pressure for PEDOT:PSS was 11 kPa at room 

temperature, and F-127 was 36 kPa at 30°C to ensure F-127 does not undergo a 

gel-sol transition near its lower critical gel temperature at around 16.5 °C.44 These 

parameters  produced line widths of 932 µm and 847 µm, respectively. Due to 

software limitations, the line width for F-127 was used preferentially to the 

PEDOT:PSS line width, as preserving the printing accuracy of the more viscous 

support material produced prints with better resolution.  

Due to the gradual rheological changes of the PEDOT:PSS ink, the 

extrusion pressure was manually increased in 1.0 kPa steps during the print when 

needed to ensure consistency in dispensing. The final printing pressure did not 

exceed 15 kPa. F-127 was noted to have consistent printability throughout and did 

not require manual pressure adjustment.  

2.9.1 3D Scanning and Printing  

3D printing, in combination with 3D scanning, has led to replicas of 

physiologically accurate organs and limbs that can serve as surgical practice 

objects, tissue engineering platforms, and bespoke prosthetics.45–47 The high 

conductivity and low impedance of PEDOT:PSS have rendered it a sought-after 

material in cell culture platforms or probes for stimulation, sensing, and recording 

for electro-responsive cells such as neurons or cardiomyocytes.47–49 To 

demonstrate the prospect of combining these two fields, we 3D scanned a hand 

and used DIW to print the output CAD file into a PEDOT:PSS replica (Figures 2.31). 

This demonstration illustrates the potential to create electro-responsive artificial 

organs and personalized functional organic prosthetics.  

A Sense 3D Scanner (3D Systems) was used to scan the hand of a 

volunteer. The scanned file was subsequently exported as an STL file using the 

manufacture software. Blender was then used to improve the surface smoothness 

of the scan by averaging the angles between the polygon faces of the model. 
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Figure 2.31. (a–c) Demonstration showing the prospect for 3D scanned, 
personalized organic bioelectronics. (a) and (b) the 3D scanned hand during 
various stages of the printing using PEDOT:PSS ink. (c) Top-down view of a 
completed printed hand. Scale bar for (c) is 10 mm. 

 

2.9.2 The 3D printing, processing, characterization, and applications of 

PEDOT:PSS springs  

Stretchable and wearable electronics is another area where highly 

conductive, 3D printed PEDOT:PSS can create new opportunities. These 

electronics need to retain electrical functions under mechanical deformation such 

as stretching and flexing, ideally omnidirectionally.50,51 CPs are one of the main 

classes of materials for such de novo electronics.52,53 However, the intrinsically 

brittle CPs such as PEDOT:PSS need to be chemically modified or blended with 

an additive to become stretchable.52,53 Aside from their often inferior conductivity 

in the unstrained state resulting from these modifications, the conductivity of these 

materials is often also heavily strain-dependent because polymer chains or 

nanoscopic domains need to deform to accommodate strain.  

3D printing brings the capability to create structures that can accommodate 

mechanical deformation through 3D geometry, which effectively decouples 

materials’ electrical properties from its response to mechanical deformation.11,54 

We utilize multi-material DIW to print PEDOT:PSS springs with the support of a 

sacrificial material, Pluronic F-127 hydrogel (Figure 2.32a-c).55 Support removal 

followed by dehydration produces solid PEDOT:PSS springs (Figure 2.32d-f). 

These solid-state springs typically exhibit some defects such as edge rippling. We 

note that the isotropic dehydration and shrinking of hydrogel structures is a 

challenge in the 3D printing field and the subject of several recent standalone, 

notable studies.56–58 Protocols for uniformly dehydrating PEDOT:PSS hydrogels 

with complex 3D shapes have not been reported to the best of our knowledge. 

Hence, our dehydration process focuses on general shape retention rather than 

perfecting the retention of geometry and resolution.  

a cb
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To demonstrate this prospect, we 3D printed a PEDOT:PSS spring using 

multi-material DIW printing. Unsupported, overhanging entities such as the curly 

wire that comprises a spring is not feasible to print directly using DIW because the 

soft, hydrated filament would collapse from its own weight. As a result, such 

geometry has not been realized for PEDOT:PSS to the best of our knowledge. 

To improve printability and ensure stability through the drying process, 

springs were designed with an elliptical cross section (length = 3.05 mm, width = 

5.70 mm) with three complete turns and a pitch of 6.75 mm. Spring models were 

sliced using PrusaSlicer at 20% infill density with full autogenerated supports. 

Within each layer, the F-127 support component was printed first, followed by 

PEDOT:PSS build material. The structure was printed on PTFE mesh sheet 

adhered to the build plate. The mesh allows for solvent evaporation from the 

bottom, promoting even drying across the entire structure during the later 

dehydration process. When printing was complete (Figure 2.32), the structure and 

the PTFE substrate were removed together from the printer build plate and then 

taped to an aluminum drying rack. Each encased spring was covered with an 

upside-down beaker to slow down the evaporation rate of the exposed sides to 

ensure even drying across the print surfaces. The covered prints were then 

transferred to a convection oven and heated at 30 °C for 12 hours. Subsequently, 

the beakers were removed, the oven temperature was raised to 50 °C, and 

the encased springs were allowed to continue drying for approximately 53 hours. 

The encased springs were then removed from the oven and allowed to sit for one 

hour, followed by removal of the PTFE mesh sheet substrate.  

A series of heated solvent washes were used to remove the dried F-127 

support. The first wash was comprised of 50 mL of DMSO heated to 100 °C in a 

150 mL beaker. Each dried spring encased in F-127 support was placed into its 

own beaker of DMSO bath, covered and gently stirred at 50 rpm for 15 minutes, 

which removed most of the support. The liberated springs were transferred to a 

second covered solvent bath of 50 mL of fresh DMSO at 100 °C, and again gently 

stirred at 50 rpm for 20 minutes (Figure 2.32d). To facilitate rapid drying, DMSO 

was removed from the springs by submerging them in 50 mL of acetone, covered, 

and stirred gently at 50 rpm for 15 minutes. The process was repeated with 50 mL 

of fresh acetone. Subsequently, the PEDOT:PSS springs were removed from the 

solvent and let dry at room temperature for 10 minutes, followed by 10 minutes of 

heating at 50 °C in a convection oven to remove remaining acetone. The dried 

springs were then rehydrated in deionized water for 5 min, then fitted onto a 

customized SLA-printed spring brace (Figure 2.32e) and dried in a convection 

oven at 80 °C for 20 minutes. Finally, upon uncoiling from their braces, free-

standing, solid-state PEDOT:PSS springs were materialized (Figure 2.32f). They 

were stored in tightly closed plastic jars until they were ready for characterizations 

or applications. 
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Figure 2.32. (a) and (b) Photographs showing the various stages of the printing of 
a PEDOT:PSS spring (dark gel) supported by F-127 (clear gel). (c) Side view of an 
as-printed three-turn spring hosted within the F-127 support. (d) PEDOT:PSS 
hydrogel floating in DMSO with the dissolution of the F-127 support structure. (e) 
The PEDOT:PSS spring hydrogel resting on a SLA-printed spring replica brace to 
promote uniform drying and shrinking. (f) Photograph of the fully dehydrated 
PEDOT:PSS spring.  

3D printed springs were compressed to -65% strain (compressive strain is 

denoted as negative strain), allowed to return to the original height, and stretched 

until failure. Very little force is required to compress the spring to -55% strain and 

stretched to 450% strain as a result of the geometric freedom of the spring, 

resulting in a near-plateau region in the stress-strain curve. The Young’s modulus 

for this near-plateau region of the spring is merely 31 Pa compared to the ~1.2 GPa 

for the PEDOT:PSS constituent (Figure 2.33), illustrating the powerful property 

tunability through geometric design enabled by 3D printing. Since the geometric 

deformation of the spring accommodates the compressive and tensile strains 

within this lengthy plateau region, little stress is exerted on the polymer chains or 

domains. As a result, the normalized resistance is nearly unchanged, with merely 

some minor fluctuations of < 3%, within this strain region. The compressive stress 

increases rapidly between -55% and -65% strain, indicating the onset of 

densification. In the tensile region, when the spring is elongated beyond 450% 

strain, the twisting of the ribbon that forms the spring, reflected by the minor stress 

drop at around 460% and 640% strain, allows for additional elongation. Both stress 

and resistance increase rapidly at strain above 640% until the spring ruptures at 
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~700% strain. Upon breakage, the spring bounces back to its original shape as a 

result of the geometry-induced elasticity even though PEDOT:PSS is intrinsically 

brittle.  

The geometry-induced elasticity and stress-resistance plateau region in a 

broad compressive and tensile strain range provide outstanding cycling stability 

for PEDOT:PSS springs. As shown in Figure 2.34c, the resistance of the spring 

remains unchanged for the first 100 cycles loaded and unloaded between -40% 

(compression) and 400% (tension) strain (Figure 2.34c), and increased by merely 

4.4% after 1500 loading cycles in this strain range. For each cycle, the resistance 

values remain constant between -40% and 400% strain, demonstrating the 

remarkable electrical stability and fatigue resistance imbued by even relatively 

simple 3D geometries.  

To highlight the drastic differences in stiffness, stress-strain behavior, and 

elongation at break that 3D geometry has induced in springs compared to those 

intrinsic to the constituting material, a stress-strain curve for a representative 

PEDOT:PSS dog bone specimen is plotted with that of a spring in Figure 2.33. 

Expanded views of stress-strain curves for the dog bone and spring are shown in 

Figure 2.33b and c, respectively. The compressive portion of the stress-strain 

curve for the spring is enlarged in Figure 2.33d.  

The PEDOT:PSS dog bones are prepared using the following procedure. 5 

vol % of DMSO was added to the as-purchased PEDOT:PSS dispersion (Clevios 

PH1000) and stirred at 300 rpm for 5 hours. 20 mL of the solution is then poured 

into a custom-made PTFE mold (110 mm length × 32mm width × 25mm height). 

The solution was left to dry for approximately 24 h under ambient conditions. The 

solid film was then released from the mold and cut into identical specimen with a 

custom-made dog bone-shaped master stamp. The samples were annealed at 

100 ºC under vacuum overnight and then annealed at 130 ºC on a hotplate for 4 

hours to remove residue solvent prior to tensile testing.  

To illustrate the remarkable fatigue resistant properties of the PEDOT:PSS 

springs, they were subjected to 1500 loading and unloading cycles between -40% 

(compression) and 400% where the highest device stability can be achieved. 

Representative cycles of the stress-strain curves are shown in Figure 2.34a. The 

stress-strain curves have nearly no hysteresis, demonstrating their elastic nature. 

The overall shape of the stress-strain curves is retained through all cycles, but the 

stress for all data points decreased by ca. 0.22 kPa over the course of the 1500 

cycles. This could be caused by water-absorption over the day-long testing 

duration due to the slightly hygroscopic nature of PEDOT:PSS, or polymer chain 

rearrangements, nanoscopic domain elongation, and/or the formation of micro-

cracks. Data for the first 100 cycles are plotted in Figure 2.34c. The resistance of 

the spring only increased by less than 0.3% after being cycled across the 440% 
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strain range (-40% compressive strain and 400% tensile strain) for 100 cycles, 

demonstrating the remarkable geometry-induced mechanical characteristics for an 

otherwise intrinsically brittle material.  

 

Figure 2.33. Stress-strain behavior of (a) 3D printed PEDOT:PSS spring compared 
to drop casted dog bone, (b) expanded view of the dog bone, (c) expanded view 
of the spring, and (d) expanded view of the compression region of the spring. The 
vertical dashed line in all plots marks 0% strain.  
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Figure 2.34. (a) Stress-strain curves for PEDOT:PSS spring during various cycle 
numbers when loaded/unloaded between 40% compression and 400% tensile 
strains. (b) Stress-strain curves at an incremental cycle # of ten for the first 100 
cycles and (c) the corresponding normalized resistance curves.  
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2.9.3 3D printed PEDOT:PSS omnidirectional LED device  

The electrical-mechanical correlations of the 3D printed PEDOT:PSS spring 

are further illustrated through a highly omnidirectionally deformable LED device 

that retains light intensity through compression, stretching, bending and twisting 

(Figures 2.35 and 2.36). The advantageous attributes of 3D-shaped PEDOT:PSS 

are in stark contrast to previous work that rely on chemical modification, additives, 

or composites, which exhibit resistance change starting at as low as 5% tensile 

strain and by several folds when elongated to 50-100% strain.52,53 The ability to 

process CPs in 3D provides the flexibility and opportunity to access more elaborate 

and tunable geometry-stress-strain-electrical property relations, such as those 

associated with complex 3D architected metamaterials,11,54 providing a new 

approach for creating mechanically deformable or reconfigurable organic 

electronic materials. 

 

 
 

Figure 26. (a) Picture of the PEDOT:PSS spring LED device. (b) Electrode 
configuration for the device.  

 

 

Figure 27. (a-e) An LED electronic device using the PEDOT:PSS spring as an 
interconnect being compressed, stretched, and flexed in various directions while 
retaining its emission intensity. 

a b

e

c d
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2.10 Conclusions and Outlook 

The findings from this chapter have unveiled a number of fundamental 

insights for the DIW 3D printing of PEDOT:PSS, in particular, that the cause for its 

low conductivity associated with DIW processing is the strong lateral phase 

separation. We demonstrated that conductivity as high as 1200 S/cm can be 

achieved in 3D-printed PEDOT:PSS by (1) formulating DIW ink under conditions 

that resemble conventional 2D processing and (2) removing the free PSS at 

filament periphery from the lateral phase-separation. PEDOT:PSS-based 

electronics with new form factors have been achieved as a result of our study.  

Our investigation has also offered a number of other fundamental insights 

for creating highly conductive 3D PEDOT:PSS. First, for both single lines and films, 

𝜎∥ is consistently higher than 𝜎⊥ even after DMSO rinsing, albeit the difference is 

small in films. This feature indicates that if achieving the lowest possible resistance 

is paramount to an application, the printing direction should be aligned with the 

direction of current flow. Second, the conductivity dependence on print bed 

temperature is also mostly removed after DMSO treatment. Therefore, DIW 

printing can be carried out at room temperature to achieve high conductivity for 

process simplicity. Third, we found that the conductivity of DIW printed 

PEDOT:PSS is largely independent of nozzle diameter. After the post-printing 

solvent treatment, single line conductivity is still slightly higher than their film 

counterparts. Therefore, for the printing of an electrode or interconnect of a certain 

width, it is advantageous to print using a nozzle that matches the line width rather 

than printing multiple overlapping lines using smaller nozzles. Applying these 

insights can potentially lead to more efficient charge transport in 3D printed organic 

electronics containing PEDOT:PSS. 
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Chapter 3 

Pure PEDOT with complex architectures via 3D printing-

assisted casting 

 

 

3.1 Abstract 

Achieving highly complex 3D geometries with conducting polymers is 

achievable using vat photopolymerization (VP) methods, but results in low 

conductivity performance, due to the limited amount of conductive polymer that 

can be integrated into printed objects. For instance, the conductive polymer 

poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) added to 

a VP resin has been shown to achieve conductivity of only 0.1 S/cm, which is four 

orders of magnitude lower than what is achievable by solution cast PEDOT:PSS. 

To address this shortcoming, we developed a 3D printing-assisted casting method 

to balance shape complexity and high conductivity. To achieve this, we produced 

complex 3D geometry cavities with VP-printed casts that serve as templates to fill 

with a melt-processable PEDOT precursor. After removal of the cast with water,  

the precursor undergoes a solid-state polymerization into the conductive PEDOT 

while retaining its original casted 3D shape, including octet, truncated octahedron, 

and trees with intricate and overhanging structures, not achievable previously with 

3D printed PEDOT. Additionally, the flowable nature of the PEDOT precursor can 

act as a carrier for more conductive materials, such as silver flakes, capable of 

improving the electrical conductivity to as high as 7000 S/cm. This work has led to 

an improved understanding of the processing-structure-property relationships of 

3D printed conducting polymers as well as new methods for the additive 

manufacturing the chemically temperamental electronic materials, opening doors 

to new applications. 
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3.2 Introduction 

The additive manufacturing (AM) of conjugated, electrically conductive 

polymers (CPs) has grown considerably in recent years.1–4 The shape 

customizability, 3D patterning, and versatility of processing a wide range of CPs 

makes this a valuable fabrication method in wide range of electronic applications, 

including energy storage devices, neurosensors,5 flexible OLED devices,6 

wearable electronics with tailored geometries to fit the human body. AM provides 

new benefits to CPs including ad hoc patterning, 3D patterning, and producing 

lower waste than subtractive methods. This is largely from the advantageous 

solution processability of CPs that makes is compatible with a wide range of AM 

methods. 

Each AM method has its own advantages and limitations when fabricating 

with CPs, where there is often a tradeoff between material versatility and 

architectural complexity. One of the most versatile AM methods for processing CPs 

is direct ink writing (DIW), where pressurized inks are extruded onto a surface in a 

2D pattern, moved along the z-axis, and repeated to build up a 3D object. This 

process requires that the ink can flow out of the extrusion nozzle under applied 

pressure and hold its desired shape after extrusion.7 These simple requirements 

make many solution-processable CPs, including PEDOT:PSS aqueous inks, well-

suited for manufacturing a variety of conductive structures using DIW, including 

soft neural probes,5,8 electromagnetic shielding,9 free-standing conductive 

springs,10 photochemical cells,11 and wearable organic thermoelectric devices.12 

However, formulating inks to allow them to flow under pressure can decrease its 

yield stress, limiting the number of printable layers of ink without collapsing, as well 

as the amount of structural overhanging, and the geometric complexity of DIW 

CPs. One method of overcoming this limitation is by extruding a removable 

secondary support material during the printing of CPs to enable the printing of 

overhanging structures, such as springs.10 However, removal of the support 

material results in lateral deformation of the structures that do not accurately 

replicate the intended printed object. 

The resolution and print fidelity limitations can be overcome by using vat 

polymerization (VP) 3D printing techniques, which use a pattern of UV light to cure 

a thin layer of UV-curable resin. The layer of cured resin is moved along the z-axis 

to allow for the curing of an additional layer of resin, and the process is repeated 

to build a 3D object.13 However, it is not feasible to polymerize CPs from their 

monomers using VP, as the conducting polymers strongly absorbs UV light.14 One 

method to overcome this limitation is to incorporate a PEDOT:PSS suspension into 

UV-curable resin to print conductive 3D objects.15–18 However, resin modifications 

are required for printing, due to the strong light absorbance of the conducting 
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polymer. Because of this, only a small amount of the conducting polymer 

component can be added, resulting printed objects bearing low conductivity. 

Instead of relying on only one method of fabrication, approaches that 

combine the high resolution and throughput of VP with other manufacturing 

methods can achieving complex 3D architectures with desirable conductive and 

mechanical behavior. One instance is to use VP printed architected hydrogel 

templates that can be used to grow conductive polymer polyaniline (PANI) in the 

hydrogel.19 By incorporating negatively charged monomers into the hydrogel resin, 

the hydrogel acts as a template for growing positively charged PANI and act as a 

dopant to improve its conductivity. However, by using this approach, only a small 

amount of PANI can be incorporated into the hydrogels, resulting in a low 

conductivity. Similarly, using two-photon lithography (2PP) of PEG-MWNT 

hydrogels with complex 3D architectures were soaked in a PEDOT:PSS solution 

for interpenetrating with PEDOT for improving conductivity.20 However, only a small 

amount of conductive polymer could be incorporated, leading to only an increase 

in weight of only 1.3 wt%, and a improvement in conductivity from 1.0 x 10-3 S/cm 

to only 0.43 S/cm. 

In contrast to 3DP, a higher amount of the desired material can be 

manufactured into a desired shape by polymer-injection molding, which is 

compatible with a broad range of materials from a flowable fluid. These materials 

are made into a flowable material by heating above their glass transition 

temperature (Tg), then injecting into a multi-part mold containing their desired 

shape. Once the part has become solidified by cooling below its Tg, the mold 

components are separated, and the polymeric object is removed. This is widely 

used to rapidly produce polymeric objects. However, the repeatable use of these 

molds limits the geometric complexity of injection-molded components. A similar 

method has been used for filling hollow VP-printed 3D molds with functional liquid 

materials to produce metamaterials, such as with low melting point molten 

gallium21 to produce self-healing tough materials, or using ferrofluid to create 

flexible magneto responsive materials.22 However, these require the use of their 

outer 3D printed shells and the fluids inside and do not allow for the materials of 

interest to be in their pure state while retain their desired 3D shapes. These 

geometric limitations are overcome by using molds that fully disintegrate after the 

infilled part has cooled and solidified. This method differs from injection molding in 

that the molten material flows freely when heated, allowing for filling the cavity 

using gravity, rather than pressurized injection filling. Additionally, the mold comes 

apart uniformly with agitation, or soaking in a specialized caustic solution that 

degrades the mold. 

However, using these approaches with conductive polymers is not feasible, 

due to the degradation of CPs when heated at high temperatures. To overcome 
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this limitation, we designed a method of casting of a CP precursor, DBEDOT, that 

can undergo a solid-state polymerization reaction under mild heating conditions to 

produce pure PEDOT structures with good conductivity. We found that highly 

complex 3D architected casting molds can be made from a VP printed gel that 

when dried, acts as a casting structure for molten DBEDOT, and disintegrates 

when added to water, revealing the complex 3D structured DBEDOT inside. With 

this method, highly complex 3D objects can be made with free-standing 

overhanging structures including truncated octahedron and octet lattice shapes. 

Additionally, the DBEDOT can act as a carrier for casting highly conductive silver 

flakes, to achieve highly conductive 3D shapes, such as springs. Additionally, the 

morphology of PEDOT from cast DBEDOT was found to have a variety of 

structures, including organized plate-like structures, indicating the possibility of 

using these as high surface area electronics. These findings pave the way for the 

casting of other castable pure materials into shapes previously not accessible with 

3D printing methods. 

 

3.3 Experimental  

DBEDOT purification 

2,5-Dibromo-3,4-ethylenedioxythiophene (DBEDOT; Tokyo Chemical 

Industry Co., Ltd.) was purified by filtering over a plug of silica eluting first with 

hexane (Fisher Scientific), then dichloromethane (Fisher Scientific) to produce a 

pale-yellow liquid. The product was then dried in vacuo to produce a white solid 

product. The product was confirmed using 1H NMR and 13C NMR. 

UV-curable resin preparation 

200 mL of dimethyl sulfoxide (DMSO; Fisher Scientific), 136.06 mg of 4-

methoxyphenol (Alfa Aesar), and 93.20 g of 2-acrylamido-2-methyl-1-

propanesulfonic acid (AMPSA; Sigma-Aldrich) was added to an aluminum foil-

wrapped 1000 mL Kimble GL45 media bottle, followed by sonication. Then, 62.06 

mg of quinoline yellow (Acros Organics), 10.80 g acrylamide (AAM; Fisher 

Scientific), 6 g N,N’-methylenebisacrylamide (MBAA; Alfa Aesar) were added, 

followed by sonication to dissolve. Then 5.37 mL of ethyl (2,4,6-

trimethylbenzoyl)phenylphosphinate) (TPO-L; Oakwood Chemical) was added, 

then dissolved by swirling the container. Storage and mixing steps were performed 

in a dark room to avoid premature polymerization. 

Many of dried hollow molds had minor structural holes that if not repaired, 

would lead to unwanted ingress of oil and leakage of molten DBEDOT during the 

filling process. A ‘patch’ resin was made to repair these holes, and was made by 

modifying the SLA resin to have no dye to achieve rapid polymerization, 
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substituting DMSO with a lower boing point 1:1 mixture of deionized water and 1,4-

dioxane (Alfa Aesar), and scaling the formulation down by 90% as only small 

quantities were needed. For this resin, 6.80 mg 4-methoxyphenol was initially 

mixed with 10 mL of 1:1 volume mixture of 1,4-dioxane:water in a 20 mL 

scintillation vial to avoid premature polymerization from trace peroxides in 1,4-

dioxane. Then 4.66 g of AMPSA was added to the mixture and dissolved by 

sonication, followed by adding 0.54 g AAM and 0.19 g MBAA, then contents were 

dissolved by sonication. Then, 0.27 mL of TPO-L was added and the vial was 

stirred to dissolve. All mixing steps were performed in a dark room, and the vial 

was covered with foil when not in the dark room to avoid premature polymerization. 

Hollow molds and trays preparation 

Cone sprue adapter and tray models were made using Autodesk Tinkercad, 

tree and lattice models were made using Rhinoceros 3D and the integrated 

graphical algorithm editor, Grasshopper. After models were prepared, they were 

exported as an .stl file, then prepared and sliced using ChituboxPro slicer software. 

To hollow objects in ChituboxPro, objects were tilting 22.5 degrees, then the 

hollowing function was performed with 0% density, and 0.50 mm wall thickness 

settings. Then the topmost part of the molds for filling with molten DBEDOT were 

merged with cone sprue adapters made in Tinkercad, then a hole was made to 

connect the inside of the two merged structures in ChituboxPro. 

Post-printing processing 

There were two processing methods for printing objects; one using heat and 

the other using a solvent exchange method. Objects dried using heat had excellent 

shape retention and could stick to a glass slide while it was hot, allowing tray 

samples to stay flat and have a stable surface to stick to. However, this method 

caused large hollow objects to become fragile and break during heating, which is 

why we used a solvent exchange method for processing these. 

For heating, samples were first rinsed twice with DMSO to remove excess 

unreacted resin. After rinsing, excess DMSO was poured off and soaked up with a 

paper towel. Samples were then placed onto a PTFE sheet-covered hot plate set 

to 140 °C. The samples were periodically turned as they curled and dried over the 

course of an hour, at which point they stopped shrinking in size. The samples were 

then placed into ethyl acetate for 10 minutes to remove remaining DMSO and were 

quickly dried again on the same hot plate. Samples were used within the same 

day, or stored in an air-tight plastic jar to avoid absorbing ambient water. 

Freshly-printed samples were placed into a beaker containing enough 

isopropanol (IPA; Fisher Scientific) to submerge them. The beaker was covered in 

aluminum foil, then then heated to 100 °C for an hour. Over time, DMSO, quinoline 

yellow, and other remaining unpolymerized resin components became dissolved 
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in the IPA wash, turning it yellow, at which time, the solvent was discarded and 

replaced. The process was repeated until the samples had very little yellow color 

left. Samples were then removed, and the supports were cut off, followed by one 

more heated IPA wash. Samples were then removed, and placed in a 60 °C 

overnight to dry. Once dry, samples were stored in an air-tight plastic jar to avoid 

absorbing ambient water. 

For filling objects with molten DBEDOT, a glass pipette was cut on the stem 

above the tapered region to remove its narrow tip. The tip was fire polished with a 

propane torch to remove the sharp edge. Then, a two-part epoxy (Gorilla Clear 

Epoxy) was applied to approximately 1 cm of the smoothened tip, and heated with 

a heat gun to decrease the curing time. Once hardened, patch resin was coated 

over the epoxy and cured with a handheld UV laser. More patch resin was applied 

to the tip, attached to the cone-shaped opening of the mold, then cured using the 

handheld UV laser. More resin was applied and cured to secure the rod in place. 

The sample was then placed in the oven at 60 °C for at least an hour to dry. Once 

dry, the cavity was filled with acetone to check for leaks. To find the locations of 

leaks, the sample was placed into a beaker of acetone, then air pressure was 

applied through the opening of the glass tube to gently blow bubbles out of the 

location(s) of the leak(s). The sample was then dried, and patched with patch resin 

and UV light, tested for leaks again, then dried in the oven at 60 °C, followed by 

one more leak test, then drying in the oven. 

The spring mold was prepared using the same procedure, but instead of 

attaching a glass rod, a male hosebarb adapter (Cole-Parmer, 3.2 mm inner 

diameter; part number: EW-30800-24) was attached to each of the two ends of the 

spring cavity. 

Casting of DBEDOT into hollow lattice molds 

DBEDOT as a powder is difficult to load into the glass filling tube due to 

static charging of the glass and DBEDOT powder. To overcome this, the DBEDOT 

powder was poured onto a glass slide on a hot plate set to 110 °C, allowed to melt, 

then carefully removed and cooled on a room temperature table. This recrystallized 

DBEDOT was then scrapped off of the glass slide, and is easier to be poured into 

the glass filling tube due to its larger particle sizes. 

Before filling, a vacuum oven was preheated to 130 °C, and silicone oil 

nearly filling a 250 mL beaker was preheated to 110 °C while mixing on a stir plate. 

Then, recrystallized DBEDOT was added to the glass filling tube of a hollow mold. 

After the oil and vacuum oven have preheated, the glass filling tube portion of the 

hollow mold apparatus is clamped to a weighted metal mesh cup to keep most of 

the buoyant hollow mold apparatus submerged in the hot oil, and the top of the 

glass tube above the oil. Then, the mold assembly on the support apparatus was 
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submerged in the hot oil bath, then two were placed into the vacuum oven, and the 

vacuum oven door was closed. After the DBEDOT was observed to be melting, 

high vacuum was applied to remove air from the inside of the mold and allow 

molten DBEDOT to flow inside. After DBEDOT was flowing inside, some air was 

allowed to enter to force more molten DBEDOT inside, followed by applying more 

vacuum to remove trapped air. Once DBEDOT completely filled the mold, the 

vacuum was released and the mold assembly/support apparatus is removed from 

the oil. DBEDOT shrinks considerably when it crystallizes which can form voids in 

the structure. To avoid this, and the mold apparatus was slowly submerged into 

room-temperature oil to crystallize the contracting DBEDOT from the bottom-up, 

which pulls in molten DBEDOT from the sprue at the top of the filling apparatus. 

Casting of Ag/DBEDOT composite 

To prepare the Ag/DBEDOT mixture, 2 g purified DBEDOT, 3 g Ag flake 

(APS 4-8 micron, 99.9%; Thermo Scientific and Alfa Aesar) was combined with 

approximately 10 mL ethyl acetate (Fisher Scientific) in a 20 mL glass vial. The 

mixture was sonicated for one minute to help disperse the silver flakes, then dried 

in vacuo. A metal spatula was then used to grind up the solid mixture into a powder 

and stored in the freezer until needed. 

3 g of the dry Ag/DBEDOT mixture was poured into a 10 mL BioX printing 

cartridge with a syringe tip cap. A 1 L mason jar was filled to approximately 3.5 cm 

below the rim with silicone oil (Thermo Scientific) was slowly mixed and heated to 

110 °C on a heated stir plate. Subsequently, the screw mold assembly was 

prepared first by attaching 30 cm of Tygon tubing (Thermo Scientific, 3.175 mm 

inner diameter) to a female hosebarb adapter (Cole-Parmer, 3.2 mm inner 

diameter; part number: EW-30800-08) which was screwed into one of the male 

hosebarb adapters on the hollow spring mold assembly. A loop was made with this 

hose and was held in place with a binder clip. The BioX printing cartridge with the 

Ag/DBEDOT flake mixture was then placed over half way into the oil and mixed 

with a straightened-out paperclip until the mixture was melted. The cartridge was 

then removed from the silicone oil, wiped with a paper towel, then placed into the 

Thinky mixture, which had an adapter to hold the cartridge, then mixed for 10 

seconds, then removed and screwed onto the male hosebarb adapter at the free 

end of the spring mold, followed by plunging into the hot silicone oil, making sure 

that the Tygon tube outlet and the top of the cartridge are held above the oil. After 

the contents are melted, the plunger is pushed into the cartridge using a makeshift 

plunger from a 1 mL syringe (Norm-Ject; manufacturer number: NJ-9166017-02). 

Constant pressure is applied to the plunger until all of the melted content fills the 

entire spring mold. Then the mold apparatus is removed and rapidly cooled by 

plunging into room temperature silicone oil, and disassembling of the spring 

attachments. 
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Mold removal 

A cotton-tipped applicator (Fisher) was used to apply deionized water to the 

shell to make it absorb water to become a soft hydrogel. A razor was used to 

remove the hydrogel. After all of the shell was removed, it was submerged in 

deionized water to remove any remaining hydrogel, then set to rest on a paper 

towel and any remaining water was absorbed with a paper towel. Once dry, the 

sample was kept in a plastic jar lined with a Kimwipe at -4 °C until it was ready to 

polymerize in the oven. 

Hall samples preparation 

To prepare the substrate for casting Hall samples, a rectangular piece of 

aluminum foil (approximately 2.5 x 2.5 cm) was attached to a silicon wafer 

substrate using a thin layer of vacuum grease. The foil was pressed to produce a 

uniform, flat surface. Ag/DBEDOT or DBEDOT powder was poured onto the foil 

substrate, then melted at 120 °C on a hot plate, then pressed flat with a disk of 

aluminum foil adhered with vacuum grease to a round glass coverslip. Once the 

sample was fully melted, a drop of isopropanol was dropped onto the center of the 

aluminum foil cover to facilitate shrinking from recrystallization to occur radially 

from the center to the edges and prevent gaps from forming in the sample. The 

casting apparatus was the removed from the hot plate and set on a table to cool, 

followed by an additional drop of isopropanol being placed on the center of the 

cover. Once fully cooled, any remaining isopropanol was soaked up using a paper 

towel. The sample was removed by first peeling off the aluminum foil cover, 

followed by removal of the aluminum foil substrate by sliding it off of the wafer, then 

peeling it off the from the sample. Samples needing to be heated were heated in 

an oven at 24 hours at 60 °C, and those needing no heating were stored at -4 °C. 

Samples needing a further annealing step were first placed on a fluorinated 

ethylene propylene (FEP) sheet adhered to a piece of silicon wafer. A piece of a 

porous PTFE sheet was cut into a ring to cover and hold down the sample edges 

to prevent the sample from curling, as well as allow for gases to freely escape 

during the extra heating step. Then the samples were heated to 150 °C for 10 

minutes on a hot plate. 

Nanoindentation samples preparation 

AMPSA shallow square tray molds were printed with a final dry cavity size of 

1x1x0.2 cm (length x width x height) with rim and bottom thicknesses of the mold 

of 1 mm. After printing, they were processed using the heat drying method. Each 

sample tray was placed on a glass slide, heated to 110 °C on a hot plate, then 

pressed to adhere the sample to the glass to make the sample flat and rigid. Trays 

were filled with an excess of Ag/DBEDOT or DBEDOT powder, which was then 

melted by placing the glass slide on a hot plate set to 110 °C. For Ag/DBEDOT 
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samples, the molten mixture was mixed with a paperclip for uniform melting, 

followed by carefully tapping the sample apparatus on a table to evenly distribute 

the sample in the tray. The filling process was repeated until each tray was filled. 

Samples were removed from AMPSA trays by soaking them in DI water, then 

patted dry with a paper towel, then processed using the appropriate heating 

conditions, or stored at -4 °C if no heating steps were needed. 

WAXS and SEM samples preparation 

Shallow rectangular AMPSA trays were used as molds for casting molten 

DBEDOT. After printing the molds, they were processed using the heat drying 

method. Each sample tray was placed on a glass slide, heated to 110 °C on a hot 

plate, then pressed to adhere the sample to the glass to make the sample flat and 

rigid. Trays were filled with an excess of DBEDOT powder, which was then melted 

by placing the glass slide on a hot plate set to 110 °C. The filling process was 

repeated until each tray was filled. Samples were removed from AMPSA trays by 

soaking them in DI water, then patted dry with a paper towel, then processed using 

the appropriate heating conditions, or stored at -4 °C if no heating steps were 

needed. 

CAD for the hollow lattices 

The hollow lattice structures were designed using Rhinoceros 3D with the 

Grasshopper plugin. The design process began by defining the lattice geometry 

and subsequently adjusting the model's thickness. This approach enabled efficient 

iteration and customization of the lattice parameters such as thickness and 

hollowness. Leveraging Grasshopper's "Pipe Variable" and "Solid Difference" 

functions, the dimensions of the lattice were programmatically adjustable to vary 

the size and hollow characteristics of the model as required. Following this, the 

designs were further refined within Rhinoceros 3D to ensure both manufacturability 

and structural integrity. Final adjustments were made to optimize the mechanical 

properties of the lattice for its intended application.  

CAD of the tree model 

Creating the tree model involved using a few basic features of the 3D design 

software AutoDesk Fusion 360. While the tree branches could be made with simple 

sketch lines, the "Fit Point Spline" feature was necessary to bring more texture to 

the tree sketch, facilitating a smoother transition between each groove of the 

branches. Key features such as "Offset Plane" and "Sweep" were utilized to mimic 

the classic curvature of the tree trunk. The most important step was attaching the 

tree trunk components to the three individual branches, achieved using the "Loft" 

feature, which allowed for a unique connection to each tree branch. 
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Solid-state NMR 

Solid state CP-MAS 13C NMR spectra were obtained on a Bruker AV600 

using a 3.2 mm zirconia rotor spinning at 10 kHz with a cross-polarization contact 

time of 2.5 ms. To achieve a good signal to noise ratio, 4096 scans were collected 

for each sample. 

Synchrotron X-ray scattering 

Synchrotron wide-angle X-ray scattering (WAXS) experiments were carried 

out at Beamline 7.3.3 of the Advance Light Source (ALS), Lawrence Berkeley 

National Lab (LBNL). Briefly, DEBDOT and PEDOT bulk rectangular strips (20 mm 

(length) × 7 mm (width)) with thicknesses of approximately 200 and 300 μm, 

respectively, were prepared and mounted to the sample holder. WAXS spectra 

were collected in transmission geometry at 10 keV with an average exposure time 

of 2 s at ambient temperature. “Empty” exposures were collected for creating mask 

and background file for data analysis. Igor Pro Nikka Irena packages were used to 

process and obtain the 2D WAXS pattern by applying the mash file after 

background subtraction.  

X-ray photoelectron spectroscopy (XPS) characterization 

XPS characterizations were done by using a Nexsa X-Ray Photoelectron 

Spectrometer System (Thermo Fisher Scientific). Samples were loaded onto 

silicon wafer pieces which were stabilized onto the sample holder by metal clips. 

A spot size of 400 μm was selected. The spectrum of sulfur was collected in the 

range of 160~170 eV with scan cycles of 40. Characterization had been done on 

multiple spots on the same sample to ensure generality. “XPSPeak 4.1” software 

was used to fit the collected curves. The specific area ratio between S 2p /2 and S 

2p3/2 peaks had been set to a constant 0.5. The sulfur atomic percentages of PSS 

and PEDOT were calculated by taking the area ratios of 2p peaks of PSS to those 

of PEDOT. 

Scanning Electron Microscope (SEM) characterization 

The morphology of DBEDOT and PEDOT samples was observed with the 

help of Scanning Electron Microscope (Zeiss Gemini 500, ZEISS Company, 

Germany). Samples were directly glued onto the SEM pin mount without any 

sputtering. Cross-section samples were placed onto the 90o mounts to examine 

the surface. An accelerating voltage of 3 kV was applied; working distance was 

adjusted and optimized for the best quality of the pictures. For high magnification 

images, Frame Integration mode coupled with a decreased scanning speed was 

being used to take fine pictures. 
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3.4 Results and Discussion 

DBEDOT underwent a self-catalyzing polymerization at 60 °C heating for 

24 hours (Figure 3.1a). This unusual solid-state polymerization was enabled by the 

close packing of DBEDOT in its crystalline state. Additionally, bromine was 

released over the course of the reaction, which was trapped inside the material, 

and assisted in oxidizing and doping PEDOT, making it more conductive.23,24 The 

reaction was visibly noticeable when performed on pure, transparent and colorless 

DBEDOT crystals obtained from crystallizing DBEDOT from a methanol solution. 

After heating at 60 °C for 24 hours, they became dark blue/black from the formation 

of PEDOT (Figure 3.1b). Although DBEDOT polymerized when heated for 

extended periods of time, its melting point of around 95 °C allowed it to be rapidly 

cast into molds of different shapes, then solidified by cooling before polymerization 

could occur (Figure 3.1c). The cast DBEDOT objects were then heated at 60 °C 

for 24 hours, which caused them to have the same color change that was observed 

in the single crystal DBEDOT, indicating that cast DBEDOT underwent the same 

solid-state polymerization into PEDOT. 
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Figure 3.1. Solid-state polymerization of DBEDOT to PEDOT. (a) Chemical 

reaction; (b)-(c) Photographs of (b) single crystals of DBEDOT and (c) casted 

polycrystalline DBEDOT polymerized into PEDOT under mild heating. Scale bar: 

5 mm.  

 

To enable casting DBEDOT into 3D shapes, we developed a 3D printable 

mold that can be removed using a simple water solution. We achieved this by 

designing a resin which contains sulfonic acid side chains in the polymer that 

absorbs water and become a superabsorbent polymer, making it brittle, and 

causing it to disintegrate. To perform the filling process, we found that the molds 

must be kept uniformly heated to prevent DBEDOT from cooling, which was 

accomplished by submersion in a heated silicone oil bath (Figure 3.2). The molds 

are able to be filled with the molten DBEDOT monomer, which flows into the empty 

space of the molds and solidified by cooling to room temperature (Figure 3.3a and 

b). The molds were then swelled and made brittle by exposed them to water, 
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making the molds disintegrate, revealing the 3D DBEDOT structure inside that 

matched the cavity structure inside the molds. The versatility in design freedom of 

VP allowed us to design and cast a variety of shapes and sizes with overhanging 

structures, including octet lattices, truncated octahedron, or arbitrary structures 

such as a tree (Figure 3.3c-f). The pure DBEDOT structures then underwent the 

solid-state polymerization step by heating at 60°C for 24 hours to transform into 

pure PEDOT. This transformation in the DBEDOT structures was confirmed by the 

color change from white/pale green of DBEDOT to the dark blue/black color of 

PEDOT (Figure 3.3g-j). 

 

 

 

 

 



92 
 

 

Figure 3.2. Photographs of (a) and (b) dried mold with inlet and outlet funnels 

attached, (c) set up for melting and filling DBEDOT precursor, and (d) mold with 

DBEDOT after DBEDOT solidification at room temperature.  
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Figure 3.3. 3D-printing assisted casting of PEDOT. (a) Schematic diagram and (b) 

the corresponding photographs of the process flow. (c)-(f) Photographs of isolated 

DBEDOT structures after mold removal. (g)-(j) Pure, doped PEDOT structures 

after the solid-state polymerization of (c)-(f), respectively. Scale bar: 5 mm.  

 

3.4.1 DBEDOT and SSP-PEDOT Characterization 

Previous studies on the properties of PEDOT polymerized in the solid-state 

from DBEDOT were performed on isolated single crystals of DBEDOT that were 

crystalized from an ethanol solution. In contrast, our casting method used melt-

processed DBEDOT, which motivated us to determine the processing-structure-

properties of our melt-processed DBEDOT and subsequently formed PEDOT, and 

compare it with the previously found properties of DBEDOT and PEDOT from 

literature. 
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3.4.1.1 NMR Analysis of DBEDOT Polymerization 

3.4.1.1.1 DBEDOT 

The as received DBEDOT appeared light blue/grey from trace amounts of 

PEDOT formed from the spontaneous solid-state polymerization. However, the 

small quantity of impurities were undetectable by 1H or 13C NMR (Figures 3.4 and 

3.5). Additionally, the presence of Br2 from the byproduct of the polymerization can 

catalyze the polymerization of DBEDOT, and shorten the available working time 

when casting molten DBEDOT. These impurities could be removed using column 

chromatography, as indicated by the product having a white/pale yellow color. 

When purified DBEDOT was melt-cast, it appeared to form many crystals when 

cooled, yet remained chemically identical after casting as indicated by 1H and 13C 

NMR (Figures 3.4 and 3.5). 

 

 

Figure 3.4. 1H NMR of DBEDOT that was as-received (unpurified), purified, and 

resolidified from melting of the purified powder.  
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Figure 3.5. 13C NMR of DBEDOT that was as-received (unpurified), purified, and 

resolidified from melting of the purified powder. 

 

3.4.1.1.2 SSNMR 

Solid state CP-MAS 13C NMR spectroscopy was used to characterize the 

structure of the monomeric precursor (DBEDOT) as well as the resulting polymer 

(PEDOT) after solid-state polymerization (Figure 3.3a). DBEDOT showed a strong 

peak at 65 ppm corresponding to the carbons of the oligoether bridge, a broad 

peak at 85 ppm corresponding to the 2,5-thiophene ring carbons, and strong peak 

at 139 ppm corresponding to the 3,4-thiophene ring carbons. To our surprise, the 

resulting spectra of solid-state polymerization of the sample at 60 C showed a 

mixture of both DBEDOT and PEDOT. This result differs from previous findings 

that single crystals of DBEDOT monomer are completely consumed with these 

conditions. The peak centered at 68 ppm in the aliphatic region is slightly broader 

due to the presence of both the monomer and the polymer, and the sharp peak at 

139 ppm suggests the presence of remaining DBEDOT. Subsequent experiments 

showed that a subsequent annealing step at 150 °C for 10 minutes completely 

eliminated the remaining monomer and left behind PEDOT, as indicated by the 
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broadened peak at 150 ppm and the peak at 68 ppm. Paramagnetic broadening 

greatly affected the NMR signals from the polymeric backbone due to spurious 

radicals present from polaron formation. 
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Figure 3.6. Chemical and structural characterization. (a) Solid-state 13C NMR and 

(b) XPS of DBEDOT, PEDOT, and reannealed PEDOT. (c) Doping levels of PEDOT 

and reannealed PEDOT obtained through the S 2p peak from XPS. (d)-(f) 2D 

WAXS scattering spectra of DBEDOT, PEDOT, and reannealed PEDOT, 

respectively. The combined 1D linear plots of these WAXS scattering patterns are 

shown in (g). (h)-(i) 1D WAXS spectrum of DBEDOT compared to (h) the simulated 

pattern based on the single crystal structure of DBEDOT and (i) the simulated 

pattern with a preferential orientation along (010).  
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3.4.1.2 Characterization of Cast Material 

3.4.1.2.1 WAXS 

The surface of melt-cast DBEDOT appeared to have many crystals formed 

after cooling, which led to the many scattering peaks seen in wide-angle X-ray 

scattering (WAXS) of melt-cast DBEDOT samples (Figure 3.6d). After annealing, 

broad peaks from PEDOT formation appeared, but the strong scattering peaks 

remained from remaining DBEDOT crystals (Figure 3.6e). After reannealing, only 

PEDOT signal remained (Figure 3.6f), confirming the results seen from 13C NMR 

analysis. However, each sample of melt-crystalized DBEDOT had unique crystal 

growth patterns and crystal orientations, resulting in different scattering peaks 

between samples (Figure 3.6g). 

To confirm the crystal structure identity of our melt-cast DBEDOT, we 

compared its 1D WAXS spectrum to that of simulated DBEDOT crystal scattering 

(Figure 3.6i and 3.8) with the simulated crystal packing structure shown in Figure 

3.7. The scattering patterns of melt-processed DBEDOT shared most of the most 

prominent scattering peaks of simulated scattering of single-crystal DBEDOT. 

Melt-cast DBEDOT displayed a much closer peak correspondence to simulated 

DBEDOT scattering of a single DBEDOT crystal with preferential orientation along 

the (010) plane (Figure 3.6i), indicating that much of the melt-cast DBEDOT grew 

along this plane. 
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Figure 3.7. Crystal packing arrangement of DBEDOT.  
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Figure 3.8. (a) Experimental diffraction spectrum of DBEDOT overlayed with 

simulated spectrum with preferential orientation using the single crystal data of 

DBEDOT. (b) Peak indexing of the experimental DBEDOT diffraction spectrum.  
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3.4.1.2.2 Electrical and Mechanical Characterization 

To gain a better understanding of the processing-structure-conductivity 

relationship of PEDOT from melt-cast DBEDOT, we used Hall measurements to 

measure carrier mobility and charge carrier concentration. As expected, melt-cast 

DBEDOT was electrically insulating, and became conductive when PEDOT formed 

from the initial heating step (Figure 3.9a). Surprisingly, the reannealing step 

decreased the conductivity of PEDOT, even though this process removed the 

insulating DBEDOT component. Initially, PEDOT had a high charge carrier 

concentration and charge mobility, but each of these decreased by approximately 

an order of magnitude after reannealing. To investigate the cause of this, we first 

determined why the charge carrier concentration decreased. By using XPS, we 

could determine the change in charged moieties of PEDOT (Figures 3.6b and 

3.10). Interestingly, we found that the concentration of doped PEDOT decreased 

from 34% to 29% from the reannealing step (Figures 3.6c and 3.10). During the 

solid-state polymerization of DBEDOT, Br2 is generated as a byproduct and 

becomes trapped, resulting in doping of PEDOT. However, given that Br2 has a 

boiling point of 58.8 °C, heating to 150 °C can effectively evaporate excess 

bromine and decrease the doping level of PEDOT, resulting in lower conductivity. 

The decrease in charge mobility was unexpected, due to the potential increase in 

PEDOT formation and decreased amount of insulating DBEDOT from the extra 

annealing step. The decrease in charge carrier mobility could be attributed to 

structural changes that occurred during the extra annealing step. To better 

understand these changes, we carried out a study of the morphology using 

scanning electron microscopy (SEM). DBEDOT appeared to have a smooth 

surface with many visible crystal interfaces (Figure 3.11a), but was rough from 

different crystal orientations at the sub-micron scale (Figures 3.9d and 3.11c). 

However, the morphology appeared dramatically different after the first solid-state 

polymerization step, with multiple layers of stacked plates on the surface and 

throughout the material (Figures 3.9e and h, 3.12), and columns with different 

orientations (Figure 3.9f and g). In all PEDOT samples, there was a noticeable 

amount of empty space, likely due to the loss of Br2 from the reaction, and a 

decreased volume from the DBEDOT monomer to PEDOT. However, after the 

reannealing step, we found that new PEDOT features appeared, most notably 

spikes (Figure 3.13d), as well as a rougher surface on the stacked platelets (Figure 

3.13j and k). Most of the stacked plates and columns remained intact, indicating 

that there were no noticeable structural changes that would account for the change 

in charge mobility. Instead, there may have been small structural changes that 

changed the mobility between the conductive PEDOT structures. One source of 

these small changes could be from the noticeable volume expansion that we 

observed upon melting DBEDOT. Since the reannealing step was done at a much 

higher temperature than the melting point of DBEDOT, this expanding DBEDOT 
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when located between PEDOT, structures could have caused them to separate 

and decrease the charge mobility. Another possibility is that as DBEDOT melted, 

its surface tension between PEDOT structures caused them to become 

permanently dislocated, leading to their decreased mobility. These structural 

changes also influenced the material’s mechanical properties as well. 

Measurements of the Young’s modulus and hardness of DBEDOT were found to 

have a wide range of values, due their numerous crystal orientations (Figure 3.9b 

and c). After the solid-state reaction, these values decreased, likely due to the 

decreased density. After the reannealing, the Young’s modulus and hardness both 

increased, likely from the formation of new PEDOT structures and small 

rearrangements that occurred when DBEDOT melts. 
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Figure 3.9. Electrical and mechanical characterization. (a) The conductivity, 

mobility, and carrier concentration values obtained through Hall measurements. 

(b) Young’s modulus and (c) hardness values obtained through nanoindentation 

studies. (d)-(h) SEM images of (d) DBEDOT, (e) top view of PEDOT, (f)-(h) different 

cross-sectional views of PEDOT.  
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Figure 3.10. (a) S 2p XPS of DBEDOT, PEDOT, and reannealed PEDOT. The peak 

fitting for these three spectra are shown in (c)-(e). Doping level calculations from 

integrated peak areas from (c)-(e) are tabulated in (b).  

 

 

Figure 3.11. SEM images of solidified DBEDOT at various magnifications.  

 

Figure 3.12. SEM images of PEDOT at various magnifications. 
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Figure 3.13. SEM images of reannealed PEDOT at various magnifications.  
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3.4.2 Molten DBEDOT as a Carrier for Highly Conductive Silver Flakes 

The maximum conductivity of PEDOT was found to have good conductivity 

of nearly 10 S/cm. However, this value was lower than what had been previously 

achieved with solid-state polymerized PEDOT, and two orders of magnitude lower 

that what can be achieved with PEDOT:PSS. However, one advantage of using 

molten DBEDOT is that it can be used as a flowable carrier for fillers with much 

higher conductivity, such as silver flakes, resulting in the ability to make highly 

conductive complex 3D objects. To demonstrate this, we tested the conductivity of 

Ag-PEDOT with various amounts of silver flakes (Figure 3.14c). The addition of 

only 5 volume % of silver flakes dramatically increased the conductivity by over 

three orders of magnitude, and with the addition of 17 volume %, was able to 

achieve over 8000 S/cm, far higher than what can be achieved with PEDOT alone. 

A higher loading of silver flake was not used, as increasing the loading of silver 

flake in molten DBEDOT was found to increase the viscosity higher than what 

could be feasibly mixed and injected to molds using our existing casting methods. 

The high viscosity of the Ag-DBEDOT mixture required the use of positive pressure 

to inject the material into molds. By using this approach, we could successfully 

create free-standing objects, like a spring, of 17 volume % Ag-DBEDOT (Figure 

3.14a and b). Additionally, this approach to use a conductive filler can effectively 

increase the conductivity with silver flakes at a lower loading level than what is 

needed when using other insulating fillers. 
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Figure 3.14. Ag-PEDOT composites. (a)-(b) Photographs of (a) 3DPAC Ag-

DBEDOT and (b) Ag-PEDOT structures. (c) Conductivity of the composite at 

various loadings of Ag flakes. (d) Conductivity, mobility, and carrier concentration 

values of PEDOT and Ag (17 vol.%)-PEDOT composite obtained through Hall 

measurements. (e) SEM of the Ag (17 vol.%)-PEDOT composite. (f) Photographs 

showing the Ag (17 vol.%)-PEDOT composite soaked in various solvents at 0 h 

(top row), after 24 h of soaking (middle row), and the soaked specimens after 

drying (bottom row). From left to right: 1M H2SO4 (aq.) solution, DMSO, acetone, 



110 
 

IPA, hexane. (g) Normalized conductivity of the Ag (17 vol.%)-PEDOT composite 

after soaking in solvents. Scale bar for (a)-(b): 5 mm.  

 

Because we were using this new approach for casting two different 

conductive components, we s to better understand how our processing method 

influenced its conductivity. We found that the mobility of charges remained low due 

to the dysconnectivity and voids from the structure (Figures 3.14e, 3.15). The silver 

flakes remain well distributed (Figure 3.15a and b), with PEDOT covering their 

surfaces and binding them together (Figure 3.15c-e). The increase in conductivity 

was mainly due to the higher carrier concentration of silver than PEDOT. 

 

 

Figure 3.15. SEM images of the composite of PEDOT-reannealed with 17 vol.% 

Ag at various magnifications.  

 

The insolubility of conductive polymers can often make this class of material 

difficult to process. However, our approach to using insoluble PEDOT as a filler 

allows us to have a fully conductive composite that is resistant to a variety of 

common solvents that could otherwise dissolve polymer structures. To 

demonstrate this, we exposed 17 volume % Ag-PEDOT to a 1M H2SO4 (aq.) 

solution, DMSO, acetone, isopropanol, and hexane for 24 hours (Figure 3.14f). 

The resulting DMSO and acetone solvents turned dark orange, likely from 

dissolving free bromine contained in the sample. In every case, the Ag-PEDOT 

remained intact, and did not decrease in conductivity performance (Figure 3.14g). 
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In some solvents, like DMSO and acetone, the conductivity was found to increase, 

likely from dissolving extra bromine that can oxidize the surface of silver flakes. 

 

3.5 Summary and Outlook 

In this work, we demonstrated a new method for making pure PEDOT into 

3D shapes by facile casting of a molten PEDOT precursor into a water-removable 

hollow 3D mold, followed by solid-state polymerization by mild heating. This 

method is capable of producing a wide variety of shapes including octet and 

truncated octahedron unit cells, and arbitrary shapes like trees. Our detailed 

characterization found that DBEDOT monomer still remained after the solid-state 

polymerization, but could be removed after an additional heating step. We were 

surprised to find that the solid-state polymerized PEDOT had a variety of 

structures, including columns and stacked plate-like structures. The conductivity of 

PEDOT could be improved to over 8000 S/cm by adding highly conductive silver 

flakes to the DBEDOT monomer, which demonstrates the ability to use DBEDOT 

as a carrier for other useful materials to improve its performance. Additionally, 

PEDOT formed is solvent resistant, and retains its high conductivity even with the 

inclusion of silver flakes. 

These findings are a significant improvement over previous efforts to make 

3D PEDOT structures which faced tradeoffs between high 3D shape complexity or 

either high conductivity due to the limited PEDOT that could be incorporated into 

VP resins. The structures and understanding of their formation can possibly lead 

to the use for tougher electronics where the stacked PEDOT plates could act as 

sacrificial structures in a tough nacre-like material. 

Additionally, this method can also be used with a variety of other materials 

that are difficult to form into 3D structures with traditional light-based or extrusion- 

based AM techniques, without sacrificing their desirable properties for printability. 

This includes soft materials, such as soft silicones, which are desirable for 

wearable electronics and biomaterials, which are difficult to manufacture with 3D 

printing methods due to their low yield stress.25,26 This would also be a valuable 

processing method for low melting point metals, such as gallium, for producing 

intricate 3D metal objects without complex casting requirements, to expand its use 

by decreasing turnaround time and decreasing production costs. 
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Chapter 4 

Oligoaniline-Assisted Self-Assembly of Polyaniline 

Crystals 

 

 

4.1 Abstract 

The conductivity or charge transport mobility of conjugated polymers (CPs) 

is largely correlated with their degree of crystallinity, rendering the crystallization of 

CPs an important endeavour. However, such tasks can be challenging, especially 

in the absence of sidechain functionalization. In this study, we demonstrate that 

the incorporation of a small amount of oligomers, specifically tetraaniline, can 

induce crystallization of the parent polymer, polyaniline, through a single-step self-

assembly process. The resulting crystals are compositionally homogeneous 

because oligomers and their parent polymer share the same repeating unit and 

are both electroactive. Mechanistic studies reveal that the tetraaniline forms a 

crystalline seed that subsequently guides the assembly of polyaniline due to their 

structural similarities. Applying this oligomer-assisted crystallization approach to 

polyaniline with defined molecular weights resulted in single crystalline nanowires 

for the 5,000 Da polyaniline, and nanowires with strong preferential chain 

orientation for those with molecular weights between 10,000 and 100,000 Da. 

Absorption studies reveal that the polymer chains are in an expanded 

conformation, which likely contributed to the high degree of packing order. Two-

probe, single nanowire measurements show that the crystals have conductivity as 

high as 19.5 S/cm. This method is simple, general, and can potentially be applied 

to other CPs.  

 

Figure 4.1. Summary figure for Oligoaniline-Assisted Self-Assembly of Polyaniline 

Crystals. 

Oligomer 
+ 

parent polymer
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4.2 Introduction 

Advancement in the understanding of the fundamental structure-property 

relationships of conjugated polymers (CPs), including conducting and 

semiconducting polymers, has fuelled the development of high performance 

organic electronics.1,2 Crystalline CPs, especially single crystals, are 

fundamentally important for understanding the charge transport properties in 

relation to packing arrangement and orientation. From an application-driven 

perspective, crystalline CPs are important for achieving high efficiency in organic 

electronics because they provide enhanced and directional conductivity or charge 

carrier mobility compared to their disordered or poorly crystalline counterparts3. 

Unfortunately, single crystals or crystals with strong preferential orientation of CPs 

are difficult to produce due to the rich free energy landscape compared to the soft 

chain polymer counterparts,4,5 but can be made possible through a few solution-

based methods, such as side chain or backbone modification. Sidechain 

modification provides CPs with additional noncovalent interactions including van 

der Waals or solvophobic interactions through sidechain interdigitation or 

aggregation, thus leading to enhanced ordering.6,7 The steric effects from certain 

sidechains can also restrict the torsion angle between the repeating units along 

the polymer backbone, thus promoting ordered stacking. Directly increasing the 

backbone planarity such as by incorporating fused rings or alkyne groups can 

increase the persistence length of the polymer, and create enhanced 

intermolecular interactions.8,9 The same goal can be achieved by incorporating 

heteroatoms such as fluorine or sulfur along the polymer backbone to create 

additional intramolecular interactions that can “lock” the backbone 

conformation.10,11 In the absence of side chain or backbone engineering, ordered 

packing can be obtained by growing CPs from heterogeneous nucleation sites 

such as the surface of CNT.12,13 Due to the preferential π-π packing orientation of 

CPs on the π-conjugated surface of CNTs, CPs can pack in highly ordered fashion 

with the growth long axis perpendicular to the surface of the heterogeneous 

nucleation sites. Unfortunately, such methods only generate hetero-structures, 

essentially changing the chemical composition of the CPs.  

Compared to sidechain-functionalized or backbone-modified CPs, 

crystallization of unmodified CPs such as polyaniline (PANI), polypyrrole (PPy), 

polythiophene (PT), or poly(3,4-ethylenedioxythiophene) (PEDOT) is especially 

challenging due to the high torsion angle between the adjacent repeating units and 

the limited noncovalent interactions beyond those offered by the π-faces.14 Vapor 

phase polymerization (VPP) has been the most successful in generating crystalline 

entities for such materials, but the resulting structures are usually semicrystalline 

with small crystallites embedded in disordered regions.15,16 It has been shown that 

VPP in combination with nanoconfinement within lithographically fabricated narrow 

channels can lead to single or polycrystalline PEDOT with very high conductivity.17 
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However, the degree of crystallinity is channel-width dependent. Also, channel 

fabrication requires multi-step lithography on a surface, limiting its scalability. 

Alternatively, through solution-based methods, crystals of unmodified CPs such as 

PANI can be synthesized through in-situ polymerization at the air-water interface 

in the presence of surfactants.18 The resulting 2D crystals can be scaled up to 

wafer-size by increasing the air-water interfacial area, but the scalability pales in 

comparison to bulk solution- or vapor-based methods. Regardless of the specific 

method, a major limitation to all in-situ polymerization approaches is that they do 

not offer the ability to separately control the degree of crystallinity and materials’ 

chemical properties such as molecular weight or polydispersity. On the contrary, 

crystallization of pre-made CPs offer such explicit control because the chemical 

properties of the crystals are dictated through synthesis, whereas the packing 

order is controlled through crystallization.4,5 This distinct advantage makes post-

synthetic crystallization approaches generally more favourable.  

Here, we demonstrate a new concept on the crystallization of unmodified 

CPs. Using PANI as a model system, we achieve such feat through a simple, one-

step self-assembly process in the presence of a small amount of oligomers of 

PANI, such as tetraaniline (TANI). The easily crystallizable TANI lowers the free 

energy barrier for the organization of PANI chains into ordered states through 

noncovalent intermolecular interactions. Both single crystals and crystals with 

strong preferential chain orientation have been obtained. Furthermore, due to the 

identical repeating units in oligomers and their parent polymer, the resulting 

crystals are compositionally homogeneous.  

 

4.3. Experimental 

4.3.1 Materials 

Phenyl/amine-capped tetraaniline was synthesized via a previously 

reported procedure.19 Polyaniline without defined MW was synthesized using a 

rapid mixing method20 and purified by dialysis. Polyaniline of defined molecular 

weights (5,000, 10,000, 20,000, 50,000, 65,000, and 100,000 Da) in the 

emeraldine based form were purchased from Sigma-Aldrich. All organic solvents, 

acids, and dialysis tubing used in this study were obtained from Fisher Scientific.  

4.3.2 Synthesis of phenyl/amine-capped tetraaniline (Ph/NH2 TANI) 

Ph/NH2 TANI was synthesized following previously reported procedure with 

modified purification steps.19 50 mmol of N-phenyl-1,4-phenylenediamine that was 

crushed using a mortar and pestle, was sonicated for 2 hours in a 250 mL 0.1 M 

HCl solution. A stoichiometric amount of iron(III) chloride was dissolved in a 50 mL 

0.1 M HCl solution, and was rapidly added to the dimer mixture while being stirred 
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strongly with a mechanical stir rod. The mixture was allowed to react for 2 hours. 

Centrifugation was then used to wash the mixture with 300 mL 0.1 M HCl, followed 

by 450 mL 0.1 M NaOH to dedope tetraaniline and 3 L of deionized water. The 

crude product was dried under high vacuum. The dedoped crude product was 

reduced by dissolving it in 200 mL of 200 proof ethanol, followed by the addition of 

four equivalents of hydrazine monohydrate, which was allowed to stir overnight. 

The mixture was precipitated by adding 2 L deionized water, and the solid was 

collected using filtration. Impurities were removed by repeated mixing with 200 

proof ethanol, centrifugation, and removal of the supernatant until the 

leucoemeraldine tetraaniline was isolated. Ethanol was then removed using high 

vacuum. The reduced tetraaniline was oxidized to the emeraldine base form by 

crushing and sonication in a 1 M HCl solution, followed by rapid addition of a 

solution of one equivalent of ammonium persulfate in 10 mL 1 M HCl, which was 

then stirred overnight. The mixture was dedoped by adding 1 M ammonium 

hydroxide, followed by repeated centrifugation with deionized water until the pH 

was neutral. The product was dried, then purified by filtering over a large plug of 

silica eluting with hexane, then ethyl acetate, and was repeated until the product 

was pure. The identity was confirmed using thin layer chromatography (TLC) and 

UV-vis-NIR (near-infrared) spectroscopy.  

4.3.3 Self-assembly  

Tetraaniline and polyaniline were ground into fine powder using agate 

mortar and pestle. In a typical process, 2 mg of powder comprised of TANI and 

PANI at the desired ratio were individually weighed out using a microbalance and 

then combined. The powder mixture is then added to a solvent mixture comprised 

of 1 mL of organic solvent such as THF and 4 mL of an aqueous acidic solution 

such as 0.1 M HClO4. The mixture is swirled rapidly for a few seconds and left 

undisturbed for 5 days for the self-assembly process to occur. At the end of the 

process, dialysis was performed against deionized water for approximately 1 day 

to purify the products.  

4.3.4 Electron microscopy 

Scanning electron microscopy (SEM) analysis was performed using a JEOL 

JSM-6700 SEM or Zeiss Gemini 500 SEM on samples drop casted on silicon 

wafers. Transmission electron microscopy (TEM) samples were prepared by 

depositing a drop of the nanomaterial dispersion onto a TEM grid placed on top of 

filter paper. These samples were loosely covered and left to air dry overnight. Due 

to the high sensitivity of PANI to electron beam due to ionization and heating 

damage, cryogenic TEM and selected area electron diffraction(SAED) was 

performed. TEM samples were kept under dynamic vacuum overnight to 

completely remove moisture. They were rapidly frozen using liquid nitrogen and 

kept at liquid nitrogen temperature using a cryogenic sample holder during the 
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duration of imaging. TEM images and SAED patterns were collected on either a 

FEI/PHILIPS CM 120 TEM or a Talos F200C G2 TEM, operated under cryogenic 

conditions with an accelerating voltage of 200 kV. Au standards were used for 

SAED calibration. 

4.3.5 Spectroscopic characterization 

UV-vis-NIR of the dispersions were collected on a Shimadzu UV-3600 Plus. 

A quartz cuvette with a 1 mm path length was used to minimize water absorbance 

in the NIR region. ATR-IR spectra were obtained on a Bruker Vertex 70 

spectrometer (ATR mode, diamond window).  

4.3.6 Single wire measurement 
 

Microelectrodes were fabricated via photolithography on a Si/SiO2 wafer 
with 300 nm of SiO2 layer followed by thermal evaporation of 5 nm of Cr and 90 
nm of Au. A few drops of the dispersion were deposited on the microelectrode 
array. After a few seconds for the nanowires to settle, the wafer was tilted and the 
excess droplet was removed and blown dry by gently flowing nitrogen over the 
surface with a pressurized nitrogen gun. Measurements were carried out on freshly 
prepared samples using a Lakeshore semiconductor probe station under ambient 
conditions.  
 
4.4 Chemical characterization of phenyl/amine-capped tetraaniline (Ph/NH2 
TANI) 

The Ph/NH2 TANI oligomer displayed FT-IR signals that are characteristic 
to polyaniline and many other aniline oligomers (Figure 4.2).21–23 The characteristic 
peaks include the quinoid C=C stretching at around 1587 cm-1, the benzoid C=C 
stretching at 1494 cm-1, the C-N stretching of secondary aromatic amines at 1293 
cm-1, and the aromatic C-H out-of-plane bending at 831 and 744 cm-1. A notable 
strong N-H stretching signal is present at 3372 cm-1, which can be attributed to 
TANI’s secondary amines, as well as the terminal primary amine groups. Although 
the sample was vacuum dried before analysis, there is still a trace amount of water 
which appears as a broad peak from the O-H stretching at 3324 cm-1. 
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Figure 4.2. FT-IR spectrum with peak assignments of phenyl/amine-capped TANI.  

 

4.5 Results and discussion  

4.5.1 Conceptual demonstration  

The rationale behind this project is the following. (1) The difficulty in 

crystallizing CPs, especially for unmodified CPs such as PANI, lies in their rich free 

energy landscape and the entropic barriers for chain rearrangement from 

disordered to ordered states. (2) Unlike CPs such as PANI, their oligomers such 

as TANI can easily crystallize into single crystals.19,24 This is because the free 

energy barrier for forming long-range order for oligomers is significantly lower than 

polymers owing to the short chain length of oligomers. (3) Oligomers and the 

parent polymers share the same chemical repeating units (e.g., TANI vs. PANI, 

shown in Figure 4.3a-b), so the intermolecular interactions between them would 

be identical to those between adjacent oligomers or adjacent polymer chains. 

Combining these rationales, we hypothesized that adding a small amount of 

oligomers to the crystallization of the parent polymers may decrease the free 

energy barrier for “straightening out” the polymer chains and facilitating their 

packing in a similar manner to the oligomers.  
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Figure 4.3. Chemical structures of (a) tetraaniline and (b) polyaniline. (c) 

Schematic diagram showing the mechanism behind TANI-assisted PANI 

assembly. 

 

To probe this hypothesis, we mixed 20% of TANI into PANI, both in the 

dedoped, emeraldine base (EB) oxidation state, and added the mixture to a self-

assembly solvent environment comprised of a 1:4 mixture of THF and 0.1 M HClO4 

(aq.). The mixture is left undisturbed to self-assemble over the course of 5 days. 

Prior to self-assembly, the as-used PANI powder in the EB form has a low aspect-

ratio nanofibrous morphology (Figure 4.4c), and the TANI EB powder has an 

irregularly shaped, agglomerated morphology (Figure 4.11a). When TANI by itself 

is subjected to the self-assembly solvent environment, rigid and crystalline 

nanowires are obtained (Figure 4.4b), consistent with our previous findings. With 

the solid composition comprised of 80% PANI and 20% TANI, high aspect ratio, 

nonwoven nanowires are obtained (Figure 4.4c). The self-assembly process can 

be seen visually: the initial dark blue powder that settles at the bottom of the vial 

gradually turns green, indicative of TANI and/or PANI transitioning into the doped 

emeraldine salt (ES) form. The mixture slowly migrates into the surrounding 

medium through the self-assembly process, giving the precipitate a fluffy 

appearance. Upon purification via dialysis against deionized water, a stable 

dispersion can be formed by simple agitation (Figure 4.4f). The resulting nanowires 

are typically tens of microns long with an average diameter of 20-30 nm 

(Figure 4.7). (SAED) of these nanowires shows weak scattering arcs along the 

wire long axis, suggesting the preferential orientation of chains (Figure 4.5). The 

scattering arcs correspond to a d-spacing of 0.36 nm, characteristic to the 

intermolecular distance of π-π stacking along the [010] direction.4 This finding 
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indicates that π-π stacking could be a main driving force for the self-assembly of 

TANI/PANI, leading the nanowires to preferentially grow along this direction. 

Hydrogen bonding between amine groups has also likely aided in stabilizing the 

packing arrangement. We thereafter refer to these crystalline nanostructures as 

tetraaniline-assisted self-assembled polyaniline, abbreviated as TAS-PANI. 

 

Figure 4.4. SEM images of (a) PANI nanofibers, (b) TANI nanowires, (c) self-

assembled high aspect ratio PANI nanofibers containing 20% TANI (TAS-PANI). 

(d) TEM image of TAS-PANI. (e) TAS-PANI after acetone wash to remove TANI. (f) 

Photograph showing an aqueous dispersion of TAS-PANI. 

 

Figure 4.5. (a) Selected area electron diffraction (SAED) pattern and (b) the 

corresponding TEM image for self-assembled TAS-PANI-NF (PANI NF with 20% 

TANI). The packing diagram in Figure 4.3c is schematized based on the SAED 

data here. The scattering arcs have a spacing of 0.36 nm, corresponding to π-π 

stacking, indicating that TANI and PANI interact and assemble perpendicular to the 

long axis of the nanowires through π-π stacking. The weak scattering arcs indicate 
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that the degree of order is likely not strong. However, polymeric materials are 

sensitive to electron beams, so a certain level of beam damage may have also led 

to the weak scattering.  

 

4.5.2 Mechanistic understanding  

To understand the role of TANI in assisting the self-assembly of PANI, we 

soaked the isolated TAS-PANI nanowires in a copious amount of acetone 

overnight. TANI is soluble in acetone, but PANI has no solubility in it due to the 

significantly higher molecular weight. Therefore, the acetone wash would 

selectively remove the TANI component and leave behind PANI. Transmission 

electron microscopy (TEM) shows that the pristine TAS-PANI exhibits a solid 

interior (Figure 4.4d). However, a thin cavity can be clearly observed under TEM 

for the TAS-PANI nanowires after the solvent wash (Figure 4.4e). This result 

indicates that the small amount of TANI molecules likely first assemble into a 

crystalline core due to their propensity to crystallize (Figure 4.3c). PANI does not 

self-assemble in the absence of TANI (Figure 4.6i). Subsequently, due to the 

structural similarity between TANI and PANI, the disordered PANI chains would 

interact with the ordered TANI core, leading PANI chains to assemble along the 

same preferential stacking direction of TANI (Figure 4.3c).  

With these experimental insights, the following self-assembly mechanism is 

unearthed. Neither TANI nor PANI is soluble in aqueous acidic solutions, but both 

can be doped in this environment. In the dedoped EB form, TANI is highly soluble 

whereas PANI is moderately soluble in polar organic solvents such as THF. 

Therefore, the solvent mixture used here offers partial solubility for PANI EB and 

TANI EB, which is generally considered a desirable condition for crystallization via 

self-assembly.25 At the same time, the HClO4 acid in the solvent mixture can dope 

PANI and TANI into their emeraldine salt (ES) forms, which have no and limited 

solubility in THF, respectively, and no solubility in water. Therefore, both PANI and 

TANI gradually lose solubility in the solvent mixture as increasing portions of them 

get protonated into the ES states, leading to interchain association due to 

solvophobic effects.  

Due to the different solubilities of TANI and PANI in the EB states in the 

solvent mixture, there is likely a difference in the degree or rate of solvation and 

self-assembly, making the assembly of TANI and PANI sequential rather than 

concurrent. TANI has higher solubility in THF than PANI, so the 20% THF in the 

solvent mixture would first solvate mostly TANI. Once the TANI molecules are 

brought into the solvent mixture, they would get doped by the HClO4 acid and 

transition into the protonated ES form that has marginal solubility in THF/water 

mixtures. Therefore, supersaturation is quickly reached, causing the TANI 



124 
 

molecules to aggregate through solvophobic, π-π, electrostatic, and hydrogen 

bonding interactions to minimize their interaction with solvent molecules.4,19,26 

Ordered TANI cores are therefore formed and subsequently serve as nucleation 

centers for PANI assembly. Due to the lower solubility of PANI in THF, the same 

solvation-doping-precipitation-aggregation process occurs at a slower rate for 

PANI than that of TANI. As doped PANI chains are precipitated out from the solvent 

mixture, it is more energetically favourable for them to adhere to the existing 

heterogeneous nucleation centres of TANI “seed crystals” than spontaneously 

forming new homogenous nucleation centres. Therefore, PANI assembles around 

the TANI core. The π-π and other noncovalent interactions between the chemically 

identical oligomer and polymer leads PANI to adopt an extended chain 

conformation, facilitating PANI to stack along the same [010] long axis as TANI, 

leading to 1D nanowires with preferential ordering. We found that using other polar 

organic solvents such as dimethyl sulfoxide (DMSO) or other acids such as diluted 

nitric acid also leads to similar results (Figures 4.8 and 4.9). This proposed 

mechanism is analogous to that behind crystallization by self-seeding. Self-

seeding is mostly used in the molten state for soft chain polymers such as 

polyethylene,27 but has been applied to creating single crystals of 

poly(3-hexylthiophene) (P3HT) from its solution.28 This process takes advantage 

of the slightly different solubility of amorphous versus crystalline domains of the 

same polymer in marginal solvents at elevated temperatures. When the solution is 

heated to such a temperature, the disordered domains of P3HT would dissolve in 

the solvent, but the highly ordered crystallites would remain intact because the 

ordered, tight packing makes solvent diffusion more difficult. Therefore, these 

undissolved crystallites serve as heterogeneous nucleation sites for crystal growth 

upon the cooling of the solution, leading to controlled growth of crystals. While 

mechanistically similar, our oligomer-assisted approach is conceptually and 

experimentally different. The addition of predetermined percentage of 

monodispersed oligomers allows our process to create such heterogeneous 

nucleation sites at room temperature using mostly water, an environmentally 

friendly solvent, and incorporate the dopant acid in the crystallization process. This 

is particularly useful for unmodified CPs like PANI or PEDOT because of their low 

solubility in common solvents.  
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Figure 4.6. (a)-(i) SEM images of TANI and TAS-PANI self-assembled at different 

TANI:PANI ratio in a solvent mixture of 20% THF and 80% 0.1 M HClO4. (j)-(l) 

Schematic diagrams illustrating the proposed mechanism behind the relationship 

between TANI:PANI ratio and the packing order. 
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Figure 4.7. Diameter analysis of TAS-PANI self-assembled at different TANI:PANI 

ratios (Figure 4.6). Samples corresponding to TANI:PANI ratios of 9:1 

(Figure 4.6b), 1:9 (Figure 4.6h), and 0:10 (Figure 4.6i) exhibit agglomerated 

morphology, so their diameter analyses are not included here.  

 

To further understand the self-assembly mechanism, we systematically 

varied the ratio between TANI and PANI in the self-assembly process. We 

anticipated that a higher percentage of TANI would lead to better-defined 

structures due to TANI’s high propensity to crystallize. To our surprise, the system 

with the highest TANI content (90% TANI and 10% PANI) only leads to irregularly 

shaped agglomerates (Figure 4.6b). The morphology of the nanowires gradually 

become better-defined as the PANI content is increased, with the 4:6 and 2:8 
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TANI:PANI ratio leading to morphologies that are the most well-defined 

(Figure 4.6f-g). Further increasing the PANI content to 90% generates 

agglomerates and poorly defined structures again (Figure 4.6h). The same trend 

is observed in TAS-PANI systems using other organic/acidic aqueous solvent 

combinations (Figures 4.8 and 4.9).  

 

Figure 4.8. SEM images of TANI and TAS-PANI-NF self-assemble at different 

TANI:PANI ratio in a solvent mixture of 20% DMSO and 80% 0.1 M HClO4. 

 

All TANI

TANI:PANI = 8:2

TANI:PANI = 6:4

TANI:PANI = 9:1

TANI:PANI = 4:6 TANI:PANI = 2:8

TANI:PANI = 5:5
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Figure 4.9. SEM images of TANI and TAS-PANI-NF self-assemble at different 

TANI:PANI ratio in a solvent mixture of 20% ethanol and 80% 0.1 M HClO4. 

 

Based on these observations, we conjecture that when there is a low 

concentration of PANI and a high concentration of TANI (e.g., 9:1 TANI:PANI ratio, 

Figure 4.6b), PANI serves as “impurities” that drastically increases the 

All TANI
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polydispersity of TANI, thus disrupting the packing of TANI, leading to disordered 

structures with no defined supramolecular morphology (Figure 4.6k). On the 

contrary, when PANI content is beyond a certain concentration (i.e., beyond 50%), 

PANI becomes the major phase rather than impurities to TANI, which allows TANI 

to self-assemble into the “seed crystals” through the aforementioned mechanism, 

facilitating the ordered assembly of PANI (Figure 4.6l). Furthermore, it is possible 

that in addition to TANI cores serving as heterogeneous nucleation sites for PANI 

assembly, TANI is playing a more direct role in “straightening out” PANI chains. 

Unlike TANI, which can easily rotate and adopt to lattice sites, the doped PANI 

chains have to overcome a cascade of free energy barriers such as 

disentanglements and intramolecular interactions in order to transition to an 

extended chain conformation to form crystals.4,5 With the addition of a small 

amount of TANI, some of the TANI molecules that are still in solution can interact 

with PANI through π-π and other noncovalent interactions. This interaction 

essentially “dilutes” the PANI chains, shielding them from intramolecular 

interactions, leading to a more expanded chain conformation through 

disentanglement. The TANI-decorated segments of PANI would also lead the 

resulting complexes to become more rigid than PANI due to the increased 

segmental rigidity and diameter of the complexes. In fact, in examining the TEM 

images of TAS-PANI nanowires made using a 2:8 TANI:PANI ratio that have been 

washed with acetone post-assembly (Figure 4.4e), the diameter ratio between the 

cavity left by the removal of TANI to the remaining PANI shell is about 1:8, 

supporting our proposed mechanism that some of the TANI forms the nucleation 

centre, while some other TANI molecules “solubilize” the PANI chains and may 

have been co-crystallized with PANI in the nanowire shells, facilitating their ordered 

packing. This mechanism is analogous to work in parallel fields such as using 

graphene oxide to disperse carbon nanotubes (CNT) or surfactants to induce the 

assembly of molecular semiconductors.29,30 However, unlike these studies, no 

impurity is introduced in our system due to structure identicality between TANI and 

PANI.  

The most well-defined nanowires with the highest aspect ratios are obtained 

with TANI:PANI ratios of 4:6 and 2:8 (Figure 4.6f-g). Since the goal of this project 

is to use TANI to assist the crystallization of PANI, we use the 2:8 TANI:PANI ratio 

for the subsequent studies to maximize the PANI content in the system.  

4.5.3 TANI-assisted crystallization of PANI with defined molecular weights  

Compared to other methods, such as vapor phase polymerization, that can 

generate crystalline structures for unmodified CPs,15–17 the most significant 

advantage of using self-assembly to achieve crystalline structures is that we can 

separately control the chemical properties and the degree of crystallinity of the 

polymers. The former can be controlled through synthesis, whereas the latter can 
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be tuned by the assembly or crystallization process. As a proof-of-concept, we 

choose molecular weight (MW) as an example of chemical property.  

PANI with relatively well-defined weight average molecular weight (MW) of 

5,000, 10,000, 20,000, 50,000, 65,000, and 100,000 Da are commercially 

available in the EB form. Subjecting them to the self-assembly process with the 

same solvent environment in the absence of TANI only yields large, irregularly 

shaped agglomerates (Figure 4.11, insets to Figure 4.10). However, when 20% of 

TANI is incorporated into the system, PANI of all six MW self-assemble into well-

defined 1D nanostructures (Figure 4.10). These TANI-assisted self-assembled 

nanostructures are abbreviated as TAS-PANI-5k, TAS-PANI-10k, TAS-PANI-20k, 

TAS-PANI-50k, TAS-PANI-65k, and TAS-PANI-100k, with the last component in the 

acronym indicating the average MW of PANI.  

 

Figure 4.10. SEM images of 20% TANI-assisted self-assembled nanostructures of 

PANI with defined molecular weight: (a) 5,000 Da, (b) 10,000 Da, (c) 20,000 Da, 

(d) 50,000 Da, (e) 65,000 Da, (f) 100,000 Da. The inset to each SEM shows PANI 

of the same molecular weight subjected to identical self-assembly environment in 

the absence of TANI. The scale bars in the insets are 1 μm. 
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Figure 4.11. SEM images of TANI and PANI with various molecular weights in the 

as-synthesized (TANI) or as-purchased (PANI) forms vs. after self-assembly in a 

solvent mixture of either 20% THF and 80% water (the undoped columns) or 20% 

THF and 80% 0.1 M HClO4 (the doped columns).  
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Figure 4.12. Diameter analysis of 20% TANI-assisted self-assembled 

nanostructures of PANI with defined molecular weight (Figure 4.10): (a) 5,000 Da, 

(b) 10,000 Da, (c) 20,000 Da, (d) 50,000 Da, (e) 65,000 Da, (f) 100,000 Da.  

 

To better understand the correlation between the MW of PANI and 

crystallinity of the nanostructures, SAED was performed on each sample 

(Figure 4.13). CPs are known to be electron-beam sensitive and typically suffer 

from heating damage during SAED collection.31,32 Doped CPs such as PANI in this 

study are positively charged, making them additionally prone to ionization damage 

from the negatively charged electron beam. Such radiation damage would cause 

bond breakage, which in turn result in radical formation and loss of packing 

periodicity.31,32 Unsurprisingly, our initial attempts in collecting SAED on the 

TAS-PANI samples under ambient conditions did not generate any diffraction 

patterns. To overcome electron beam damage, cryogenic condition was employed 
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in combination with low dose exposure in the imaging and diffraction of TAS-PANI 

nanostructures of all molecular weights. The samples remain beam sensitive under 

such conditions, but the diffraction pattern would last for a few seconds before 

gradually fading away, which is sufficient for data collection.  

 

Figure 4.13. Select area electron diffraction (SAED) patterns of 20% TANI-assisted 

self-assembled nanostructures of PANI with defined molecular weight: (a) 5,000 

Da, (b) 10,000 Da, (c) 20,000 Da, (d) 50,000 Da, (e) 65,000 Da, (f) 100,000 Da. 

These patterns are collected under cryogenic conditions. The inset to each SAED 

shows the TEM image of the nanoribbon/nanowire that corresponds to the SAED. 

 

Comparison of the SAED patterns to their corresponding bright-field TEM 

images in the insets reveals that the preferential crystal growth direction, 

regardless of PANI MW, is always along the [010] direction, indicating that the 

growth rate is the fastest along this facet. The spacing along [010] corresponds to 

π-π stacking,24Error! Bookmark not defined. suggesting that the π-π interaction between 

the repeating aniline units is likely a main mechanism in driving the self-assembly 

process. The π-π stacking distance increases slightly from 0.36 to 0.37 nm with 

increasing PANI MW, likely due to the increasing entropic barriers to rearrange 

longer polymer chains, thus making the intermolecular packing less efficient. Most 

notably, clearly defined Bragg diffraction spots along both the (010) and (001) 

planes are observed in the SAED pattern for the TAS-PANI-5k nanoribbons, 

indicating that they are single crystalline with consistent and regular packing 

conformation (Figure 4.13a). SAED patterns collected over larger areas containing 
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multiple TAS-PANI-5k nanoribbons show spotty ring patterns (Figure 4.14), which 

is a result of overlapping Bragg spot patterns in various orientations. This further 

confirms the single crystalline nature of the TAS-PANI-5k nanoribbons. The d-

spacing between the (00l) planes is 1.89 nm, corresponding to the approximate 

length of 4 repetitions of aniline units along the PANI backbone.20 The systematic 

odd absences along the (00l) planes are consistent with glide symmetry, which 

indicates a possible alternating packing arrangement of the repeating units.  

 

Figure 4.14. Select area electron diffraction (SAED) patterns of clusters of TAS-

PANI-5k nanoribbon from different areas and samples. Insets show the 

corresponding TEM images. Scale bar = 500 nm. The SAED for a single TAS-

PANI-5k nanoribbon is shown in Figure 4.13a, which indicates that these 

nanoribbons are single crystals. Similar results are obtained for over ten 

nanoribbons across multiple samples. To further confirm the representativeness of 

such results, we collected SAED patterns over large areas that contain multiple 

overlapping TAS-PANI-5k nanoribbons (insets in this figure). In all these SAED 

patterns, spotty rings are observed, which are results of the overlapping diffraction 

patterns of individual nanostructures. The discrete diffraction spots in these 

patterns confirm that a very high percentage, if not all, of the TAS-PANI-5k 

nanoribbons are single crystalline.  

 

With increasing PANI MW, the SAED patterns gradually transition from 

Bragg diffraction spots to diffraction arcs, indicative of preferential orientation of 

polymer chains.4,5 For TAS-PANI-10k, Bragg diffraction spots for (010) are still  

present, but the intensity is streaked between the adjacent spots, indicating some 

degree of disorder in an otherwise well-packed crystal. As the PANI MW is 

increased to 20,000 Da, spotty arcs are observed, suggesting that packing within 

TAS-PANI-20k is less ordered than the 10k counterpart. An increase in π-π 

stacking spacing from 0.36 to 0.37 nm along (010) is also observed between the 

MW weight transition here, further corroborating the decreasing degree of packing 

order. With additional increase in PANI MW to 50k or beyond, only diffraction arcs 
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are observed (Figure 4.13d-f). These results indicate a decrease in crystallinity of 

these nanostructures compared to the lower MW PANI counterparts. However, 

these sharp arcs reveal a high degree of long range, preferential orientation of the 

repeating aniline units along the π-π stacking direction that forms the crystal long 

axis. The decrease in crystallinity with increasing PANI MW is consistent with the 

general finding that the free energy barrier to reorganizing the conformations of 

polymer chain into ordered states increases with increasing polymer MW.33  

In addition to packing orientation and degree of crystallinity, previous 

studies have suggested that the diameters of well-ordered polymer crystals can be 

additional indications of chain conformation such as fully extended or folded. TAS-

PANI-5k forms well-defined nanoribbons with an average diameter around 200 nm, 

whereas the other samples with a PANI MW of 10k, 20k, 50k, 65k, and 100k Da 

form nanowires with average diameter of around 25, 33, 90, 50, and 50 nm, 

respectively (Figure 4.12). Previous studies on the CP crystallization have noted a 

relationship between CP MW and crystal diameter.33 A fully extended PANI chain 

of 5k Da would be approximately 20-25 nm in length,34,35 which is significantly 

smaller than 200 nm, meaning the nanoribbons are comprised of many PANI 

chains along the width direction. Interestingly, earlier work has shown that lower 

MW P3HT (i.e., 6k Da) have fully extended chains in their crystals, and nanofibers 

with diameter consistent with the length of the P3HT chains would transform into 

nanoribbons, likely to minimize surface energy.33 Previous studies on the crystal 

packing of oligoanilines has shown similar results possibly due to Oswald 

ripening.24 It was found that the higher order structures are formed from the 

merging of smaller structures, i.e., nanoplates are the result of merged stacks of 

nanoribbons, and nanoribbons are the result of merged parallel arrays of 

nanowires. The nanowire diameter for TAS-PANI with PANI MW between 10k and 

100k Da are significantly smaller than the length of fully extended polymer chains, 

indicating the presence of chain folding in the nanowires. It is interesting that TAS-

PANI-65k and TAS-PANI-100k exhibit smaller diameter than the TAS-PANI-50k 

counterpart. This could suggest that PANI chains of higher MW folds more,33 likely 

due to the higher entropic barriers associated with “straightening out” longer 

chains, which typically have more entanglements and intramolecular interactions 

over extended distances.36  

4.5.4 Spectroscopic and electrical characterization  

To gain further insights into the effect of crystallographic ordering on the 

relationship between chain conformation and conductivity of the TAS-PANI 

nanowires, UV-vis-near infrared (NIR) spectroscopy was employed. Figure 4.15a 

shows the solution UV-vis-NIR spectra of TANI and PANI of various MW subjected 

to the same self-assembly environment as TAS-PANI, whereas Figure 4.15b 

shows those for the TAS-PANI nanowire dispersions. Three peaks centred at 
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around 280 nm, 470 nm, and 780 nm can be observed in both collections of 

spectra, characteristic of doped polyaniline or oligoaniline.19,37 The 280 nm peak 

can be assigned to the π→π* transition, the 470 nm peak to the polaron→π* 

transition, and the 780 nm peak to the π→polaron transition.19,37 The 780 peak for 

all the PANI-containing samples in both collections of spectra is highly 

asymmetrical and steadily increases into the NIR region, indicative of expanded 

PANI chain conformation and more ordered interchain packing.37,38 The intensity 

of the free carrier tail is associated with the delocalization of the polaron band, 

making it spread across the gap between the π and polaron bands33,34 As a result, 

a decrease in intensity of the 280 nm peak typically accompanies the formation of 

the free carrier tail. Note that oligoanilines such as TANI do not exhibit free carrier 

tails despite the relative chain linearity and high crystallographic order because its 

chain length is not sufficiently long for extensive charge delocalization along the 

backbone to occur.Error! Bookmark not defined.  

 

Figure 4.15. UV-vis-NIR spectra of (a) self-assembled TANI and PANI of different 

molecular weights, and (b) TAS-PANI of different PANI molecular weights. (c) The 

absorbance peak ratio between the ca. 1300 nm free-carrier tail and the ca. 280 

nm π → π* transition for TAS-PANI with different PANI molecular weights, 

extracted from the spectra in (a) and (b). (d) Current-voltage curve of a two-probe, 

single nanowire device of TAS-PANI-5k. Inset shows the SEM image of a 

representative device. 
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For the control experiments of PANI with various MW subjected to the same 

self-assembly environment as TAS-PANI (Figure 4.15a), despite the presence of 

the free-carrier tail, the 280 nm peak that corresponds to the π→π* transition 

exhibits high intensity for all PANI MW. As a result, the absorbance ratio between 

the 1300 nm free-carrier tail and the 280 nm peaks is around or below 1 for all 

these samples (Figure 4.15c), indicating a high degree of compact coil chain 

conformation and strong aggregation.19,34 This result is consistent with the SEM 

observations for these samples where only agglomerates are observed (Figure 

4.11). The results here suggest that the self-assembly solvent environment alone 

is effective in doping PANI and partially expanding some coil conformation; 

however, the extent of such functions is limited and most of the chains remain in 

the highly coiled and aggregated state.  

In contrast, the 280 nm peak associated with π→π* transition in the TAS-

PANI samples show significantly decreased intensity compared to the other peaks. 

This decrease is accompanied by an increase in the intensity of the 1300 nm free-

carrier tail peaks (Figure 4.15b). The collective effect of these changes in 

intensities is the significantly higher absorbance ratios between the 1300 nm and 

the 280 nm peaks (Figure 4.15c), confirming the nature of expanded chain 

conformation in TAS-PANI, which leads to the delocalization of the polaron band 

and thus charges.38,39 This “straightening out” of the PANI chain conformation 

facilitates ordered interchain packing, and thus leads to crystallization of the PANI 

chains in the TAS-PANI nanowires (Figures 4.10, 4.13). In particular, TAS-PANI 

with the lowest MW, 5000 Da, exhibits a very intense free carrier tail, leading to a 

1300-to-280 nm peak ratio of over 12, suggesting a high degree of chain linearity 

and hence interchain ordering. This is consistent with the SAED data of TAS-PANI-

5k, which shows discrete diffraction spots, indicative of the single crystalline nature 

of these nanowires (Figure 4.13a). As the PANI MW increases, the free-carrier tail 

weakens consistently. This is not only reflected by the gradually decreasing ratios 

between the 1300-to-280 nm peaks (Figure 4.15c), but also the more obvious 

appearance of the localized 780 nm peak from TANI in the UV-vis-NIR spectra of 

TAS-PANI with PANI MW above 20,000 Da (Figure 4.15b). However, even with the 

highest MW PANI of 100,000 Da, a 1300-to-280 nm peak ratio of 1.5 is obtained, 

significantly higher than the counterparts without TANI (Figure 4.15c), illustrating 

the effectiveness of TANI in shaping PANI into more extended chain conformation, 

promoting their preferential ordering (Figure 4.13f).  

The presence of a steadily increasing free-carrier tail in the NIR region is 

characteristic of highly conductive polymers with expanded chain conformation. It 

has been shown that a strong free-carrier tail is typically associated with metallic 

materials40 and correlates directly with high conductivity in conducting polymers. 
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Hence, the UV-vis-NIR results (Figure 4.15b) qualitatively suggest that the TAS-

PANI nanowires have high conductivity.  

Bulk conductivity measurements such as those based on casted films or 

pressed pellets do not offer meaningful assessment of the conductivity of 

crystalline nanostructures because the values are more reflective of the high 

contact resistance between the numerous nanostructure-nanostructure junctions 

rather than the intrinsic conductivity of the nanostructures.19,41 Therefore, we 

attempted single wire measurements for the TAS-PANI nanostructures by 

depositing them across two-contact microelectrodes with a gap size of 2-5 μm. 

Due to the tangled, web-like structure of the TAS-PANI nanowires with PANI MW 

between 10,000 and 100,000 Da (Figure 4.10b-f), it was challenging to isolate 

enough of these MWs for reproducible measurements. However, the straight 

nanoribbon morphology of TAS-PANI-5k allowed us to isolate over 10 nanoribbons 

and bridge them across bottom-contact, Cr/Au microelectrodes for current-voltage 

(I-V) measurements.  

Figure 4.15d shows a representative I-V curve, with the SEM image of a 

representative device shown in the inset. The linearity of the I-V curve indicates 

ohmic contact between the nanoribbons and the microelectrodes. Conductivity 

values ranging from 4.3 to 19.5 S/cm are obtained from these devices. Given the 

very intense free carrier tail observed in the UV-vis-NIR spectra, the conductivity 

values of the TAS-PANI-5k nanoribbons are likely much higher than our results 

indicate here. The apparent conductivity from our measurements is limited by the 

following factors: (1) The short length of the nanoribbons only allowed us to carry 

out 2-point probe measurements rather than 4-point probe measurements, 

meaning the measured resistance values include contributions from contact 

resistance. (2) These are bottom-contact devices, meaning the contact quality 

between the nanostructures and the electrodes are not optimal. Solvents or other 

impurities are often trapped between the sample and electrodes, impeding charge 

transport. Potentially fabricating top-contact devices may solve this issue, but such 

feats are challenging given the small nanoribbon size and conducting polymers’ 

high sensitivity to the processing conditions required for lithography. These factors 

revolving around contact quality have likely also resulted in the spread of the 

measured conductivity values across the 4.3 to 19.5 S/cm range. Since the focus 

of this work is on demonstrating a new concept in crystallizing conjugated 

polymers, not on device optimization, we reserve more elaborate measurements 

for future studies.  

Despite the likely underestimation of the conductivity of TAS-PANI, it is 

worth emphasizing that these values are much higher than typical PANI processed 

from water, which generally has a conductivity around 1 S/cm.42 Similarly intense 

free carrier tails from UV-vis-NIR and conductivity on the order of 101 S/cm or 
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above typically require large dopant acids such as camphorsulfonic acid in 

combination with harsh and toxic “secondary dopant” processing solvents like m-

cresol,38,39 which are undesirable and not compatible with flexible or stretchable 

substrates required for next-generation organic electronics.  

 

4.6 Conclusions and Outlooks 

In summary, we have developed a simple, one-step self-assembly method 

towards highly crystalline PANI nanostructures with the assistance of a small 

amount of the corresponding, monodispersed oligomers such as tetraaniline. 

Since TANI and PANI share the same repeating units and are both electroactive, 

no impurities are introduced into the material through this process. Because the 

synthetic component that controls the chemical structures and the self-assembly 

process that dictates morphology and crystal packing are decoupled into separate 

steps in this approach, it can be applied to pre-made PANI with well-defined 

properties such as molecular weights, leading to their single crystals or crystals 

with preferential chain orientation. The presence of very strong free carrier tails in 

their UV-vis-NIR spectra indicate these materials are likely highly conductive.  

The broader impact of this work lies in its simplicity and potential generality. 

The new concept demonstrated here is likely generally applicable to many other 

CPs or other polymers because oligomers of well-defined numbers of repeating 

units can be synthesized for each parent polymer. For the self-assembly of PANI, 

our preliminary results show that aniline dimer, which can also readily self-

assemble into crystalline nanostructures, can play a similar role as TANI in 

assisting the self-assembly of PANI into ordered structures (Figure 4.16). This 

insight reveals that a variety of oligomers with different numbers of repeating units 

can potentially be used to induce the crystallization of their parent polymers, which 

will be the topic of a future study. Furthermore, being able to grow highly crystalline 

structures from a mostly aqueous solvent is environmentally friendly. Finally, even 

though this work focuses on crystalline nanostructures, we conjecture that the 

concept of oligomer-induced crystallization of the parent polymer can likely be 

extended to increasing the crystallinity of polymer thin films as well, potentially 

leading to enhanced performance in thin film electronics.  
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Figure 4.16. PANI-NF assembled with the assistance of aniline dimer. (a) and (b) 

SEM images of the assembled structure with a 60% PANI and 40% aniline dimer 

composition. (c) and (d) SEM images of the assembled structure with an 80% 

PANI and 20% aniline dimer composition.  
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4.7 Appendix 

Table 4.1. Abbreviations 

PANI Polyaniline  

TANI Tetraaniline  

TAS-PANI Tetraaniline-assisted self-assembled polyaniline 

TAS-PANI-5k Tetraaniline-assisted self-assembled polyaniline (MW ~ 5k 

Da) 

TAS-PANI-10k Tetraaniline-assisted self-assembled polyaniline (MW ~ 10k 

Da) 

TAS-PANI-20k Tetraaniline-assisted self-assembled polyaniline (MW ~ 20k 

Da) 

TAS-PANI-50k Tetraaniline-assisted self-assembled polyaniline (MW ~ 50k 

Da) 

TAS-PANI-65k Tetraaniline-assisted self-assembled polyaniline (MW ~ 65k 

Da) 

TAS-PANI-100k Tetraaniline-assisted self-assembled polyaniline (MW ~ 100k 

Da) 
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Chapter 5 

Synthesis of modified PAMPSA for rate-adaptive 

polymers  

 

 

5.1 Introduction 

In a previous project, we designed an electrically conductive polymeric 

material with increasing toughness at higher strain rates, in contrast to that of 

classic viscoelastic material behavior.1 Additionally, we investigated the 

fundamental structure-property relationships that give rise to this behavior. In our 

investigation, we found that the hydrogen bonding of one of its main polymeric 

components, poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPSA), 

plays a crucial role in this strain rate-adaptive behavior. In this material,  negatively 

charged side chains of PAMPSA act as a doping agent and polymerization 

template for the conductive polymer polyaniline (PANI) to form a solvophilic 

PANI:PAMPSA micelle.2–4 However, our investigation into the effect of hydrogen 

bonding was limited, as we only used PAMPSA as the hydrogen bonding polymer. 

Additionally, there were limited molecular weights of commercially available 

PAMPSA, limiting our investigation of the effect of polymer size on the mechanical 

properties.  

We set out to synthesize the materials needed to bridge this knowledge gap. 

To help with investigating hydrogen bonding strength, AMPSA-based polymers of 

varying hydrogen bonding strength were synthesized, one with no hydrogen 

bonding (methylated AMPSA or MAMPSA) and two versions of stronger hydrogen 

bonding than PAMPSA (urea and squaramide monomers),5–7 which are depicted 

in Scheme 5.1. Additionally, we used two different polymerization methods to 

control the molecular weight of polymers formed from these monomers. Finally, we 

demonstrated the successful synthesis of polyaniline with one of these polymers, 

which is a key component of our conductive, strain-rate adaptive material. 
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Scheme 5.1. AMPSA monomer and AMPSA monomer variants with different 

hydrogen bonding strengths. 

 

5.2 MAMPSA Synthesis 

5.2.1 Synthesis Procedure 

Themethylated AMPSA procedure was developed in our lab. To a flame 

dried 1000 mL round bottom flask, sodium hydride (NaH) was added, followed by 

50 mL dry N,N-dimethylformamide (DMF) under N2 flow. In flame-dried glassware, 

AMPSA was dissolved in 50 mL of dry DMF and transfer to a flame-dried addition 

funnel. The flask was placed on ice and  AMPSA mixture was added dropwise via 

the addition funnel under N2 to ensure that the reaction did not get out of control. 

Three equivalents of MeI was added to the reaction. Upon complete addition, the 

mixture was allowed to stir overnight at room temperature. The next morning, the 

reaction was checked using 1H NMR to determine if all AMPSA had reacted, and 

additional NaH and MeI was added as needed. When complete, the mixture was 

carefully quenched by the slow, dropwise, addition of 25 mL of saturated NaHCO3 

to quench any leftover NaH. Then the mixture was evaporated to dryness in vacuo 

on the rotovap (bath temperature at 50-60 °C). The dried mixture was diluted with 

hexane to help precipitation. The solid was filtered and washed thoroughly with 

hexanes and diethyl ether. The precipitate was transferred to an Erlenmeyer flask 

and MAMPSA was extracted with acetone. The solids were filtered and extract 

again with acetone until the fractions no longer contained MAMPSA as determined 

via thin layer chromatography (TLC). The acetone extracts were pooled and 

concentrated in vacuo to yield a crude residue. To remove some of the NaI, the 

residue was dispersed in dichloromethane to precipitate NaI as a white solid, and 

filtered to collect dissolved MAMPSA. The crude product was extracted by filtering 
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over a large plug of silica eluting with a gradient of hexane to acetone (or can use 

acetonitrile) to 10% methanol in acetone. MAMPSA was passed through the silica 

plug again to remove remaining yellow impurities, then dry in vacuo. The product 

was dissolved in water, then filtered first through several 1 μm filters, then a 0.2 

μm filter to remove dust and silica impurities.   

 

 

Scheme 5.2. Reaction scheme for the amide methylation of AMPSA monomer. 

 

Reagent 
MW 

(g/mol) 
eq. mmol 

mass 
(g) 

vol 
(mL) 

Density 
(g/mol) 

AMPSA 207.24 1 144.6 30     

NaH 24 3 433.8 10.38     

MeI 141.94 3 433.8 61.8 27 2.28 

DMF         200   

 

Table 5.1. Reaction quantities for AMPSA methylation reaction. 

 

5.2.2 Results and Discussion 

A large-scale reaction was performed using 30 g of AMPSA starting 

material. Not all AMPSA converted to MAMPSA, so an additional three equivalents 

of NaH and MeI were required, then an additional six equivalents of MeI to convert 

all AMPSA in the reaction, which was monitored using 1H NMR (Figure 5.1). After 

performing the required steps of quenching, drying, washing, and extracting the 

MAMPSA product with acetone, the next step was to remove the NaI with a silica 

plug, which is a short version of column chromatography for separating molecules 

with a high Rf difference. However, we first believed that removing the very large 

amount of NaI with the silica plug was not feasible, so an extra step was taken to 

remove excess MeI by mixing the product with dichloromethane, resulting in NaI 

precipitation (Figure 5.2), which was removed by filtering the dissolved component. 

This step was found to not be necessary, and was omitted from the procedure in 

Section 5.2.1. Not all NaI was removed, but the removed precipitate contained no 

MAMPSA, based on TLC analysis (Figure 5.3). The crude product was purified 

with a silica plug in aliquots, using first hexane to remove mineral oil impurities and 

wet the crude product, acetone to remove NaI, and finally a 10% methanol/acetone 
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mixture to elute MAMPSA. MAMPSA was passed through the silica plug again to 

remove remaining yellow impurities (Figure 5.4). The product was then dissolved 

in water, then filtered first through several 1 μm filters, then a 0.2 μm filter to 

remove impurities that made the aqueous AMPSA solution cloudy (Figure 5.5). 

 

 

Figure 5.1. 1H NMR spectra to monitor the functionalization of AMPSA monomer 

starting material (a) and product formed after addition of 3 equivalents (b) and 

6 equivalents (c) of methyl iodide to starting material. Peaks monitored for reaction 

completeness are highlighted in red and green, which correspond to protons from 

starting material and product respectively with corresponding reaction scheme (d). 
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Figure 5.2. Crude MAMPSA product dissolved in DCM with NaI precipitate on bottom. 

 

  

Figure 5.3. TLC plate with spot corresponding to pure MAMPSA monomer. 

 

 

Figure 5.4. MAMPSA product before (a) and after purifying with additional elution through 

silica plug (b), and concentrated impurities (c). 
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Figure 5.5. 1H NMR spectra of MAMPSA monomer before (b) and after additional 

silica plug (c). Chemical structure of MAMPSA monomer (a) with peaks 

corresponding to their protons highlighted in green, orange, purple, and blue. 

 

5.2.3 Ion Exchange Reaction for MAMPSA  

5.2.3.1 Procedure  

The following procedure was developed in our lab. The MAMPSA sodium 

salt was dissolved in 30 mL of deionized water. A column was prepared with a 

small amount of sand and approximately 40 mL of DOWEX 650C cation exchange 

resin beads. The column was pre-wet and washed with 40 mL of water; the pH of 

this eluent should be 5-6. The sodium salt solution was slowly added to the top of 

the column and the eluent was collected directly in a round bottom flask. The pH 

of the eluent was quickly changed to pH = 1 and was monitored with pH paper. 

Approximately 80 mL of water was used to wash the material off of the column, 

until the pH of the eluent had returned to 5-6. The aqueous solution was 

concentrated in vacuo (bath temp = 50 °C) to yield a light-yellow foam as the 

sulfonic acid. 

 

 

Scheme 5.3. Reaction scheme for the cation ion exchange reaction of MAMPSA. 
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Reagent 
MW 

(g/mol) 
eq. 

mmol or 
mmol/mL 

mass 
(g) 

vol 
(mL) 

Na-MAMPSA 243.25 1 37.8 mmol 9.21   

DOWEX 650C  2 2 mmol/mL  40 

Water     30 

 

Table 5.2. Reaction quantities for the cation ion exchange reaction of MAMPSA. 

 

5.2.3.2 Results and Discussion 

This procedure is simple to carry out and scale up if needed. When the 

MAMPSA salt is eluted through the column of ion exchange resin, sodium ions are 

exchanged for protons from the sulfonic acid-functionalized polymeric resin and 

become immobilized, leading to the elution of protonated MAMPSA. An excess of 

resin is used in order to ensure that all sodium is removed from the product. 

 

5.3 Urea Monomer Synthesis 

5.3.1 Synthesis Procedure 
 

The following reaction procedure was developed in our lab. To perform the 
reaction depicted in Scheme 5.4, the urea bis-salt starting material was suspended 
in a 100 mL round bottom flask with 13 mL H2O and 13 mL of 1,4-dioxane to form 
a white suspension. The suspension was cooled to 0 °C in an ice bath NaHCO3 
was added in small portions over 15 minutes to ensure the neutralization does not 
get hot and bubble over from gas formation. After complete addition of the mixture, 
it was warmed to room temp and allowed to stir for 30 min to ensure complete 
neutralization. The mixture was then cooled to 0 °C the acryloyl chloride was added 
dropwise as a solution in dioxane (3 mL) via an addition funnel over 20 min. A 
summary of the reactant quantities are shown in Table 5.3. Vigorous gas evolution  
occurred during the addition. Be careful not to add the acid chloride too fast as 
there seems to be an induction period. After complete addition, the mixture was 
allowed to react at 0 °C until gas evolution slowed significantly. The mixture was 
then warmed to room temperature and allowed to react for 1 hour. An additional 
equivalent of NaHCO3 was added, followed by another one equivalent of acryloyl 
chloride in 3 mL dioxane slowly (1 drop/sec) at room temperature. The mixture was 
nearly clear. It was allowed to stir at room temperature. An aliquot was analyzed 
by 1H NMR to confirm that the reaction had gone to completion, and additional 
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NaHCO3 and acryloyl chloride was as needed. The crude solution was eluted 
through a column of cation exchange resin with three molar equivalents of resin to 
Na ions in solution. When complete, an organic extraction using ethyl acetate was 
used four times and the aqueous layers were kept. The aqueous mixture was 
conentrated in vacuo at 50 °C and dried under high vacuum overnight. When dry, 
it was stored in an air-tight container in a freezer at -4 °C. 
 

 

Scheme 5.4. Reaction scheme for the conversion of urea bis salt to urea monomer. 

 

Reagent 
MW 

(g/mol) 
eq. mmol mass (g) 

vol 
(mL) 

Density 
(g/mL) 

Urea bis-salt 348.89 1 2.87 1     

Acryloyl 
chloride 

90.51 2.1 6.03 0.55 0.49  1.12  

NaHCO3 84.01 5.5 15.76 1.32   

Water         12.0   

1,4-Dioxane     6.0  

 

Table 5.3. Reaction quantities for conversion of urea bis salt to urea monomer. 

 

5.3.2 Results and Discussion 

The first attempt to synthesize the urea monomer was based on a 

procedure developed in our lab, as described in Section 5.3.1. However, several 

changes were needed to obtain the final desired product. First, three additional 

equivalents of acryloyl chloride were required, instead of the prescribed two to 

functionalize all the starting material (Figure 5.6). The original procedure then 

required drying in vacuo, washing the crude solid product with 50 °C MeOH, and 

drying the purified product. A small amount of the dried product was dissolved in 

D2O for 1H NMR analysis. Unexpectedly, the sample was a gel when mixed with 

the solvent (Figure 5.7), which was a result of the monomer polymerizing, based 

on 1H NMR analysis (Figure 5.8). 

Many attempts were made to avoid the premature polymerization, but all 

failed. The crude product was found to polymerize either during the drying process, 

or when dissolved after being dried. One potential workaround was to polymerize 
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the crude reactant solution after the functionalization was completed. However, the 

resulting polymer contains a large amount of sodium acrylate monomers as a 

byproduct of acryloyl chloride reacting with the aqueous sodium bicarbonate 

solution, leading the formation of an undesirable polymer. A new approach was 

taken to remove each component of the solution one at a time, starting with the 

sodium ions, by eluting the crude solution through a column of cationic exchange 

resin. This step was successful as indicated by pH paper indicating a pH of 1. The 

next component of the solvent to remove was 1,4-dioxane. Work by Alsohaimi and 

coworkers demonstrated that organic extraction using ethyl acetate can effectively 

remove 1,4-dioxane from water.8 To carry this out, the crude product solution was 

washed with several additions of ethyl acetate. Upon inspection with 1H NMR, it 

was found that the washes not only removed the 1,4-dioxane, but also the diethyl 

amine and acrylic acid byproducts, indicating that this was an effective method to 

remove undesirable byproducts (Figure 5.9). The organic washes were shown in 
1H NMR to contain none of the desired urea monomer, indicating that this method 

alone is sufficient to remove the reaction byproducts (Figure 5.10). This process 

does not remove acrylic acid if the ion exchange step is not first performed, due to 

its salt having higher water solubility. Most importantly, this procedure allows for 

the product to be dried and dissolved in D2O without premature polymerization 

(Figure 5.11). The reaction was successfully scaled up to a 1 g scale, indicating 

that this method can be used for the future synthesis of the remaining urea 

monomer precursor. 

The premature polymerization was likely due to reacting with trace amounts 

of radical-forming organic peroxides that spontaneously form in 1,4-dioxane.9–11 

These peroxides concentrate when drying the crude reaction mixture, increasing 

the reaction rate of the radical polymerization of the monomers in the mixture. 

Removing the 1,4-dioxane also likely removes these organic peroxides, and 

prevents premature polymerization. 
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Figure 5.6. 1H NMR spectra to monitor the functionalization of urea bis-salt starting 

material (a) and product formed after adding 2.1 equivalents (b) and 

3.1 equivalents (c) of acryloyl chloride to starting material. Functionalization 

reaction scheme (d) with red and green highlighted regions corresponding to 

bis-salt starting material and monomer respectively. 

 

 

Figure 5.7. Gelled solution from spontaneous polymerization of functionalized urea 

monomer product in D2O. 
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Figure 5.8. 1H NMR spectra of functionalized urea monomer product before (a) 

and after workup (b). Peak broadening, highlighted in red, indicate polymer 

formation. 

 

 

Figure 5.9. 1H NMR spectrum of urea monomer product after ethyl acetate wash 

(b). Urea monomer structure (a) with peaks corresponding to vinyl and aliphatic 

groups of the product are highlighted in blue and green respectively. 
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Figure 5.10. 1H NMR spectra of byproducts removed in the first ethyl acetate wash 

(b) and after several washes (c). Chemical structures of solvents and reactants (a) 

with peaks corresponding to their protons highlighted in blue, purple, orange, and 

green, with a magnified view of region containing overlapping peaks. 

 

 

 

Figure 5.11. No gelling of sample dissolved in D2O, after washing with ethyl 

acetate. 

 

5.4 AMPSA and AMPSA-Derivatives Polymerization 

We use ultra-high molecular weight (UHMW) PAMPSA to make our 

electrically conductive impact-adaptive, PANI:PAMPSA-based material. To help us 

understand the effect of chain length on this material’s mechanical properties, we 

will study the material when using different molecular weight average (MW) of 

PAMPSA. Our lab will achieve this in future work by synthesizing PAMPSA with 
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shorter MW and test their mechanical properties when used in PANI:PAMPSA-

based material. 

 

5.4.1 Free Radical Polymerization 

We will start our study by polymerizing different MW AMPSA by using free 

radical polymerization, due to it being a simple chain growth polymerization that is 

initiated from a free radical active center to polymerize vinyl monomers. Each chain 

can either undergo propagation to grow from the addition of monomers to the 

chain, or terminate by deactivating the active centers, resulting in a dead chain. 

Since each chain grows from one active center formed from the initiator, the ratio 

of radical to monomer can be used to roughly predict and control polymer length. 

5.4.1.1 PAMPSA Polymerization 

The sources of our PAMPSA that we have used for our well-characterized 

PANI:PAMPSA-based materials are a 15 wt% aqueous solution from Sigma 

Aldrich, which claims a weight average MW of 2 MDa, and a 10 wt% PAMPSA 

solution from Fisher Scientific, which claims a weight average MW is 800 kDa. For 

our polymerization, we decided to produce three different length PAMPSA chains 

that are shorter than that, in particular, 1 kDa, 10 kDa, and 100 kDa. The resulting 

MW will be compared to their target MW by using gel permeation chromatography 

(GPC). 

5.4.1.1.1 Procedure 

The following procedure for the polymerization in Scheme 5.5 was 

developed in our lab. AMPSA monomer, water, and a magnetic stir bar was added 

to a 250 mL beaker and sonicated to dissolve. The solution was purged with N2 for 

one hour. It was then stirred and heated in an oil bath on a magnetic stir plate set 

to 40 °C. Separately, 44 mg ammonium persulfate (APS) initiator was dissolved in 

N2-purged water. The APS solution was rapidly added to the stirring AMPSA 

monomer solution, and covered with parafilm to react overnight. Quantities of 

reagents were used for each polymerization, and are listed in Table 5.4. When 

finished, it was removed from the oil bath and allowed to reach room temperature. 

A small quantity of sample was removed and analyzed using the GPC setup shown 

in Figure 5.12 with a 100 mM phosphate buffer solution with pH near 8.55. 

Calibration samples run through the GPC instrument were used to create a 

calibration curve as shown in Figure 5.13 and used to find the MW of polymerized 

PAMPSA. 
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100 kDa 

Reagent Mass (g) mmol eq. MW (g/mol) mL 

AMPSA 20 96.51 1.00 207.24 ― 

APS 0.044 0.193 0.002 228.18 ― 

Water - - - - 120 
      

10 kDa 

Reagent Mass (g) mmol eq. MW (g/mol) mL 

AMPSA 20 96.51 1.00 207.24 ― 

APS 0.440 1.928 0.020 228.18 ― 

Water - - - - 120 

      

1 kDa 

Reagent Mass (g) mmol eq. MW (g/mol) mL 

AMPSA 20 96.51 1.00 207.24 ― 

APS 4.400 19.283 0.200 228.18 ― 

Water - - - - 120 

 

Table 5.4. Reactant quantities and ratios used for polymerizing different weight 

PAMPSA. 

 

6.4.1.1.2 Results and Discussion 

Each solution became more viscous as the reaction proceeds. Viscosity 

appears to be higher in AMPSA with higher target MW. GPC results indicate that 

each polymer had different MW than what was expected, but that control over the 

amount of initiator was able to control which polymers would have the lowest, 

in-between, and highest MW. (Table 5.5). Surprisingly, the purchased PAMPSA 

that we used for making PANI:PAMPSA was much lower than their reported values, 

with the ‘2 MDa’ PAMPSA measured to be 459,965 Da, and the ‘800 kDa’ 

measured to be 471,427 kDa, indicating that either a problem with the procedure 

or their claimed MW are not accurate. These results indicate that the free radical 
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polymerization method is very limited at controlling MW, as the target and 

measured MW of synthesized PAMPSA could differ by two orders of magnitude. 

 

Scheme 5.5. Reaction scheme for the free radical polymerization of AMPSA. 

 

 

Figure 5.12. GPC machine used for PAMPSA MW characterization. 

 



161 
 

 

Figure 5.13. Calibration curve derived from GPC calibration standards. 

 

PAMPSA Sample  
 Calculated Size 

(Da)  

'1 kDa'  126,510 

'10 kDa' 459,965 

'100 kDa' 616,995 

Thermal Fisher '800 kDa' 471,427 

 Sigma Aldrich '2 MDa' 459,965 

 

Table 5.5. Sizes of polymers analyzed with GPC. 

 

5.4.1.2 Squaramide Polymerization 

Squaramide is the strongest hydrogen bonding AMPSA variant in our study. 

This monomer has been synthesized by our lab, but still requires conversion to its 

acidic form and needs to be polymerized. 
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5.4.1.2.1 Protonation with Cation Exchange Resin Procedure 

To perform the ion exchange reaction of the squaramide monomer shown 

in Scheme 5.6, 0.25 g of squaramide monomer was dissolved in 1 mL deionized 

water and added to a column with 2 mL of washed cation exchange resin with 

deionized water. The quantities are summarized in Table 5.6. It was then eluted 

through column with deionized water until pH increases to about 5, then dried in 

vacuo and the product was stored at -4 °C. 

 

 

Scheme 5.6. Reaction scheme for the cation ion exchange reaction of 

squaramide monomer. 

 

Reagent MW (g/mol) Molar eq. mmol 
Mass or 
Volume 

Squaramide Salt 339.3 1 0.737 250 mg 

Cation Exchange 
Resin 

 3 2.210 1.105 mL 

 

Table 5.6. Reactant quantities and ratios used for cation exchange reaction of 

squaramide monomer. 

 

5.4.1.2.1.1 Observations 

Product is light brown sticky viscous liquid while drying, and becomes a 

solid when fully dried. Monomer has good purity according to 1H NMR 

(Figure 5.14b). 

5.4.1.2.2 Squaramide Polymerization 

Hydrogen bonding between polymer chains is an important factor 

influencing the mechanical properties of our conductive impact-adaptive material. 

To study this, we made an AMPSA-based polymer with a squaramide moiety, 

which forms strong hydrogen bonds. To carry this out, we used a squaramide 

monomer that was synthesized by our group, and polymerized it. However, we 
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must first test it on a small scale. This test used the previously used free radical 

polymerization of AMPSA. 

5.4.1.2.2.1 Procedure  

To carry out the squaramide monomer polymerization depicted in Figure 

5.7, deionized water was N2-purged. 221 mg of squaramide monomer, a magnetic 

stir bar, and 1.25 mL water was added to a 20 mL glass vial. Separately, 4.44 mg 

of APS was dissolved in 1 mL water in a vial. The quantities are summarized in 

Table 5.7. Each solution was purged again for 10 minutes. The APS solution was 

added to the squaramide solution, covered, then mixed and heated at 70 °C 

overnight. 1H NMR was used to check for reaction progress. 

5.4.1.2.2.2 Results and Observations 

After polymerizing overnight, 1H NMR was used to check the reaction 

progress, but only 59% of the monomer had been consumed (Figure 5.14c). The 

presence of APS was checked with peroxide test strips, which indicated the 

absence of peroxide, and the consumption of the oxidizer. Because of this, a more 

robust method for polymerization is required to polymerize this monomer. 

 

Scheme 5.7. Reaction scheme for the polymerization of squaramide monomer. 

 

 Reagent MW (g/mol) Molar 
eq. 

mmol Mass or 
Volume 

Squaramide 
Monomer 

317.32 1 0.696 221 mg 

APS 228.18 0.028 0.019 4.44 mg 

DI Water 18 - - 1.25 mL 

 

Table 5.7. Reactant quantities and ratios used for polymerizing the squaramide 

monomer. 
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Figure 5.14. 1H NMR spectrum of squaramide monomer (b) containing some 

formed polymer. Chemical structures of monomer and polymer (a) with peaks 

corresponding to their protons highlighted in red and blue. Mixture of monomer 

and polymer after polymerizing overnight (c). 

 

5.4.2 RAFT Polymerization 

Our previous efforts to polymerize ultra-high molecular weight PAMPSA and 

the squaramide monomer using free radical polymerization either had low yield 

due to the early termination of radicals on growing chains, resulting in low yields12 

or uncontrolled molecular weight. Samples with low yield required prolonged 

heating over several days to polymerize remaining monomers. These two 

shortcomings led us to explore using alternative methods for polymerizing AMPSA 

and AMPSA-based monomers. 

5.4.2.1 RAFT Mechanism and Advantage 

Reversible deactivation radical polymerization (RDRP) or living radical 

polymerization methods are widely used, due to their ability to provide predictable, 

molecular weight and narrow size distribution, as well as a good tolerance for 

impurities. One of these methods is reversible addition-fragmentation chain 

transfer (RAFT) polymerization, which we chose for our polymerization of ultra-

high molecular weight PAMPSA for its wide range of compatible polymers and the 

simplicity of the polymerization procedure. In a typical RAFT polymerization, there 

is a radical source, which is often a thermally-activated initiator, a RAFT agent, a 

monomer, and a solvent. The structure of a RAFT agent consists of a 

tiocarbonylthio group (Z-C(=S)S-R), a Z substituent that controls its reactivity and 
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solubility, and an R substituent which is a free radical leaving group capable of 

reinitiating polymerization.12 When the initiator is activated, it decomposes into 

radical species, and each can bond with monomers in solution to produce active 

growing chains. An active chain will bond to the RAFT agent to become a dormant 

chain, and cause the RAFT agent to release an attached R substituent which 

becomes an active chain. The process repeats until monomers are fully consumed, 

or active chains undergo radical termination (Scheme 5.8).12,13 Typically, a small 

ratio of initiator to RAFT agent is used, which limits the number of active chains 

present in the reaction at any given time. This limits the number of chain 

termination events to allow it to reach ultra-high molecular weights. 

 

 

Scheme 5.8. Mechanism of RAFT polymerization with activation (1), radical 

species adding to monomer (2), radical species adding to the RAFT agent and 

equilibrium between active and dormant chains (3), chain growth (4), equilibrium 

between active and dormant chains (5), and termination (6).12 

 

5.4.2.2 AMPSA RAFT Polymerization Methods and Procedure  

To design our procedure, we first determined the appropriate amounts of 

initiator and RAFT agent to use. For synthesizing our ultra-high molecular weight 

AMPSA-based polymers, we need to use a low ratio of initiator to RAFT agent to 

prevent premature termination of active chains. Work by Read and coworkers 

demonstrated that AMPSA copolymers could be polymerized to over 106 Da when 
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the initiator to RAFT ratio was 1:8.44 or less,14 leading us to use a 1:10 ratio. 

Additionally, the desired degree of polymerization can be easily calculated from 

the molar ratio of RAFT agent to monomer. For a target MW of 106 Da, we used a 

RAFT agent to AMPSA ratio of 1:4825.32. Quantities and ratios of reactants are 

shown in Table 5.8. 

PAMPSA and PAMPSA-derivatives will later be polymerized with 

polyaniline, starting from a 15 wt% aqueous polymer solution. Using water as the 

solvent allows us to directly use the product for polymerizing with aniline after the 

PAMPSA and PAMPSA-derivatives are synthesized. 

For our initiator and RAFT agent, we chose 

4,4'azobis(4-cyanopentanoic acid) and agent 

4-((((2-carboxyethyl)thio)carbonothioyl)thio)-4-cyanopentanoic, respectively, each 

of which contain two carboxylic acid groups to improve water solubility 

(Scheme 5.9). 

To perform the polymerization depicted in Scheme 5.10, approximately 100 

mL of a saturated NaHCO3 aqueous solution was N2-purge for approximately 20 

minutes. Serial dilution was used with the purged NaHCO3 solution to get a 1.0 mL 

solution with 0.28 mg of initiator, and another 1.0 mL solution with 3.07 mg of RAFT 

agent. To a 500 mL round bottom flask, 10 g AMPSA monomer was added and 

dissolved in 56.67 mL of saturated NaHCO3 solution. A summary of quantities is 

shown in Table 5.8. The RAFT agent and initiator solutions were added to the flask 

and stir briefly. The solution was frozen with a dry ice/acetone slurry, followed by 

five cycles of vacuum and backfilling with N2. The Teflon mechanical stirrer and 

condenser column were attached while there is a strong flow of N2 gas to prevent 

oxygen from entering the system, then the reaction was placed in a 70 °C oil bath, 

and stirred overnight.  1H NMR was used to check the reaction progress and 

allowed to run longer if necessary. Once finished, it was removed from heat and 

stored in an air-tight container. 

 

 

Scheme 5.9. Chemical structures and names of monomer, initiator, and RAFT 

agent used for AMPSA RAFT polymerization. 
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Scheme 5.10. Reaction of RAFT polymerization of AMPSA monomer. 

 

Reagent 
Mass 
(mg) 

MW (g/mol) mmol mL 

AMPSA 1.00E+04 207.24 48.25   

Initiator 0.280 280.28 0.001   

RAFT 3.074 307.41 0.010   

Sat. NaHCO3 
Soln. 

      56.67 

 

Table 5.8. Reactant quantities and ratios used for RAFT polymerization of AMPSA 

monomer. 

 

5.4.2.2.1 Results and Discussion 

When attempting to dissolve the initiator and RAFT agent in water, they 

were found to not be fully water soluble. To work around this problem, the 

polymerization solvent was changed to aqueous saturated sodium bicarbonate 

which converts the acidic moieties to sodium salts and increase their water 

solubility. This change was successful at fully dissolving all reaction components. 

The first trial was run on a small scale with 10 % of the amount of reagents 

used in Table 5.8. We ran the experiment in a 20 mL vial capped with a rubber 

septum, stirred with a magnetic stir bar, and purged with N2 and no vacuum was 

used. Polymerization occurred within 16 hours, but 1H NMR indicated that only 

78.5 % of the monomer had been converted to polymer (Figure 5.15). This was 

likely due to the fact that the small scale of the reaction caused much of the solvent 

to evaporate out of the reaction and condense on the reaction vial and slow the 

reaction rate. Trace oxygen contamination could have also terminated the reaction, 

due to the fact that it was not run under a constant input of fresh N2. To address 

these issues, the reaction was scaled up to prevent water loss, and 

freeze-pump-thaw was used to remove all oxygen. Additionally, the resulting target 

1 MDa PAMPSA solution would have a very high viscosity, and required the 
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continuous stirring with a mechanical stir paddle to ensure the reaction is 

thoroughly mixed until completion. 

To do this, the reaction was scaled up tenfold, a three-neck flask was used 

with a Teflon stir paddle on a mechanical stirrer, a vacuum/nitrogen inlet on one 

side neck, and a condenser column. The condenser column was capped with a 

rubber stopper with a needle outlet which would force the reaction to run under 

positive pressure of N2 and prevent oxygen from entering when assembling the 

mixture apparatus shown in Figure 5.16. 

1H NMR indicated that there was only a trace amount of monomer left in the 

reaction after 16 hours, and a nearly undetectable amount left after 8 more hours 

(Figure 5.17). These conditions were then chosen for the reaction conditions due 

to the complete polymerization. 

 

 

Figure 5.15 1H NMR spectrum of AMPSA RAFT polymerization in a vial after 16 

hours (b). Chemical structures of monomer and polymer (a) with peaks 

corresponding to their protons highlighted in blue, green, purple, and orange. 
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Figure 5.16. Large-scale AMPSA RAFT polymerization apparatus with labeled 

parts. 

 

 

Figure 5.17. 1H NMR spectrum of AMPSA polymerization after 16 hours (b) and 

24 hours (c). Regions corresponding to monomer and polymer. Chemical 

structures of monomer and polymer (a) with peaks corresponding to their protons 

highlighted in blue, green, purple, and orange. 

 

5.4.2.2.2 MAMPSA Polymerization 

Our previous attempts to polymerize MAMPSA using free radical 

polymerization resulted in an uncontrolled polymerization with premature 
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termination of the active chains, and  incomplete polymerization. We wanted to be 

able to polymerize ultra-high molecular weight PMAMPSA, which requires a more 

controlled polymerization method like RAFT. Since we successfully used the RAFT 

method with AMPSA, we set out to use this method to polymerize the MAMPSA 

monomer. 

We started by using the polymerization method used for the RAFT 

polymerization of AMPSA (Table 5.8), but used the MAMPSA monomer and scaled 

the reaction down by 60 % to avoid using all of the synthesized monomer. After 

running the reaction for 24 hours, the monomer conversion was only 65.4 % 

(Figure 5.18). This may be from the smaller reaction being more influenced by the 

water condensing on the flask, and possibly some impurities poisoning the 

polymerization. Some impurities are in the sample based on TLC analysis 

(Figure 5.19), but 1H NMR indicated the presence of a negligible amount of 

impurities (Figure 5.20). 

The presence of some nucleophiles in the reaction can possibly hydrolyze 

the RAFT initiator, such as hydroxide ions from NaHCO3, and potentially deactivate 

the RAFT agent.15 This was thought to be the reason for the low degree of 

polymerization at the time of this experiment. To address this concern, DMF was 

used as a cosolvent with water, instead of a NaHCO3 solution to polymerize 

MAMPSA. 

A large quantity of PMAMPSA was needed for polymerizing 

PANI:PMAMPSA. The reaction was scaled up to use 11.7 g of MAMPSA with many 

of the same conditions used for the successful RAFT polymerization of AMPSA. 

To ensure that the polymerization proceeded to completion, 5x the amount of 

initiator was used. Additionally, the sodium salt form of MAMPSA was used to 

prevent hydrolysis of the RAFT agent. After 29 hours, the reaction had reached 73 

% conversion, and was allowed to run for a total of four days to ensure all monomer 

had polymerized (Figure 5.21). At the end of the reaction, a small amount of 

monomer remained, possibly from the reaction terminating from some trace 

impurities in MAMPSA. To remove the remaining monomer, the reaction product 

was dissolved in water, then crashed out in acetone, washed first with acetone, 

diethyl ether, and finally hexane. The product was then dried in vacuo. No 

monomer was present in the final product, but trace DMF and acetone remained 

(Figure 5.22).  The polymer was then converted from the salt form to protonated 

acid form using three molar equivalents of cation exchange resin. The product was 

then dried in vacuo to become a white, colorless solid. This product was then used 

to synthesize PANI:PMAMPSA. 
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Figure 5.18. 1H NMR spectrum of MAMPSA polymerization (b). Chemical 

structures of monomer and polymer (a) with peaks corresponding to their protons 

highlighted in blue, green, purple, and orange. 

 

 

Figure 5.19. TLC plate indicating the presence of impurities in MAMPSA starting 

material. 
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Figure 5.20. 1H NMR spectrum of MAMPSA monomer used in RAFT 

polymerization (b). MAMPSA chemical structure (a) with peaks corresponding to 

their protons highlighted in blue, green, purple, and orange. 

 

 

Figure 5.21. 1H NMR spectrum of MAMPSA starting material (b) and products of 

MAMPSA polymerization with the RAFT method after 29 hours (c) and after four 

days (d). Chemical structures of monomer and polymer (a) with peaks 

corresponding to their protons highlighted in blue, green, purple, and orange. 
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Figure 5.22. 1H NMR spectrum of solvent-washed PMAMPSA product. 

 

5.5 Synthesis of PANI:PMAMPSA 

PANI:PMAMPSA synthesis was based on the procedure used to make 

PANI:PAMPSA in our previous work,1 but scaled down before making larger 

quantities. 

5.5.1 Procedure 
1.13 g of PMAMPSA was dissolved in 7.61 mL deionized water in a 20 mL 

glass vial. 127 mg APS was then stir for two minutes with a Teflon stir paddle 
connected to a mechanical stirrer. 470 μL aniline was rapidly added and stirred 
thoroughly at 130 RPM. Material that accumulates on the stir paddle was scraped 
off and placed back into the mixture, and allowed to stir overnight. Figure 5.23 
shows an image of the stirring PANI:PMAMPSA solution. The next day, the product 
was washed out with approximately 60 mL acetone and added to a glass beaker, 
covered with parafilm, and allow it to stir with the Teflon stir paddle at 130 RPM 
overnight. This was repeated twice, but with 40 mL acetone each time. When done, 
product was dried in a vented oven at 80 °C for 24 hours and stored in an airtight 
container. 
 
5.5.2 Observation and Discussion 

Some of the aniline took a while to dissolve, and some formed a dark 
residue on the top layer of the solution that became stuck on the paddle. This was 
scraped into the solution and stirred rapidly to dissolve it. After PANI:PMAMPSA 
was dried, the PANI:PMAMPSA ratio was analyzed with 1H NMR (Figure 5.24). 
Results indicate that the uniform mixing resulted in few impurities remained.  
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Figure 5.23. Image of polymerizing PANI to produce PANI:PMAMPSA in a vial and 

mixed using a Teflon stir paddle. 

 

 

Figure 5.24. 1H NMR spectrum of PANI:PMAMPSA product (b). Chemical 

structures of PANI and PMAMPSA (a) with peaks corresponding to their protons 

highlighted in blue, green, purple, red, and orange. 
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5.6 Conclusion and Outlook 

 In this work, we provided details of the synthesis of AMPSA derivatives with 

different levels of hydrogen bonding, which includes no hydrogen bonding 

(MAMPSA), and strong hydrogen bonding (urea-containing AMPSA derivative). 

These monomers, along with the strong hydrogen bonding squaramide monomer, 

were prepared for polymerization with ion exchange resin to convert them into their 

acid form. Importantly, the procedure for polymerizing ultra-high molecular weight 

AMPSA using a RAFT agent was optimized, and will later be used for polymerizing 

AMPSA derivatives by future members of our lab. Polymerization of PANI in an 

aqueous PMAMPSA solution was carried out on small scale, and will be scaled up 

for future experiments. 

This work is incomplete, and requires the polymerization of each AMPSA-

derivative monomer on a large scale, followed by the polymerization of PANI in the 

presence of each polymer solution. Their strain-rate adaptive behavior will then be 

tested and compared to that of the PANI:PAMPSA system in our previous work.1 

The work from this chapter brings us closer to allowing for a more detailed study 

on the role of hydrogen bonding of AMPSA in PANI:PAMPSA strain-rate adaptive 

conductive material, with the anticipated ability to use various hydrogen bonding 

to tune the strain-rate adaptive behavior for building more damage tolerant 

electronic material. 
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Chapter 6 

Outlook 

Chapter 1 of this dissertation discusses important fundamental properties 

of CPs, including conductivity and solubility, and how processing conditions can 

dramatically influence them. The following discussion provided valuable insight to 

important challenges in the field of AM of CPs, including the barriers to achieving 

truly 3D shapes with high conductivity. The following Chapters 2 and 3 provided 

new approaches we have taken that overcome these barriers, and provide detailed 

studies of how these processes influence their structure-conductivity relationships, 

which are essential to guiding new research of these new techniques for 3D 

printing with other CPs. These works also resolve the tradeoff between printability 

and material choice that are commonly encountered when 3D printing with CPs, 

and can be generalized to other 3D printing methods and materials. The final 

Chapters 4 and 5 focus on achieving structural design of conducting polymers at 

the intermolecular level (as opposed to the macro level with 3D printing) by careful 

control of their self-assembly environment. The detailed work of these studies 

should assist in the facile assembly of ordered CP structures for high conductivity, 

as well as provide guidance for synthesizing various ionic polymers that facilitate 

the strain-rate adaptive behavior of PANI:PAMPSA. 

The work covered in this dissertation made several key contributions to their 

respective fields. In Chapter 2, we discovered and characterized the anisotropic 

conductivity that arises during the DIW printing of a doped PEDOT:PSS ink, 

developed a method for its removal, and were the first to produce DIW printed 

PEDOT:PSS that meets and exceeds the 1000 S/cm benchmark for high 

conductivity. These advances have the potential to expand the range of geometric 

complexity, provide guidance for predicting conductivity anisotropy when printing 

multiple layers, and expand the adoption of DIW printing PEDOT:PSS for high 

performance organic electronics. In Chapter 3, we addressed the compromise 

between conductivity and 3D shape complexity with our unique approach to 

casting a PEDOT precursor into removable intricate 3D molds, followed by solid-

state polymerization into pure PEDOT structures. This represented an enormous 

increase of the content of CP and conductivity improvement by nearly two orders 

of magnitude compared to other VP-produced complex 3D shapes with CPs. We 

also demonstrated that the molten DBEDOT can act as a carrier for highly 

conductive silver flakes, boosting conductivity to over 8000 S/cm.  

In Ch. 4, we found that the self-assembly of CPs into single crystals can be 

controlled using oligomers of the parent polymers, dramatically enhancing 

conductivity while remaining compositionally pure. The self-assembly of solution-

processed CPs has previously been shown to occur via seeding from foreign 

molecules through π- π stacking, like carbon nanotubes, we identified a facile 
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method for controlling the morphology without addition of foreign molecules. In 

Chapter 5, we demonstrated the synthesis of monomers and polymers required 

for studying the strain-toughening mechanism that emerges partially from 

hydrogen bonding that occurs in self-assembled PANI:PAMPSA. This includes 

large scale synthesis of our methylated-AMPSA monomer, and polymerization 

conditions for high molecular weight PAMPSA solutions. These studies were 

documented in detail, and laid the groundwork for further studies of hydrogen 

bonding effects on strain-rate adaptive PANI:PAMPSA electronic materials. 

Despite these many advancements in the fields of CPs and AM of CPs, 

several challenges remain to be addressed. The process of DIW printing 

PEDOT:PSS with a removable support gel is effective for achieving high 

conductivity and 3D design freedom, but results in vertically distorted shapes and 

overall uneven dimensions. Future work to resolve this issue can expand its 

adoption in the manufacturing of highly conductive 3D organic electronics. 

Additionally, improvements in our casting method for our PEDOT precursor could 

allow for the casting of larger, more complex 3D electronics. We also do not fully 

understand why the various stacked plate PEDOT structures form after solid-state 

polymerization, or how to control their formation. Further investigations could 

reveal new applications, including the facile manufacturing of high surface area or 

fracture resistant 3D electronics. The synthesis of AMPSA-derivatives with various 

levels of hydrogen bonding remains a challenge left for the field of wearable 

electronics, as this was not yet achieved in this work. 

This dissertation focused on studying the fundamental processing-

structure-property relationships of conductive polymers, and was less focused on 

their application. This leaves great opportunities for the development of our 

findings and techniques for high performance electronics applications in the future, 

including their use of as facile introduction of insulating barriers between printed 

electrodes with DIW printed PEDOT:PSS. With the help of our findings, we will 

likely also see a greater range of geometries available to producing with CPs and 

the development of the self-assembly process for other CPs. Our casting method 

for CPs opens the door for casting of other pure substances that are not currently 

compatible with common AM techniques. In our research, we successfully merged 

AM techniques with other manufacturing methods, and we expect to see this 

exploration continue in the field to expand the range of processable materials and 

geometric freedom. 

 




