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Abstract 

Designing High-Performance Organic Energy Storage Devices 

Jesse Gray 

 Energy storage is a necessity for the electrification of the modern world and the progression 

towards renewable energy. Designing new and innovative energy storage alternatives is one of the 

many challenges taken on by the Nuckolls group at Columbia University. More precisely, organic 

materials for energy storage with facile synthesis methods, non-toxic materials, and compatibility 

with aqueous electrolytes are a focus of this research. For this purpose, Perylenediimide (PDI) is 

the chosen primary molecular building block, that has enabled design of redox active materials 

due to its versatility as a structural unit, as well as its remarkable electrochemical performance. In 

this thesis 3 classes of materials based on PDI - small molecules, polymer networks, and COF 

materials - are compared; providing insights into how their design impacts electrochemical 

performance.  

 Chapter 1 provides an overview of existing organic materials for energy storage. In 

particular, explaining the limitations, challenges, current landscape, and future of organic materials 

for battery and pseudocapacitive applications. This research area confronts current traditional 

energy storage strategies, such as lithium-ion batteries, with new organic alternatives that offer 

opportunities that could be more eco-friendly alternatives to lithium-ion batteries in specific 

applications.  

 Chapter 2 describes the synthesis and characterization of PHATN, the highest performing 

aqueous n-type pseudocapacitor based on the PDI molecular backbone integrated into a 3-

dimensional polymer network, and the relationship between electrochemical performance and 

structural contortion generated because of the molecular design. This is accomplished by 



 

 

benchmarking against a non-contorted linear polymer and comparing their electrochemical 

properties. This work provides the foundation for chapters 3 and 4.  

 Chapter 3 expands on the use of molecular contortion as a design principle for molecular 

electronics, associating molecular contortion to electrochemical performance by generating helical 

inspired PDI polymers. This design reveals that the helical motif allows for enhanced electronic 

communication between the redox moieties and leads to higher device performance. Chapter 4 

utilizes linear PDI polymers as a non-contorted control in comparison to the helical inspired 

polymers described in chapter 3. This linear motif reveals the competing design principle of 

increased surface area for electrolyte access to redox sites which is shown to increase device 

performance.  

 Chapter 5 discusses a COF inspired redox active 2-dimensional polymers (RA-2DP) based 

on PDI materials and how the structural motif and conductive linkers can improve electrochemical 

performance. This chapter validates the design criteria outlined in chapter 4 and explains how these 

RA-2DPs and similar structures can enhance energy storage in organic materials.  

 Collectively, this work provides a structured story of PDI materials, their potential as 

energy storage materials, and the design principles that have led to increased performance. The 

work completed in this thesis points towards structured and porous redox active organic materials 

as next generation energy storage alternatives. With the consideration of renewable energy and 

challenges with existing energy storage options, it is our hope that organic materials will contribute 

to this ever evolving and growing research area to create a more sustainable and environmentally 

friendly future.



i 

 

Table of Contents 
 

List of Charts, Graphs, Illustrations ............................................................................................... iii  

Acknowledgments.......................................................................................................................... iv 

Dedication ...................................................................................................................................... vi 

Chapter 1. An Introduction to Organic Energy Storage Materials ................................................. 1 

1.1 Organic Energy Storage Materials ........................................................................................ 1 

1.2 Limitations and Challenges of Organic Energy Storage Materials ...................................... 3 

1.3 The Future of Organic Energy Storage Materials ................................................................. 6 

1.4 References ........................................................................................................................... 10 

Chapter 2: High-Performance Organic Pseudocapacitors via Molecular Contortion ................... 17 

2.1 Preface................................................................................................................................. 17 

2.2 Introduction ......................................................................................................................... 17 

2.3 Synthesis and Design Principles ......................................................................................... 19 

2.4 Impressive Electrochemical Performance ........................................................................... 21 

2.5 Comparison to Non-contorted Control ............................................................................... 24 

2.6 Conclusion .......................................................................................................................... 25 

2.7 Supporting Information ....................................................................................................... 26 

2.8 References ........................................................................................................................... 52 

Chapter 3: Linker-Derived Contortion Controls Performance in Organic Polymer 

Pseudocapacitors ........................................................................................................................... 64 

3.1 Preface................................................................................................................................. 64 



ii  

 

3.2 Introduction ......................................................................................................................... 65 

3.3 Results and Discussion ....................................................................................................... 67 

3.4 Conclusions ......................................................................................................................... 74 

3.5 Supporting Information ....................................................................................................... 76 

3.6 References ......................................................................................................................... 122 

Chapter 4: Manipulating Pseuodocapacitance through Contortion in Perylene Diimide Polymers

..................................................................................................................................................... 127 

4.1 Preface............................................................................................................................... 127 

4.2 Introduction ....................................................................................................................... 128 

4.3 Polymerization and Electrochemical Characterization ..................................................... 129 

4.4 Dimer Studies: Electrochemistry and DFT ....................................................................... 133 

4.5 Conclusion ........................................................................................................................ 135 

4.6 Supporting Information ..................................................................................................... 137 

4.7 References ......................................................................................................................... 168 

Chapter 5: ́-Conjugated Redox-Active Two-Dimensional Polymers as Organic Cathode 

Materials ..................................................................................................................................... 172 

5.1 Preface............................................................................................................................... 172 

5.2 Introduction ....................................................................................................................... 173 

5.3 Results and Discussion ..................................................................................................... 174 

5.4 Conclusions ....................................................................................................................... 182 

5.5 Supporting Information ..................................................................................................... 183 

5.6 References ......................................................................................................................... 210 

 



iii  

 

List of Charts, Graphs, Illustrations  

Figure 1.2.1. Comparison of organic energy storage materials .......................................................8 

Figure 1.3.1. Illustration for the synthesis of PDI materials. .........................................................10 

Figure 2.3.1 Overview of the PHATN material .............................................................................22 

Figure 2.4.1. Electrochemical characterization of PHATN ...........................................................25 

Figure 2.5.1. Electrochemical comparison of PHATN and PA-PDI .............................................26 

Figure 3.1.1. General summary of the PDI based pseudocapacitor project ...................................66 

Figure 3.3.1. Summary of the synthesis of PDI polymers .............................................................68 

Figure 3.3.2. Electrochemical characterization of p-BZ, p-NPH, and p-ANH ..............................70 

Figure 3.3.3. Characterization of d-BZ, d-NPH, and d-ANH ........................................................73 

Figure 3.3.4. Calculated structures of PDI dimers .........................................................................74 

Figure 4.3.1. Summary of the synthesis of p-NPL and p-ANL ...................................................127 

Figure 4.3.2. Electrochemical characterization of p-NPL and p-ANL ........................................129 

Figure 4.4.1. Characterization of PDI dimers ..............................................................................131 

Figure 5.3.1. Summary of PDI COF synthesis ............................................................................170 

Figure 5.3.2. Characterization of polymer network defined structures .......................................172 

Figure 5.3.3. The electrochemical performance of RA-2DPs .....................................................173 

 

 

 

 

 



iv 

 

Acknowledgments 

 My time at Columbia University has been one of trial and error, laughs and cries, and most 

importantly, self-improvement. I have learned an incredible amount from the highly skilled and 

experienced people at this institution who have molded me into a better person. I have learned 

patience from the late nights and hours of work that the postdocs and graduate students have spent 

to help complete projects. I admire the kindness of the staff and their dedication to going above 

and beyond their responsibilities. I respect the passion of the research faculty, who remain 

persistent and dedicated to their work over many years. Most of all, I recognize and appreciate the 

community within the chemistry department. From the facilities workers to program directors, 

everyone works together for the advancement of research and education. This sense of community 

and responsibility to each other in good times and bad is the reason I came to Columbia University, 

and I am very happy with my decision. 

Thank you to Colin Nuckolls for your mentorship and support throughout my years of 

graduate experience. As a member of the Nuckolls group, I have found and participated in research 

that is both inspiring and stimulating. I am proud to be a part of the alumni faction of the Nuckolls 

group and the Chemistry Department at Columbia University. 

My educational journey did not start at Columbia University, but rather built upon the 

foundation developed by my family along the way. I am eternally grateful to my first and longest 

educator, my mother, who has guided my educational pathway and instilled in me the ability to 

never give up and always look towards a better future. My sister has set a standard for excellence 

and success that I can only hope to one day follow. Last but not least, my father has taught me 

dedication, sacrifice, and to always do the thing that challenges you to improve.  



v 

 

Finally, I would like to thank those closest to me who have invested time in me beyond my 

academic journeyðmy friends. Thank you for your time, respect, support, inspiration, and great 

memories. Through our shared experiences, I have learned what it means to truly live. I am certain 

I would not have made it through my educational journey without all of you. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 

 

Dedication 

I dedicate this thesis to my family. Thank you for your constant love and support.  

I also dedicate this thesis to the ultimate creator, God, who has guided me thus far and given me 

the ability to reach this point in my educational career.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 

 

Chapter 1. An Introduction to Organic Energy Storage Materials  

This chapter contains background information on organic materials for energy storage that 

forms the foundation of this thesis. I will discuss the importance and potential applications of 

existing materials along with their limitations and highlight areas within this research topic that 

still need investigation before widescale commercial adoption.  

1.1 Organic Energy Storage Materials 

 We live in a world with an ever-increasing demand for energy, driven by our constant and 

growing power consumption due to the digital age and modernization. To address the 

environmental impact of burning fossil fuels to meet these demands, we are now implementing 

renewable energy alternatives such as hydroelectric, solar, and wind, which are sporadic by nature 

and require advancements in energy storage to make this technology practical.1,2 Ever since the 

invention of the battery by Alessandro Volta in the 1800s, we have been dependent on batteries 

and similar devices for our growing energy storage needs and have improved on the design and 

materials.3,4 In 1980, the lithium-ion battery was first discovered and led to the Nobel Prize in 

Chemistry being awarded to John B. Goodenough, Stanley Whittingham, and Akira Yoshino in 

2019.5 This technology has become the standard within the energy storage industry due to its 

incredible performance and has been vastly commercialized since its development. Current 

generation lithium-ion batteries have a specific energy of 100-200 Wh/kg at 3-4 V and operate for 

long lifetimes at over 1000 cycles.6 This sets the standard for other energy storage alternatives and 

puts into perspective the capacity and voltage goals for other materials. However, this technology 

and its comparable inorganic alternatives still have many challenges, including costly and 

environmentally damaging methods to source materials, toxic disposal methods, dangerous and 

non-trivial synthetic procedures, and high safety risk due to thermal runaway.7-9 Nevertheless, 
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these materials dominate the commercial market even with all of these concerns due to the inability 

to produce a scalable practical alternative. This has not stopped researchers, as these concerns have 

prompted the development of alternatives that address many of these issues.10,11 One class of these 

materials are organic-based energy storage materials.  

 Organic materials offer a unique solution to existing electrochemical energy storage 

options and serve as a potential alternative and supplement to existing battery technology. Most 

notably, in 2000, Alan MacDiarmid, Alan Heeger, and Hideki Shirakawa received the Nobel 

Prize in Chemistry for their work on conductive polymers which prompted a widespread 

investigation into conductive organic materials as electrodes.12,13 Since then, there have been 

many advancements into this area, including the development of metal-organic batteries and 

supercapacitors which show promise and are currently being commercialized.14-16 These 

materials all benefit from the modular, facile, scalable, and robust synthetic methods within 

organic chemistry, which allow for unique designs and various electron storage properties.17,18 

Furthermore, since these materials are primarily based on C, H, O, N, and S, there are limited 

concerns on how to source these materials, which are often naturally occurring in biomass or a 

byproduct of the coal refining process. The disposal methods for organic materials are often 

easily accessible and practical, with some being biodegradable and others having fuel-like 

qualities that allow them to be consumed by combustion.19,20 These materials are more versatile 

in that they have been used with aqueous or non-aqueous electrolytes and in the solid or 

dissolved state (i.e. redox-flow batteries).10 Organic energy  storage materials offer many 

advantages over their inorganic counterparts but it is their unique electrochemical properties that 

show the greatest promise and attracts investigative studies.  
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 Recent advancements into various molecular designs have produced novel materials that 

demonstrate the high-performance ability of organic materials for energy storage. Though many 

studies have been completed, the fundamental mechanism behind these electrochemical properties 

and design rules for future materials are still being developed. One of the highest performing 

organic materials was able to achieve supercapacitor-like performance with hierarchical porous 

carbon nanotubes coupled with anthraquinone that produced up to 710 F g-1 at 1 A g-1.21 This 

carbon nanotube derivative achieved these relatively high values through the combination of a 

porous structure and redox active moiety. Though this material highlights the potential for this 

field, it is not practical due to synthetic challenges and scalability, and many are considering other 

methods and designs to decrease cost and increase performance. N-type (electron carrying) organic 

materials have shown the most promise because of their ability to accept and intercalate lithium 

ions along with other cations to enable metal-organic batteries with high performance.11 Coupled 

with an aqueous system, further advantages can be gained due to improved environmental impact 

with low toxicity. One such example of an n-type material in an aqueous system is based on 

calix[4]quinone, which, when coupled with the Zn anode, demonstrates battery-like 

electrochemical performance with a high capacity of 335 mA h g-1.22 These are just a few of the 

many existing examples that illustrate the incredible performance and the various types of 

properties that are achievable from battery-like high energy dense materials to capacitor-like high 

power dense materials. However, more research needs to be completed to find more unique and 

novel materials to understand and enhance electrochemical performance.  

1.2 Limitations and Challenges of Organic Energy Storage Materials 

 Even though organic materials have shown incredible promise for electrode materials, they 

often have limitations which inhibit their widescale commercial adoption. The main issues 
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associated with organic materials is that they have lower volumetric energy densities, high 

resistivity, lower potentials, and are often soluble in their small molecule form.11,23 To address 

these shortcomings, many have attempted to polymerize or immobilize redox active molecules, 

use conductive additives, and increase the amount of redox active moieties.11,24 There are 

additional challenges if organic materials are used in an aqueous electrolyte, such as shorter life 

cycles, corrosion, and high cost with unique water-in-salt electrolytes.25 To mitigate these 

challenges, there are some modifications to the synthesis of the organic materials along with 

varying engineering controls to make these systems practical and competitive with inorganic 

materials and nonaqueous systems.26,27 With all of these challenges to address, it is best not to 

solve them all simultaneously but treat them individually. This approach has led to a vast research 

area with various topics and much to discover. Every finding is significant. Even though a specific 

material may not be a next generation energy storage material, they all give insights into 

developing new molecular designs and their connection to electrochemical properties. Although 

many challenges remain in the area of organic electrode materials, there is much optimism 

surrounding the future of this technology. 

 Another challenge with organic energy storage materials is how to define and categorize 

these materials since they cover a range of traditional energy storage options. These materials 

generally fit into the classical battery definition because they undergo a reversible electrochemical 

reaction where the charge transfer is based on the potential of the materials used in the cell.28 

However, the charge transport properties are similar to that of a capacitor due to very fast charge 

transfer resulting from the high surface area of the redox active material in contact with the 

electrolyte. In essence, these pseudocapacitors exhibit faradaic non-diffusion-limited charge 

storage. In comparison, the traditional battery allows for a more diffusive process through the 
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intercalation of electrolyte and thus requires more time for charge transfer. The primary distinction 

between these organic pseudocapacitor and battery materials is the molecular design and resulting 

electrochemical properties. With organic materials, we are able to access various types of energy 

storage and energy storage properties solely based on the synthetic choices which determine the 

structure of the material. Organic-based pseudocapacitors are of high interest in this research field 

due to their particular charge storage mechanism and electrochemical properties. These materials 

offer a unique energy storage alternative in that they bridge the specific energy and power gap 

between batteries, supercapacitors, and electric double layer capacitors (EDLCs) (Figure 1.2.1a). 

Furthermore, they are especially attractive because they are a conductive, high power, lower cost, 

and lightweight alternative to other inorganic pseudocapacitive materials.29,30
 Because of these 

qualities and unique properties, pseudocapacitive materials are the focus of this thesis. Many of 

these organic pseudocapacitors are derived from carbon-based materials (i.e. doped carbon 

nanotubes) or from intrinsic pseudocapacitive materials such as organic polymers and COFs 

(Figure 1.2.1b). Modification of the electrochemical properties with organic synthesis methods 

will greatly improve insights into the field of organic pseudocapacitors and potentially allow these 

materials to be commercially adopted.  
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Figure 1.2.1. a) Ragone plot demonstrating the range of energy storage alternatives as described 

by their specific power and specific energy. b) Specific capacitance of organic based 

pseudocapacitors as a function of current density. Carbon based materials31-34 are in orange and 

organic polymers 35-42 are in blue.  

1.3 The Future of Organic Energy Storage Materials 

 There are two general methods to developing new practical organic materials for 

electrodesðstarting from low-cost starting materials to evaluate their properties or complex 

synthetic methods to modify existing materials and study how they can be improved. Using low-

cost materials helps improve insights into the electrochemical properties of materials that are 

readily available. However, this research area is fairly exhausted, and many have turned to 

optimizing materials with the hope of increasing the energy and power density along with 

implementing structural motifs that can amplify electrochemical properties. This approach is 

costly in terms of time and money and, even if a suitable material is developed, it could prove to 

be impractical due to synthetic challenges that could prevent scalability. However, both of these 

approaches inform how current materials are being synthesized and could help predict the 

performance of potential new materials before synthesis. From existing materials, we have learned 
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that molecular designs derived from nitroxides, quinones, imides, and amines show promise due 

to their synthetic tunability and utility as redox active materials.27,43-45 From this data, much 

research has focused on functionalizing existing materials with these redox active groups or 

combining similar redox active molecules into unique structures to determine the change in 

electrochemical properties.  

The future molecular design for organic energy storage materials currently seems unclear 

since there are few consistent structural motifs in literature. However, there are some important 

design criteria that can be implemented such as porous structures and maximization of redox active 

sites.11 In this context, it would logically make sense to implement a 2D or 3D covalent organic 

framework (COF) type material which can be designed with various porosities and high amounts 

of redox active sites.46,47 However, COFs suffer from low conductivity and poor processibility 

which limit their electrochemical performance. Other design motifs that have gained popularity 

are the combination of a redox active molecule with carbon nanotubes.21,48 This design helps 

increase the conductivity throughout the material but can have inconsistent electrochemical 

performance due to the latent redox properties of the carbon nanotubes and inconsistent 

functionalization. Similarly, designs based on conductive polymers can help increase conductivity 

and the mass of the material which has shown to enhance device cycling.46-48 It is clear from a 

molecular design perspective that the future lies in some combination of these structural motifs 

with the goal of understanding their effect on electrochemical performance.  
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Figure 1.3.1. Illustration for the synthesis of PDI materials. Top left shows accessible synthetic 

sites for modifying the structure of PDI. Bottom left shows various options for linkers to extend 

the conjugation or access unique structural designs through the R3 bay position. Right shows the 

coupled and fused potential structures of a PDI polymeric material as a result of photocyclization.   

Perylenediimide (PDI) is one of the most studied building blocks for organic energy storage 

because of its incredible electrochemical performance and ease of synthetic modularity (Figure 

1.3.1). From this building block, it is possible to access unique structures such as small molecules, 

polymers, and structured polymers such as COFs.49-51There are three general modification points 

on PDI which include the terminal, ortho, and bay positions which all have various advantages and 

disadvantages. We choose to focus on modification through the bay position as it allows us to 

access and extend the large conjugated system of PDI and couple to contorted and 3D linkers, 

large surface area small molecules, and redox active linkers (Figure 1.3.1). Furthermore, previous 

studies have noted the high cycle numbers and robust electrolyte compatibility of PDI based 
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materials which, coupled with its synthetic tunability, makes them a good candidate for organic 

pseudocapacitor applications.49-51 Because of these properties, PDI based materials were chosen 

to be the foundation of this thesis, specifically to study the design of these materials and their 

connection to underlying mechanisms for pseudocapacitive performance. It is important to note 

that research regarding pseudocapacitors is still in the early stages and there is much to be done 

with PDI and other organic building blocks. Consequently, the majority of the capacity values that 

have been published for organic materials do not allow them to effectively compete with inorganic 

materials. The hope is that more studies on the design of these materials will help the synthesis of 

next generation devices for energy storage. 

 Currently, most devices in this research area combine an energy dense inorganic material 

or metal such as Li or LiCoO2 with an organic cathode or anode into a metal-organic battery.17,52 

However, these energy storage devices still include the potential hazards previously discussed and 

thus serve more as a vehicle for understanding device capabilities as new materials are 

investigated. There is the potential for an all-organic battery or pseudocapacitor based on organic 

cathode and anode materials. The majority of all-organic batteries typically have lower energy 

densities and also exhibit lower voltages. However, new findings have paired more compatible 

organic cathode and anode materials that show potentials of up to 2.8V which is approaching the 

3-4 V range of the industry standard lithium-ion batteries.53 This is a step in the right direction 

and, with further investigation, the hope is that closer potential values can be reached to offer a 

practical energy storage alternative for battery applications. Since the field of pseudocapacitors is 

still fairly new, organic based materials have the opportunity to set the industry standard with the 

development of a new energy storage alternative. Energy storage must move towards a more 
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practical and sustainable approach and organic energy storage materials will help ensure a greener 

and more environmentally friendly future.  
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Chapter 2: High-Performance Organic Pseudocapacitors via 

Molecular Contortion  

This subchapter, cowritten by Victoria Posey and I, is based on and contains excerpts from:  

Russell, J.C., Posey, V.A, Gray, J. May, R., Reed, D.A., Zhang, H., Marbella, L.E., Steigerwald, 

M.L., Yang, Y., Roy, X., Nuckolls, C., Peurifoy, S.R. High-performance organic pseudocapacitors 

via molecular contortion. Nat. Mater. 2021, 1136-1141.  

In this subchapter, JCR and VAP fabricated the devices and performed electrochemistry. SRP and 

JG synthesized and spectroscopically characterized the materials. RM and LEM performed solid-

state NMR measurements. DAR and SRP performed the gas adsorption analysis. HZ provided the 

activated carbon electrodes. SRP and MLS performed the DFT modelling.  

2.1 Preface 

Pseudocapacitors are a unique route for the creation of high-capacity, rapidly cycling 

energy-storage devices. In this subchapter, we will summarize results on an organic system 

composed of perylene diimide and hexaazatrinaphthylene exhibiting a specific capacitance of 689 

F g-1 at a rate of 0.5 A g-1, stability over 50,000 cycles and unprecedented performance at rates as 

high as 75 A g-1. This subchapter emphasizes the importance of molecular contortion as a general 

strategy for the creation of organic high-performance energy-storage materials and motivates the 

work discussed in Chapters 3 and 4. 

2.2 Introduction 

The development of energy-storage materials has traditionally focused on costly metal-

containing solids.1 Recent successes in fully organic energy-storage materials have galvanized 

interest in lightweight, affordable and high-performance solutions for meeting globally increasing 

energy demands.2,3 Pseudocapacitors bridge the gap between secondary batteries and 
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supercapacitors, leveraging a combination of electrical double-layer capacitance and surface-level 

Faradaic redox processes to store and release charge at rapid rates.4 As a result, pseudocapacitors 

can provide higher power than batteries and higher energy density than supercapacitors. However, 

most high-performance pseudocapacitors are fabricated from metal oxides, often requiring 

transition metals that are not Earth-abundant.4 Fully organic pseudocapacitors are an inexpensive 

and green alternative, but until now, they have underperformed compared with their inorganic 

counterparts.5 These limitations are especially salient for electron-accepting materials used in 

negative electrodes, which are required for pairing with electron-donating materials in positive 

electrodes to achieve maximum performance in asymmetric cells.6,7 

Here we report an extraordinarily high pseudocapacitive performance from PHATN 

(perylene diimideïhexaazatrinaphthylene), an organic network fabricated from perylene diimide 

(PDI) and hexaazatrinaphthylene (HATN), whose synthesis and characterization are reported here. 

The rationale behind combining these two subunits are their electrochemical properties and unique 

structures. PDIs are common and inexpensive industrial pigments with notable stability, ease of 

derivatization and ability to reversibly accept electrons.8,9 HATN is a planar aromatic molecule 

exhibiting a high density of electroactive moieties and synthetic flexibility.10,11 The design of 

PHATN emphasizes the importance of (1) the complementary electroactive performance of the 

linked components to expand the voltage range and consequently the charge-storage capacity of 

the system and (2) the molecular contortion of the aromatic surface, expanding the surface 

participating in pseudocapacitive behavior and opening pores for electrolyte and ion diffusion. 

This study contains extensive effort in characterizing the pseudocapacitive nature of PHATN, the 

role of contortion in the device performance, and the viability of PHATN as a practical organic 
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energy storage material. In this subchapter, we highlight the significance of contortion in the 

aromatic surface of PHATN to explain the impressive device performance. 

2.3 Synthesis and Design Principles  

Figure 2.3.1a summarizes the two-step synthesis to polymerize PDI and HATN building 

blocks (Figure 2.3.1a,b) into the PHATN network using a Suzuki cross-coupling (Figure 2.3.1c) 

followed by visible-light flow photocyclization (Figure 2.3.1d).12 The PDI unit initially contains 

alkyl chains (R) to allow for solution processing, but once the polymer scaffold is formed the 

chains are removed using vacuum thermolysis (see Supporting Information). The resulting 

material (Figure 2.3.1e) yields capacitance values of 689 F g-1 at a current density of 0.5 A g-1 and 

retains an impressive performance with values over 430 F g-1 at high current densities (75 A g-1). 

These are the highest values to ever be reported for a negative-electrode (i.e., electron-accepting) 

organic pseudocapacitor material and outperform even well-established positive organic 

pseudocapacitors (Figure 2.3.1f). 
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Figure 2.3.1. Overview of the PHATN material.  a) Design employed in the fabrication of 

PHATN. Opacity offset indicates the three -dimensional nature of the helical network. b) Key for 

building blocks. c) PDI (red) is coupled to a three-pronged HATN scaffold (blue). d) The network 

is cyclized using a visible-light flow photocyclization reaction. The resulting material is 

thermolyzed to free the electroactive polymer from the insulating alkyl chains. e) Density 

functional theory representation of an idealized pore of PHATN, with an approximate idealized 

pore diameter of 2.3 nm. The calculated angle of contortion for this structure is ~23̄ . The material 

exhibits a contorted conformation due to steric hindrance from the imide position (see hydrogen 

labelled H a in (d)). f)  Specific capacitance (CS) versus current density for PHATN (black) and other 

recently reported organic pseudocapacitor materials. Filled symbols represent negative-electrode 

materials, and open symbols represent positive-electrode materials. See refs.5,28,32,33,34,35,80,81 for the 

compared systems and Figure 2.7.S13 for a more comprehensive graph that includes a wider 

range of inorganic and hybrid materials. PPy, polypyrrole, nanofib., nanofibrillar; PEDOT, 

poly(3,4-ethylenedioxythiophene); GOx, graphene oxide; HAB, hexaaminobenzene; MOF, metal-

organic framework.   

The key structural design causing the best-in-class performance of PHATN is the 

contortion of the aromatic system, which simultaneously improves the ion mobility, exposed 

surface for ion association and processability. In comparison, traditional planar materials 

experience strong ́-stacking disrupting solubility and ion mobility which causes less ideal device 
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performance. Molecular contortion is a well-established design principle in the field of organic 

electronics and support the conclusions of contortion and explain emergent properties with the 

PHATN material.13-15 Although PHATN is composed of two planar aromatic units, steric 

interactions at the imide position and a proximal hydrogen on the HATN building block (see Ha in 

Figure 2.3.1d) cause the aromatic moiety to contort. A soluble model compound composed of one 

HATN unit and three PDI units (PHATN monomer, Reaction Scheme 2.7.S4) was used to 

spectroscopically study the contortion of PHATN. Furthermore, a planar, uncontorted control of 

PHATN composed of alternating phenazine and PDI units (PA-PDI) was synthesized (Reaction 

Scheme 2.7.S6) and electrochemically studied to emphasize the importance of contortion as a 

design principle in these PDI based pseudocapacitors. 

2.4 Impressive Electrochemical Performance 

To evaluate the electrochemical behavior of the novel material we fabricated working 

electrodes by drop casting onto carbon paper a slurry of PHATN, carbon black (a conductive agent) 

and polytetrafluoroethylene (PTFE; a binder) in a mass ratio of 8:1:1 suspended in N-methyl-2-

pyrrolidone. We utilized a three-electrode setup comprising the PHATN working electrode, a 

graphite counter electrode, and a Hg/HgO reference electrode suspended in 6 M KOH aqueous 

electrolyte. The PHATN electrode was presoaked in the 6 M KOH electrolyte under vacuum to 

ensure full permeation of the pores before performing measurements.  

 Cyclic voltammetry (CV) in Figure 2.4.1a,b displays broad overlapping reduction peaks at 

ï0.7 and ï1.0 V versus Hg/HgO. To establish the origin of these reversible redox peaks, we 

performed CV experiments on PDI, HATN-Br, and the PHATN monomer in a solution-based set 

up (Figure 2.4.1c). Both PDI and HATN-Br contain two reduction events with the peaks for 

HATN-Br shifted to a slightly more negative potential while the CV of the PHATN monomer is a 
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convolution of these two redox units.11,16 This indicates that the CV of the PHATN electrode 

originates from the reduction of both PDI and HATN building blocks. Figure 2.4.1d shows 

galvanostatic charge-discharge (GCD) curves of PHATN at current densities ranging from 0.5 to 

2 A g-1.17 The triangular shape characteristic of capacitor-like materials is apparent. From the GCD 

data, we can calculate the specific capacitance using the following equation:  

ὅ
Ὅ  ὸ

ЎὉ
 

where I is current density, t is cycle time, and ЎὉ is the potential difference between the top and 

bottom of the cycle. At 0.5 A g-1, we measure an extremely high capacitance of 689 F g-1, which 

surpasses comparable organic pseudocapacitors as shown in Figure 2.7.S13. As the cycling rate is 

increased, the pseudocapacitance decreases as expected, but even at the highest measured current 

density of 75 A g-1, PHATN retains a performance of 432 F g-1 (Table 2.7.S2). 

To further characterize the performance of PHATN, we measured the impedance at 

different frequency (f) values using electrochemical impedance spectroscopy (EIS). Figure 2.4.1e 

displays the Nyquist plot of PHATN collected at ï0.7 V versus Hg/HgO. The high-frequency 

region, from 100 kHz to 30 Hz, displays a semicircular shape with a diameter of ~0.8 W, indicating 

very low interfacial charge-transfer resistance (RCT)
18. The high-frequency x-intercept of the 

Nyquist plot represents the equivalent series resistance (ESR, RS) of the entire system, ~1 W. 

Finally, the low-frequency region corresponds to the Warburg impedance (ZW), with the near-

vertical slope indicating fast diffusion of ions toward the electrode surface. In addition, we can 

calculate the specific capacitance as a function of frequency using the following equation:  

ὅὪ
ρ
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where m is the mass of the active material on the working electrode and ὤͼ is the imaginary 

component of the resistance. Figure 2.7.S17c shows a capacitance value around 800 F g-1 is 

achieved at the lowest frequencies and values of 400 and 200 F g-1 are retained at 1 and 10 Hz, 

respectively. In addition to the impressive pseudocapacitance values of PHATN, the device 

performance is retained at high cycling rates with an 8% decrease in capacitance and no decrease 

in coulombic efficiency over 50,000 cycles (Figure 2.4.1f).  

 

Figure 2.4.1. Electrochemical characterization of PHATN. Three-electrode CV of PHATN 

showing broad and reversible reduction peaks at a) low and b) high rates in a 6 M KOH aqueous 

electrolyte. c) Solution-phase CVs of individual PHATN building blocks show two distinct 

reductions each, overlapping with the PHATN monomer. The current densities of HATN -Br and 

the PHATN monomer are scaled to match the concentration of PDI (0.01 M). The electrolyte is 0.1 

M TBA -PF6 in DCM. TBA -PF6, tetrabutylammonium hexafluoroph osphate; DCM, 

dichloromethane. d) Three-electrode GCD cycling of PHATN at different current densities 

exhibiting the triangular shape characteristic of pseudocapacitors. e) Nyquist plots from 100 kHz 

to 20 mHz shows a small semicircle at high frequencies and a steep Warburg slope at low 

frequency. f)  Cycling stability over 50,000 cycles at a current density of 50 A g-1. The left axis 

(black, filled circles) displays capacity retention, and the right axis (blue, open circles) displays 

coulombic efficiency. Measurements in (d-f)  were performed in 6 M KOH aqueous electrolyte.  
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2.5 Comparison to Non-contorted Control  

The planar analogue of PHATN, PA-PDI, contains a phenazine unit as opposed to 

hexaazatrinaphthylene. Phenazine emulates the structure and electrochemical properties of HATN, 

but, as opposed to the tritopic contorted HATN, it cyclizes with PDI to form a planar linear 

structure (Reaction Scheme 2.7.S6). The cyclic voltammogram of PA-PDI resembles that of 

PHATN (Figure 2.5.1a and Figure 2.7.S14a) with similar reversible redox peaks, but sharper when 

compared to PHATN. The GCD curve of PA-PDI (Figure 2.5.1b and Figure 2.7.S14b) shows a 

relatively high IR drop and less ideal triangular capacitor shape. The capacitance obtained from 

the GCD data is also notably lower, 100 F g-1 at 10 A g-1 (Figure 2.7.S15a), and the shallower 

Warburg slope from EIS indicates a less capacitive behavior (Figure 2.5.1c). The cycling 

performances of PA-PDI and PHATN are comparable, which emphasizes the impressive stability 

of the structures produced by coupling PDI with an aromatic linker (Figure 2.7.S15b).  

 

Figure 2.5.1. Electrochemical comparison of PHATN and PA -PDI. a) CV at 50 mV/s, b) GCD at 

1 A/g, and c) Nyquist plot of PA -PDI compared to PHATN. All measurements were performed 

in a three-electrode set up with 6 M KOH as the electrolyte. EIS measurements were performed 

at ɬ0.7 V vs Hg/HgO and in a frequency range of 100 kHz to 20 mHz.  

An additional key difference is the ion diffusion measured by the galvanostatic intermittent 

titration technique (GITT; Figure 2.7.S16). The diffusion coefficient of ions, D, for PHATN and 

PA-PDI was calculated using the equation19:  
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where † is the current pulse length, m is the mass of the active material on the electrode, ” is the 

density of the active material, S is the surface area of the electrode, Ўὠ is the change in steady-

state potential after each current pulse and Ўὠ is the change in potential during the current pulse. 

The calculated diffusion coefficient in PHATN is almost one order of magnitude larger than in 

PA-PDI, which is consistent with the smaller surface area in PA-PDI from gas adsorption 

isotherms (12 m2 g-1 in PA-PDI and 131 m2 g-1 in PHATN; Figure 2.7.S10). Overall, we attribute 

these differences to the contortion of PHATN. Namely, contortion improves (1) the accessible 

surface area20 to facilitate ion diffusion and (2) the solubility by preventing “ï “ stacking during 

synthesis14, which could cause larger molecular weight polymers along with enabling cavity-like 

and bowl-like shape-matching for potential guest ions to easily bind in a stable and reversible 

fashion15. 

2.6 Conclusion 

In summary, we have demonstrated a robust organic material composed of PDI and HATN 

exhibiting best-in-class energy-storage properties among organic pseudocapacitor materials. 

Displaying single-electrode capacitance of nearly 700 F g-1 in an aqueous electrolyte and high 

performance at current densities of up to 75 A g-1 over tens of thousands of cycles, this system 

pushes the boundaries of organic energy-storage systems. These properties are a direct 

consequence of: (1) combining two redox active organic units, which increase the total available 

energy and potential window, and (2) molecular contortion to permit both facile diffusion and 

long-range charge delocalization. The overall motif allows for facile tunability to create stable and 

high-performance pseudocapacitors and is a promising venture in the search for affordable, 

organic, high-power energy-storage solutions. 
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2.7 Supporting Information 

Synthetic Procedure  

All reactions were carried out under an inert atmosphere using standard Schlenk 

techniques, unless otherwise noted. Dry and deoxygenated solvents were prepared by elution 

through a dual-column solvent system (Glass Contour). 

 1-Bromoperylene-3,4,9,10-tetracarboxylic diimide and a mixture of 1,6- and 1,7-

dibromoperylene-3,4,9,10-tetracarboxylic diimide were synthesized according to reported 

procedures21. Tribromo hexaazatrinaphthylene (HATN-Br) was prepared according to a reported 

procedure22 and used in the synthesis of hexaazatrinaphthylene tris-boronic acid pinacol ester 

(HATN-bpin). PA-bpin23,24 was prepared according to the reported procedures and used in the 

synthesis of PA-PDI. [1,1ǋ-Bis(diphenylphosphino)ferrocene]dichloropalladium(II) 

(Pd(dppf)Cl2), potassium carbonate, cyclohexaneketone octahydrate, 4-bromobenzene-1,2-

diamine and bis(pinacolato)diboron were purchased from Millipore Sigma. 

 The flow reactor is a home-built reactor12,25,26 consisting of a peristaltic pump (Masterflex 

L/S PTFE-Tubing Pump System; 3ï300 r.p.m., 90ï260 Va.c.), fluoropolymer tubing (Chemfluor 

FEP) and 17,500 lumen light-emitting diode corn bulb lamps (EW-IP64CB-150W-E39NB24, 

150 W; EverWatt). The tubing was wrapped around the light-emitting diode bulbs to provide the 

reaction surface. During the photocyclization reaction, the temperature was ~55ï65 ÁC. 
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Hexaazatrinaphthylene tris-boronic acid pinacol ester (HATN-bpin):  

 

Reaction Scheme 2.7.S1. Synthesis of HATN -bpin . 

A 100 mL oven-dried flask was charged with a stir bar, a regioisomeric mixture of tribromo 

hexaazatrinaphthylene (3.58 g, 5.76 mmol), bis(pinacolato)diboron (8.95 g, 35.4 mmol), 

Pd(dppf)Cl2 (412 mg, 0.563 mmol), and potassium acetate (3390 mg, 34.6 mmol). The charged 

vial was capped with a rubber septum, evacuated and backfilled with N2. Degassed dioxane (37.9 

mL) was syringed into the flask. The mixture was then heated to 90 °C and stirred overnight. The 

solution was cooled to room temperature and diluted with dichloromethane, then dried. The crude 

mixture was dissolved in dichloromethane and filtered over a silica plug. This dark green solution 

was then dried again, brought up in a small amount of dichloromethane, and triturated into 

methanol. The suspension was washed over a Celite plug using methanol and a blue solution was 

pulled through using dichloromethane. This solution was dried to afford yellow-green solid 

hexaazatrinaphthylene tris-boronic acid pinacol ester (HATN-bpin) in 73% yield (3.2 g) consisting 

of a mixture of regioisomers. This regiomixture was carried forward through the following 

synthetic steps without further resolution. 
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1 (Uncyclized PHATN): 

 

Reaction Scheme 2.7.S2. Synthesis of 1 (Uncyclized PHATN).  

A 20 mL vial was charged with a stir bar, HATN-bpin (460 mg, 0.6 mmol), a mixture of 

1,6- and 1,7-dibromoperylene-3,4,9,10-tetracarboxylicdiimide (770 mg, 0.9 mmol), Pd(dppf)Cl2 

(88 mg, 0.120 mmol), and potassium carbonate (665 mg, 4.8 mmol). The charged vial was capped 

with a rubber septum, evacuated, and backfilled with N2. Degassed water (1.5 mL) and degassed 

tetrahydrofuran (6.0 mL) were syringed into the vial. The mixture was then heated to 57 °C and 

stirred overnight. The solution was cooled to room temperature and diluted with water and 

dichloromethane. The mixture was triturated with methanol, and the solid was collected. The solid 

was subjected to consecutive Soxhlet extractions comprised of methanol, hexanes, and chloroform. 

The chloroform fraction was collected and dried to yield uncyclized PHATN as a maroon solid in 

61% yield (520 mg). 
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2 (Cyclized PHATN): 

 

Reaction Scheme 2.7.S3. Synthesis of PHATN.   

In a 100 mL round bottom flask, uncyclized PHATN (100 mg) and iodine (25 mg) were 

dissolved in chlorobenzene (65 mL). The mixture was stirred for 15 minutes and then irradiated 

for 72 h with visible light using the home-built reactor described above. The solvent was then 

removed under vacuum and the resulting solid was suspended in methanol and loaded onto a Celite 

plug. The solid was washed with methanol, hexanes, and acetonitrile and then redissolved in 

chloroform. The solvent was removed under vacuum to afford cyclized PHATN as an orange solid 

in 90% yield (90 mg). 

 

Thermolysis of PHATN: 

2 (Cyclized PHATN) (141 mg) was sealed in a borosilicate glass tube under vacuum. The 

tube was placed in a tube furnace, with one end of the tube sticking out of the furnace and the other 

end containing the solid in the middle of the furnace. The furnace was heated to 375 °C for 2 hours, 

over which time the material turned black and a clear, yellow liquid condensed at the cool end of 

the tube. The tube was opened and thermolyzed PHATN was collected as an orange-black solid in 

63% yield (89 mg). 



30 

 

PHATN monomer: 

 

Reaction Scheme 2.7.S4. Synthesis of PHATN monomer.   

(i.) A 3 mL vial was charged with a stir bar, HATN-bpin (92 mg, 0.12 mmol), 1-bromoperylene-

3,4,9,10-tetracarboxylicdiimide (290 mg, 0.372 mmol), Pd(dppf)Cl2 (22 mg, 0.03 mmol), and 

potassium carbonate (133 mg, 0.96 mmol). The vial was capped with a rubber septum, evacuated 

and backfilled with N2. Degassed water (0.3 mL) and degassed tetrahydrofuran (1.2 mL) were 

syringed into the vial. The mixture was then heated to 57 °C and stirred overnight. The solution 

was cooled to room temperature and diluted with water and dichloromethane. The mixture was 

triturated with methanol, and the solid was collected. The solid was washed with water then 

subjected to consecutive Soxhlet extractions comprised of methanol, hexanes, and chloroform. 

The chloroform fraction was collected and dried to afford uncyclized PHATN monomer as a 

maroon solid in 64% yield (190 mg). 

(ii.) In a 100 mL round bottom flask, uncyclized PHATN monomer (100 mg) and iodine (25 mg) 

were dissolved in chlorobenzene (65 mL). The mixture was stirred for 15 minutes and then 

irradiated for 72 h with visible light using a home-built photoreactor. The solvent was then 

removed under vacuum and the resulting solid was suspended in methanol and loaded onto a Celite 

plug. The solid was washed with methanol, hexanes, and then redissolved in chloroform. The 

solvent was removed under vacuum to provide a regioisomeric mixture of PHATN ñmonomerò as 
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an orange solid. The symmetric isomer could be isolated in small yield by preparatory TLC 

methods and was used for structural assignment by NMR (Figure 2.7.S3). 

1 (Uncyclized PA-PDI):  

 

Reaction Scheme 2.7.S5. Synthesis of Uncyclized PA -PDI.  

A 50 mL vial was charged with a stir bar, PA-dibpin (400 mg, 0.93 mmol), a mixture of 

1,6- and 1,7-dibromoperylene-3,4,9,10-tetracarboxylicdiimide (720 mg, 0.93 mmol), Pd(dppf)Cl2 

(136 mg, 0.19 mmol), and potassium carbonate (1020 mg, 7.4 mmol). The charged vial was capped 

with a rubber septum, evacuated and backfilled with N2. Degassed water (1.5 mL) and degassed 

tetrahydrofuran (6.0 mL) were added to the vial with a syringe. The mixture was then heated to 57 

°C and stirred overnight. The solution was cooled to room temperature and reduced under vacuum. 

The mixture was triturated with methanol, and the solid was collected. The solid was subjected to 

consecutive Soxhlet extractions comprised of methanol, hexanes, and chloroform. The chloroform 

fraction was collected and dried to yield uncyclized PA-PDI as a purple-black solid in 83% yield 

(671 mg). 
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2 (Cyclized PA-PDI):  

 

Reaction Scheme 2.7.S6. Synthesis of cyclized PA-PDI. 

In a 150 mL erlenmeyer flask, uncyclized PA-PDI (251 mg) and iodine (36 mg) were 

dissolved in a mixture of chlorobenzene (100 mL) and chloroform (20 mL). The mixture was 

stirred until completely dissolved then irradiated for 72 h with visible light using the home-built 

reactor described above. The solvent was then removed under vacuum and the resulting solid was 

suspended in methanol and isolated using vacuum filtration and washed using methanol. After 

collecting solid, any additional solvent was removed under vacuum to afford cyclized PA-PDI as 

a dark purple solid in 38% yield (96 mg). 

 

Thermolysis of PA-PDI:  

2 (Cyclized PA-PDI) (96 mg) was sealed in a quartz tube under vacuum. The tube was 

placed in a tube furnace, with one end of the tube sticking out of the furnace and the other end 

containing the solid in the middle of the furnace. The furnace was heated to 375 °C for 2 hours, 

over which time the material turned black and a clear, yellow liquid condensed at the cool end of 

the tube. The tube was opened and thermolyzed PA-PDI was collected as a purple-black solid in 

60% yield (58 mg). 
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Structural Characterization  

NMR 

1H spectra were recorded using a Bruker AVANCE III 500 (500 MHz) spectrometer, 

and 13C spectra were recorded using a Bruker AVANCE III 400SL (400 MHz) spectrometer. 

Chemical shifts for protons are reported in parts per million downfield from tetramethylsilane and 

are referenced to residual protium within the NMR solvent (CDCl3: ŭ7.26 or C2D2Cl4: ŭ6.00). 

 

Figure 2.7.S1. 1H NMR spectrum of  HATN -bpin  in CDCl 3.  
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Figure 2.7.S2. 13C NMR spectrum of  HATN -bpin  in CDCl 3.  
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Figure 2.7.S3. 1H NMR spectrum of  PHATN monomer  in C2D2Cl4 heated to 373 K. 

 

Figure 2.7.S4. 1H NMR spectrum of PHATN monomer  in C2D2Cl4 heated to 373 K expanded to 

aromatic region.  
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Thermogravimetric analysis 

Thermogravimetric analysis traces were collected using a TA Instruments Q500 analyzer 

under nitrogen flow. 

 

Figure 2.7.S5. Thermogravimetric analysis of PHATN under N 2 at a constant temperature ramp 

of 2 C̄ min -1. Thermal event at ~370 ̄C corresponds to a loss of C11H 23 alkyl chains (32.7% loss 

observed, 32.3% loss predicted).  

Gas chromatography-mass spectrometry 

Gas chromatography-mass spectrometry data were collected using an Agilent 

Technologies GC-MS instrument consisting of a 7890B GC inlet, 5977B mass spectrometer 

(electron impact ionization, EI) and a PAL LSI 85 autosampler. 

 

Figure 2.7.S6. Gas chromatography-mass spectrometry (GC-MS) NIST reference comparison for 

5-undecene (blue) and recorded mass spectrum of removed alkyl chains (red).  
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Infrared spectroscopy 

Infrared spectra were collected using a Perkin Elmer Spectrum 400 FT-IR instrument. 

 

Figure 2.7.S7. a) IR spectra (2700 to 3500 cmǸƕ) comparison of cyclized PHATN (2) and the 

thermolyzed material (PHATN). Note the strong peaks around ~2900 cmǸƕɯassociated with the 

solubilizing alkyl chains in 2, and the  lack of the associated alkyl peaks in the thermolyzed 

PHATN.  b) IR spectra (1500 to 1900 cmǸƕ) comparison of the as-made material 2 and thermolyzed  

PHATN. Note the retention of the characteristic imide peak ~1680 cmǸƕɯin both 2 and thermolyzed 

PHATN.  
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Powder X-ray diffraction  

Powder X-ray diffraction patterns were measured using a PANalytical XPert3 Powder X-

ray diffractometer, on a rotating Si zero-background plate. 

 

Figure 2.7.S8. Powder X-ray diffraction pattern of PHATN before  (red) and after (black) 

thermolysis. Note the sharpening of the major peak after thermolysis. The angle (~25º) 

corresponds to a d-spacing of ~4 Å, which may be related to the average distance between stacked 

layers of PHATN.  This peak becomes narrower and shifts to smaller d-spacing after thermolysis. 

Solid-state NMR 

The ssNMR experiments were performed using a Bruker Avance NEO 600 MHz 

spectrometer equipped with a 1.6 mm HXY MAS (magic-angle spinning) Chemagnetics 

probehead operating at 599.37 MHz for 1H and 150.71 MHz for 13C. Samples were packed in 

1.6 mm ZrO2 rotors and sealed with Torlon caps for measurement. Before each set of experiments, 

the magic angle was set using KBr. 1Hï13C cross polarization-MAS measurements were performed 

with a HartmannïHahn match of 60 kHz with a ramped (90ï100%) pulse on 1H, a contact time of 

3 ms, a recycle delay of 3 s, 1H decoupling at 120 kHz using two-pulse phase modulation and with 

between 4,000 and 27,000 scans (depending on the sample). 1H NMR was externally referenced 

to adamantane at 1.85 ppm; 13C NMR was referenced to adamantane at 38.5 ppm. 
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Figure 2.7.S9. a) Cyclized PHATN (2) and  the thermolyzed product  (PHATN).  Note the retention 

of the characteristic aromatic material peaks between 200-100 ‏ ppm and the disappearance of 

the alkyl peaks between 75-0 ‏ ppm, indicating the near -quantitative removal of the alkyl chains 

during thermolysis.  b) Solid-state 13C NMR of the  PHATN  material incorporated into an 

electrode both as-fabricated (orange trace) and soaked in electrolyte (purple trace), showing a 

shift assigned to ion association to a carbonyl within the material. Asterisks denote spinning 

sidebands at magic angle spinning fÙÌØÜÌÕÊàɯÖÍɯƕƜɷÒ'áȭ 

Gas adsorption measurements 

Gas adsorption isotherms for pressures in the range of 0ï760 torr were measured by a 

volumetric method using a Micromeritics ASAP 2020 gas sorption analyzer. Measurements were 

collected on approximately 200 mg of sample, which was evacuated by heating at 150 ÁC with a 

ramp rate of 10 ÁC minī1 under dynamic vacuum for 3 h. Free-space correction measurements were 

performed using ultrahigh purity He gas. Ultrahigh purity (99.999%) CO2 was used for 

measurements. Isotherms of CO2 collected at 195 K were measured in a dry ice/isopropanol bath. 

Oil-free vacuum pumps and oil-free pressure regulators were used for all measurements to prevent 

contamination of the samples during the evacuation process, or of the feed gases during the 

isotherm measurements. 



40 

 

 

Figure 2.7.S10. Adsorption (filled symbols) and desorption (open symbols) isotherms of CO2 for 

PHATN (dark green) and PA -/#(ɯȹÉÓÜÌȺɯÊÖÓÓÌÊÛÌËɯÈÛɯǸƛƜɷȘ"ȭɯ ÕÈÓàÚÐÚɯÖÍɯÛÏÌɯ/' 3-ɯÐÚÖÛÏÌÙÔɯ

(dark green) shows a Brunauer-Emmett-3ÌÓÓÌÙɯÚÜÙÍÈÊÌɯÈÙÌÈɯÖÍɯƕƗƕɷÔ2/g, calculated using the 

pressure range 50ɬƖƖƛɯÛÖÙÙȮɯÈÕËɯÈɯ+ÈÕÎÔÜÐÙɯÚÜÙÍÈÊÌɯÈÙÌÈɯÖÍɯƚƛƕɷÔ2/g, calculated using the pressure 

range of 227ɬ647 torr. However, as PHATN can likely undergo further structural distortions 

under operating conditions, these values are intended to be an estimate of the surface area and 

are included here for reporting purposes only. Analysis of the PA -PDI isotherm (blue) shows a 

Brunauer-Emmett-3ÌÓÓÌÙɯÚÜÙÍÈÊÌɯÈÙÌÈɯÖÍɯƕƖɷÔ2/g, calculated using the pressure range 50ɬ227 torr. 

This is indicative of extremely low porosity, consistent with our hypothesis that contortion is 

crucial to the characteristic porosity shown in PHATN.  

Electrochemical Characterization  

Electrochemical measurements, including CV, GCD and EIS, were performed using a Bio-

Logic VSP-300 potentiostat/galvanostat running EC-lab software. 

Solution-phase CV 

The molecule of interest (PDI, HATN-Br or the PHATN monomer) was dissolved to a 

known concentration (0.01, 0.001 or 0.005 M, respectively) in a solution of dichloromethane with 

0.1 M tetrabutylammonium hexafluorophosphate as the supporting electrolyte. A three-electrode 

setup was used with a 3 mm glassy-carbon disc or a 1.6 mm platinum disc as the working electrode, 

platinum wire as the counter electrode and a non-aqueous reference electrode composed of 0.01 M 

Ag/AgNO3 in acetonitrile. Measurements were performed in a glovebox under N2 atmosphere. 

The potential was swept from open-circuit voltage to ī1.7 V at rates ranging from 10 to 

200 mV sī1. 
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No difference was observed between the glassy-carbon and platinum working electrodes 

after correcting for the electrode area. The glassy-carbon electrode was used for subsequent 

measurements. 

Electrode fabrication 

The active material was ground using an agate mortar and pestle. The material was 

combined with carbon black and PTFE (60% w/v suspension in water) in a mass ratio of 80:10:10, 

respectively. Approximately 3.6 times the total mass of the mixture was then added of N-methyl-

2-pyrrolidone to form a slurry. The slurry was stirred for several hours. Carbon paper (AvCarb 

MGL190) was cut into rectangles (~0.5ï1 cm Ĭ 1ï2 cm) and the resulting substrates were 

sonicated in 1 M H2SO4 for 20 min to remove any residue or carbon dust. The substrates were then 

washed with deionized water and acetone, dried at 60 ÁC under vacuum and weighed on an 

analytical balance (0.001 mg precision). The slurry was manually deposited on the bottom half of 

the substrates and pressed using a spatula. The electrode was dried at 70 ÁC under vacuum 

overnight. The electrode was then weighed on an analytical balance to obtain the active material 

mass. Typically, the mass loading was 2ï3 mg cmī2. Finally, before testing, the electrode was 

soaked in 6 M aqueous KOH solution under static vacuum for several hours. 

Three-electrode measurements 

Unless otherwise noted, measurements were performed in 6 M aqueous KOH electrolyte 

prepared from ultra-pure distilled water. Compared with organic electrolytes, the aqueous 

electrolyte has a higher conductivity and may provide a lower viscosity for faster ion diffusion 

through the material. Measurements were performed in a three-electrode cell with ~20 ml of 

electrolyte. A copper clip was used to hold the carbon paper working electrode, with a small piece 

of titanium foil interposed to prevent contact with the electrolyte. The counter electrode was a 
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graphite rod and the reference was a Hg/HgO reference electrode in 6 M KOH (BASi). Before 

measurement the electrolyte was sparged for 10 min with N2 and the cell was subsequently kept 

under a blanketing N2 atmosphere. 

CV experiments were performed in the range of ī1.25 to ī0.3 V versus Hg/HgO, at rates 

from 1 to 75mV sī1. GCD measurements were performed by applying a constant current, with the 

current switching signs upon reaching set voltage limits of ī1.15 and ī0.65 V. The set current 

density was calculated using the equation: 

Ὅ
Ὥ

ά
  

where Id is the current density, ranging from 0.5 to 75 A gï1, i is the current and ma is the mass of 

active material. Unless stated otherwise, potentiostatic EIS measurements were performed at 

ī0.7 V versus Hg/HgO in the frequency range of 100 kHz to 20 mHz with a sinus amplitude of 

5 mV. 

Volumetric capacitance 

PHATN (30 mg) was pressed into a circular pellet under 4 tons of pressure and measured 

(1.1 mm thick, 5 mm diameter). The resulting volume (21.6 mm3) was used to calculate the density 

of PHATN (1.39 g cmī3). This density multiplied by specific capacitance gives the volumetric 

capacitance.  
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Figure 2.7.S11. a) Three-electrode high-rate GCD of PHATN. b) Capacity retention of  PHATN  at 

a rate of 20 A/g over 10,000 cycles, displaying near-quantitative retention.  c) CV of the PHATN  

electrode from Figure 2.4.1f before and after cycling for 50,000 cycles, displaying very little 

change in electronic behavior. Electrolyte in each measurement is aqueous 6 M KOH. 

Computational modelling 

Quantum chemical calculations were performed using Jaguar 8.7 (Schrödinger)27. 

Geometries were optimized using the B3LYP or M06-2X functional and the 6ï31G** basis set.  

 

 

Figure 2.7.S12. a) Top-view and  b) side-view of the DFT energy-minimized structure of Extended  

PHATN  composed of multiple units of PDI and HATN. The accessible space provided by 

molecular contortion is clearly visible.  
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Figure 2.7.S13. Green symbols are carbon-based materials28-31; red symbols are conducting 

polymer -based materials5,17,32-48; purple symbols are hybrid organic/inorganic materials 49-66; and 

blue symbols are inorganic materials67-76. PHATN outperforms nearly all other pure organic 

materials at lower rates, and at higher rates achieves performance unprecedented in any material 

class besides inorganic compounds. PHATN values and all reference values are taken from three-

electrode measurements. 

 

Figure 2.7.S14. a) CV of PA-PDI shows similar reversible redox peaks to PHATN,  though sharper 

and less broad. b) GCD of PA-PDI shows relatively high IR drop and less ideal triangular 

ÊÈ×ÈÊÐÛÖÙɯÚÏÈ×Ìȭɯ ÓÓɯÔÌÈÚÜÙÌÔÌÕÛÚɯÞÌÙÌɯ×ÌÙÍÖÙÔÌËɯÐÕɯƚɷ,ɯ*.'ɯÈØÜÌÖÜÚɯÌÓÌÊÛÙÖÓàÛÌȭɯ 
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Figure 2.7.S15. a) Specific capacitance values vs. rate for PHATN and PA -PDI. The latter has 

consistently lower performance, especially at high rates, attributable to the absence of contortion 

and resulting internal space which enable ion movement.  b) Capacity retention and coulombic 

efficiency vs. number of cycles for PA-PDI. The material maintains the same high stability over 

10,000 cycles as PHATN,  indicating that the polymeric material is well -formed and not affected 

by repeated charging and discharging. 

 

Figure 2.7.S16. GITT discharge curves as function of time for  a) PHATN and b) PA-PDI. The 

ÔÌÈÚÜÙÌÔÌÕÛÚɯ ÞÌÙÌɯ ×ÌÙÍÖÙÔÌËɯ ÈÛɯ Ɩɷ ɤÎɯ ÞÐÛÏɯ ƖƔɷÚɯ ÊÜÙÙÌÕÛɯ ×ÜÓÚÌɯ ÈÕËɯ ƕɷÔÐÕɯ Ö×ÌÕɯ ÊÐÙÊÜÐÛɯ

relaxation. c) Schematic interpretation of the GITT data to estimate the diffusion constant (see 

below equation).  d) Diffusion coefficient ( D) of the charge carrying species measured from GITT 

for  PHATN and PA -PDI. Comparing the diffusion coefficients across the potential range, we 

observe that the diffusion coefficient of  /' 3-ɯȹȃƕɷǺɷƕƔǸƛ cm2/s) is nearly one order of magnitude 

larger than that of PA -/#(ɯȹȃƗɷǺɷƕƔǸƜ cm2/s), indicating that the charge carrying species (K+) 

diffuses through the internal space created by contortion much more quickly, leading to the 

superior performance of PHATN. These values of ionic diffusion coefficients are comparable to 

reported values measured with aqueous electrolyte in porous polymeric materials 77,78. 
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Figure 2.7.S17. a) High frequency region of the Nyquist plots displaying potential dependence of 

the diameter of the semicircular segment. The change in diameter of the semicircle with potential 

is indicative of a change in charge transfer resistance, as expected from a pseudocapacitive 

process79. The dotted lines are guides for the eye. b) Low frequency region of the Nyquist plots, 

which shows steeper Warburg regions at more negative potentials. c) Frequency dependence of 

the specific capacitance, which shows a low-ÍÙÌØÜÌÕÊàɯ×ÓÈÛÌÈÜɯÍÖÙÔÐÕÎɯÕÌÈÙɯƜƔƔɷ%ɤÎɯɬ near the 

ÔÈßÐÔÜÔɯÔÌÈÚÜÙÌËɯÊÈ×ÈÊÐÛÈÕÊÌɯȹƚƜƝɷ%ɤÎȺɯÈÕËɯÈ××ÙÖÈÊÏÐÕÎɯÛÏÌɯÛÏÌÖÙÌÛÐÊÈÓɯÊÈ×ÈÊÐÛÈÕÊÌɯÖÍɯÛÏÌɯ

ÔÈÛÌÙÐÈÓɯȹƝƝƚɷ%ɤÎȺȭɯ3ÏÌɯ×ÖÛÌÕÛÐÈÓÚɯÈÙÌɯÐÕɯ5ɯÝÚɯ'g/HgO.  

 

 

Molecule Diffusion Coefficient, D0 (cm2/s) 

PDI 6.0 x 10-6 

PHATN monomer 1.4 x 10-5 

HATN-Br 3.3 x 10-6 

Table 2.7.S1. Calculated diffusion coefficients for each component molecule in DCM.  

 

 

 

 

Current Density (A/g) Specific Capacitance (F/g) Volumetric Capacitance 

(F/cm3) 

0.5 689 958 

1 672 934 

2 661 919 

5 620 862 

10 611 849 

20 577 802 

50 478 664 

75 432 600 

Table 2.7.S2. Specific and volumetric capacitance of PHATN  as a function of current density.  
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XYZ Coordinates of Minimized Structure  

PHATN ñExtendedò:  

 X  Y  Z 

C      0.748868     -1.847904      1.191618   

C     -0.601431     -1.295083      0.996663   

C     -0.759966      0.115535      0.922234   

C      0.414669     0.991112      1.005189   

C      1.725707      0.442994      1.175312   

C      1.904241     -1.011320      1.283315   

N      3.132627     -1.512266      1.402461   

C      3.283849     -2.847562      1.485407   

C      2.102905     -3.673031      1.431122   

N      0.869451     -3.162100      1.276480   

N      0.222808      2.295346      0.853006   

C      1.285744      3.114127      0.853294   

C      2.595746      2.547676      1.019364   

N      2.791398      1.228630      1.191940   

N     -1.639251     -2.120599      0.848749   

C     -2.859567     -1.592668      0.634059   

C     -3.000482     -0.161650      0.616463   

N     -1.953632      0.665384      0.757448   

C      1.121642     4.544492      0.611295   

C      2.305072      5.295219      0.406617   

C      3.591024      4.691092      0.626644   

C      3.743770      3.381283      0.948521   

C      4.605029     -3.484590      1.601428   

C      4.618551     -4.903501      1.611994   

C     3.403029     -5.664894      1.582746   

C      2.185099     -5.085071      1.499616   

C     -4.022790     -2.439282      0.352664   

C     -5.231792     -1.784470     -0.00209   

C    -5.334798     -0.353866      0.097860   

C     -4.274072      0.431930      0.404409   

O     -3.813190      3.481160      1.852148   

C     -3.825847      4.589159      1.329506   

N     -5.028672      5.300331      1.187894   

O     -6.279457      7.034622      0.402967   

C     -5.171633      6.528039      0.527444   

O      5.744847      8.887586     -0.91497   

C      4.645506      9.381130     -1.13223   

O      3.333234     12.441020     -2.47509   

N      4.541243     10.673045     -1.65806   

C      3.336424     11.318303     -1.98883   

C     -0.164273      5.221704      0.537968   

C     -1.382678      4.637747      1.004804   

C     -2.594167      5.263430      0.836235   
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C     -2.680107      6.542830      0.214959   

C     -3.930021      7.163957      0.027938   

C    -3.999463      8.409294     -0.58803   

C     -2.837164      9.057201     -0.99680   

C     -0.222883      6.547625      0.017050   

C     -1.484672      7.200933     -0.18717   

C     -1.567410      8.494022     -0.79070   

C      3.369043      8.671135     -0.85507   

C      3.414915      7.411894     -0.32530   

C      2.235554      6.659455     -0.06048   

C      0.979092      7.257059     -0.30938   

C      2.084142     10.570047     -1.71111   

C      2.119635      9.281301     -1.14874   

C      0.914370      8.577900     -0.86505   

C     -0.335302      9.200710     -1.14395   

C     -0.326819     10.480124     -1.72169   

C      0.857428     11.155163     -2.00108  
O    -11.771323     -4.551564     -3.17804  

C    -10.817807     -3.982776     -2.66356   

N    -10.854196     -2.594978     -2.45847   

O     -9.927254     -0.623564     -1.74219   

C     -9.826138     -1.835492    -1.88268   

O     -2.762438    -10.125489      0.988435   

C     -2.838711     -8.903724      0.988995   

O     -0.905092     -6.148051      2.231880   

N     -1.889322     -8.136345      1.677541   

C     -1.826031     -6.733595      1.673389   

C     -8.359523     -6.757161     -1.99293   

C     -9.494908     -6.071060     -2.41428   

C     -9.591091     -4.695706     -2.23302   

C     -8.525764     -3.995596     -1.63741   

C     -8.614117     -2.586260     -1.45641   

C     -7.570648     -1.893700     -0.90139   

C     -6.363914     -2.539124    -0.49829   

C     -7.283187     -6.097879     -1.37646   

C     -7.354675     -4.684234     -1.21243   

C    -6.268686     -3.943657     -0.63643   

C     -3.919483     -8.162182      0.301203   

C     -4.915410     -8.871385     -0.36014   

C     -5.986796     -8.200053     -0.94046   

C     -6.108825     -6.803615     -0.86564   

C     -2.940444     -6.016377      0.995619   

C     -3.967052     -6.755643      0.340842   

C     -5.061953     -6.057882     -0.23982   

C     -5.097375     -4.623774     -0.16944   

C     -3.997526     -3.895123      0.376704   
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C     -2.942768     -4.641697      0.986972   

O      6.273734      1.434193      2.126943   

C      7.278057     0.751699      1.974896   

N      8.553467      1.344595      1.965712   

O     10.812738      1.314476      1.682807   

C      9.767779      0.679667      1.735763   

O      5.966431    -9.878430      1.614883   

C      7.001704     -9.246211      1.454425   

O     10.480499     -9.956639      0.911578   

N      8.219111     -9.918649      1.285042   

C      9.460555     -9.299561      1.069296   

C      5.890408     -2.775527      1.657282   

C      6.003879     -1.366250      1.837142   

C      7.231443     -0.727148      1.802473   

C      8.440938     -1.448400      1.620638   

C      9.701385     -0.795574      1.579657   

C     10.880321     -1.493671      1.398983   

C     10.886588     -2.903916     1.223426   

C      7.114884     -3.514513      1.534484   

C      8.392346     -2.852269      1.481661   

C      9.618086     -3.573506      1.272351   

C      7.046978     -7.761290      1.437157   

C      5.882342     -7.055466      1.596059   

C      5.862952     -5.637281      1.579222   

C      7.088811     -4.940346      1.464051   

C      9.461389     -7.812277      1.049192   

C      8.270389     -7.081019      1.250757   

C      8.301201     -5.666842      1.287953   

C      9.545569     -4.991701      1.135078   

C     10.710711     -5.732882      0.845202   

C     10.644402     -7.148850      0.837183   

C     -6.261004      4.700087      1.707459   

C      5.803837     11.375301     -1.90791  
C    -12.071647     -1.908772     -2.90309   

C     -0.829774     -8.887012      2.358832   

C      8.640456      2.797953      2.131325   

C      8.161362    -11.383831      1.322117   

H     4.481384      5.296880      0.529183   

H      4.713498      2.925562      1.126055   

H      3.444562     -6.742271      1.610727   

H      1.257957     -5.646277      1.497149   

H     -6.284618      0.124466     -0.09104   

H     -4.345927      1.510110      0.487214   

H     -1.377324      3.660957      1.461114   

H     -4.974240      8.863452     -0.72854   

H     -2.929571    10.029113     -1.46499  
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H      4.398941      7.007476     -0.13696   

H     -1.255862     10.975555     -1.95858   

H      0.847866     12.146633     -2.44044   

H     -8.328166     -7.828829     -2.13873   

H    -10.325130     -6.592474     -2.87824   

H     -7.707193     -0.826446     -0.80505   

H     -4.845813     -9.953201     -0.39297   

H     -6.752930     -8.786442     -1.43195   

H     -2.113462     -4.126569      1.448035   

H      5.114105     -0.761825      1.943309   

H     11.813187     -0.944506      1.392067   

C     12.103423     -3.667270      0.927400   

H      4.990774     -7.647541      1.729911   

C     11.960191     -5.044761      0.621624   

H     11.523862     -7.762900      0.706830   

H     -6.794735      5.437819      2.307839   

H     -6.912194      4.395915      0.883727   

H     -5.983943      3.835513      2.305061   

H      5.568148     12.409277     -2.14609   

H      6.432967     11.309981     -1.01949   

H      6.336943     10.910334     -2.74132   

H    -11.927200     -0.843191     -2.74374   

H    -12.248162     -2.122863     -3.95877   

H    -12.931059     -2.267421     -2.33217   

H     -0.191715     -9.391138      1.628140   

H     -0.246318     -8.183115      2.946138   

H     -1.281981     -9.647751      2.996467   

H      9.466631      3.030530      2.802679   

H      8.833094      3.281692      1.169366   

H      7.694632      3.146650      2.536800   

H      9.177226    -11.757713      1.220344   

H      7.721894    -11.710146      2.266660   

H      7.534913    -11.753219      0.507064   

C     13.029275     -5.811907      0.055889   

C     14.273284     -5.305096     -0.07488   

H     12.834156     -6.813978     -0.29725   

H     15.100389     -5.865672     -0.49511   

C     14.529356     -3.991816      0.391534   

C     13.476538     -3.134764      0.870874   

N     13.810917     -1.898041      1.307431   

N     15.816149     -3.623831      0.386801   

C     15.102616     -1.547020      1.337288   

C     16.121797     -2.434818      0.872609   

C     15.526078     -0.263914      1.938746   

C     17.552656     -2.120372      0.984701   

C     16.923379      0.031430      2.071182   
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C     17.951546     -0.900073      1.602877   

N     17.351110      1.146553      2.641890   

N     19.224602     -0.579473      1.772902  

N     14.621159     0.587461      2.405158   

N     18.434470     -3.004678      0.542768   

C     15.063112      1.711700      3.007037   

C     16.460633      2.021604      3.119129   

C     20.139344     -1.468122      1.332995   

C     19.739794     -2.698781      0.710640   

C     14.105836      2.581053      3.597556   

C     16.916953      3.208713      3.836634   

C     21.522202     -1.187375      1.495189   

C     20.734672     -3.621714      0.288555   

C     14.535720      3.630073      4.347604   

C     15.928202      3.942190      4.534655   

C     22.456524     -2.111691      1.099078   

C     22.062948     -3.337847      0.495737   

H     13.791550      4.261108      4.811918   

H     23.514104     -1.905392      1.236676   

H     22.824522     -4.049248      0.189906   

H     13.054737      2.346927      3.462283   

H     21.792486     -0.243367      1.953363   

H     20.405127     -4.547394     -0.17203   

C     18.307363      3.632521      3.918221   

C     18.674385      4.665390      4.829306   

C     17.679690      5.314506      5.629841   

C     16.312989      4.973559      5.472022   

C     19.331315      3.088696      3.079632   

C     20.641318      3.484704      3.187813   

C     21.039810      4.452751      4.153590   

C     20.047934      5.066467      4.969177   

C     15.344199      5.621111      6.290184   

C     15.699690      6.559112      7.221046   

C     17.063543      6.934797      7.380702   

C     18.065799      6.316985      6.580768   

H     19.089283      2.327771      2.354994   

C     21.650337      2.898463      2.263407   

C     22.397409      4.804381      4.287959   

C     20.446893      6.065960      5.910134   

C     19.430351      6.708030      6.744679   

C     17.412732      7.910865      8.328148   

C     14.638181      7.170313      8.064133   

H     14.293651      5.373794      6.230386   

C     22.771835      5.770445      5.216232   

C     21.810196      6.392276      6.007744   

C     19.737834     7.702357      7.690446   
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C     18.741943      8.287376      8.467409   

H     23.822627      6.023392      5.305992   

H     22.138872      7.141793      6.716662   

H     20.762516      8.022706      7.830791   

H     18.988577      9.048207      9.199658   

C     23.441379      4.147700      3.462690   

N     22.996301      3.204097      2.525315   

C     16.384826      8.539940      9.192046   

N     15.062386      8.097650      9.024185   

C     24.003819      2.574825      1.666065   

C     14.035291      8.696162      9.882395   

O     24.633363      4.402087      3.581475   

O     21.360239      2.160220      1.332071   

O     16.657073      9.396094     10.02330   

O     13.453431      6.884218      7.947348   

H     23.668750      1.571008      1.411402   

H     24.134388      3.142737      0.739410   

H     24.946796      2.555395      2.207825   

H     13.238938      7.968088     10.02259  

H     14.497724     8.970020     10.82840   

H     13.618071      9.594310      9.416455 
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Chapter 3: Linker -Derived Contortion Controls Performance in 

Organic Polymer Pseudocapacitors 

This chapter is based on and derived from a published manuscript:  

Gray, J.; Posey, V. A.; Orchanian, N. M.; Jin, Z.; Steigerwald, M. L.; Roy, X.; Nuckolls, C. Linker-

Derived Contortion Controls Performance in Organic Polymer Pseudocapacitors. Chem. Mater. 

2024, 36 (9), 4861-4867. 

I synthesized the materials and Victoria Posey conducted the electrochemical measurements.  

3.1 Preface  

Pseudocapacitors offer a unique strategy to combine the rapid charging rates of a capacitor 

with the high energy density of a battery, potentially offering a unique solution to energy storage 

challenges. Bending, twisting, and generally deplanarizing aromatic building blocks to form 

contorted aromatics has emerged as a new strategy to create organic materials with unique and 

tunable properties. This chapter studies the union between these two concepts: molecular 

contortion and organic pseudocapacitors. The recent development of fully-organic 

pseudocapacitors, including high-performing devices based on perylene diimide organic redox 

units, introduces the added benefit of low cost, synthetic tunability, and increased flexibility. We 

synthesize a series of polymers by joining perylene diimide with various linkers which incorporate 

a helical moiety from [4]helicene to [6]helicene into the molecular backbone. We prepare three 

new electroactive polymers that incorporate benzene, naphthalene, and anthracene linkers and 

studied their pseudocapacitive performance to infer key design principles for organic 

pseudocapacitors. Our results show that the naphthalene linker results in the most strongly-coupled 

redox centers and displays the highest pseudocapacitance of 292 ± 47 F/g at 0.5 A/g. To understand 

the pseudocapacitive behavior, we synthesize dimer model compounds to further probe the 
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electronic structure of these materials through electronic absorption spectroscopy and first-

principles calculations. Our results suggest that the identity of the aromatic linker influences the 

contortion between neighboring perylene diimide units, the coupling between redox centers, and 

their relative angles and distances. We find that competing molecular design factors must be 

carefully optimized to generate high-performance devices. Overall, this study provides key 

insights into molecular design strategies for generating high-performing organic pseudocapacitor 

materials. 

  

Figure 3.1.1. General summary  of  the PDI based pseudocapacitor  project.   

3.2 Introduction  

The increasing electrification of the modern world has led to growing demands for 

improved energy storage systems. The proliferation of personal electronics, electric vehicles, and 

electric aircraft is largely enabled by metal-ion battery technologies. However, battery materials 

continue to suffer from fundamental energy density limits, sluggish charging/discharging rates, 

and thermal runaway issues.2,3 Furthermore, batteries typically rely on metal oxide materials that 

prevent the development of flexible energy storage devices and in many cases contain expensive 

elements.4 Pseudocapacitors offer unique benefits as charge storage materials because they 

combine the high energy densities of batteries with the high-power densities of capacitors.5-7 While 

a majority of high-performance pseudocapacitors are based on metal oxide materials, the recent 
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development of advanced organic pseudocapacitors (in particular those incorporating conducting 

polymers) has enabled the production of devices that are economical, sustainable, high performing 

and with a diversity of form factors.8,9 Perylene diimide (PDI) derivatives are a stable, tunable, 

and low-cost building block to construct organic pseudocapacitor materials with extraordinary 

properties.10-12 Previous studies explored coupling PDI redox sites through a triptycene linker, 

resulting in a conducting polymer with stable pseudocapacitance for >10,000 cycles.10 The high 

performance of these devices was attributed to the three-dimensional structure imposed by the 

triptycene core and its high internal surface area, though the specific influence of the linker 

structure on the observed electrochemical properties remains unexplored.   

In this study, we design a series of PDI-based building blocks with variable conjugated linkers to 

elucidate the design principles for helically contorted moieties in pseudocapacitor devices. We 

create and compare three new polymers by systematically varying the linker length, from benzene, 

to naphthalene, and anthracene, with the added benefit of including a helical moiety from 

[4]helicene to [6]helicene into the molecular backbone. These materials offer a platform to study 

the impact of linker length, conjugation, and the coupling between redox sites as they decrease in 

distance due to the helical contortion. Electrochemical measurements of these polymers indicate 

that the polymer containing the naphthalene linker (p-NPH) exhibits the optimal performance, with 

the highest pseudocapacitance in the series at 292 ± 47 F/g at 0.5 A/g, while also being the most 

contorted with the [6]helicene backbone, resulting in the greatest coupling between redox centers. 

To further understand the structure-properties relationship in these materials, we synthesize small-

molecule dimer models with varying conjugation, length, and helicity. We probe the electronic 

structure of these materials through electronic absorption spectroscopy, cyclic voltammetry, and 

DFT calculations. 
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3.3 Results and Discussion 

Preparation of pseudocapacitive polymers. We synthesize the polymers p-BZ, p-NPH, 

and p-ANH, where p stands for polymer and -BZ, -NPH, -ANH indicates benzene, naphthalene 

and anthracene, respecitvely. These polymers are prepared through Suzuki coupling followed by 

photocyclization onto the bay-region of PDI (Figure 3.3.1).13 The photocyclization to form the 

helicene subunits of the PDI core increases the rigidity and aromatic surface area of the polymers.10 

The preparation of the dibromo-PDI and the respective borylated linkers is described in Reaction 

Scheme S1-3, S6-8, S11-13. The dibromo-PDI core contains branched C-11 alkyl chains to 

improve the solution processability of these materials. We characterize the polymers via mass 

spectrometry and 1H-NMR, comparing characteristic peaks to that of dimeric materials, and then 

remove the alkyl chains to increase porosity and conductivity through thermolysis to yield 

insoluble powders (Figure 3.5.S4-7, 3.5.S10-15).10,11 We characterize these insoluble materials 

with TGA, FT-IR, and CO2 adsorption analysis to confirm their identity and properties prior to 

device-level studies. 

 

Figure 3.3.1. Summary of the synthesis of PDI polymers.  Synthesis of the PDI polymers using a 

Suzuki coupling and photocyclization to form the structures shown on the bottom right. The box 

inset shows the starting materials in the synthesis with the polymer p-BZ linked via benzene, p-

NPH linked via naphthalene, and p -ANH linked via anthracene.  
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Electrochemistry and Pseudocapacitance Studies. To evaluate the electrochemical 

performance of these polymers, we first prepare a slurry containing carbon black, 

polytetrafluoroethylene (PTFE), and the active material (1:1:8 mass ratio) in N-methyl-2-

pyrrolidone. We next drop cast the slurry onto carbon paper and vacuum dry (see Supporting 

Information for additional details) to form the working electrode. Finally, we soak the working 

electrodes in 5 M NaCl solution under vacuum for 1 h to ensure full permeation of the porous 

material. Figure 3.3.2a,b displays the cyclic voltammetry (CV) and galvanostatic charge-discharge 

(GCD) studies for each polymer. Taken together these data establish the pseudocapacitive nature 

of these polymers. While PDI, the parent compound, is known to undergo two single-electron 

reduction events centered on the imides, the cyclic voltammograms for these polymers each 

display a single, broad, multi-electron reduction.10,11 We measure half-wave potentials (ὉȾ) for 

these materials of ī0.68, ī0.66 and ī0.76 V for p-BZ, p-NPH and p-ANH, respectively, indicating 

that the extended, “-electron rich anthracene linker destabilizes reduction of p-ANH. Analyses of 

the scan rate dependence of the CV profiles reveal pseudocapacitive behavior for these materials 

(see the Supporting Information for details), which is further corroborated by the triangular shape 

of the GCD curves (Figure 3.3.2b). The specific capacitance (CS) in Figure 3.3.2c can be calculated 

from the GCD according to the following equation: 

ὅ
Ὅ  ὸ

ά ЎὉ
 

where I is the current, t is the discharging time, m is the mass and ЎὉ is the potential difference 

for the discharge process. From this data measured across multiple devices, we find that p-NPH 

exhibits the highest pseudocapacitance at 292 ± 47 F/g, followed by p-BZ at 250 ± 34 F/g, and p-

ANH at 147 ± 18 F/g (at a cycling rate of 0.5 A/g). 
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To probe the ion diffusion behavior and its relation to the differences in pseudocapacitance, 

we perform electrochemical impedance spectroscopy (EIS) (Figure 3.3.2d) and galvanostatic 

intermittent titration technique (GITT) (Figure 3.5.S33). Figure 3.3.2d shows the Nyquist plots 

measured at the half-peak potential of each polymer, which display semicircles in the high 

frequency regions, where the x-axis intercept is attributed to the equivalent series resistance (ESR) 

of the system and the diameter is the charge-transfer resistance (RCT) (see SI for a model of the 

circuit).14,15 The ESR values across the series show a slight variation with values of 1.95, 2.35, and  

 

Figure 3.3.2. Electrochemical characterization of p-BZ, p-NPH, and p -ANH. a) Cyclic 

voltammograms of the PDI polymers measured at a scan rate of 30 mV/s with the half-wave 

potential shown as a dashed line in the respective color for each polymer. b) GCD curves 

measured at 1 A/g. c) Specific capacitance as a function of scan rate. d) Nyquist plot from 100 kHz 

to 20 mHz. Inset: small semicircles at high frequencies. Measurements in (a-d) were performed in 

a three-electrode set up in 5 M aqueous NaCl. 
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1.93 Ý for p-BZ, p-NPH and p-ANH, respectively. The RCT value also shows a small change from 

0.68 Ý in p-ANH to 0.25 Ý for p-BZ and 0.20 Ý for p-NPH. Further analysis of the polymers 

show that the increased length of the linker bridge does not affect the diffusion coefficient obtained 

from GITT (Table 3.5.S1) as ion mobilities on the order of 10ī7 cm2 sī1 are measured across the 

series. In addition, we explore CO2 adsorption analysis on each of the polymers which shows 

increased adsorption and BET surface area for p-NPH compared to p-BZ and p-ANH (Figure 

3.5.S34, Table 3.5.S1). This increased adsorption as derived from the helical structural motif is 

suggestive of a more open structure for better ion diffusion though not manifested in the diffusion 

coefficient and ion mobility. Overall, the CV, EIS, and CO2 adsorption analysis results highlight 

key differences in the electrochemical behavior of these materials, demonstrating the critical role 

of molecular design on device-level performance. In particular, we find that the extended 

anthracene linker in p-ANH destabilizes the PDI reduction events (by 100 mV relative to p-NPH) 

and generates an active material with the highest charge transfer resistance (0.68 Ý). In contrast, 

the naphthalene linker in p-NPH results in an active material with the lowest charge transfer 

resistance (0.20 Ý), the least negative reduction potential (ī0.66 V), highest BET surface area, and 

the highest pseudocapacitance (292 ± 47 F/g) in the series.  

Synthesis of Model Dimers. To further probe the structure-properties relationships 

influencing electrochemical performance in these systems, we synthesize dimer model compounds 

(d-BZ, d-NPH, and d-ANH) as soluble analogues for homogeneous electrochemical and 

spectroscopic studies (Figure 3.3.3a). The Supporting Information contains synthetic details.16 The 

structures of d-BZ, d-NPH, and d-ANH were confirmed through both NMR spectroscopy and mass 

spectrometry (Figure 3.5.S7-9, 3.5.S16-18). The alkyl chains are not removed for these studies, in 

contrast to the polymer synthesis, to allow for the solution-phase studies that follow. Sidechains 
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were removed on a small sample of each dimer via thermolysis followed by mass spectrometry to 

confirm structure post thermolysis (Figure 3.5.S19-21). 

Spectroscopy of Model Dimers. Figure 3.3.3b displays the electronic absorption spectra 

of d-BZ, d-NPH, and d-ANH in dichloromethane (PDI parent compound spectra shown for 

comparison, see Figure 3.5.S35). PDI exhibits two characteristic peaks at 488 and 525 nm 

associated with “ “ᶻ electronic transitions.17-19 The higher energy 488 nm peak represents the 

0-1 vibronic transition and the lower energy 525 nm peak represents the 0-0 vibronic transition. 

When comparing the dimers to PDI, both the 0-0 and 0-1 peaks are blue shifted in all cases. The 

ratio between the absorbance of the 0-1 transition and the 0-0 transition (  is used to 

characterize ˊ ī ˊ aggregation in heavily conjugated molecules, like perylene compounds.17,20-22A 

decrease in this ratio represents an increase in aggregation and therefore an increase in the ˊ ī ˊ 

interactions between molecules in solution. Here, the A0-1/A0-0 ratio decreases from d-BZ to d-

ANH with a value of 0.97, 0.77 and 0.65 for d-BZ, d-NPH and d-ANH, respectively (Figure 

3.5.S36a). Furthermore, d-NPH experiences a red shift in the 0-0 transition when compared to d-

BZ, indicating an increase in the conjugation23 due to the NPH linker (Figure 3.5.S36b). In 

comparison, d-ANH displays a new low energy peak at 561 nm. A previous report on d-ANH 

attributes this low energy absorption to anthracene-PDI intramolecular charge transfer (ICT)19, 

suggesting a distinct electronic structure for this material and further highlighting the influence of 

linker design on material properties. 
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Figure 3.3.3. Characterization of d-BZ, d-NPH, and d -ANH. a) Structures of d-BZ, -NPH, and -

ANH without dodecane  sidechains. Pathway between the imides to represent the PDI overlap 

colored in yellow, green, and red, respectively.  b) Normalized electronic absorption spectra of 

PDI and the PDI dimers in dichloromethane  with the 0 -1 and 0-0 transitions of PDI labeled. c) 

Cyclic voltammograms of PDI and the PDI dimers in dichloromethane, measured at a scan rate 

of 50 mV/s. 

Electrochemistry of Model Dimers. To elucidate the connection between the linker 

structure and electron delocalization, we perform electrochemical analysis of the dimers (Figure 

3.3.3c). As a proxy for electron delocalization in the reduced state, we investigate the electronic 

coupling through CV. To quantify the electronic coupling, the comproportionation constant (KC) 

can be calculated according to the following equation: 

ὑ ÅØÐὉ Ὁ ὊȾὙὝ 

where Ὁ  and Ὁ  are the potential peaks labeled in the cyclic voltammogram of d-NPH (Figure 

3.3.3c), F is Faradayôs constant, R is the gas constant, and T is temperature. A larger value of KC 

is indicative of greater electronic coupling as seen in other fully organic systems.24-28 The CV 

profiles of d-BZ, d-NPH, and d-ANH exhibit four reduction waves consistent with two single-
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electron reductions of each PDI unit in the dimers. In agreement with a previous study on the 

electrochemistry of d-NPH and d-ANH19, d-NPH displays a greater peak separation between the 

four single-electron redox events when compared to d-ANH. The newly synthesized d-BZ exhibits 

a larger peak separation than d-ANH, but overall, the cyclic voltammogram of d-NPH shows the 

greatest separation between the two PDI redox events and is attributed to the greatest electronic 

coupling across the NPH bridge. The KC values for d-NPH and d-BZ are 158 and 40, respectively, 

indicating a greater degree of electronic coupling across the NPH linker. By contrast, no peak 

separation is observed in the voltammogram of d-ANH, suggesting negligible electronic 

communication across the ANH linker. The weak electronic coupling in d-ANH is consistent with 

the steep decline in the pseudocapacitance of p-ANH compared to the other two materials. On the 

other hand, d-NPH experiences both the greatest degree of electronic coupling and the highest 

pseudocapacitance. The electronic coupling in the dimer models is one of the various factors 

influencing the performance of our devices. The measured electronic coupling aligns with the trend 

in the performance of our polymeric material and helps elucidate the mechanism behind the device 

performance.  

 

Figure 3.3.4. Calculated structures of PDI dimers. DFT energy minimized structures of  d-BZ, -

NPH, and -ANH showing the first lowest unoccupied molecular orbital  (LUMO) centered on the 

PDI rings. Shown here is the distance between the central PDI rings (PDI-PDI distance is 

measured as shown in Figure 3.5.S40d). 

 



74 

 

DFT Calculations for Model Dimers. To explore this impact of linker length on the 

distance between the redox active PDIs, we perform density functional theory calculations on the 

dimer models (computational methods provided in the SI). Geometry optimization of d-BZ, d-

NPH, and d-ANH result in stacked PDI units with varying degrees of PDI-PDI separation and 

qualitative increase of aromatic surface area depending on the linker and helical motif (Figure 

3.5.S37-40). These changes to the structure along the series could influence local hydrophilicity 

and electrolyte access to the redox active sites. However, the lowest occupied molecular orbitals 

shown in Figures 3.3.4 of the dimers predict that the PDI units remain the sites for reduction after 

coupling to these aromatic linkers. We measure the distance between the centers of adjacent PDI 

units as a convenient proxy for the separation between redox sites across the series. The smallest 

distance is calculated for d-NPH, due to favorable [6]helicene contortion, relative to the shorter d-

BZ, and the largest distance between the PDI units is measured for d-ANH (Figure 3.3.4). The 

naphthalene linker results in the shortest distance between neighboring PDI units in the optimized 

dimer, which is in line with the strong electronic coupling observed in CV studies of d-NPH. These 

results indicate higher electronic coupling between redox sites for the d-NPH structure as a 

function of ˊ-ˊ interactions in the contorted structure rather than through bond coupling. 

Consequently, the calculated PDI-PDI distances also follow the trend in polymer 

pseudocapacitance performance. 

3.4 Conclusions 

In this study, we prepared a series of contorted electron accepting polymers to probe the 

influence of linker structure on electrochemical properties. Our results reveal key differences in 

the electronic structure and electrochemical performance of these active materials as the linker is 

changed from benzene, to naphthalene, to anthracene. By understanding the electrochemical 
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performance of these polymers through the prism of dimer models, we identify the degree of 

electronic communication between neighboring redox sites as a critical parameter influencing 

overall performance. The naphthalene-bridged polymer, featuring low charge-transfer resistance, 

a small reduction potential, higher CO2 adsorption, and minimized spatial separation between 

redox units ultimately offers the best device performance in the series. As a result of these 

combined factors that determine device performance, we measured capacitance values of 292 ± 47 

F/g for p-NPH, 250 ± 34 F/g for p-BZ, and 147 ± 18 F/g for p-ANH at a cycling rate of 0.5 A/g. 

Other reported organic based pseudocapacitors show values of up to 689 F/g which demonstrate 

the potential of this field but lack the insight gained from a fundamental study to describe design 

principles for these materials.11 The recent development of PDI polymers with pseudocapacitance 

comparable to inorganic materials charts a path towards innovative designs, including secondary 

redox sites, along with further consideration of the electronic communication between these redox 

sites. These design principles could enable next-generation materials to out-compete inorganic 

counterparts, offering a new platform for economical, flexible, and adaptable energy storage 

solution. 
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3.5 Supporting Information 

Synthesis of 1,4-dibpinbenzene29, 30: 

 

Reaction Scheme 3.5.S1. Synthesis of 1,4-dibpinbenzene. 

A 50 mL flask was charged with a stir bar, 1,4-dibromobenzene (508.4 mg, 2.16 mmol), 

Pd(dppf)Cl2 (82.8 mg, 0.11 mmol), potassium acetate (1261.3 mg, 12.85 mmol), 

bis(pinacolato)diboron (2098.8 mg, 8.26 mmol), and capped with a rubber septum. The flask was 

evacuated and backfilled with N2 using Schlenk technique, followed by purged dioxane (14.0 mL). 

The insoluble mixture was heated to 110 °C and stirred overnight. The resulting solution was 

cooled to room temperature and quenched in 200 mL of water. The product mixture was extracted 

using 3x100 mL of ethyl acetate and dried over magnesium sulfate, and further dried under 

vacuum. Crude product was loaded unto ~5 g of silica gel and separated using a 0-100% gradient 

of hexanes to dichloromethane. 1H NMR spectroscopy was used to identify the pure 1,4-

dibpinbenzene product (488.8 mg) with an 69% yield. 
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Synthesis of Uncyclized p-BZ30, 31: 

 

Reaction Scheme 3.5.S2. Synthesis of uncyclized p-BZ. 

A 50 mL vial was charged with a stir bar, 1,4-dibpinbenzene (499.6 mg, 1.51 mmol), a mixture of 

1,6- and 1,7-dibromoperylene-3,4,9,10-tetracarboxylicdiimide (1176.9 mg, 1.37 mmol), 

Pd(dppf)Cl2 (198.5 mg, 0.27 mmol), potassium carbonate (1674.3 mg, 12.11 mmol), and capped 

with a rubber septum. The vial was evacuated and backfilled with N2 using Schlenk technique, 

followed by the addition of degassed water (5.0 mL) and degassed tetrahydrofuran (14.0 mL). The 

reaction mixture was stirred and held at 57 °C overnight. The solution was cooled to room then 

triturated with methanol. The crude product was collected via filtration through a fiberglass 

thimble and washed with water and methanol. For purification, the crude product was subjected to 

consecutive Soxhlet extractions comprised of methanol, hexanes, and chloroform. The chloroform 

fraction was collected and dried to yield uncyclized p-BZ as a purple-black solid in 71% yield 

(754.2 mg). 
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Synthesis of p-BZ: 

 

Reaction Scheme 3.5.S3. Synthesis of p-BZ. 

In a 250 mL erlenmeyer flask, uncyclized p-BZ (134.8 mg) and iodine (37.5 mg) were dissolved 

in chlorobenzene (200 mL). The mixture was stirred and irradiated for 72 h with visible light. The 

solvent was then removed under vacuum and the resulting solid was triturated in methanol and 

isolated using vacuum filtration. The solid product was further dried under vacuum to remove 

additional solvent which yielded p-BZ as a dark purple solid in 98% yield (132.0 mg). 

 

Thermolysis of p-BZ:  

Cyclized p-BZ (132.0 mg) was placed in a quartz tube connected to vacuum. The tube was placed 

in a tube furnace, with one end of the tube sticking out of the furnace and the other end containing 

the solid in the middle of the furnace. The sample was held under constant vacuum (10-100 mTorr) 

while the furnace was heated to 360 °C for 2 hours, over which a clear liquid condensed at the cool 

end of the tube. After cooling, the thermolyzed p-BZ was collected as a black solid in 57% 

recovery (75.2 mg). 
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Synthesis of Uncyclized d-BZ:  

 

Reaction Scheme 3.5.S4. Synthesis of uncyclized d -BZ. 

A 50 mL vial was charged with a stir bar, 1,4-dibpinbenzene (102.8 mg, 0.31 mmol), 

bromoperylene-3,4,9,10-tetracarboxylicdiimide (474.2 mg, 0.61 mmol), Pd(dppf)Cl2 (12.3 mg, 

0.017 mmol), potassium carbonate (253.5 mg, 1.83 mmol), and capped with a rubber septum. The 

vial was evacuated and backfilled with N2 using Schlenk technique, followed by the addition of 

degassed water (1.0 mL) and degassed tetrahydrofuran (3.0 mL). The reaction mixture was stirred 

and held at 57 °C overnight. For purification, the crude product was extracted with 2x100 mL of 

ethyl acetate, washed with water then brine, and dried with sodium sulfate. The product containing 

organic fraction was concentrated unto ~3g of celite and separated on a silica gel column using 0-

100% gradient of hexanes to dichloromethane. 1H NMR spectroscopy was used to identify the 

uncyclized d-BZ product (583.3 mg) with a 65% yield. 

 

 

 

 

 

 

 



80 

 

Synthesis of d-BZ: 

 

Reaction Scheme 3.5.S5. Synthesis of d-BZ. 

In a 250 mL erlenmeyer flask, uncyclized d-BZ (203.7 mg) and iodine (32.5 mg) were dissolved 

in chlorobenzene (200 mL). The mixture was stirred and irradiated for 72 h with visible light. The 

solvent was then removed under vacuum and the resulting product was loaded unto ~3g of celite 

and separated again using a silica column with a 0-100% gradient of hexanes and dichlorobenzene. 

The product was dried under vacuum, triturated with methanol and collected via vacuum filtration. 

The solid product was then further dried under vacuum to remove additional solvent which yielded 

d-BZ as a red solid in 97% yield (198.2 mg). 1H NMR spectroscopy and MALDI was used to 

confirm the structure of the product. 
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Synthesis of 2,7-dibpinnapthalene: 

 

Reaction Scheme 3.5.S6. Synthesis of 2,7-dibpinnapthalene.   

A 50 mL flask was charged with a stir bar, 2,7-dibromonapthalene (607.5 mg, 2.12 mmol), 

Pd(dppf)Cl2 (77.4 mg, 0.11 mmol), potassium acetate (827.1 mg, 8.43mmol), 

bis(pinacolato)diboron (1981.4 mg, 7.80mmol), and capped with a rubber septum. The flask was 

evacuated and backfilled with N2 using Schlenk technique, followed by purged dioxane (14.0 mL). 

The insoluble mixture was heated to 110 °C and stirred overnight. The resulting solution was 

cooled to room temperature and quenched in 200 mL of water. The product mixture was extracted 

using 3x100 mL of ethyl acetate and dried over magnesium sulfate, and further dried under 

vacuum. Crude product was loaded unto ~5 g of silica gel and separated using a 0-100% gradient 

of hexanes to dichloromethane. 1H NMR spectroscopy was used to identify the pure 2,7-

dibpinnaphthalene product (632.2 mg) with an 78% yield. 
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Synthesis of Uncyclized p-NPH: 

 

Reaction Scheme 3.5.S7. Synthesis of Uncyclized p -NPH.  

A 50 mL vial was charged with a stir bar, 2,7-dibpinnaphthalene (199.8 mg, 0.53 mmol), a mixture 

of 1,6- and 1,7-dibromoperylene-3,4,9,10-tetracarboxylicdiimide (400.4 mg, 0.47 mmol), 

Pd(dppf)Cl2 (23.8 mg, 0.03 mmol), potassium carbonate (1031 mg, 7.46 mmol), and capped with 

a rubber septum. The vial was evacuated and backfilled with N2 using Schlenk technique, followed 

by the addition of degassed water (2.0 mL) and degassed tetrahydrofuran (5.0 mL). The reaction 

mixture was stirred and held at 57 °C overnight. The solution was cooled to room then triturated 

with methanol. The crude product was collected via filtration through a fiberglass thimble and 

washed with water and methanol. For purification, the crude product was subjected to consecutive 

Soxhlet extractions comprised of methanol, hexanes, and chloroform. The chloroform fraction was 

collected and dried to yield uncyclized p-NPH as a purple-black solid in 49% yield (190.5 mg). 
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Synthesis of p-NPH: 

 

Reaction Scheme 3.5.S8. Synthesis of p-NPH.  

In a 250 mL erlenmeyer flask, uncyclized p-NPH (120.1 mg) and iodine (22 mg) were dissolved 

in chlorobenzene (200 mL). The mixture was stirred and irradiated for 72 h with visible light. The 

solvent was then removed under vacuum and the resulting solid was triturated in methanol and 

isolated using vacuum filtration. The solid product was further dried under vacuum to remove 

additional solvent which yielded cyclized p-NPH as a dark purple solid in 98% yield (117.7 mg). 

 

Thermolysis of p-NPH:  

Cyclized p-NPH (117.7 mg) was placed in a quartz tube connected to vacuum. The tube was placed 

in a tube furnace, with one end of the tube sticking out of the furnace and the other end containing 

the solid in the middle of the furnace. The sample was held under constant vacuum (10-100 mTorr) 

while the furnace was heated to 360 °C for 2 hours, over which a clear liquid condensed at the cool 

end of the tube. After cooling, the thermolyzed p-NPH was collected as a black solid in 62% yield 

(73.6 mg). 
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Synthesis of Uncyclized d-NPH: 

 

Reaction Scheme 2.5.S9. Synthesis of uncyclized d-NPH.  

A 50 mL vial was charged with a stir bar, 2,7-dibpinnaphthalene (51.9 mg, 0.14 mmol), 1,6-

bromoperylene-3,4,9,10-tetracarboxylicdiimide (204.4 mg, 0.26 mmol), Pd(dppf)Cl2 (6.9 mg, 

0.0094 mmol), potassium carbonate (108.2 mg, 1.10 mmol), and capped with a rubber septum. 

The vial was evacuated and backfilled with N2 using Schlenk technique, followed by the addition 

of degassed water (0.5 mL) and degassed tetrahydrofuran (1.5 mL). The reaction mixture was 

stirred and held at 57 °C overnight. For purification, the crude product was extracted with 2x100 

mL of ethyl acetate, washed with water then brine, and dried with sodium sulfate. The product 

containing organic fraction was concentrated unto ~3g of celite and separated on a silica gel 

column using 0-100% gradient of hexanes to dichloromethane. 1H NMR spectroscopy was used 

to identify the uncyclized d-NPH product (132.7 mg) with a 33% yield. 
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Synthesis of d-NPH: 

 

Reaction Scheme 3.5.S10. Synthesis of d-NPH.  

In a 250 mL erlenmeyer flask, uncyclized d-NPH (132.7 mg) and iodine (31.2 mg) were dissolved 

in chlorobenzene (200 mL). The mixture was stirred and irradiated for 72 h with visible light. The 

solvent was then removed under vacuum and the resulting product was loaded unto ~3g of celite 

and separated again using a silica column with a 0-100% gradient of hexanes and dichlorobenzene. 

The product was dried under vacuum, triturated with methanol and collected via vacuum filtration. 

The solid product was then further dried under vacuum to remove additional solvent which yielded 

d-NPH as a red solid in 83% yield (110.1 mg). 1H NMR spectroscopy and MALDI was used to 

confirm the structure of the product. 
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Synthesis of 2,7-dibpinanthracene32: 

 

Reaction Scheme 3.5.S11. Synthesis of 2,7-dibpinanthracene.  

A 200 mL flask was charged with a stir bar, anthracene (1017.0 mg, 5.71 mmol), 

bis(pinacolato)diboron (3116.8 mg, 12.27 mmol), (1,5-Cyclooctadiene)(methoxy)iridium(I) dimer 

(190.9 mg, 0.29 mmol), 4,4ô-di-tert-butyl-2,2ôbipyridine (151.2 mg, 0.56 mmol) and capped with 

a rubber septum. The flask was evacuated and backfilled with N2 using Schlenk technique, 

followed by purged cyclohexane (100.0 mL). The mixture was heated to 80°C and stirred 

overnight. The resulting solution was cooled to room temperature and quenched in 200 mL of 

water. The product mixture was extracted using 3x100 mL of ethyl acetate and dried over 

magnesium sulfate, and further dried under vacuum. Crude product was recrystallized with hot 

toluene three times to yield the pure 2,7-dibpinanthracene. The filtrate was then concentrated and 

further recrystallized with hot benzene to yield the 2,6-dibpinanthracene. 1H NMR spectroscopy 

was used to identify the pure 2,7-dibpinanthracene product (731.8 mg) with an 30% yield. 
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Synthesis of Uncyclized p-ANH:  

 

Reaction Scheme 3.5.S12. Synthesis of uncyclized p-ANH.  

A 50 mL vial was charged with a stir bar, 2,7-dibpinanthracene (402.2 mg, 0.94 mmol), a mixture 

of 1,6- and 1,7-dibromoperylene-3,4,9,10-tetracarboxylicdiimide (727.6 mg, 0.85 mmol), 

Pd(dppf)Cl2 (36.6 mg, 0.05 mmol), potassium carbonate (774.7 mg, 5.61 mmol), and capped with 

a rubber septum. The vial was evacuated and backfilled with N2 using Schlenk technique, followed 

by the addition of degassed water (3.0 mL) and degassed tetrahydrofuran (9.0 mL). The reaction 

mixture was stirred and held at 57 °C overnight. The solution was cooled to room then triturated 

with methanol. The crude product was collected via filtration through a fiberglass thimble and 

washed with water and methanol. For purification, the crude product was subjected to consecutive 

Soxhlet extractions comprised of methanol, hexanes, and chloroform. The chloroform fraction was 

collected and dried to yield uncyclized p-ANH as a purple-black solid in 68% yield (505.4 mg). 
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Synthesis of p-ANH:  

 

Reaction Scheme 3.5.S13. Synthesis of p-ANH . 

In a 250 mL erlenmeyer flask, uncyclized p-ANH (261.6 mg) and iodine (33.7 mg) were dissolved 

in chlorobenzene (200 mL). The mixture was stirred and irradiated for 72 h with visible light. The 

solvent was then removed under vacuum and the resulting solid was triturated in methanol and 

isolated using vacuum filtration. The solid product was further dried under vacuum to remove 

additional solvent which yielded cyclized p-ANH as a dark purple solid in 70% yield (184.7 mg). 

 

Thermolysis of p-ANH:  

Cyclized p-ANH (155.3 mg) was placed in a quartz tube connected to vacuum. The tube was 

placed in a tube furnace, with one end of the tube sticking out of the furnace and the other end 

containing the solid in the middle of the furnace. The sample was held under constant vacuum (10-

100 mTorr) while the furnace was heated to 360 °C for 2 hours, over which a clear liquid 

condensed at the cool end of the tube. After cooling, the thermolyzed p-ANH was collected as a 

black solid in 56% yield (87.5 mg). 
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Synthesis of Uncyclized d-ANH:  

 

Reaction Scheme 3.5.S14. Synthesis of uncyclized d-ANH.  

A 50 mL vial was charged with a stir bar, 2,7-dibpinanthracene (50.2 mg, 0.12 mmol), 1,6-

bromoperylene-3,4,9,10-tetracarboxylicdiimide (189.6 mg, 0.22 mmol), Pd(dppf)Cl2 (9.3 mg, 

0.013 mmol), potassium carbonate (104.8 mg, 0.76 mmol), and capped with a rubber septum. The 

vial was evacuated and backfilled with N2 using Schlenk technique, followed by the addition of 

degassed water (1.0 mL) and degassed tetrahydrofuran (2.0 mL). The reaction mixture was stirred 

and held at 57 °C overnight. For purification, the crude product was extracted with 2x100 mL of 

ethyl acetate, washed with water then brine, and dried with sodium sulfate. The product containing 

organic fraction was concentrated unto ~3g of celite and separated on a silica gel column using 0-

100% gradient of hexanes to dichloromethane. 1H NMR spectroscopy was used to identify the 

uncyclized d-ANH product (243.7 mg) with a 70% yield. 
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Synthesis of d-ANH:  

 

Reaction Scheme 3.5.S15. Synthesis of d-ANH.  

In a 250 mL erlenmeyer flask, uncyclized d-ANH (158.4 mg) and iodine (24 mg) were dissolved 

in chlorobenzene (200 mL). The mixture was stirred and irradiated for 72 h with visible light. The 

solvent was then removed under vacuum and the resulting product was loaded unto ~3g of celite 

and separated again using a silica column with a 0-100% gradient of hexanes and dichlorobenzene. 

The product was dried under vacuum, triturated with methanol and collected via vacuum filtration. 

The solid product was then further dried under vacuum to remove additional solvent which yielded 

d-ANH as a red solid in 81% yield (128.7 mg). 1H NMR spectroscopy and MALDI was used to 

confirm the structure of the product. 
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1H NMR Spectra of Linkers 

 

Figure 3.5.S1. 1H NMR Spectra of 1,4-dibpinbenzene.  1H NMR (300 MHz, 300ºK CDCl 3ȺɯϗɯƛȭƜƔɯȹÚȮɯ

4H), 1.35 (s, 24H). 

 
Figure 3.5.S2. 1H NMR Spectra of 2,7-dibpinnapthalene.  1H NMR (400 MHz, 300ºK, CDCl 3Ⱥɯϗɯ8.43 

(s, 2H), 7.90 (s, 2H), 7.83 (s, 2H), 1.41 (s, 24H). 
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Figure 3.5.S3. 1H NMR Spectra of 2,7-dibpinanthracene. 1H NMR (400 MHz, 300ºK, CDCl3ȺɯϗɯƜȭƙƝɯ

(s, 2H), 8.56 (s, 1H), 8.40 (s, 1H), 8.01 (s, 2H), 7.84 (s, 2H), 1.44 (s, 24H). 

 
1H NMR Spectra of PDI Polymers  

 
Figure 3.5.S4. 1H NMR spectra of  p-BZ. 1H NMR (500 MHz, 373ºK, 1,1,2,2,-tetrachloroethane-d2) 

Lack of solubility and complexity of the molecular structure prevents identification of peaks.  
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Figure 3.5.S5. 1H NMR spectra of p-NPH.  1H NMR (500 MHz, 373ºK, 1,1,2,2-tetrachloroethane-

d2) Lack of solubility and complexity of the molecular structure prevents clear identification of 

peaks. 

 
 

Figure 3.5.S6. 1H NMR spectra of  p-ANH.  1H NMR (500 MHz, 373ºK, 1,1,2,2-tetrachloroethane-

d2) Lack of solubility and complexity of structure prevents clear identification of peaks.  
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1H NMR Spectra of PDI Dimers  

 
Figure 3.5.S7. 1H NMR spectra of  d-BZ. 1H NMR (500 MHz, 373ºK, 1,1,2,2-tetrachloroethane-d2) 

ϗɯƕƔȭƘƙɯȹÚȮɯƖ'ȺȮɯƝȭƛƔɯȹÚȮɯƖ'ȺȮɯƝȭƚƛɯȹÚȮɯƖ'ȺȮɯƝȭƘƚɯȹËȮɯ)ɯǻɯƜȭƖɯ'áȮɯƖ'ȺȮɯƝȭƘƗɯȹËȮɯ)ɯǻɯƜȭƗɯ'áȮɯƖ'ȺȮɯƝȭƖƗɯȹËȮɯ)ɯǻɯ

8.1 Hz, 2H), 9.14 (d, J = 8.3 Hz, 2H), 5.43 (tt, J = 8.8, 6.1 Hz, 2H), 5.08 ɬ 4.99 (m, 2H), 2.46 (ddt, J = 

13.8, 9.2, 4.6 Hz, 4H), 2.12 (ddq, J = 11.8, 6.2, 2.8 Hz, 4H), 2.08 ɬ 1.97 (m, 4H), 1.91 (s, 4H), 1.60 ɬ 

1.49 (m, 48H), 1.41 (dq, J = 13.9, 6.1 Hz, 12H), 0.94 (t, J = 7.1 Hz, 12H). 

 
Figure 3.5.S8. 1H NMR spectra of  d-NPH.  1H NMR (500 MHz, 373ºK, 1,1,2,2-tetrachloroethane-

ËƖȺɯϗɯƕƔȭƙƖɯȹÚȮɯƖ'ȺȮɯƝȭƚƝɯȹËȮɯ)ɯǻɯƜȭƙɯ'áȮɯƖ'ȺȮɯƝȭƗƖɯȹËȮɯ)ɯǻɯƜȭƕɯ'áȮɯƖ'ȺȮɯƝȭƖƔɯȹÛȮɯ)ɯǻɯƝȭƜɯ'áȮɯƘ'ȺȮɯƜȭƜƛɯȹËȮɯ)ɯ

= 8.0 Hz, 2H), 8.84 (d, J = 8.5 Hz, 2H), 8.74 (s, 2H), 5.45 (s, 2H), 4.48 (s, 2H), 2.52 ɬ 2.44 (m, 4H), 2.13 

(s, 4H), 1.46 (d, J = 23.9 Hz, 56H), 0.97 (t, J = 7.0 Hz, 12H), 0.83 (s, 12H). 



95 

 

 
Figure 3.5.S9. 1H NMR spectra of  d-ANH.  1H NMR (500 MHz, 373ºK, 1,1,2,2-tetrachloroethane-

ËƖȺɯϗɯƕƖȭƚƗɯȹÚȮɯƕ'ȺȮɯƕƕȭƛƘɯȹÚȮɯƖ'ȺȮɯƕƕȭƙƚɯȹÚȮɯƖ'ȺȮɯƕƔȭƛƙɯȹËȮɯ)ɯǻɯƘȭƕɯ'áȮɯƖ'ȺȮɯƕƔȭƛƗɯȹËȮɯ)ɯǻɯƗȭƕɯ'áȮɯƖ'ȺȮɯ

10.69 (d, J = 8.2 Hz, 2H), 10.49 (d, J = 8.1 Hz, 2H), 10.46 (s, 1H), 10.37 (d, J = 8.1 Hz, 2H), 10.05 (d, J 

= 9.0 Hz, 2H), 6.71 (s, 2H), 6.08 (s, 2H), 3.75 (d, J = 9.5 Hz, 4H), 3.38 (s, 4H), 2.81 (s, 68H), 2.23 (d, J 

= 7.1 Hz, 12H). 

Comparison of Polymer and Dimer 1H NMR Spectra 

 

 
Figure 3.5.S10. Polymer and dimer 1H NMR spectra of  p/d -BZ in 1,1,2,2-tetrachloroethane-d2 

with boxes indicating diagnostic aromatic and alkyl signals in the soluble dimer which 

correspond with similar chemical shifts in the polymer.  
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Figure 3.5.S11. Polymer and dimer 1H NMR spectra of  p/d -NPH in 1,1,2,2-tetrachloroethane-d2 

with boxes indicating diagnostic aromatic and alkyl signals in the soluble dimer which 

correspond with similar chemical shifts in the polymer.  

 
Figure 3.5.S12. Polymer and dimer 1H NMR spectra of  p/d -ANH  in 1,1,2,2-tetrachloroethane-d2 

with boxes indicating diagnostic aromatic and alkyl signals in the soluble dimer which 

correspond with similar chemical shifts in the polymer.  
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MALDI Spectra of PDI Polymers 

 

 
Figure 3.5.S13. MALDI spectra of  p-BZ. 

 

 

 

 
Figure 3.5.S14. MALDI spectra of  p-NPH . 
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Figure 3.5.S15. MALDI spectra of  p-ANH . 

 

MALDI Spectra of PDI Dimers 

 

 
Figure 3.5.S16. MALDI spectra of d-BZ. Exact mass was calculated to be 1466.80 Da and measured 

mass is 1466.799 m/z. 
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Figure 3.5.S17. MALDI spectra of  d-NPH.  Exact mass was calculated to be 1516.82 Da and 

measured mass is 1516.805 m/z.  

 

 
Figure 3.5.S18. MALDI spectra of d-ANH.  Exact mass was calculated to be 1566.83 Da and 

measured mass is 1566.807 m/z.MALDI spectra of d -ANH.  
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MALDI Spectra of PDI Dimers After Thermolysis 

 

Figure 3.5.S19. MALDI spectra of  d-BZ after thermolysis. Exact mass for d-BZ was calculated to 

be 850.11 Da. We calculate the theoretical loss of the C-11 sidechains to be 616.69 Da (42.0 wt.%) 

which correlates to a measured mass loss of 618.464 Da (42.2 wt.%) for d-BZ.  

 

Figure 3.5.S20. MALDI spectra of d-NPH after thermolysis. Exact mass was calculated to be 

900.13 Da. We calculate the theoretical loss of the C-11 sidechains to be 616.69 Da (40.7 wt.%) 

which correlates to a measured mass loss of 616.39 Da (40.6 wt.%) for d-NPH.   
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Figure 3.5.S21. MALDI spectra of  d-ANH after thermolysis. Exact mass was calculated to be 

950.14 Da. We calculate the theoretical loss of the C-11 sidechains to be 616.69 Da (39.4 wt.%) 

which correlates to a measured mass loss of 616.357 Da (39.3 wt.%) for d-ANH.  

 

FT-IR of PDI Polymers Before Thermolysis  

 

Figure 3.5.S22. FT-IR Spectra of p-BZ. Peak at 3005 cm-1 indicates the presence of the alkyl 

sidechains before thermolysis. 
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Figure 3.5.S23. FT-IR Spectra of p-NPH.  Peak at 3005 cm-1 indicates the presence of the alkyl 

sidechains before thermolysis.  

 

 

 

 

 
Figure 3.5.S24. FT-IR Spectra of p-ANH.  Peak at 3006 cm-1 indicates the presence of the alkyl 

sidechains before thermolysis.  
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FT-IR of PDI Polymers after Thermolysis 

 
Figure 3.5.S25. FT-IR Spectra of p-BZ. Missing peak at 3005 cm-1 indicates the loss of alkyl 

sidechains after thermolysis.  

 

 

 

 

 
Figure 3.5.S26. FT-IR Spectra of p-NPH.  Missing peak at 3005 cm-1 indicates the loss of alkyl 

sidechains after thermolysis. 
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Figure 3.5.S27. FT-IR Spectra of p-ANH.  Missing peak at 3006 cm-1 indicates the loss of alkyl 

sidechains after thermolysis. 

 

Figure 3.5.S28. Selected portion between 2700-3300 cm-1 of (a) p-BZ (b) p-NPH  (c) p-ANH  FT-IR 

spectrum. Figure compares the polymer samples before thermolysis to the final product used in 

electrochemical analysis. Thermolyzed samples have minimized peaks at 3000 cm-1 indicating the 

loss of alkyl chains.    
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TGA of PDI Polymers 

 

Figure 3.5.S29. Thermogravimetric analysis of p-BZ shows the loss of alkyl side chains (40.1 wt.%) 

at ~360 ºC. 

 

 

 

Figure 3.5.S30. Thermogravimetric analysis of p-NPH shows the loss of alkyl side chains (37.7 

wt.%) at ~360 ºC. 
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Figure 3.5.S31. Thermogravimetric analysis of  p-ANH  shows the loss of alkyl side chains (35.5 

wt.%) at ~360 ºC. 

Electrochemical Characterization 

Electrochemical measurements, including CV, GCD, and EIS, were performed using a Biologic 

VSP-300 potentiostat/galvanostat running EC-lab software.  

Solution-phase CVs of dimers 

The dimers of d-BZ, d-NPH, and d-ANH were dissolved in an electrolyte solution of 0.1M 

tetrabutylammonium hexafluorophosphate in DCM. A three-electrode set-up was used with a 3 

mm glassy-carbon disc as the working electrode, platinum as the counter, and internally referenced 

to ferrocene. Following the measurement, the CVs were referenced to Ag/AgCl using standard 

literature values33. The CV measurements were performed in an argon glovebox using a potential 

ranging from -2000mV to 0mV at rates of 50 mV/s. 

Electrode Fabrication  

Electrodes were fashioned according to a previous procedure10,11. The polymer material was 

ground using a mortar and pestle and combined with carbon black and PTFE (60% w/v suspension 

in water) in a mass ratio of 80:10:10. Approximately four times the total mixture mass of N-
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methyl-2-pyrrolidone was added and left to stir for a few hours. Carbon paper was used as a 

substrate and cut into rectangles ranging from 0.5-1 cm x 1-2 cm. The substrates were then 

sonicated in 1M H2SO4 for 20 minutes and left to soak under vacuum for several hours. The carbon 

paper was washed with DI water and acetone, left to dry at 100 , and then weighed on an 

analytical balance (0.001 mg precision). The slurry was manually deposited onto the carbon paper 

substrates with a spatula, dried at ~60 , and reweighed to determine the mass of active material. 

The mass loading was approximately 2-3 mg cm-2. The electrode was then soaked in 5 M NaCl for 

1 hour before testing the electrochemical performance. 

Three-electrode Measurements 

Electrochemical testing of the polymers was performed in 5 M NaCl with a three-electrode cell 

containing ~20 mL of the electrolyte with a graphite rod as the counter electrode and an Ag/AgCl 

(3 M NaCl) reference electrode. The active material on the carbon paper substrate was used as the 

working electrode. A copper clip was used to hold the substrate with a small piece of Ti foil acting 

as a buffer between to prevent contact between the copper clip and the electrolyte. The electrolyte 

was sparge for ~20 minutes with argon before the measurement and afterwards left under an 

atmosphere of argon.  

CV measurements were performed in the range of -1.2 to -0.2V versus the Ag/AgCl reference at 

rates ranging from 1 to 400 mV/s. GCD measurements were performed at a constant current 

density ranging from 0.5 to 5 A/g and was calculated from the following equation: 

Ὅ
Ὥ

ά
 

where I is the current density, i is the current, and ma is the mass of the active PDI material. The 

current switched signs at the set voltage limits of -0.9 and -0.3 V versus Ag/AgCl. EIS experiments 

were performed at the half-wave potential (E1/2) obtained from the CVs of each respective polymer 
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using the EC-lab peak finding function. The frequency ranged from 100 kHz to 20 mHz with a 

sinus amplitude of 10 mV. The proposed equivalent circuit for the pseudocapacitive system 

adapted from Pomerantseva et al34. 

 

where Rint is the internal resistance, Rct is the charge transfer resistance, Cp is the 

pseudocapacitance, and Cdl is the double layer capacitance.  

CVs performed at different sweep rates elucidate a battery versus pseudocapacitor charge storage 

mechanism using the following equation: 

Ὥθ ὺ 

where b is the slope of the log-log plot of the sweep rate (v) versus the peak current (i). This slope 

measured in the surface-controlled region (below 75 mV s-1) (Figure 3.5.S32), illustrates the type 

of charge storage with a value near 1 indicating entirely surface-controlled performance and a 

value near 0.5 implies diffusion controlled Randles-Sevcik behavior. The slopes of p-BZ, -NPH, 

and -ANH all display b-values closer to 1 implying more capacitive and surface-controlled 

behavior compared to diffusion-limited performance. Figure 3.5.S32 shows an example of the 

linear fit for each of the polymers in the PDI series. The slope deviates for all three after 60 mV/s 

indicating a limitation from diffusion-controlled processes. An average of several electrodes was 

obtained, but only one is shown here for reference. 

The capacity values obtained from the integration of the CV curves at sweep rates below the region 

limited by diffusion (i.e. above 60 mV/s) were used to estimate the ñouterò and total charge of 

each PDI. A linear extrapolation of the capacity (Q) versus v-1/2 to v =Ð estimates the infinite 

sweep rate capacity which is correlated to the ñouterò charge of the material while a linear 
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extrapolation to v = 0 in the 1/Q versus v1/2 estimates the ñtotalô charge11. SI Figures 3.5.S32b-c 

show examples for all three polymers. An average of several electrodes was obtained with only 

one shown here. 

GITT data and Diffusion Coefficient Calculation 

GITT measurements were performed at 1 A/g with a 20 s current pulse and a 1-minute open circuit 

relaxation (SI Figure 3.5.S33). The diffusion coefficient was calculation from the curves with the 

equation: 

Ὀ  
τ

“  †

ά ”

Ὓ

Ўὠ

Ўὠ
 

where † is the current pulse length, m is the mass of the active material, ” is the density of the 

active material, S is the surface area of the electrode, Ўὠ is the change in steady-state potential 

after each current pulse, and Ўὠ is the change in potential during the current pulse. The density 

of the active material was calculated by measuring and weighing a pressed pellet with a digital 

caliper. Pellets were pressed to 0.16-0.33mm in a 25mm pellet die.  

CO2 Adsorption Isotherm  

CO2 adsorption isotherms were collected using a Micromeritics ASAP 2020 PLUS Adsorption 

Analyzer. Isotherm graphs are detailed in SI Figure 3.5.S34. The surface area was calculated using 

the Brunauer-Emmett-Teller (BET) method and listed in SI Table 3.5.S1. 
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Figure 3.5.S32. a) The log-log plot of sweep rate versus peak current from 1 to 400 mV/s. b) Linear 

extrapolation of Q versus v-1/2 to v=Њ ÛÖɯÖÉÛÈÐÕɯÛÏÌɯɁÖÜÛÌÙɂɯÊÏÈÙÎÌɯÌÚÛÐÔÈÛÌȭ c) Linear extrapolation 

of 1/Q versus v1/2 to v=0 to obtain the total charge estimate. 

 

 
Figure 3.5.S33. GITT measurements of (a) p-BZ, (b) p-NPH,  and (c) p-ANH  with an inset in  (a) 

showing Ў╥╢ and Ў╥╣. 

 
PDI b ñOuterò 

charge 
(mAh g-1) 

Total 
Charge 
(mAh g-1)  

Outer/Total 
Charge  
(%) 

RCT 
(ɱ) 

ESR 
(ɱ) 

Diffusion 
Coefficient 
(cm2 s-1) 

BET Surface 
Area 
(m2/g) 

p-BZ 0.87  0.04 40.4  10.9 59.7  9.7 68 0.25 1.95 ~8 x 10-7 153.4 

p-NPH 0.92  0.12 54.9  13.5 73.7  6.2 75 0.20 2.35 ~4 x 10-7 239.7 

p-ANH 0.81  0.11 20.5  5.1 48.3  5.2 42 0.68 1.93 ~3 x 10-7 114.3 

Table 3.5.S1. A comparison of the electrochemical and surface area results of the PDI polymer 

series along with surface area results taken from CO2 isotherm analysis.  
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Figure 3.5.S34. CO2 adsorption isotherms of the PDI polymers.  p-NPH  shows the greatest 

analysis gas adsorption followed p -BZ and p-ANH.  a) CO2 adsorption isotherms with an analysis 

temperature of -78.5 °C. b) CO2 adsorption isotherms with an analysis temperature of 0 °C.  

 

 
Figure 3.5.S35. Molecular structure of PDI for CV and UV -VIS measurements as a control for d -

BZ, d-NPH, and d -ANH analysis.  
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Figure 3.5.S36. a) Comparison of the 0-1 and 0-0 transition generated from UV -Vis spectroscopy 

ÈÊÙÖÚÚɯÛÏÌɯ/#(ɯËÐÔÌÙÚɯËÌÔÖÕÚÛÙÈÛÐÕÎɯÐÕÊÙÌÈÚÌËɯϣɯÈÎÎÙÌÎÈÛÐÖÕɯÐÕɯÛÏÌɯÚÌÙÐÌÚȭ b) Comparing 

characteristic PDI peak across the dimers and how the change due to increased conjugation and 

the intramolecular charge transfer (ICT) effect. 

 

Computation Discussion 

Chemical calculations were performed using Jaguar (Schrödinger)35. Geometries were optimized 

using the B3LYP-D3 functional and the 6ï31G** basis set. The geometry of d-BZ, d-NPH, and 

d-ANH serves as a rough approximation of the extended polymer series, p-BZ, p-NPH, and p-

ANH. Molecular orbitals were modeled using the 6-311G** basis set. SI Figure 3.5.S40a-c shows 

geometry optimized calculations on tetramer versions of p-BZ, p-NPH, and p-ANH with varying 

dihedral angles measured from the aromatic ring in the bay region of each PDI which results in 

variation in the molecular structure. 
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Figure 3.5.S37. a) DFT energy-minimized structure of the d-BZ dimer. Carbon atoms are gray, 

hydrogen atoms are white, nitrogen atoms are blue, and oxygen atoms are red. Distance between 

overlapping PDIs in d -BZ is measured to be 8.71 Å. b) Calculated HOMO for d -BZ. c) Calculated 

HOMO -1 for d -BZ. d) Calculated LUMO for  d-BZ. e) Calculated LUMO+1 for  d-BZ. 

 

Figure 3.5.S38. a) DFT energy-minimized structure of the d-NPH  dimer. Carbon atoms are gray, 

hydrogen atoms are white, nitrogen atoms are blue, and oxygen atoms are red. Distance between 

overlapping PDIs in d-NPH  is measured to be 7.09 Å. b) Calculated HOMO orbitals for  d-NPH . 

c) Calculated HOMO -1 orbitals for  d-NPH . d) Calculated LUMO for  d-NPH . e) Calculated 

LUMO+1 for d -NPH . 
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Figure 3.5.S39. a) DFT energy-minimized structure of the  d-ANH  dimer.  Carbon atoms are gray, 

hydrogen atoms are white, nitrogen atoms are blue, and oxygen atoms are red. Distance between 

overlapping PDIs in  d-ANH  is measured to be 10.15 Å. b) Calculated HOMO for  d-ANH.  c) 

Calculated HOMO -1 for d-ANH . d) Calculated LUMO orbitals for  d-ANH . e) Calculated 

LUMO+1 orbitals for d-ANH . 

 

 
Figure 3.5.S40. DFT generated extended (tetramer) structures of (a) p-BZ, (b) p-NPH,  (c) p-ANH.  

Extended structures show variation in proposed polymer structure.  d) Example of how PDI -PDI 

distance was measured from the geometry optimized structures. 

 

 


































































































































































































