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Abstract

Designing HighPerformance Organi€nergy 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 tditiveMore precisely, organic
materials for energy storage with facile synthesis methodstaxammaterials, and compatibility
with aqueous electrolytes are a focus of this research. For this purpose, Perylenediimide (PDI) is
the chosen primary moleculauilding 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-Pdball molecules, polymer networkand 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 amfarnts current traditional
energy storage strategies, such as lithiombatteries, with new organic alternatives that offer
opportunities that could be more eftendly alternatives to lithiusion batteries in specific
applications.

Chapter 2 describes the synthesis and characterization of PHATN, the highest performing
aqueous +#type pseudocapacitor based on the PDI molecular backbone integrated into a 3
dimensionalpolymer network and the relationship between electrochemical performance and

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



benchmarking against a naontorted 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 nmtaifis for enhanced electronic
communication between the redox moieties and leads to higher device performance. Chapter 4
utilizes linear PDI polymers as a noontorted control in comparison to the helical inspired
polymers described in chapter 3. Thiseln 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 actiien2nsional polymers (R2ZDP) based
on PDI materials and how the structural motif and conductive linkers can improve electrochemical
performance. This chapter validates the design criteria outlined itecHagnd explains how these
RA-2DPs and similar structureanenhancesnergy 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 porams aietive 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 gromg research area to create a more sustainable and environmentally

friendly future.
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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. | will discuss the importance and potential applications of
existingmaterials 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 evencreasing 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 neméntihg
renewable energy alternatives such as hydroelectric, solar, and wind, which are sporadic by nature
and require advancements in energy storage to makeethnology practicat? Ever since the
invention of the battery by Alessandro Volta in &800s, we have been dependenbatteries
and similar devicefor our growing energy storage needs and have improved on the design and
materials>* In 1980, the lithiurdon 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° 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
generabn lithium-ion batteries have a specific energy of -BRIDWh/kg at 34 V and operate for
long lifetimes at over 1000 cycléghis 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

nonrivial synthetic procedures, aridgh safety risk due to thermal runawayNevertheless,



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 researchesscaadtkens have
prompted the development of alternatives that address many of thesé4$5Ge® class of these
materials are orgatibasedenergy 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 Shirakawavestéhe Nobel
Prize in Chemistry for their work on conductive polymers which prompted a widespread
investigation into conductive organic materials as electrbdéSince then, there have been
many advancements into this area, including the developrhemttatorganic batteries and
supercapacitors which show promise and are currently being commerctéfiz&tiese
materials all benefit from the modular, facile, scalable, and robust synthetic methods within
organic chemistry, which allow for unique designs and various electron storage prapéftties.
Furthermore, since these materials are primarily based on C, H, O, N, and S, there are limited
concerns on how to source these matenetséch are often naturally occurring in biomass or a
byproduct of tle coal refining process. The disposal methods for organic materials are often
easily accessible and practical, with some being biodegradable and others havikg fuel
qualities that allow them to be consumed by combustiétiThese materials are more versatile
in that they have been used with aquemuson-aqueous electrolytes and in the solid or
dissolved state (i.e. reddlow batteries):° Organic energy storage materials offer many
advantages over their inorganic counterparts but it is their @mlgetrochemical properties that

show the greatest promise and attracts investigative studies.



Recent advancemernit#to various molecular desigimave produced novel materials that
demonstrate the higherformance 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 matds are still being developed. One of the highest performing
organic materials was able to achieve supercapdidioperformance with hierarchical porous
carbon nanotubes coupled with anthraquinora pimoduced up to 710 Flagit 1 A g2 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 challengasd scalabilityand many are considering other
methodsand designto decrease cost and increase performandgpél(electron carrying)rganic
materials have shown the most promise because of their ability to accept and intercalate lithium
ions along with ther cations to enable metiganic batteries with high performanc¢eCoupled
with an agueous system, further advantages can be gained due to improved environmental impact
with low toxicity. One such example of antype material in an aqueous system is based on
calix[4]quinone, which, when coupled with the Zn anode, detnates batterjike
electrochemical performance with a high capacity of 335 mA.# Ghese are just a few of the
many existing examples that illustrate the incredible performancetrendiarious types of
properties that are achievable from battigtg high energy dense materials to capadita high
power dense materials. However, more research needs to be completed to find more unique and

novel materials to undstandand 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



associated with organic materials is that they have lower volumetric energy densities, high
resistivity, lower potentials, and are often soluble in their small moleculefotiTo address

these shortcomings, many have attempted to polymerize or immobilize redox active molecules,
use conductive additives, and increase the amount of redox active mdiétidbere are
additional challenges if organic materials are used in an aqueous electrolyte, such as shorter life
cycles, corrosion, and high cost witiniqgue watefin-salt electrolyte$® 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 systéifé.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 signifieaen though a specific
material may not be a next generation energy storage material, they all give insights into
developing new molecular designs ahdir connection t@lectrochemical propertiedlthough

many challenges remain in the area of organic electrode materials, there is much optimism
surroundinghe 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 undemersible electrochemical
reaction where the charge transfer is based on the potential of the materials used irfthe cell.
However, thecharge transport propertiase similar tathat of a capacitor due te@ry fast charge
transfer resulting from théigh surface area of the redox active material in contact with the
electrolyte. In essence, these pseudocapacitors exhibit faradaidiffasion-limited charge

storage.ln comparison, the traditional battery allows for a more diffusive process through the



intercalation of electrolyte and thus requires more time for charge transfer. The primary distinction
between theserganicpseudocapacitor and battery materiathie molecular design and resulting
electrochemical propertie®ith 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. Orgariased pseudocapacitors are of high interest in thésmreh field

due to their parcular 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 JEBgQ® 1.2.1a).
Furthermore, they are especially attractive because they are a conductive, high power, lower cost,
and lightweight alternative to other inorganic pseudocapacitive mat&rtdBecause of these
gualities and unique properties, pseugaacitive materials are the focus of this theslany of

these organic pseudocapacit@re derived from carbebased 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 material$+34 are in orange and

organic polymers3%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
electroded starting from lowcost starting materials to evaluate their properties or complex
synthetic methods to modify existing materials and study how they can be impdsegl 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 gyneand powerdensity 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 challengeattcould 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

6



that molecular designs derived from nitroxides, quinones, imides, and amines show promise due
to their synthetic tunability and utility as redox active matefatd*® 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 structurasxdndzation of redox active
sites!! 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 site®*’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 nancttfeBhis 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. Similarlygdesigns based aonductive polymersan help increassonductivity
and the mass of the material which has showentmancedevicecycling#¢# 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. lllustration 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 unigue structural designs through the Rs 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 uniquetstes such as small molecules,
polymers, and structured polymers such as C®#3here are three general modification points
on PDI which include the terminal, ortho, and bay positions which all have various advantages and
disadvantages. We choose tzids on modification through the bay position as it allows us to
access and extend the large conjugated system of PDI and couple to contortedliakdrS,
large surface area small molecules, and redox active linkers (Figure ElBthermoreprevious

studieshave noted the high cycle numbers and robust electrolyte compatibility of PDI based

8



materials whichcoupled with its synthetic tunabilitynakes them a good candidate for organic
pseudocapacitor applicatioffs! 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 organiaddding 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 sgluthiesis 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 LiCoQvith an organic cathode or anode into a metghnic battery!>2
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 anaathanic battery orgeudocapacitor based on organic
cathode and anode materials. The mgjoof 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 wdgigraachinghe
3-4 V range of the industry standard lithition batterie$® 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



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 OrganicPseudocapacitors via

Molecular Contortion

This subchapteicowritten byVictoria Poseyand l,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. Higkerformance organic pseudocapacitors
via molecular contortiorNat. Mater.2021, 11361141.
In this subchaptedCR 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 tirevided
activated carbon electrodes. SRP and MLS performed the DFT modelling.
2.1 Preface

Pseudocapacitorare a unique route for the creation of hgpacity, rapidly cycling
energystorage devices. In this subchapter, we will summarize results on an organic system
composed of perylene diimide and hexaazatrinaphthylene exhibiting a specific capacitaice of 68
F gt at a rate of 0.5 A4 stability over 50,000 cycles and unprecedented performance at rates as
high as 75 A g. This subchapter emphasizes the importance of molecular contortion as a general
strategy for the creation of organic highrformance egrgy-storage materials and motivates the

work discussed in Chapte3sand 4

2.2 Introduction

The development of energgorage materialbas traditionally focused on costly metal
containing solidé Recent successes in fully organic enestyrage materialbave galvanized
interest in lightweight, affordable and higlerformance solutions for meeting globally increasing

energy demands® Pseudocapacitors bridge the gap between secondary batteries and
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supercapacitors, leveraging a combination of electrical ddaiés capacitance and surfdesel
Faradaic redox processes to store and release charge at ragidhsagesesult, pseudocapacitors
can provide higher power than batteries and higher energy density than supercapacitors. However,
most highperformance pseudocapacitors are fabricated from metal oxides, often requiring
transition metals that are not Eagthundant* Fully organic pseudocapacitors are an inexpensive
and green alternative, buttiimow, they have underperformed compared with their inorganic
counterpartS These limitations are especially salient for electaonepting materials used in
negative electrodes, which are required for pairing with electomrating materials in positive
electrodes to achieve maximum performance in asymmetric®dells

Here we report an extraordinarily high pseudocapacitive performance from PHATN
(perylene diimidéhexaazatrinaphthylene), an organic network fabricated from perylene diimide
(PDI) and hexaazatrinaphthylene (HATMhose synthesis and characterizaticareported here.
The rationale behind combining these two subarigtheir electrochemical properties amgique
structures PDIs are common and inexpensive industrial pigments with notable stability, ease of
derivatization and ability to reversibhccept kectrons®® HATN is aplanar aromatic molecule
exhibiting a high density of electroactive moietasd synthetic flexibility*>! The design of
PHATN emphasizes the importance of (1) tmenplementarelectroactive performance tie
linked components to expand the voltage range and consequently the-stuaege capacity of
the system and (2) the molecular contortion of the aromatic surapanding the surface
participating inpseudocapacitive behavior and openpages forelectrolyte andon diffusion.
This study contains extensive effort in characterizing the pseudocapacitive nature of PHATN, the

role of contortion in the dese performance, and the viability of PHATN as a practcganic
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energy storage materidin this subchapter, we highlight the significance of contortion in the
aromatic surface of PHATN to explain the impressive device performance.
2.3 Synthesis ad Design Principles

Figure 2.3.1a summarizes the tat@p synthesis to polymerize PDI and HATN building
blocks (Figure2.3.1ab) into the PHATN network using a Suzuki crasgipling (Figure2.3.1c)
followed by visible-light flow photocyclization (Figur€.3.19.2 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 oBtipgp Information). The resulting
material(Figure2.3.1e) yields capacitance valudss89 F g' at a current density of 0.5 Algnd
retains an impressive performance with values over 4304 bigh current densities (75 Ay
These are the highest values to ever be reported for a neglatbtede (i.e., electreaccepting)
organic pseudocapacitor material and outperform even-estlblished positive organic

pseudocapacitors (Figuges.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 ~23. The material
exhibits a contorted conformation due to steric hindrance from the imide position (see hydrogen
labelled Hain (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;28.32.333435808fgr the
compared systems and Figure 2.7.S13for 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 causingetbestin-class performance of PHATN is the
contortion of the aromatic system, whisihmultaneouslyimproves 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 wefitablished design principle in the field of organic
electronicsand support theconclusions of contortioand explain emergent properties with the
PHATN material*® 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 H
Figure2.3.1d) cause the aromatic moiety to contorsddublemodel compound composed of one
HATN unit and three PDI unitsPHATN monomeyr Reaction Schem@.7.34) was used to
spectroscopicallgtudy the contortion of PHATN. Furthermore, a plansrcontorteccontrol of
PHATN composed of alternating phenazine and PDI unitsBPA was synthesizedRgaction
Scheme 2.7.96and electrochemically studied to emphasize the importance of contortion as a

design principle in these PDhsedyseudocapaciter

2.4 Impressive Electrochemical Performance

To evaluate the electrochemical behavior of the novel matedalabricated 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 susperidedeihyl2-
pyrrolidone. We utilized a threglectrode 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 KOgtrelgte under vacuunto
ensure full permeation olfi¢ pores before performing measurements.

Cyclic voltammetry (CV) in Figur@.4.1a,b displays broad overlapping reduction peaks at
710.7 andi 1.0 V versus Hg/HgO. To establish the origin of these reversible redox peaks, we
performed CV experiments on PDI, HAFRIr, and the PHATN monomer in a solutibased set
up (Figure2.4.1c). Both PDI and HATNBr 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!® This indicates that the CV of the PHATN electrode
originates from the reduction of both PDI and HATN building blocks. Figldeld shows
galvanostatic chargdischarge (GCD) curves of PHATN at current densities ranging from 0.5 to
2 A gL.Y The triangular shape characteristic of capadiker materials is apparent. From the GCD

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

O o

° o

wherel is current densityt is cycle time, and/Ois the potential difference between the top and

bottom of the cycle. At 0.5 A§ we measure an extremely high capacitance of 689 Rigich

surpasses comparable organic pseudocapacitors as sheigare2.7.S13 As the cycling rate is

increased, the pseudocapacitance decreases as expected, but even at the highest measured current
density of 75 A ¢, PHATN retains a performance of 432 £(@able2.7.S2.

To further characterize the performance of PHATN, we measured the impedance at
different frequencyf] values using electrochemical impedance spectroscopy (EIS). Rigue
displays the Nyquist plot of PHATN collectedid.7 V versus Hg/HgO. The highequency
region, from 100 kHz to 30 Hz, displays a semicircular shape with a diameter &¥+0dcating
very low interfacial chargé&ransfer resistanceR{r)'8. The highfrequencyx-intercept of the
Nyquist plot represents the equivalent series registdESR,Rs) of the entire system, ~V.

Finally, the lowfrequency region corresponds to the Warburg impedangg (vith 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:
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wherem is the mass of the active material on the working electrodedansl the imaginary
component of the resistandgigure 2.7.S17cshows a capacitance value around 800 fsg
achieved at the lowest frequencies and values of 400 and 2@ getained 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 dgs (Figure2.4.1f).
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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 is0.1
M TBA-PF in DCM. TBA-PFs, tetrabutylammonium hexafluoroph osphate; DCM,
dichloromethane. d) Three-electrode GCD cycling of PHATN at different current densities
exhibiting the triangular shape characteristic of pseudocapacitors. €) 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'. 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, H2DI, contains a phenazine unit as opposed to
hexaazatrinaphthylenBhenazine 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 Schem@.7.3%). The cyclic voltammogram of RRDI resembles that of
PHATN (Figure2.5.1a andrigure2.7.514g with similar reversible redox peaks, but sharper when
compared to PHATN. The GCD curve of DI (Figure2.5.1b andFigure2.7.514h shows a
relatively high IR drop and less ideal triangular capacitor shape. Taeitance obtained from
the GCD data is also notably lower, 100 Faj 10 A g' (Figure2.7.5153, and the shallower
Warburg slope from EIS indicates a less capacitive behafigure 2.5.1c). The cycling
performances of PARDI and PHATN areomparable, which emphasizes the impressive stability

of the structures produced by coupling PDI with an aromatic lifkgu(e2.7.5150.
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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+0.7 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 (GITTFigure2.7.516. The diffusion coefficient of iond), for PHATN and

PA-PDI was calculated using the equation
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wheret is the current pulse lengtimis the mass of the active material on the electrodés the
density of the active materighis the surface area of the electrode) is the change in steady

state potential after each current pulse ¥adis 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 iRPBA from gas adsorption
isotherms (12 gt in PA-PDI and 131 rhgtin PHATN; Figure2.7.510. Overall, we attribute
these differences to the contortion of PHATN. Namely, contortion improves (1) the accessible
surface arefd to facilitate ion diffusion and (2) the solubility by preventinig* stacking during
synthesi¥*, which could cause larger molecular weight polymers along with enabling -ti&eity

and bowdlike shapematching for potential guest ions to easily bind in a stable and reversible

fashiort®.

2.6 Conclusion

In summary, we have demonstrated a robust organic material composed of PDI and HATN
exhibiting besin-class energgtorage properties among organic pseudocapacitor materials.
Displaying singleelectrode capacitance of nearly 700 Fig an aqueous electrolyte and high
performance at current densities of up to 75Aoger tens of thousands of cycles, this system
pushes the boundaries of organic enestgyage systems. These properties are a direct
consequence of: (1) combining two redox active organits,wvhich 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 ps&locapacitors and is a promising venture in the search for affordable,

organic, highpower energystorage 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 not&dy and deoxygenated solvents were prepared by elution
through a duatolumn solvent system (Glass Contour).

1-Bromoperylene3,4,9,10tetracarboxylic diimide and a mixture of 1,&nd 1,7
dibromoperylenes,4,9,10tetracarboxylic diimide were synthesized according to reported
procedure®. Tribromo hexaazatrinaphthylend ATN-Br) was prepared according to a reported
proceduré” and used in the synthesis of hexaazatrinaphthylenddrinic acid pinacol ester
(HATN-bpin). PAbpin?®?4was prepared according to the reported procedures and used in the
synthesis of PAPDI. [ 1-Bi&(dNphenylphosphino)ferrocene]dicihtgpalladium(ll)
(Pd(dppf)Ct), potassium carbonate, cyclohexaneketone octahydratgprobenzend,2-
diamine and bis(pinacolato)diboron were purchased from Millipore Sigma.

The flow reactor is a hordauilt reactot?2°?6consisting of a peristaltic pump (Masterflex
L/S PTFETubing Pump System;i3 0 0 r . 1260 h.c), fluoBopolymer tubing (Chemfluor
FEP) and 17,500 lumen ligkmitting diode corn bulb lamps (EN®64CB-150W-E39NB24,
150 W, Ever Watt ). The t ubemitng dodedbulbs toarpvpetde ar ou

reaction surface. During the photocyclipatireaction, the temperature was 6% A C.
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Hexaazatrinaphthylene tris-boronic acid pinacol ester (HATN-bpin):

Br.
oB
| SN Bis(pinacolato)diboron i ~N ?’?
N N\ Br Pd(dppf)Cl, N N B.
KOAc A o
N N/ Dioxane Z
90 °C,1.5 hr N N

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

A 100 mL overdried flask was charged with a stir bar, a regioisomeric mixture of tribromo
hexaazatrinaphthylene (3.58 g, 5.16mol), bis(pinacolato)diboron8.95 g, 35.4 mmol),
Pd(dppf)CI2 (412 mg, 0.563 mmol), and potassium acetate (3390 mgnB8+#b. The charged
vial was capped with a rubber septum, evacuated and backfilled with N2. Degassed (@d>&ane
mL) wassyringed into the flask. The mixture was then heated to 90 °C and stirred overnight. The
solution was cooled to room temperataral diluted with dichloromethane, then dried. The crude
mixture was dissolved in dichloromethane and filtered over a silica phig dark green solution
was then drig@ again, brought up in a small amount of dichloromethane, and triturated into
methanol. Thesuspension was washed over a Celite plug using methanol and a blue solution was
pulled through using dichloromethane. Tlsiglution was dried to afford yellegreen solid
hexaazatrinaphthylene tfimronic acid pinacol estadATN-bpin) in 73% yield(3.2 g) consisting
of a mixture of regioisomers. This regiomixture was carried forward through the following

synthetic steps withodirther resolution.

27



1 (Uncyclized PHATN):

!
BOGOA
N NZ OO Pd(dppf)Cl,
| _N + Br KCO;
B
Br. THF/H,0
OO 57 °C, o.n.

Reaction Scheme 2.7.S52.Synthesisof 1 (Uncyclized PHATN).

A 20 mL vial was charged with a stir b&ATN-bpin (460 mg, 0.6 mmol), a mixture of
1,6- and 1,7dibromoperylene3,4,9,16tetracarboxylicdiimide (770 mg, 0.9 mmol), Pd(dppf)CI2
(88 mg, 0.120 mmol), and potassium carbonate (665 mg, 4.8 mmobh@rged vial was capped
with a rubber septum, evacuated, and backfilled wighDdgassed water (1.5 mL) and degassed
tetrahydrofuran (6.0 mL) were syringed into the vial. The mixturethas heated to 57 °C and
stirred overnight. The solution wa®oled to room temperature and diluted with water and
dichloromethane. The mixture was triturated with methanol, and thersdidollected. The solid
was subjected to consecutive Soxhlet extractions comprised of methanol, hexanes, and chloroform.
Thechloroform fraction was collected and dried to yiefttyclized PHATNas a maroon solid in

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

I, visible light

PhCI
72 hr

Reaction Scheme 2.7.S3. Synthesis of PHATN.

In a 100 mL round bottom flaskincyclized PHATN(100 mg) and iodine (25 mg) were
dissolved in chlorobenzene (65 mL). Timeture was stirred for 15 minutes and then irradiated
for 72 h with visible light using the hommuilt reactor described above. Thelvent was then
removed under vacuum and the resulting solid was suspended in methanol and loaded onto a Celite
plug. Thesolid was washed with methanol, hexanes, and acetonitrile and then redissolved in
chloroform. The solvent was removed undacuum taaffordcyclized PHATNas an orange solid

in 90% vyield (90 mgQ).

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, witte end of the tube sticking out of the furnace and the other
end containing the solid in the middle of the furnace. The furnacheedsd to 375 °C for 2 hours,
over which time the material turned black and a clear, yellow liquid condensed at the cool end of
thetube. The tube was opened and thermoly2idA TN was collected as an orangkack solid in

63% vyield (89 mg).
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PHATN monomer:

Reaction Scheme 2.7.54. Synthesis of PHATN monomer.

(i.) A 3 mL vial was charged with a stir b&tATN-bpin (92 mg, 0.12 mmol),-bromoperylene
3,4,9,106tetracarboxylicdiimide(290 mg, 0.372 mmol), Pd(dppf)CI2 (22 mg, 0.03 mmol), and
potassium carbonate (133 mg, 0.96 mmol). The vial was capped witsber septum, evacuated

and backfilled with N2. Degassed water (0.3 mL) and degassed tetrahydrofuran (1.2 mL) were
syringedinto the vial. The mixture was then heated to 57 °C and stirred overnight. The solution
was cooled to room temperature and diluseth water and dichloromethane. The mixture was
triturated with methanol, and the solid was collected. The solid was washedvatéh then
subjected to consecutive Soxhlet extractions comprised of methanol, hexanes, and chloroform.
The chloroform fractiorwas collected and dried to affouthcyclized PHATN monomeas a
maroon solid in 64% yield (190 mg).

(ii.) In a 100 mL round bottom flaskincyclized PHATN monomgd00 mg) and iodine (25 mg)

were dissolved in chlorobenzeri@5 mL). The mixture was stirred for 15 minutes and then
irradiated for 72 h with visible light using a ho+hailt photoreactorThe solvent was then
removed under vacuum and the resulting solid was suspended in methanol and loaded onto a Celite
plug. Thesolid was washed with methanol, hexanes, and then redissolved in chloroform. The

solvent was removed under vacuum to proadegioisomeric mixture @ HA TN @A moas o mer O
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an orange solid. The symmetric isomer could be isolated in small yiefgtdparatory TLC

methods and was used for structural assignment by NMNfRre2.7.S3.

1 (Uncyclized PAPDI):

S
oo
O\B N/

CsHy,

CsHyq

R .
O _N_O O _N_O

. L e

P N\
- Ly 1
THF/H,0 N -
= O oC

(o} l;l o (o) l;l o

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

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

1,6- and 1,7dibromoperylenes,4,9,10tetracarboxylicdiimide (720 mg, 0.93 mmol), Pd(dppf)CI2

(136 mg, 0.19 mmol), and potassium carbonate (1020 mg, 7.4 niimel¢harged 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®lution was co@d to room temperature and reduced under vacuum.

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

consecutive Soxhlet extractions comprised of methanol, hexanes, and chlorofoamlofdierm

fraction was collected and dried to yieldcyclized PAPDI as a purpléblack solid in 83% yield

(671 mq).
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2 (Cyclized PAPDI):

i " : z
o._N_O o._N_oO Oy N._0O o._N__O
O WO O
-7 X I,, visible light - “O X O“ N
1z visible light

— .- Phcl ~ N7 P
sopaadectl BN CCRSAR e
[0} rll o o r;l o o ';l (o} [0} r;l o

R R R

R
Reaction Scheme 2.7.S6. Synthesis ofcyclized PA-PDI.

In a 150 mL erlenmeyer flaskincyclized PAPDI (251 mg) and iodine (36 mg) were
dissolved in a mixture of chlorobenze(0 mL) and chloroform (20 mL). The mixture was
stirred until completely dissolved then irradiated for 72 h with visible ligitig the homduilt
reactor described above. The solvent was then removed under vacuum and the resulting solid was
suspendedn methanol and isolated using vacuum filtration and washed using methanol. After
collecting solid, any additional solvent wasnoved under vacuum to affocgiclized PAPDI as

adark purple solid in 38% yield (96 mg).

Thermolysis of PAPDI:

2 (Cyclized PAPDI) (96 mg) was sealed in a quartz tube under vacuum. The tube was
placed in a tube furnace, with one endfad tube sticking out of the furnace and the other end
containing the solid in the middle of the furnace. The furnace was hea@&8 & for 2 hours,
over which time the material turned black and a clear, yellow liquid condensed at the cool end of
the tubeThe tube was opened and thermolyP#dPDI was collected as a purpldack solid in

60% vyield (58 mg).
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Structural Characterization

NMR

'H spectra were recorded using a Bruker A\
and®C spectra were recorded using a Bruker AVA
Chemical shifts for protons are reported in parts per million downfield from tetramethylsilane and

are referenced to residual protium within the NMR solvent (GI(1.26 or GD2Cla: 116.00).
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Figure 2.7.51.*"H NMR spectrum of HATN -bpin in CDCl .
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Figure 2.7.52 13C NMR spectrum of HATN -bpin in CDCls.
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Figure 2.7.S3 *H NMR spectrum of PHATN monomer in C2DzCls heated to 373 K.
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Figure 2.7.54.'"H NMR spectrum of PHATN monomer in C2D2Cls 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.

100

80 F 32.7%

Weight (%)

40 — PHATN

20

200 400 600 800
Temperature (°C)

Figure 2.7.S5. Thermogravimetric analysis of PHATN under N:at a constant temperature ramp
of 2 C min-t. Thermal event at ~370 C corresponds to a loss of GiH2s alkyl chains (32.7% loss

observed, 32.3% loss predicted).
Gas chromatographymass spectrometry

Gas chromatographynass spectrometry data were collected using an Agilent

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

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

220 230 240 250 260 2n 280 290
54 5lndecene. [E]

Figure 2.7.56. Gas chromatography-mass spectrometry (GGMS) 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 EImer Spectrum 4R iRStrument.

a) b)
Alkyl chains
3 v 3
: w E W
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g , g ——PHATN
(= = ,
—PHATN Imide C=0
T T T T T T T T
2600 2800 3000 3200 3400 1500 1600 1700 1800 1900
Wavenumber (cm”') Wavenumber (cm”)

Figure 2.7.57. a) IR spectra (2700 to 3500 cmy comparison of cyclized PHATN (2) and the
thermolyzed material (PHATN). Note the strong peaks around ~2900 cmN"associated 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 cjcomparison of the asmade material 2 and thermolyzed

PHATN. Note the retention of the characteristic imide peak ~1680 cmVfirtboth 2 and thermolyzed
PHATN.
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Powder X-ray diffraction

Powder Xray diffraction patterns were measured using a PANalytical XPert3 Powder X

ray diffractometer, on a rotating Si zdvackground plate.

—— Therm.
—— Pre-therm.

Intensity (a.u.)

M 1 M M 1 M L 1 L
10 20 30 40 50 60 70

2Theta (°)

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 (~25°)
corresponds to a d-spacing of ~4 A, 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 wer e perfor med usi i
spectrometer equi pped wi t fangle spidning Chemagre¢tsY MA S
probehead operati'dgamad 5950 .°ErSamiez wefemacked in
1. 6 mamotafsra® sealed with Torlon caps for measurement. Before each set of experiments,
the magic angle was set using KB4i 3C cross polarizatictMAS measurements were performed
with a HartmaniHa hn mat ch of 60 1k08%) pwise bAH, aaontacinmpfe d ( 9 0
3 ms, a r ecyH ldee cdoeu palyi nog a3tpuise priase knetplationsamdmwvigh t wo
between 4,000 and 27,000 scans (depending on the sathpM})IR was externally referenced

to adamant an® BWAMR1w&8S5 pepmerenced to adamantan

38
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Syt Ll &' oi"fo ——lon-soaked PHATN electrode
370°C, -R '

: 13 ppm
chains lon association = H
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Figure 2.7.59. 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’3C NMR of the PHATN material incorporated into an

electrode both asfabricated (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 spinningfUl @gU1 OEa wOi whWaoO' 48

Gas adsorption measurements

Gas adsorption isotherms for pressures in the rangé760 t orr wer e meas
volumetric method using a Micromeritics ASAP 2020 gas sorption analyzer. Measurements were
collected on approxi mately 200 mg 0 A& mwil teh
ramp ratelahde® Agnmmnhc \spacecormctibnoneasBembnts wére e e
performed using ultrahigh purity He gas. Ultrahigh purity (99.999%), W&3 used for
measurements. Isotherms of &©o | | ect ed at 1i8 &drydce/iwopnopanolatla s ur e d
Oil-free vacuum pumps and dike 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.
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Figure 2.7.510. Adsorption (filled symbols) and desorption (open symbols) isotherms of CO2 for

PHATN (dark green) and PA-/ # ( WgEOUI AWEOOOI EUIl EWEUWNA WoS" 6w OE
(dark green) shows a Brunauer-Emmett-31 OO1 Uw UUUI E E’lg,ucdiculdtdd wsthd thetut hueo O
pressurerange 581 | A wOOUUOWE OE wE w+ E O1 @¢) ébuatédudihgEhi pressiité i E wd i wi
range of 2274647 torr. However, as PHATN can likely undergo further structural distortions

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

are included here for reporting purposes only. Analysis of the PA -PDI isotherm (blue) shows a
Brunauer-Emmett-31 OO UwUU U B/§,icalctlabed &singxheptedsuredange 50 227 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 VSR300 potentiostat/galvanostat running-E® software.

Solution-phase CV

The molecule of interest (PDI, HATHr or the PHATN monomer) was dissolved to a
known concentration (0.01, 0.001 or 0.005 WM™,
0.1 M tetrabutyl ammonium hexafl uo thregelbcoradp hat e
setup was used-cwawirtblmnadd3 smmog!| asdy 6 mm pl atinur
platinum wire as the counter electrode andaamaanueous ref erence el ectrod
Ag/AgNQOs in acetonitrile. Measurements were fpemed in a glovebox underditmosphere.

The potential was swept from openi r c ui t voltage to 1T1.7 V at

200 "MV s
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No difference was observed between the ghkassipon and platinum working electrodes
after correcting for the electrode area. The glasspon 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 thed atN-methyt
2-pyrrolidone to form a slurry. The slurry was stirred for several hours. Carbon paper (AvCarb
MGL190) was cut into rectangles (~015 c rii2 T ¢ ) and the resulting

soni cat efQfioar 12M MHi n t o rcarboodust. TRersubstrates sveralthee o r

washed with deionized water and acetone, dri
anal ytical bal ance (0.001 mg precision). The
the substrates and pressed using s pat ul a. The electrode was d

overnight. The electrode was then weighed on an analytical balance to obtain the active material
mass. Typically, the mass loading was82 md?2. Einally, before testing, the electrode was
soakedm 6 M aqueous KOH solution under static va
Three-electrode measurements

Unl ess otherwise noted, measurements wer e
prepared from ultrpure distilled water. Compared with organic electrolytes, the aqueous
electrolyte has a higher conductivity and may provide a lower viscosity for fasteiffusion
through the material. Measurements were performed in a-¢htee ct r ode cel | wi t
electrolyte. A copper clip was used to hold the carbon paper working electrode, with a small piece

of titanium foil interposed to prevent contact witte electrolyte. The counter electrode was a
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graphite rod and the reference was a Hg/ HgO
measurement the el ectr ol ydnethewalsvassygbsegugralydkept or 1
under a blanketing Natmosphere.

CV experiments were performed in the range
from 1 to75mV "1.3GCD measurements weperformed by applying a constant current, with the
current switching signs upon reaching set vol

density was calculated using the equation:

0 _Q
a
wherelq is the current density, ranging from 0.5 to 75'A gis the current and is the mass of
active material.Unless stated otherwise, potentiostdEkS measurements were performed at
T0.7 V versus Hg/ HgO in the frequency range O
5 mV.
Volumetric capacitance
PHATN (30 mg) was pressed into a circular
(1.1 mm thick, 5 mm di ame t’evasjused td ¢taleulate the densityi n g

of PHATN (G)1Thi8 @ensiy nuiltiplied 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 nearquantitative 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 (Schr&dinger)

Geometries were optimized using the B3LYP or MO6functional and thei@1G** basis set.
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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 2.7.513. Green symbols are carbonbased materials®3!; red symbols are conducting
polymer -based materials$17:3248; purple symbols are hybrid organic/inorganic materials 4%%5; and
blue symbols are inorganic materials®”’s. 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.
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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
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Figure 2.7.515. a) Specific capacitance values vs. rate forPHATN 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 a®HATN, indicating that the polymeric material is well -formed and not affected
by repeated charging and discharging.
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Figure 2.7.516. GITT discharge curves as function of time for a) PHATN and b) PA-PDI. The

Ol EU0UUI OI OUUw Pl Ul wxl Ul OUOT EwEVwW!l @ ¥T wpkpPUT w!l YoUuw
relaxation. ¢) 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 - wpdbows) is heyrly one order of magnitude

larger than that of PA-/ # ( w & %nw®) andiyating 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 psedocapacitive

process®. 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. ¢) Frequency dependence of

the specific capacitance, which shows alowi Ul @Ul OEa wx OEUI EU wi réay ®® OT wdl E
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Molecule Diffusion Coefficient,Do (cn/s)
PDI 6.0 x 10°
PHATN monomer 1.4 x10°
HATN-Br 3.3x10°

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

Current Density (A/g) Specific Capacitance (F/g)] Volumetric Capacitance
(Flcn?)
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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Chapter 3: Linker -Derived Contortion Controls Performance in

Organic Polymer Pseudocapacitors

This chapter is based @md 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 PseudocapaCiers. Méer.
2024 36 (9), 48614867.

| synthesized the aterialsand 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 drorbailding blocks to form
contorted aromatics has emerged as a new strategy to create organic materials with unique and
tunable properties. Thishapter studies the union between these two concepts: molecular
contortion and organic pseudocapacitors. Thecent development of fulgrganic
pseudocapacitors, including higlerforming 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 paters 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 anthracenarithkers
studied their pseudocapacitive performance to infer key design principles for organic
pseudocapacitors. Our results show that the naphthalene linker results in the mostcbiguighy
redox centers and displays the highest pseudocapacitance of2%2gtat 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, theloay between redox centers, and
their relative angles and distances. We find that competing molecular design factors must be
carefully optimized to generate higlerformance devices. Overall, this study provides key
insights into molecular design strategifor generating higperforming organic pseudocapacitor

materials.

Variation in Linker Length and
Redox Group Structural Overlap

O em gy

Benzene Naphthalene Anthracene

Carbon
Anode

Organic PDI Polymer
Cathode

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 meiah battery technologies. However, battery materials
continue to suffer from fundamental energy density limits, sluggish charging/discharging rates,
and thermal runaway issug$Furthermore, batteries typically rely on metal oxide materials that
prevent the development of flexible energy storage devices and in many cases contain expensive
elements. Pseudocapacitors offer unique benefits as charge storage materials because they
combine the high energy densities of batteries with the dgver densities of gacitors>’” While
a majority of highperformance 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 factofs’ Perylene diimide (PDI) derivatives are a stable, tunable,
and lowcost building block to construct organic pseudocapacitor materials with extraordinary
properties-*? Previous studies explored coupling PDI redox sites through a triptycene linker,
resulting in a conducting pgher with stable pseudocapacitance for >10,000 cy@l€ke high
performance of these devices was attributed to the-thmeensional structure imposed by the
triptycene core and its high internal surface area, though the specific influence of the linker
structure on the observed electrochemical propertieginsminexplored.

In this study, we design a series of Ri2lsed 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 systematicallywgahg linker length, from benzene,

to naphthalene, and anthraceméth 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, cqumation, 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 linkeM ) exhibits the optimal performanegth

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 structyeperties relatioship 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 polymersWe synthesize the polymepsBZ, p-NPH,
and pANH, where p stands for polymer aA8Z, -NPH, -ANH indicatesbenzene, naphthalene
and anthracene, respecitvely. These polymers are prepared tiSozngh coupling followed by
photocyclization onto the baggion of PDI (Figure3.3.1)!® The photocyclization to form the
helicene subunits of the PDI core increases the rigidity and aromatic surface area of the pblymers.
The preparation of the dibrorRRDI and the respewge borylated linkers is described in Reaction
SchemeS1-3, S68, S1113. The dibromdDI core contains branched-X1 alkyl chains to
improve the solution processability of these materials. We characterize the polymers via mass
spectrometry antH-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 powdersHigure 3.5.S47, 3.5.51015).1%1 We characterize these insoluble materials
with TGA, FT-IR, and CQ adsorption analysis to confirm their identity and properties prior to

devicelevel studies.
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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 StudiesTo evaluate the electrochemical
performance of these polymers, we first prepare aslurry containing carbon black,
polytetrafluoroethylene (PTFE), and the active materfall:8 mass ratjo in N-methy}2-
pyrrolidone We next drop cast the slurpnto carbon papesnd vacuum dry (see Supporting
Information for additional detailgp form the working electrode. Finally, we soak therking
electrodesn 5 M NaCl solutionunder vacuum fol h to ensure full permeation of the porous
material Figure3.32a,b displays the cyclic voltammetry (CV) agalvanostatic chargdischarge
(GCD) studies for each polymer. Taken together these data establish the pseudocapacitive nature
of these polymers. While PDPthe parent compound, is known to undergo two sietgetron
reduction events centered on the imides, the cyclic voltammograms for these polymers each

display a single, broad, mukiectron reduction®'* We measure halfiave potentials@ 4 ) for

t hese mat er0.ad 6s aonfdorprBad, BB aMd pANH, respectively, indicating

that the extended,-electron rich anthracene linker destabilizes reductiorAfpl. 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 corroborateceliyighgular shape

of the GCD curves (Figui23.2b). The specific capacitangs) in Figure3.3.2c can be calculated

from the GCD accordyg to the following equation:

0 0
a YO

wherel is the currentt is the discharging timenis the mass andOis the potential difference
for the discharge process. From this dagasured across multiple devices, we find thiiR
exhibits the highest pseudocapacitanc29at + 47 F/gfollowed by pBZ at250 + 34 F/gand p

ANH at 147 + 18 F/dat 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) (FBBr2d) andgalvanostatic
intermittent titration technique (GITT(Figure 3.5.S3). Figure3.32d shows théNyquist plots
measured at the hagbeak potentialof each polymer, which displagemicircles in the high
frequencyregiors,where the »axisintercept is attributed to the equivalent series resistance (ESR)
of the system and the diameter is thargetransfer resistancd¢r) (see Sl for a model of the

circuit).***5The ESR values across the seslesw a slight variatiowith values of 1.95, 2.35, and
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Figure 3.3.2 Electrochemical characterization of
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 rated) 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 NacCl.

p-BZ, p-NPH, and p-ANH.

a) Cyclic



1.93Y for p-BZ, p-NPH andp-ANH, respectively. Th&:r valuealsoshows amall change from

0.68Y in p-ANH to 0.25Y for p-BZ and 0 . 2 Gor pNPH. Further analysis of the polymers

show that the increased length of the linker bridge does not affect the diffusion coefficient obtained
from GITT (Table3.5.SJ) as ion mobilities on the order &€ * cn? s * are measured across the

series. In addition, we explore @dsorption analysis on each of the polymers which shows
increased adsorption and BET surface area fNiPpl compared toBZ and pANH (Figure

3.5.S31, Table3.5.S). 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 £fksorption analysis results highlight

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

of molecular design on devidevel performance. In particular, we find that the extended
anthracene linker in-ANH degabilizes the PDI reduction events (by 100 mV relative-dRt)

and generates an active material with the highest charge transfer residtage)( . Il n contr
the naphthalene linker in-lPH results in an active material with the lowest charge tansf
resistance20Y) , the | east negative reduction potent
the highest pseudocapacitan2eZ + 47 F/gyin the series.

Synthesis of Model Dimers To further probe the structuproperties relationships
influencing electrochemical performance in these systems, we synthesize dimer model compounds
(d-BZ, dNPH, and dANH) as soluble analogues for homogeneous electrochemical and
spectroscopic studieBigure3.3.3a). The Supporting Information contains synthetic defilse
structures of éBZ, d-NPH, and dANH were confirmed through both NMR spectroscopy and mass
spectrometryKigure3.5.579, 3.5.51618). The alkyl chains are not removed for theseligs, in

contrast to the polymer synthesis, to allow for the solypioase 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 thermolysiBigure3.5.51921).

Spectroscopyof Model Dimers. Figure3.3.3 displays the electronic absorption spectra
of d-BZ, dNPH, and dANH in dichloromethane (PDI parent compound spectra shown for
comparison, seéigure 3.5.S3%). PDI exhibits two characteristic peaks at 488 and 525 nm
associated with  ““ electronic transition$’'® The higher energy 488 nm peak represents the
0-1 vibronic transition and the lower energy 525 nm peak representsOtivébfonic transition.

When comparing the dimers to PDI, both th@ @nd 01 peaks are blue shifted in all cases. The

ratio between thebsorbance of the-D transition and the -0 transition {— is used to

characterize °~ 1 ~°~ aggregation in he&P¥A y con|j
decreaseim hi s rati o represents an increase in agg
interactions between molecules in solution. Here, thgA%.o ratio decreases fromBZ to d-

ANH with a value of 0.97, 0.77 and 0.65 fdBZ, dNPH and dANH, respectively(Figure

3.5.5S3%a). Furthermore, eNPH experiences a red shift in th@@ransition when compared te d

BZ, indicating an increase in ttmnjugatios® dueto the NPH linker(Figure 3.5.S3b). In

comparison, é€ANH displaysa new low energy peak at B&m. A previous report on-ANH

attributes this low energy absorptiondnthracend®Dl intramolecular charge transfer (IGY)

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, performelectrochemical analysis of the dimeFsglre
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 corsgnt (
can be calculated according to the following equation:

0 AgBE O "aY’y
whereO and’O are the potential peaks labeled in the cyclic voltammogramMNRid (Figure
3.3.3c),Fi s Far ad a Riéthe gasocanstang aits,temperature. A larger value K¢
is indicative of greater electronic coupling as seen in other fully organic sy¥t&hishe CV

profiles of d-BZ, dNPH, and dANH exhibit four reduction wavesonsistent with two single
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electron reductions of each PDI unit in the dimémsagreement with a previous study on the
electrochemistry of tNPH and dANH?'®, d-NPH displays a greater peak separation between the
four singleelectron redox events when compared-faNH. The newly synthesizedBZ exhibits

a larger peak separation tha/ANH, but overall, the cyclic voltammogram ofNdPH shows the
greatest sepation between the two PDI redox events and is attributed to the greatest electronic
couplingacross the NPH bridg&heKc values for d-NPH and dBZ are 158 and 40espectively,
indicaing a greater degreef electronc coupling across theNPH linker. By contrast no peak
separation is observed in the voltammogram eANH, suggesting negligible electronic
communication across the ANH linker. The weak electronic couplingANId is consistent with

the steep decline in the pseudocapacitanceAifid compared to thether two materials. On the
other hand, €NPH experiences both the greatest degree of electronic coupling and the highest
pseudocapacitanc&he electronic coupling in the dimer models is one of the variatteria
influencing the performance of odevices. The measured electronic coupling aligns with the trend

in the performance of our polymeric material and helps elucidate the mechanism behind the device

performance
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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 (PDIPDI distance is
measured as shown inFigure 3.5.540d).
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DFT Calculations for Model Dimers. To explore this impact of linker length on the
distance between the redox active Ps,performdensity functional theory calculations on the
dimer models (computational methods provided in the &&pmetry optimization of-BZ, d
NPH, and dANH result instacked PDunits with varying degrees oPDI-PDI separation and
gualitative increase of aromatic surface adepending on the linkeand helical motif Figure
3.5.53F-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 Figure8.34 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 acroseshdbe smallest
distance is calculated forldPH, due to favorable [6]helicene contortion, relative to the shorter d
BZ, and the largest distance between the PDI units is measuredAfHdFigure 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 studieNBfd These
results indicate higher electronic coupling vibe¢n redox sites for the-NPH structure as a
functidn ioteractions i n rathen éhan dhoongh dond eodpling.t r u c t
Consequently, the calculated PPBDI 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 thege 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 naphthalesrgdged polymer, featuring low clgetransfer 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 penfance, we measured capacitance values of 292 + 47
F/g for pNPH, 250 + 34 F/g for4BZ, and 147 + 18 F/g for-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 ofhis field but lack the insight gained from a fundamental study to describe design
principles for these materialsThe recent development of PDI polymers with pseudocapacitance
comparable to inorganic materials charts a path towards innovative desaiundinipp secondary

redox sites, along with further consideration of the electronic communication between these redox
sites. These design principles could enable-gexreration materials to eabmpete inorganic
counterparts, offering a new platform for aomical, flexible, and adaptable energy storage

solution.
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3.5 Supporting Information
Synthesis of 1,4dibpinbenzene?® 30

Br Pd(dppf)Cl,
o 0 KOAc o, 0
- J— .
+ IB B\ /B —©_ B\
o o Dioxane (o] o
Br

110 °C, o.n.

Reaction Scheme 3.5.S1. Synthesis of 1,4-dibpinbenzene.

A 50 mL flask was charged with a stir bar, -tifsromobenzene (508.4 mg, 2.16 mmol),
Pd(dppf)Ct (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 witheNsing 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. Téhegbraixture 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 udifg% @radient

of hexanes to dichloromethan®d 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 g8230 3
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Reaction Scheme 3.5.S2 Synthesis ofuncyclized p-BZ.

A 50 mL vial was charged with a stir bar, igibpinbenzene (499.6 mg, 1.51 mmol), a mixture of

1,66 and 1,7dibromoperylene,4,9,10tetracarboxylicdiimide (1176.9 mg, 1.37 mmol),
Pd(dppf)Ct (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 witlisiNg 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 overnighé 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 extridgans comprised of methanol, hexanes, and chloroform. The chloroform
fraction was collected and dried to yield uncyclizeB as a purplédlack solid in 71% yield

(754.2 mg).
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Synthesis of pBZ:

R
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Reaction Scheme 3.5.S3. Synthesis of p-BZ.

In a 250 mL erlenmeyer flask, uncyclizedg (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 sdidritvmated in methanol and
isolated using vacuum filtration. The solid product was further dried under vacuum to remove

additional solvent which yieldedBZ as a dark purple solid in 98% yield (132.0 mg).

Thermolysis of p-BZ:

Cyclized pBZ (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 meldnconstant vacuum (2100 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 was collected as a black solid in 57%

recovery (75.2 mg).
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Synthesis of Uncyclized eBZ:

R R R
| | |
N
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O o) K2C03
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B + Br ‘ THF/H20 ‘ O ‘
: SO oondee
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sH11 R R R
R=§—<

CsHayy
Reaction Scheme 3.5.54. Synthesis ofuncyclized d -BZ.
A 50 mL vial was charged with a stir bar, dbpinbenzene (102.8 mg, 0.31 mmol),
bromoperylenes,4,9,10tetracarboxylicdiimide (474.2 mg, 0.61 mmol), Pd(dppf)@2.3 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 dking 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, thederyproduct 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 columsn using 0
100% gradient ohexanes to dichloromethan®l NMR spectroscopy was used to identify the

uncyclized dBZ product (583.3 mg) with a 65% vyield.
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Synthesis of dBZ:
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Reaction Scheme 3.5.S5. Synthesis ofd-BZ.

In a 250 mL erlenmeysdtask, uncyclized éBZ (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 untoeli8g of
and separated again using a silica column witti@@so 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 vactauramove additional solvent which yielded
d-BZ as a red solid in 97% vyield (198.2 mgi NMR spectroscopy and MALDI was used to

confirm the structure of the product.

80



Synthesis of 2,7dibpinnapthalene:
Pd(dppf)Cl, QI\O OJ%
Br. Br o 0 KOAc 5 B
+j:13—3\i — o*\o
°° oG, on.

Reaction Scheme 3.5.56. Synthesis of 2,7-dibpinnapthalene.

A 50 mL flask was charged with a stir bar, -djBromonapthalene (607.5 mg, 2.12 mmol),
Pd(dppf)Ct (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 witheNsing 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. Téthegbraixture 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 udi6ig% Qradient

of hexanes to dichloromethantd NMR spectroscopy was used to identify the pure- 2,7

dibpinnaphthalene product (632.2 mg) with an 78% vyield.
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Synthesis of Uncyclized gNPH:
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Reaction Scheme 3.5.57. Synthesis of Uncyclized p-NPH.

A 50 mL vial was charged with a stir bar, 2libpinnaphthalene (199.8 mg, 0.53 mmol), a mixture

of 1,6 and 1,#dibromoperylenes,4,9,10tetracarboxylicdiimide (400.4 mg, 0.47 mmol),
Pd(dppf)Ct (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 witisiNg 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 ovghti 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 extactions comprised of methanol, hexanes, and chloroform. The chloroform fraction was

collected and dried to yield uncyclizeeNiPH as a purpkblack solid in 49% yield (190.5 mg).
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Synthesis of pNPH:
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Reaction Scheme 3.5.S8. Synthesis of p-NPH.

In a 250 mL erlenmeysdtask, uncyclized gfNPH (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 inetidano
isolated using vacuum filtration. The solid product was further dried under vacuum to remove

additional solvent which yielded cyclizeeNPH as a dark purple solid in 98% yield (117.7 mg).

Thermolysis of p-NPH:

Cyclized pNPH (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 wasureldr constant vacuum (@0 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 thermolyzetPH was collected as a black solid in 62% yield

(73.6 mg).

83



Synthesis of Uncyclized eNPH:
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Reaction Scheme 2.5S59. Synthesis ofuncyclized d-NPH.

A 50 mL vial was charged with a stir bar, libpinnaphthalene (51.9 mg, 0.14 mmd)6
bromoperylene,4,9,10tetracarboxylicdiimide (204.4 mg, 0.26 mmol), Pd(dppf)@.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 withuding 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 acedte, washed with water thdmine, and dried with sodium sulfate. The product
containing organic fraction was concentrated unto ~3g of celite and separated on a silica gel
column using 61.00% gradient of hexanes to dichloromethdreNMR spectroscopy was used

to identify theuncyclized dNPH product (132.7 mg) with a 33% vyield.
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Synthesis of dNPH:
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Reaction Scheme 3.5.510 Synthesis ofd-NPH.
In a 250 mL erlenmeyer flask, uncyclizedNé®H (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 padsdbaded unto ~3g of celite
and separated again using a silica column witti @@ gradient of hexanes and dichlorobenzene.
The product was dried under vacuum, triturated with methanol and collected via vacuum filtration.
The solid product was then ther dried under vacuum to remove additional solvent which yielded
d-NPH as a red solid in 83% yield (110.1 mt#). NMR spectroscopy and MALDI was used to

confirm the structure of the product.
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Synthesis of 2,7dibpinanthracene®?

O’B B.g
[Ir(Ome)(COD)],
0\ /0 4,4'-di-tert-butyl-2,2'-bipyridine
+ B-B_ —_—
(o} [0} Cyclohexane (l) +

80 °C, o.n.

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), {Cy&looctadiene)(methoxy)iridium(l) dimer

(190.9 mg, Od-tBbutyhtmo2dbi gydiddi ne ( 1 =zdppe@witmg, 0.

a rubber septum. The flask was evacuated and backfilled withsMg 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 temperaturg@erched 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-g8jBpinanthacene. The filtrate was then concentrated and
further recrystallized with hot benzene to yield the-dfpinanthracenéH NMR spectroscopy

was used to identify the pure AjJibpinanthracene product (731.8 mg) with an 30% yield.
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Synthesis of Uncyclized pANH:
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Reaction Scheme 3.5.512 Synthesis ofuncyclized p-ANH.

A 50 mL vial was charged with a stir bar, @libpinanthracene (402.2 mg, 0.94 mmol), a mixture

of 1,6 and 1,7-dibromoperylenes,4,9,10tetracarboxylicdiimide (727.6 mg, 0.85 mmol),
Pd(dppf)Ct (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 witisiNg 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 prodt was collected via filition 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 tgield uncyclized pANH as a purpléblack solid in 68% vyield (505.4 mg).
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Synthesis of pANH:
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Reaction Scheme 3.5.513 Synthesis of p-ANH .

In a 250 mL erlenmeydiask, uncyclized pANH (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 inanatith
isolated using vacuum filtration. The solid product was further dried under vacuum to remove

additional solvent which yielded cyclizeddNH as a dark purple solid in 70% vyield (184.7 mg).

Thermolysis of pANH:

Cyclized pANH (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 wasiheéét constant vacuum (-0

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 thermolya&tHpwas collected as a

black solid in 56% yield (87.5 mg).
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Synthesis of Uncyclized éANH:
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Reaction Scheme 3.5.514. Synthesis ofuncyclized d-ANH.

A 50 mL vial was charged with a stir bar, 2libpinanthracene (50.2 mg, 0.12 mmol),-1,6
bromoperylenes,4,9,10tetracarboxylicdiimide (189.6 mg, 0.22 mmol), Pd(dppf)(®.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 dking 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 purificatione trude 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 gelusshgréh

100% gradient of hexanes to dichloromethadheNMR spectroscopy was used to identify the

uncyclized dANH product (243.7 mg) with a 70% vyield.
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Synthesis of dANH:
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Reaction Scheme 3.5.515 Synthesis ofd-ANH.
In a 250 mL erlenmeyer flask, uncyclizedAliH (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 prodsdbaded unto ~3g of celite
and separated again using a silica column witti @@ gradient of hexanes and dichlorobenzene.
The product was dried under vacuum, triturated with methanol and collected via vacuum filtration.
The solid product was then fuethdried under vacuum to remove additional solvent which yielded
d-ANH as a red solid in 81% yield (128.7 mg{ NMR spectroscopy and MALDI was used to

confirm the structure of the product.
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'H NMR Spectra of Linkers
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Figure 3.5.S1 *H NMR Spectra of 1,4-dibpinbenzene. *H NMR (300 MHz, 300°K CDClsA wx wA 8 WY waoU
4H), 1.35 (s, 24H).

do 85 ) 75 7o 65 60 s's 50 45 4 35 ECIE 20 15 10 05 0
f1 (ppm)

Figure 3.5.52. 'H NMR Spectra of 2,7-dibpinnapthalene. *H NMR (400 MHz, 300°K, CDCIsA 843u
(s, 2H), 7.90 (s, 2H), 7.83 (s, 2H), 1.41 (s, 24H).
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Figure 3.5.53. H NMR Spectra of 2,7-dibpinanthracene. *H NMR (400 MHz, 300°K, CDClsX wy wWd k N w
(s, 2H), 8.56 (s, 1H), 8.40 (s, 1H), 8.01 (s, 2H), 7.84 (s, 2H), 1.44 (s, 24H).

H NMR Spectra of PDI Polymers
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Figure 3.5.54. 'H NMR spectra of p-BZ.*H NMR (500 MHz, 373°K, 1,1,2,2;tetrachloroethane-d2)
Lack of solubility and complexity of the molecular structure prevents identification of peaks.
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Figure 3.5.85. 'H NMR spectra of p-NPH. 'H NMR (500 MHz, 373°K, 1,1,2,2tetrachloroethane-
d2) Lack of solubility and complexity of the molecular structure prevents clear identification of
peaks.
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Figure 3.5.56. 'H NMR spectra of p-ANH. H NMR (500 MHz, 373°K, 1,1,2,2tetrachloroethane-
d2) Lack of solubility and complexity of structure prevents clear identification of peaks.
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!H NMR Spectra of PDI Dimers
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Figure 3.5.57. 'H NMR spectra of d-BZ. *H NMR (500 MHz, 373°K, 1,1,2,2tetrachloroethane-d2)
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Figure 3.5.58 'H NMR spectra of d-NPH. *H NMR (500 MHz, 373°K, 1,1,2,2tetrachloroethane-
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(s, 4H), 1.46 (d, J = 23.9 Hz, 56H), 0.97 (t, J = 7.0 Hz, 12H), 0.83 (s, 12H).
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Figure 3.5.59. *H NMR spectra of d-ANH. H NMR (500 MHz, 373°K, 1,1,2,2tetrachloroethane-
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=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'H NMR Spectra

p-BZ |
f1
[
| |
o
|
| ‘ | 2
\ Fo
WA ]
| My
| | ‘ N 1
N 1/ 4 I v (VI
WMWN’AMW— JJ\.J.A/ ™\, " \-—J—.....
d-BZ
Aromatic hydrogens on Hydrogens from PDI C-11 sidechains
PDI and benzene linker
|
|
i 1
| ‘ I
| I
L
" s | ' ‘I
W | |
A AN o wee Ul

15 1fo 105 100 os "o "85 8o 75 /b 65 60 55 so 45 40 35 30 25 20 15 10 o5 oo
1 (ppm})

Figure 3.5.510 Polymer and dimer 'H NMR spectra of p/d-BZ in 1,1,2,2tetrachloroethane-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 3.5.511 Polymer and dimer *H NMR spectra of p/d-NPH in 1,1,2,2tetrachloroethane-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 3.5.512 Polymer and dimer 'H NMR spectra of p/d-ANH in 1,1,2,2tetrachloroethane-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
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Figure 3.5.513 MALDI spectra of p-BZ.
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Figure 3.5.514 MALDI spectra of p-NPH.
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Figure 3.5.515 MALDI spectra of p-ANH .

MALDI Spectra of PDI Dimers
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Figure 3.5.516. MALDI spectra of d-BZ. Exactmass was calculated to be 1466.80 Da and measured
mass is 1466.799 m/z.
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Figure 3.5517. MALDI spectra of d-NPH. Exact mass was calculated to be 1516.82 Da and
measured mass is 1516.805 m/z.
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Figure 3.5.518 MALDI spectra of d-ANH. Exact mass was calculated to be 1566.83 Da and
measured mass is 1566.807 m/MALDI spectra of d -ANH.
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MALDI Spectra of PDI Dimers After Thermolysis
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Figure 3.5.519 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 1 sidechains to be 616.69 Da (42.0 wt.%)
which correlates to a measured mass loss of 618.464 Da (42.2 wt.%) for-BZ.
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Figure 3.5.520 MALDI spectra of d-NPH after thermolysis. Exact mass was calculated to be
900.13 Da. We calculate the theoretical loss of the €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-8lIPH.
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Figure 3.5.521 MALDI spectra of d-ANH after thermolysis. Exact mass was calculated to be
950.14 Da. We calculate the theoretical loss of the €1 sidechains to be 616.69 Da (39.4 wt.%)
which correlates to a measured mass loss of 616.357 Da (39.3 wt.%) for-dNH.
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FT-IR of PDI Polymers Before Thermolysis
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Figure 3.5522 FT-IR Spectra of p-BZ. Peak at 3005 cnt indicates the presence of the alkyl
sidechains before thermolysis.
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Figure 3.5.523 FT-IR Spectra of p-NPH. Peak at 3005 cnt indicates the presence of the alkyl
sidechains before thermolysis.
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Figure 3.5.524 FT-IR Spectra of p-ANH. Peak at 3006 cnt indicates the presence of the alkyl
sidechains before thermolysis.
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FT-IR of PDI Polymers after Thermolysis
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Figure 3.5.526. FT-IR Spectra of p-NPH. Missing peak at 3005 cm! indicates the loss of alkyl
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Figure 3.5.527. FT-IR Spectra of p-ANH. Missing peak at 3006 cm! indicates the loss of alkyl
sidechains after thermolysis.
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Figure 3.5.528 Selected portion between 27003300 cmt 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 cntindicating the
loss of alkyl chains.
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TGA of PDI Polymers
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Figure 3.5.529. Thermogravimetric analysis of p-BZ shows the loss of alkyl side chains (40.1 wt.%)
at ~360 °C.
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Figure 3.5.S30. Thermogravimetric analysis of p-NPH shows the loss of alkyl side chains (37.7
wt.%) at ~360 °C.
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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 °C.

Electrochemical Characterization

Electrochemical measurements, including CV, GCD, and EIS, were performed using a Biologic
VSP-300 potentiostat/galvanostat running-E&b software.

Solution-phase CVs of dimers

The dimers of éBZ, dNPH, and dANH were dissolved in arlectrolyte solution of 0.1M
tetrabutylammonium hexafluorophosphate in DCM. A trektrode setip was used with a 3

mm glassycarbon disc as the working electrode, platinum as the counter, and internally referenced
to ferrocene. Following the measuremédhe CVs were referenced to Ag/AgCl using standard
literature value¥. The CV measurements were performed in an argon glovebox using a potential
ranging from2000mV to OmV at rates of 50 mV/s.

Electrode Fabrication

Electrodes were fashioned according to a previous procd@dtr@he 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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methyl2-pyrrolidone was added and left to stir for a few hours. Carbon paper was used as a
substrate and cut into rectangles ranging from10&n x }2 cm. The substrates were then
sonicated in 1M 50Oy for 20 minutes and left to soak under vacuum for several hours. The carbon
paper was washed with DI water and acetone,
analytical balance (0.001 mg precision). The slurry was manually deposited onto thepegudaon
substrates with a sregweighadtoadeterdimeithe miassaof activebntaterial, a n
The mass loading was approximatel§ thg cr?. 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¢leegode cell
containing ~20 mL of the electrolyte with a graphite rod as the counter electrode and an Ag/AgClI
(3 M NaCl) reference electrode. The active material on the cadqmer 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 mies with argon before the measurement and afterwards left under an
atmosphere of argon.

CV measurements were performed in the rangd.@fto-0.2V versus the Ag/AgCI 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 followingtieau

o —
a
wherel is the current density,is the current, andw is the mass of the active PDI material. The
current switched signs at the set voltage limitdd and-0.3 V versus Ag/AgCl. EIS experiments

were performed at the halfave potential (E2) obtained from the CVs of each respective polymer

107



using the E@ab 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 éf.al

Rint

Ret Cp
|_

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:

Qo

whereb is the slope of the letpg plot of the sweep rat®)(versus the peak currem}.(This slope
measured in the surfacentrolled region (below 75 mV (Figure3.5.S2), illustrates the type

of charge storage with a value near 1 indicating entirely sudactolled performance and a
value near 0.5 implies diffusion controlled RaneBes/cik behavior. The slopes 0Bz, -NPH,

and -ANH all display bvalues closer to Implying more capacitive and surfacentrolled
behavior compared to diffusidmited performance. Figur8.5S3 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 Imitation from diffusioncontrolled 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

' imited by diffusion (i.e. above 60 mV/s) wer
each PDI. A linear extrapolation of the capacity (Q) verstitvo v =P esti mates
sweep rate capacity which is correlated to t
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extrapolationtov =0inthe 1/Q versi$e st i mat es t H.&|Fgurest58®HBc char g
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 anthat& open circuit

relaxation (S| Figur&.5.S33). The diffusion coefficient was calculation from the curves with the
equation:

1 a Y&
“ ot Y Yoo

wheret is the current pulse length) is the mass of the active materialjs the density of the

0

active materialSis the surface area of the electrodé is the change in steadyate potential

after each current pulse, abd 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 QALB3mm in a 25mm pellet die.

CO2 Adsorption Isotherm

CO, adsorption isotherms were collected using a Micromeritics ASAP 2020 PLUS Adsorption
Analyzer. Isotherm graphs are detailed in SI Fig5e534. The surface area was calculated using

the BrunaueEmmettTeller (BET) method and listed in SI Tal8&.S1.
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Figure 3.5.532. a) The log-log plot of sweep rate versus peak current from 1 to 400 mV/s.b) Linear
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of 1/Q versus v¥2to v=0 to obtain the total charge estimate.
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Figure 3.5.533. GITT measurements of (a) p-BZ, (b) p-NPH, and (c) p-ANH with an inset in (a)
showing S"—n—_” and S”-"—ﬂ.

PDI b i Out e Total Outer/Total | Rer | ESR | Diffusion BET Surface
charge Charge Charge (m [ (m Coefficient | Area
(mAhg?) |(mAhg?) | (%) (cm?s?) | (m%qg)
p-BZ | 087 0.04]|404 109 |59.7 9.7 68 0.25 | 1.95 ~8 x 107 153.4
p-NPH | 0.92 0.12 | 549 135 | 73.7 6.2 75 0.20 | 2.35 ~4 x 107 239.7
p-ANH [ 0.81 0.11| 205 5.1 |483 52 42 0.68 | 1.93 ~3 x 107 114.3

Table 3.5.S51. A comparison of the electrochemical and surface area results of the PDI polymer
series along with surface area results taken from CQ isotherm analysis.
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Figure 3.5534. CO:z adsorption isotherms of the PDI polymers. p-NPH shows the greatest
analysis gas adsorptionfollowed p -BZ and p-ANH. a) CO:z adsorption isotherms with an analysis
temperature of -78.5 °C.b) CO: adsorption isotherms with an analysis temperature of 0 °C.
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Figure 3.5.S35. Molecular structure of PDI for CV and UV -VIS measurements as a controlfor d-
BZ, d-NPH, and d -ANH analysis.
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Figure 3.5S536. a) Comparison of the 0-1 and 0-0 transition generated from UV -Vis spectroscopy

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 (Schrodinggeometries were optimized
using the B3LYPD3 functional and thei@1G** basis set. The geometry ofB¥, dNPH, and
d-ANH serves as a rough approximation of the extended polymer sei8, pNPH, and p
ANH. Molecular orbitals were modeled using th8 BLG** basis set. S| Figui&5.540a-c shows
geometry optimized calculations on tetramer versionsBZ pp-NPH, and pANH with varying
dihedral angles measured from the aromatic ring irb#yeregion of each PDI whiafesults in

variation in the molecular structure.
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Figure 3.5.537. 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 Ab) 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.
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Figure 3.5.538. 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 Ab) 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 3.5.539. 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 A.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 3.5.540. 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.
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