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Abstract

Renewable energy technologies are clean resources of energy that have a much lower
environmental impact than conventional energy technologies such as coal or petroleum.
Renewable energy technologies can help to reduce energy imports and the use of fossil fuel which
is the largest source of U.S. carbon dioxide emissions. Organic polymers have received significant
interest as key materials for renewable energy. Conducting polymers with tunable electrical
conductivities could serve as electrodes or active materials for various electronic devices.
Semiconducting polymers with tunable band gaps are great candidates as the semiconducting
layers of optoelectronic devices such as organic solar cells. Also, both conducting polymers and
insulating polymers have been explored for energy storage devices such as active materials,
separators, electrolytes, pseudocapacitors, and so on. In addition, conventional plastics are the
most widely used materials due to their durability, longevity, impermeability, good strength to
mass ratio compared to metals, wood, and glass. This thesis is situated at the intersection of
analytical and electrochemistry of various ranges of polymers and their engineering application
for sustainability.

Although the organic solar cell is a promising technology, it has a relatively short lifetime
due to poor long-term stability, making it a challenge for commercialization. In chapter 2, we
investigated a random sequence copolymer containing a conjugated poly(3-hexylthiophene)
backbone and fullerene-functionalized side chains that serve as a general blend stabilizer for an

organic solar cell device. We found that this copolymer could stabilize morphology for multiple
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blends in thin films and the active layer of organic solar cell devices and enhance the thermal
stability of the devices. Understanding and developing of copolymer compatibilizer should play
an important role to improve device performance and stability.

A redox flow battery is a rising area in the secondary battery due to its advantages such as
design flexibility, safety, and scalability. In chapter 3, we discussed the modified design of a
nonaqueous redox flow battery containing a high effective concentration of redox-active materials
in insoluble polymer beads. A bulk of charge can be stored on redox-active moieties covalently
tethered to non-circulating, insoluble polymer beads. The charge is rapidly transferred between the
electrodes and the beads through soluble redox-matched mediators. With the functionalized beads,
the battery capacity increased without the need to make high solubility redox-active molecules.

In chapter 4, we develop an electrosynthetic approach to repurpose poly(vinyl chloride),
which has a low recycling rate in most countries. The chlorine atoms from PVC are recovered
under electroreductive conditions and then directly repurposed as a feedstock in a tandem
electrooxidative chlorination reaction. Also, we discovered a redox mediator that facilitates the
reductive dechlorination reaction. The proposed mechanism of the reduction process was informed
by cyclic voltammetry and bulk electrolysis analyses. This approach has good potential that PVC
waste that we made in our life as a chlorine source can be repurposed to produce value-added

products.
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Chapter 1: Introduction

1.1 Earth As a Pale Blue Dot

In 1990, the American astronomer Carl Edward Sagan said “Pale blue dot” when he
realized that the Earth was a bright pixel six billion kilometers away when photographed from
Voyager 1.! To date, Earth is still the only place that can hold life, and the pale blue dot emphasizes
that there is nothing around to help us.

In the last few years, a series of climate crises has threatened the life of the earth. In
February 2021, the state of Texas suffered its worst blackouts due to three heavy winter storms
and cold weather.” In the 2019-2020 Australian bushfire season, which is known as the “black
summer,” bushfires destroyed homes and forests and killed more than one billion animals.? The
World Meteorological Organization recognized a temperature of 38 °C (100.4 °F) in the Russian
town of Verkhoyansk in June 2020 as a new Arctic temperature record.* Driving massive sea ice
loss, average temperatures over Arctic Siberia had reached as high as 10 °C above normal for much
of the previous summer.’ Snow in the Sahara Desert, which sounds impossible, took place in early
2022 near the town of Ain Sefra in Algeria.®

As a consequence of human behavior (e.g., transportation), burning fossil fuels
significantly affects greenhouse gas emissions and global climate change.” A significant reduction
in greenhouse gas emissions during the COVID-19 pandemic shows the influence of human

behaviors on greenhouse gas emissions. Due to limited movement and social and economic



activities in 2020, greenhouse gas emissions decreased by 7% compared to the previous year - the
largest decline ever recorded.?

If the current status of greenhouse gas emissions is maintained, it is anticipated that the
average global temperature will rise 5 °C.° Because climate change has resulted in life-threatening
crises, researchers have focused on approaches to alleviate it. Researchers have shown that it is
critical to suppress the average global temperature increase below 1.5 °C by 2100 and to reach net-
zero CO; emissions by 2050.1°

To respond to the urgency of these issues and raise awareness of climate change, leaders
of countries and institutions around the world have established and implemented various policies
related to the climate crisis and energy transition issues. For example, the Kyoto Protocol (1997)!!
and Paris Climate Accords (2015)!? on climate change have reduced fossil fuels over several
decades in response to rapid climate change. To support collaborative practices, in 2020 President
Biden announced that the United States will return to the Paris Climate Accords and actively
respond to climate change. '3

On the economic side, leaders in the global market have significantly considered the costs
of climate change and the economic benefits of energy transition.!* Data have shown that the cost
of renewable energy, such as solar and wind power, has secured price competitiveness compared
to fossil fuels.!> Many companies have begun to increase their investments in renewable energy
and energy transition in their portfolios.'® As this trend shows, there is a growing awareness that
timely response to climate change can contribute to economic growth by playing a pivotal role in
future industries.

For example, the electronic vehicle is one of the efforts of global companies to apply new

forms of energy to actual products and services.!” In the next couple of decades, electric vehicles



will become the mainstay of the automobile industry. Instead of an internal combustion engine,
vehicles will have an electric motor. By improving alternative forms of energy, the use of fossil
fuels will decline, and greenhouse gas emissions will begin to decline sharply. Removing internal
combustion engine cars from the road will contribute positively to global climate change by
significantly reducing CO; emissions.

Although the development of renewable energy and its application to new products and
services were big stepping stones, we still have work to do to address the sustainability of this
approach. To establish a system for dealing with renewable energy, such as solar, wind, bioenergy,
and hydropower, it is essential to understand their characteristics and challenges to develop
technology. Therefore, two closely related considerations will help address the issues of
greenhouse gas emissions. In this thesis, we ask how we can generate energy; how we can store
energy. Also, for achieving sustainability, we address another question of how we can repurpose
plastic waste. To answer each question, we will discuss organic solar cells (chapter 2), the redox-

flow battery (chapter 3), and polyvinyl chloride recycling (chapter 4).



1.2 How can we generate energy?

A solar cell, also called a photovoltaic cell, is an electrical device that converts the energy
of light directly into electricity by way of the photovoltaic effect. When light with sufficient energy
is absorbed, it causes excitation of an electron or other charge carrier to a higher-energy level. An
electric potential is produced by the separation of charges, which are called free electron and free
hole. When they reach to the location in the device where the charge transfer will lower the energy
of the system, the separation step begins, resulting in the generation of electricity.

The solar cell market can be divided in several ways: product type, application, end-user,
and geography. The product type that is currently dominating world technology in photovoltaics
is crystalline silicon.!® Not only does it have great efficiency (>20%) in commercial modules and
excellent stability, but, in a growing number of regions, production cost is reducing. Organic solar

cells are a third-generation, photovoltaic technology that uses organic materials to harvest energy

Figure 1.1. Best research-cell efficiencies reported by National Renewable Energy Laboratory
(NREL)." (updated in December 2021)



from sunlight. Compared to silicon-based solar cells, unfortunately organic solar cells cannot
compete for all the above factors at this point. (Figure 1.1)

Nevertheless, an organic solar cell is still an attractive technology because of its
advantages, such as low weight, tunability, and inexpensive cost to fabricate.?’ Organic solar cells
are flexible and customizable on the molecular level and have a potentially less adverse
environmental impact. For example, an organic solar cell has advantages for integrated
photovoltaics for buildings to be mounted on the roof or walls due to their flexibility, light weight,
and construction of thin plastic foil. In addition, because the foils can be attached by double-sided
sticky tape, repairs are simple after long-term use.?! The market for building-integrated
photovoltaics is small compared to the overall photovoltaic market (~5%).?2 Nevertheless, it could
still become a promising, quickly growing market. The organic solar cell market size was valued
at $62.56 million in 2019 and is projected to reach $142.30 million by 2027, growing at a

compound annual growth rate (CAGR) of 12.5% between 2019 and 2027.%

Figure 1.2. Heliatek, German company, organic solar modules (top) on a wind turbine and
(bottom) applied on the fagade of an industrial building.?*



The global, organic solar cell market is divided into small molecules and polymers. In
2021, the polymers segment was expected to dominate the market, because polymer solar cells
have an additional potential to exhibit transparency, which suggests applications in windows,
walls, flexible electronics, and others.?® Because of improvements in conjugated polymer design
over the last twenty-five years, the power conversion efficiencies (PCEs) for organic solar cells
have risen from 3%?° to recent, record-breaking values of >18% according to a National
Renewable Energy Laboratory research team.?’

Despite these promising advantages, a short device lifetime due to poor, long-term stability
remains a challenge for commercialization.?® Most organic solar cells consist of a blend of two
materials: a conjugated polymer electron donor and a small molecule electron acceptor.?” Initially,
the physical blends of an electron donor and electron acceptor in the active layer are nano-scale
domains and enable effective charge separation under light illumination.’® However, with aging,
they can phase-separate into larger, micron-scale domains in an enthalpically-driven process that
results in a changed morphology over time. This transition reduces the efficiency of charge
separation as well as PCEs.3! A third component, such as a copolymer that is miscible with both
the donor and acceptor can stabilize the active layer’s blended morphology, but these additives are
often tailored to match the specific donor/acceptor blend.*

In a previous study, the McNeil group evaluated how the sequence, composition, and blend
concentration of copolymer additives affect morphological stability and device performances with
conjugated poly(3-hexylthiophene) and fullerene-based acceptors.>> As a result, a random
copolymer with 20 mol% fullerene side-chain functionalization at 8 wt% in the blend showed the

best performance for stabilizing a thin, film blend morphology and PCEs. Therefore, we



hypothesized that this type of copolymer could be miscible with other donor/acceptor systems and
serve as a general compatibilizer.

In chapter 2, we demonstrate that the reported random sequence copolymer having
fullerene side chains also serves as a general blend stabilizer for high-performing donors and
acceptor molecule. We chose three different conjugated polymer/fullerene blends (PTB7, PTB7-
Th, and PffBT4T-20D with PC71BM) for showing our strategy. In all cases, there were severe
macroscale phase separation after annealing at high temperature without copolymer in thin films,
while the phase separation was suppressed when the copolymer was mixed with donor/acceptor
blends. Similarly, in the active layer of Pff BT4T-20D:PC71BM blends in fabricated devices, phase
separation also reduced in copolymer-containing active layer after annealing. We attribute this
thermal stability to the copolymer’s ability to prevent fullerene aggregation.

However, devices with copolymer exhibited initial power conversion efficiency drop
compared to devices without copolymer. We investigated factors for tracking this drop and
observed lower absorption efficiency and lower electron current when the copolymer was added.
With annealing, both devices with and without copolymer experienced performance losses in first
30 min annealing, but devices with copolymer showed relatively smaller losses as well as better
thermal stability compared to control device. Overall, we suggest that the fullerene-functionalized
poly(3-hexylthiophene) copolymer could be a general stabilizing additive to suppress macroscale
phase separation in both conjugated polymer/fullerene thin films and photovoltaic devices,

resulting good thermal stability of the devices.



1.3 How can we store the energy?

Solar and wind energy are environmentally friendly and are considered promising
alternative energy resources for the future. However, inherent intermittency during the day and
night limits the full utilization of these renewable resources.** Under this limitation, the battery
market is growing explosively.’® With the rapid growth of the electric vehicle market, the market
for the battery that powers it is also receiving attention. There are several ways to classify batteries,
but they can be divided into primary batteries, which are non-rechargeable, and secondary
batteries, which are rechargeable. In the twentieth century, the lead-acid battery was a well-known
secondary battery for grid-scale energy storage, because of its low capital cost and advanced
technological support.® However, its disadvantages, such as limited cycling time, high
maintenance cost, and contamination by lead encouraged other electrochemical approaches. The
redox flow battery (RFB), which was first invented in 1974, exhibits advantages, such as design
flexibility, safety, and scalability.*8

A RFB is a type of electrochemical, energy-storage device in which chemical energy is
provided by two chemical components (anolyte and catholyte) dissolved in liquids that are pumped
through a system on separate sides of a membrane. (Scheme 1-1a)*® RFBs have many advantages

over other types. They achieve the complete separation of power and energy by using external

Figure 1.3. Battery market trend in U.S. (left) Organic RFB, Kemiwatt company (right).*



tanks, resulting in a flexible layout. RFBs are an economical choice in the range of kilowatts to
megawatts because storage size and flow controls are easy to scale up by the installation of larger
storage tanks to hold more electrolytes. In addition, RFBs have other advantages, such as a long
life (more than twenty years), simple recharging by replacing the electrolyte liquid, no harmful
emissions from charging-discharging, and so on.

The most common RFB is the vanadium RFB, which contains vanadium ions as charge
carriers; it was initially studied by NASA.*! Vanadium can exist in a solution in four different
oxidation states to make a battery with a single electroactive molecule (different oxidation states
of Vanadium) instead of two different molecules, anolyte and catholyte. The global redox flow
battery market size was valued at $130.4 million in 2018 and is projected to reach $403.0 million
by 2026, growing at a compound annual growth rate (CAGR) of 15.2% between 2019 and 2026.4?

Nonaqueous RFBs contain organic electroactive molecules and supporting electrolytes in
organic solvents, such as acetonitrile, dimethylformamide, and propylene carbonate. To take
advantage of wide electrochemical windows of up to 5 V compared to ~1.5 V in an aqueous
system, redox active molecules with high oxidation potentials and low reduction potentials can be
used.*® Redox-active molecules can be functionalized to create molecules with high solubilities (>
1 M),* thus enabling high energy density nonaqueous RFBs. However, at concentrations near 1
M, most redox active molecules become viscous, and ionic conductivity decreases, making them
less suitable for use in RFBs.** An additional issue that must be addressed in RFBs is the crossover
of the redox-active species between the anolyte and catholyte solutions. Once a redox-active
species has crossed over to the opposite electrolyte solution, it is no longer electrochemically

active, resulting in a loss in capacity for the RFB.*6



Scheme 1-1. Previous RFBs, A Redox-Targeted Electrode, and the Redox-Matched Flow Battery

An innovative concept, the redox-targeted electrode, was introduced by Wang, Gritzel and
coworkers in 2006*” and points the way to a system that could simultaneously address several of
the issues discussed above. (Scheme 1-1b) Since the report, several more redox-targeted inorganic
electrodes, or hybrid flow batteries with one redox-targeted electrode, have been reported,*® as has
a full redox-targeted flow battery*’ and an aqueous RFB with one redox-targeted organic polymer
electrode™.

In chapter 3, we introduce the non-aqueous redox-matched flow battery (RMFB), redox-
active molecules are covalently tethered to crosslinked polystyrene polymer beads and these beads

act as the charge storage material. (Scheme 1-1c) These beads are insoluble and non-circulating,
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instead sit on the frit in the reservoir. The redox-active moieties are a ferrocene derivative for the
catholyte beads and a viologen derivative for the anolyte beads. For each bead type, there are
redox-matched soluble mediators with similar structures to the redox-active moieties on the beads.
The mediators help charge transfer between the electrodes and the polymer beads. Due to similarity
of structure, the redox potentials are nearly the same and this similarity enables a Nernstian
equilibration between the soluble mediators and polymer-supported redox active species.

From this design strategy, we have several expected advantages. First, we use two redox-
matched mediators for each polymer beads, so that there is no loss in voltaic efficiency due to
multiple mediators with different redox potentials. Also, not only polymer-supported charge
storage enables highly effective concentration of active material in the reservoirs without crossover
of that material, but also low concentration of mediator solution gets rid of the need of high
solubility material and high viscous solution.

An essential factor of this design is that redox exchange between the beads and solution-
phase mediators occurs within several minutes, which is fast compared to the one-half cycle of the
RMFB (< 60 min). We demonstrate that the charge transfer happens fast enough compared to the
time scale. The crossover rates with various membrane options were monitored by microelectrode,
which indicated fumasep ion-exchange membrane as best option for RMFB. The RMFB was first
cycled with only the soluble mediators present and then with one and two redox equiv. of beads
added to the anolyte and catholyte reservoirs. With one equiv of beads, the battery discharge
capacity increased by 52%, and with two equiv. it increased by 112%, demonstrating the viability

of the RMFB concept.
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1.4 How can we repurpose plastic waste?

One important direction to achieve sustainability is dealing with plastic waste and
developing methods to recycle them to save natural resources. Approximately 500 million tons of
plastics are produced annually worldwide.’! In 2020, we generated 900% more plastics than in
1980.%2 If we fail to reduce our usage, plastics in the oceans will outweigh fish pound for pound in
2050.%% 1t is difficult to rapidly fix the increasing plastic consumption in various industries,
including electronics, automotive, and others. The Covid-19 pandemic is driving an increase in the
demand for various packaging products, including online purchases and personal protective
equipment, such as gloves or masks.>* Therefore, reducing the use of plastics but also recycling
them have great advantages beyond saving energy and resources. They can reduce the amount of
waste sent to landfills, prevent pollution by reducing the need to collect new raw materials, and
conserve natural resources. The global recycled plastic market size was valued at USD 45.1 billion
in 2019 and is expected to grow at a compound annual growth rate (CAGR) of 5.0% between 2020
and 2027.%

To date, plastics recycling has primarily involved mechanical recycling, which downgrades
material quality and limits utility. Recycling rates (<10%) are unlikely to improve with mechanical
recycling alone, leading to calls for innovations in chemical recycling.’® Closed-loop recycling is
a system in which the waste material of one process, such as the unwrapping of pallet stretch film,
is used in the production of another, such as new can liners and pallet sheets. Closed-loop recycling
starts with a collection of scrap plastic stretch film. Once collected plastic scraps are processed
and turned into plastic pellets or resin. Closed-loop mechanical recycling reuses the resin and

finally creates a new version of the same product.
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Closed-loop chemical recycling, in which polymers are first depolymerized into their
monomers and then repolymerized to generate a material with same function, has been realized
for only hydrolyzable polymers, such as PET (polyethylene terephthalate).’” However, in general,
commercial plastics are not recycled in a circular closed-loop recycling due to lack of methods to
selectively depolymerize polymers back to their original monomers.’® These materials could be
recycled in an open-loop process, wherein polymers are treated using various forms of treatment
such as heat, chemical reactions, physical crushing to break down into smaller fragments. These
fragments could be converted into new material different from their original purpose via other
chemical processes. However, the leading open-loop process, anaerobic pyrolysis, is useful only
for few hydrocarbon polymers because thermal degradation is unlikely to proceed naturally due to
the high temperatures required.>

Poly(vinyl chloride) (PVC) is not recycled through any of these approaches and has the
lowest recycling rate in most countries (0% in the United States),” even though it has a high-
production-volume rate. A major problem in the recycling of PVC is the high chlorine content in
raw PVC (around 56 % of the polymer weight) resulting uncontrolled hydrogen chloride (HCI)
elimination and the high levels of hazardous plasticizers. Sadly, Ono and coworkers examined the
biodegradation of PVC buried under soil for over 32 years and couldn’t find any evidence of
biodegradation.®® Therefore, low recycling rates are concerning, because PVC poses a known
health risk in the environment in the long term.!

In chapter 4, we discuss new recycling approaches for PVC waste. We develop an one-pot
paired-electrolysis reaction to repurpose PVC waste and generate value-added chlorinated arene.
Although HCI elimination from PVC is problematic in high-temperature recycling processes, HCI1

itself is a useful reagent in many chemical reactions. So, if we think about in different way, PVC
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waste has an advantage to release HCI intentionally and can be used to produce chlorinated arene
in a single-pot process. In the meantime, diethylhexyl phthalate (DEHP) which is the most
common plasticizer used in PVC serves as a redox mediator and improves the synthetic yield. To
characterize electrochemical behaviors of PVC and DEHP, we use cyclic voltammetry (CV) and
measure redox reversibility of DEHP in the presence/absence of PVC. CV data also indicate the
voltages at which redox events occur. Bulk electrolysis experiments in H-cell help understanding
of mechanistic role of DEHP as redox mediator. We also demonstrate that a commercial PVC
product can be used efficiently in these reactions, even in the presence of other plastics. This new
open-loop recycling approach should inspire new strategies for PVC waste recycling to address

sustainability.

Scheme 1-2. General scheme of paired-electrolysis reaction for reductive dechlorination of PVC
and oxidative chlorination of an arene
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Chapter 2: Fullerene-Functionalized Poly(3-hexylthiophene) Additive
Stabilizes Conjugated Polymer—Fullerene Blend Morphologies

This chapter has been published:

Kim, D.*, Mueller, E.A.*, Yang, D.S., Fagnani, D.E., Kim, J. and McNeil, A.J., Fullerene-
Functionalized Poly(3-hexylthiophene) Additive Stabilizes Conjugated Polymer—Fullerene Blend
Morphologies, ACS Appl. Polym. Mater. 2021, 10, 4861-4868.

D. Kim and D. S. Yang made and analyzed devices, E. A. Mueller synthesized the copolymer,

made and analyzed thin films, D. Kim and E. A. Mueller contributed to writing, D. E. Fagnani
contributed intellectually.

2.1 Introduction

Over the last three decades, organic photovoltaics (OPVs) have emerged as a promising
solar energy technology because they can be flexible, lightweight, and fabricated via inexpensive
methods.!™ In a typical OPV device, the photoactive layer is an interpenetrating blend of an
electron-donor and an electron-acceptor material, either of which can be small molecules or
polymers.> To improve power conversion efficiencies (PCEs), researchers have tuned the chemical
structures of the donor and acceptor materials to optimize their bandgaps. The most common
donor/acceptor pair for OPVs has been poly(3-hexylthiophene) (P3HT) as the donor paired with
phenyl-Cgi-butyric acid methyl ester (PCs1BM) as the acceptor, which typically achieves PCEs of
3-5%.%7 In the past decade, researchers have shifted away from P3HT in favor of conjugated
polymers with alternating electron-rich and electron-poor units along the backbone to improve

visible light absorption and optimize the bandgap for charge transfer with a given acceptor.’’
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Over the last ten years, a variety of donor polymers have been designed that enable PCEs around
10%,!%!! with some examples of record-breaking PCEs greater than 17% for tandem!? and single-

junction devices!:!4

in the last two years.

Despite improvements in device PCE, long-term stability remains a central challenge to
OPV commercialization.!!> One factor impacting long-term stability is detrimental changes in the
blend morphology over time. Initially, the physically blended donor and acceptor form a
kinetically trapped morphology with nanoscale domains of each pure component and, depending
on the donor/acceptor pair, an additional amorphous mixed phase.!® This nanoscale morphology
is important for effective charge separation because photogenerated excitons, which must migrate
to domain interfaces to separate into holes and electrons, have diffusion lengths of less than 50
nm.!”"!” In an enthalpically driven process, the initial domains phase-separate into larger (e.g.,
micron-scale) domains with aging, which reduces the charge separation efficiency.??! Phase
separation is particularly problematic for blends that contain fullerenes, some of the most common
acceptors, which diffuse throughout the active layer more easily than polymers.??> Thus, measures
to prevent active layer phase separation are necessary to maintain high PCE over time.

One method to stabilize device morphology is to add a compatibilizer as a third component
into the active layer blend.?>** The compatibilizer localizes at the interface between immiscible
phases, lowers the interfacial tension, and increases the interfacial adhesion.?>?® Both small

molecules?’ 3!

and polymers*?~#? have been used to stabilize domain sizes in active layer blends.
In our previous work, we used a fullerene-functionalized P3HT copolymer to stabilize

P3HT:PCs1BM blend morphologies.*?
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We investigated how the copolymer sequence (e.g., random, gradient, and block),
composition (e.g., 20, 35, and 50 mol % fullerene side-chains), and concentration in the blend
(e.g., 2, 5, and 8 wt %) affected blend morphology over time. We found that a random copolymer
with 20 mol % fullerene-functionalized side chains at 8§ wt % in the blend was best at preventing
micron-scale phase separation in annealed thin film blends and OPVs. In our work, and in other
examples,323638:3944 tajlored compatibilizers were synthesized to match the specific donor and
acceptor in the active layer of the OPV. Synthesizing custom compatibilizers is time-intensive and
impractical for complex donor polymers. To circumvent this challenge, we hypothesized that our
P3HT copolymer additive might be miscible with other conjugated polymers and serve as a general
compatibilizer.

To test this hypothesis, we investigated how the fullerene-functionalized P3HT additive
impacts morphology for three different blends of phenyl-C7i-butyric acid methyl ester (PC71BM)
with one of the following conjugated polymers (Chart 1): poly[[4,8-bis[(2-
ethylhexyl)oxy]benzo[1,2-b:4,5-b'|dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]-
thieno[3,4-b]thiophene-diyl]] (PTB7),* poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-
b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[ 3,4-b]thiophene-)-2-
carboxylate-2-6-diyl] (PTB7-Th),* and poly[(5,6-difluoro2,1,3-benzothiadiazol-4,7-diyl)-alt-
(3,3"-di(2-octyldodecyl)-2,2";5',2";5" 2"-quaterthiophen-5,5"-diyl)]  (PffBT4T20D).*”  Each
donor polymer was selected because it has a reported PCE > 10% with PC71BM. We found that
the fullerene-functionalized P3HT copolymer suppresses micronscale phase separation for all
three blends, likely by inhibiting PC71BM aggregation rather than via traditional blend
compatibilization. Further studies showed that OPV devices fabricated with the P{ffBT4T-

20D:PC7:BM blend showed the active layer morphology was stabilized when the copolymer was
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added. We also investigated factors beyond morphology that could affect device performance.
Overall, our results demonstrate that a fullerene-functionalized P3HT copolymer additive can
stabilize different conjugated polymer thin film blends and prevent phase separation in the active

layer of PffBT4T-20D:PC71BM devices.

Chart 2-1. Chemical Structures of the Donor Polymers, the Acceptor, and the Additives Used in
This Study*¥°

2.2 Results and Discussion

The copolymer additive was synthesized and characterized as reported in our previous
studies to obtain 21 mol % side-chain functionalization, Mn = 21.0 kg/mol and B = 1.15 (Figures
Al-11 to A1-16).* To probe the morphological stability of each system without any additives, we
prepared and thermally annealed thin film blends of each donor (PTB7, PTB7-Th, or PffBT4T-
20D) with PC71BM. The blend compositions for PTB7 or PTB7-Th:PC7BM (1.0:1.5)*4° and
PffBT4T-20D:PC7iBM (1.0:1.2)*° films were chosen based on previously reported optimized
blend ratios for OPVs. The films were annealed under vacuum for 0—180 min at 200 °C to
accelerate the aging process. Phase separation was quantified via optical microscopy, wherein the

percent area that was filled with dark micron-scale PC71BM crystallites was determined using
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Imagel.>! The PTB7 blends had significantly fewer aggregates (1.4 + 0.8 area %) compared to the
PTB7-Th (22 + 3 area %) and PffBT4T-20D (39.9 + 0.9 area %) blends after 180 min of annealing
(Figure 2-1, left). This smaller degree of phase separation may be due to the reduced crystallinity
of PTB7 (Figure A1-42).2°3 To understand how the copolymer additive affected these
morphological changes, thin films were prepared with 8 wt % of the copolymer, annealed, and
analyzed with the same method described above. In all cases, the aggregate area percent was
reduced when the copolymer was added: 0.15 £+ 0.02 area % (PTB7), 0.7 + 0.1 area % (PTB7-Th),
and 1.8 + 0.2 area % (PffBT4T-20D; Figure 2-1, right). In contrast, films with lower copolymer
loading (4 wt %) exhibited more phase separation (Figure A1-18): 0.35 £+ 0.03 area % (PTB7), 15
+ 1 area % (PTB7-Th), and 27.7 = 0.1 area % (PffBT4T-20D), consistent with our previous
studies.*’ Because optical microscopy only probes phase separation on the micronscale, it is likely
that nanoscale phase separation is still occurring. Indeed, in previous reports for similar systems
(e.g., PTB7, PTB7-Th, with PC71BM), nanoscale phase separation was observed prior to or
concomitant with micron-scale phase separation.”* As such, our results indicate that phase
separation is occurring at a slower rate with the copolymer present. Overall, these results suggest
that the copolymer could be a generalizable additive for stabilizing blends of multiple conjugated

polymers with PC71BM.
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Figure 2.1. Optical microscope images of PTB7 (A and B), PTB7-Th (C and D), and PffBT4T-
20D (E and F) blended with PC7:BM and 0 wt % (left) or 8 wt % (right) copolymer. All films
were annealed under vacuum for 180 min at 200 °C. Scale bars represent 30 pum.

We then benchmarked the performance of our additive against diiodooctane (DIO), which
is commonly used to optimize as-cast morphology by reducing domain sizes for PTB74>% and
PTB7-Th>® while increasing domain sizes for PffBT4T-20D°’ with PC7:BM. These optimal as-
cast morphologies may still be far from thermodynamic equilibrium, resulting in phase separation
over time.>* Indeed, we found that blends with 3 vol % DIO, the volume ratio typically used in
devices,*® 0 still underwent phase separation, albeit by reduced amounts compared to no additives
(Figure 2-2A,B,C). By comparison, the thin films with copolymer gave the least amount of phase
separation for all three donor polymers (Figure 2-2B). In addition, we analyzed thin films with 8
wt % P3HT to investigate whether adding a similar conjugated polymer without fullerene-
functionalized side chains could stabilize the blend morphology, a strategy that has been successful
for ternary OPVs.’® Blends with P3HT (Figure 2-2D) exhibited similar amounts of phase
separation to blends without any additives (Figure 2-2A), indicating that the fullerene-

functionalized side chains on the copolymer are necessary to minimize micron-scale aggregates.
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In all cases, the stability of blends with the copolymer or with the copolymer and DIO was greater
than the others, demonstrating that the copolymer was the most effective additive for limiting

micronscale phase separation in these blends.

Figure 2.2. Area percent of PC71BM aggregates for thin film blends of PTB7 (red), PTB7-Th
(blue), or PffBT4T-20D (gray) with (A) no additive, (B) copolymer, (C) DIO, or (D) P3HT. All
films were annealed at 200 °C under vacuum. Each data point represents the average from 3
images.

Because fewer micron-scale aggregates were observed in copolymer-containing films, we
hypothesized that the copolymer was compatibilizing the blend morphology. More specifically,
we hypothesized that the copolymer additive would localize at the interface between the donor and
acceptor phases due to favorable miscibility with each one.”® To test this hypothesis, we
determined the surface free energies (y) of each blend component to qualitatively assess their
miscibility, where components with similar surface free energies would be more miscible with

each other.’? 62
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Surface contact angles of water and glycerol were measured for neat thin films and used to
calculate the surface free energy of each blend component (Table 2-1). Because both the solvents
and the method used to calculate surface energy can affect the results,% we analyzed the relative
differences in surface energy between each material that we studied. The three donor polymers
studied had similar surface free energies of 21.9 mJ/m? (PTB7), 21.4 mJ/m? (PTB7-Th), and 19.2
mJ/m? (PffBT4T-20D) and these surface energies were significantly lower than the surface energy
of 28.0 mJ/m? for PC71BM, consistent with previous reports.®%64-% Interestingly, the surface free
energy of the copolymer (27.8 mJ/m?) was nearly identical to that of PC7:BM, suggesting that the
copolymer has enhanced miscibility with PC7iBM.5? For comparison, the surface energy of P3HT
was determined by the same method to be 20.8 mJ/m?, which is more similar to that of the other

donor polymers studied.

Table 2-1. Measured surface free energies (y) and calculated wetting coefficients (wc), as well as
calculated Flory-Huggins interaction parameters (y)

material yol(mJ/m?)  copolymer o XicopolymerK®
PTB7 21.9 —0.94 0.36
PTB7-Th 21.4 —0.94 0.50
PffBT4T-20D 19.2 -0.96 0.87
PC7;1BM 28.0 - 0.0036
copolymer 27.8 - -
P3HT 20.7 - -

for copolymer in donor:PC71BM blend

K is a proportionality constant®’®®
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To investigate whether the copolymer was localized at the interface between the donor and
acceptor, the surface energies were used to calculate a wetting coefficient, w., for an additive in a
binary blend.®® This unitless parameter is derived from the differences in interfacial surface energy
for the additive with each component of the blend. When w. < —1, the additive is localized in the
PC71BM phase, when —1 < w. < 1, the additive is localized at the interface between the phases in
a blend, and when w. > 1 the additive is localized in the donor phase. The wetting coefficient
calculated for the copolymer additive in each blend was —0.94 (PTB7 and PTB7-Th) or —0.96
(PffBT4T-20D), indicating that the copolymer may have had some degree of interface localization
but likely is preferentially localized in the PC71BM phase (Table 2-1). For comparison, the wetting
coefficients calculated for P3HT in the donor—acceptor blends were 1.37 (PTB7), 1.19 (PTB7-Th),
and 0.63 (PffBT4T-20D) demonstrating that without the fullerene-functionalized side chains,
P3HT likely localizes in the donor phase or at the interface (Table A1-13). These results, combined
with the optical microscopy studies, suggest that the copolymer is selectively inhibiting PC71BM
aggregation to stabilize blend morphology. One possible mechanism for this stabilization is that
the copolymer acts as nucleating agent for PC7i1BM.”° By introducing nucleation sites for PC71BM,
the copolymer would increase the rate of PC71BM nucleation relative to crystal growth and limit
crystal size to the nanoscale.”’:”? If relevant, this process could be observed via differential
scanning calorimetry (DSC) by an increase in PC71BM crystallization temperature.> However,
PC71BM crystallization was not observed in DSC thermograms of PffBT4T-20D:PC7:BM blends
with or without the copolymer, nor for blends of PC71BM with 8 wt % of the copolymer (Figures
A1-40 and A1-41), suggesting that this mechanism is unlikely. Alternatively, the copolymer may
be acting in a similar manner to polyfullerenes” or oligofullerenes’’> by preventing the small

molecule PC71BM from diffusing and crystallizing to form aggregates. Indeed, annealing films of
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just PC71BM (i.e., without the donor polymer) with 8 wt % copolymer additive or with 8 wt %
P3HT for 180 min at 200 °C revealed micron-scale aggregates for the P3HT films alone (Figure
A1-38). This result demonstrates that the copolymer likely has favorable interactions with the
PC7:BM that prevent PC7:BM diffusion and aggregation in the thin films.

To further investigate the miscibility of the copolymer with each blend component, the
Flory—Huggins interaction parameters (y) were estimated.®*’®”7 This parameter is directly
proportional to the enthalpy of mixing for amorphous liquids, with lower values indicating an
increased thermodynamic preference for mixing.’®” These values can provide a qualitative
comparison of the copolymer interactions with each component. Notably, the copolymer additive
displays a very small Flory—Huggins interaction parameter with PC71BM, indicating
thermodynamically favorable mixing with PC71BM (Table 2-1). This result further supports that
the conclusion that the copolymer additive is likely attenuating PC71BM aggregate formation
during annealing.

To summarize, annealed thin films of several conjugated polymers blended with PC7:BM
exhibit less macroscale phase separation with 8 wt % of a fullerene-functionalized P3HT
copolymer additive. From the surface contact angle analysis, we found that the copolymer additive
may localize at the interface between donor polymer and PC71BM phases but more likely localizes
with PC71BM. Although we do not directly observe copolymer miscibility with PC71BM, the lack
of macroscale phase separation in annealed copolymer PC71BM thin films indicates that the
copolymer likely stabilizes the blends by preventing PC71BM aggregation. Taken together, these
results suggest that the copolymer could be a general additive for stabilizing donor-PC71BM

blends.
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To investigate the copolymer’s impact on OPV device performance, we fabricated devices
with and without the copolymer for the PffBT4T-20D:PC7:BM blend. This blend was chosen
because it exhibited the most dramatic reduction in micron-scale aggregates when annealed with
the copolymer in the thin film studies (Figures 2-1 and 2-2). An inverted device architecture
(glass/ITO/ZnO/polymer blend/MoOs/Ag, Figure A1-44) was used because it enables higher PCE
than a conventional architecture.’’ The polymer blend was prepared by spincasting a PffBT4T-
20D:PC71BM solution with or without 8 wt% of the copolymer additive to achieve a final
thickness of 215 + 10 nm, where the weight ratio of polymer(s):PC7iBM was 1.0:1.2.8!
Photovoltaic measurements were performed under simulated AM 1.5G conditions both before and
after annealing. Each data point represents an average of six measurements obtained from three
different devices fabricated on two different substrates. Devices with the copolymer exhibited an
initial PCE of 6.0 + 0.2% while devices without copolymer showed an initial PCE of 9.3 = 0.2%
(Table 2-2).

Table 2-2. The power conversion efficiency (PCE), fill factor (FF), open circuit voltage (Voc),

and short circuit current (Jsc) for PEfBT4T-20D:PC71BM devices with 0 wt% and 8 wt%
copolymer

copolymer Jsc
PCE (%) FF Voc (V)
(Wt%) (mA/cm?)
0 9.3+£0.2 0.7+0.0 18.3+0.3 0.7+0.0
8 6.0£0.2 0.6 0.0 14.4+0.7 0.7+0.0

Before studying the thermal stability of devices with or without copolymer, we investigated
the discrepancy in the initial PCE between the two types of blends. The open-circuit voltage (Voc)
was similar with or without the copolymer but the fill factor (FF) and the short circuit current (Jsc)

both decreased with copolymer addition. Both of these parameters depend on the absorption
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efficiency: therefore, the lower performance with the copolymer could be due to a reduction in
absorption. Indeed, the UV spectrum for the blend containing copolymer exhibited lower overall
absorption than the blend without the copolymer (Figures 2-3A (corrected for film thickness) and
A2-50 (uncorrected)), presumably due to the lower molar absorptivity of the copolymer, the lower
concentration of PffBT4T-20D in the blend, and a slightly reduced film thickness with the
copolymer (146 = 2 nm) than without (156.4 £+ 0.6 nm). The lower initial PCE with the copolymer
additive is not likely due to changes in charge separation efficiency because the bandgap of the
copolymer is intermediate between that of PffBT4T-20D and PC71BM (Figure A1-43). Instead,
the lower initial PCE with the copolymer additive could also be due to a reduction in charge
mobility. To test this hypothesis, triboindentation was used to measure the electron current in the
active layer (50 nm depth) for films with and without the copolymer (Figures 2-3B and A1-44).
These studies revealed that the copolymer-containing active layer had lower electron current,
suggesting that the copolymer impedes current when localized in or near the PC71BM phase. In
addition to these factors, differences in the initial nanoscale morphology might also lead to
differences in the initial PCE with or without the copolymer. However, energy-filtered
transmission electron microscopy revealed qualitatively similar nanoscale morphologies for
unannealed films with and without the copolymer (Figure A1-51). Taken together, these data
suggest that a lower absorption efficiency along with reduced electron mobility, rather than

changes in nanoscale morphology, led to the lower initial PCE with copolymer addition.
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Figure 2.3. (A) UV-vis spectra of thin films with 0% (black) and 8 wt% (red) copolymer, adjusted
to account for differences in film thickness. (The uncorrected spectra can be found in Figure A2-
50.) (B) Plot of electron current versus voltage for devices with 0% (black) and 8 wt% (red)
copolymer.

To evaluate device stability over time, thermal studies were performed by annealing the
devices at 200 °C before MoOs/Ag deposition. Based on our thin-film studies, we expected that
the devices containing the copolymer additive would have better thermal stability over time than
devices without the copolymer. However, both samples exhibited lower PCEs after annealing for
90 min at 200 °C. Optical microscope images revealed that both samples underwent significant
macroscale phase separation during annealing (Figure A1-47). To attenuate this effect, we reduced
the annealing temperature to 150 °C to better quantify the impact of the copolymer additive over
time. After annealing for 30 min, the PCE for devices without copolymer dropped significantly
(from 9.3 +£0.2% to 2.6 + 0.2%, Figure 2-4A). In contrast, the PCE for devices with the copolymer
underwent a much smaller decrease (from 6.0 + 0.2% to 2.9 + 0.2%). After annealing at 180 min,
the devices without copolymer fully degraded and were unmeasurable while devices with the

copolymer maintained a PCE of 3.2 + 0.4%.
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The biggest difference in parameters between the two types of devices were in the Voc
changes over time; more specifically, the Voc in the device without copolymer dropped steadily
while copolymer-containing device showed minimal changes even at 180 min (Figure 2-4B).
Additionally, optical microscopy images showed macroscale aggregates in the devices without
copolymer (80 area %) while the copolymer-containing devices had no observable macroscale
phase separation after annealing for 180 min (Figure 2-4D). These data suggest that the phase
separation observed in devices without the copolymer likely facilitates charge recombination
leading to a reduced Voc,%*® which is supported by the smaller shunt resistance of the annealed
devices without the copolymer (Figure A1-46F and Table A1-15). In contrast, devices with the
copolymer maintain their Voc and shunt resistance during annealing.®* Combined, these data
suggest that the copolymer additive prevents macroscale phase separation resulting in better

stability in Voc of the OPV devices.

Figure 2.4. Plots of the (A) power conversion efficiency (PCE) and (B) open-circuit voltage
(Voc) for the PFfBT4T-20D:PC7:BM OPV devices during annealing at 150 °C with 0 wt%
(black) or 8 wt% (red) copolymer. Optical microscope images of unmasked portions of the
PffBT4T-20D:PC71BM OPV devices after 180 min of annealing at 150 °C with (C) 0 wt% or

(D) 8 wt% copolymer. Scale bars represent 30 pm
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2.3 Conclusion

In this work, we employ a fullerene-functionalized P3HT copolymer additive to stabilize
the morphology for blends of three different donor polymers (PTB7, PTB7-Th, and PffBT4T-
20D) with PC71BM. In all thin film blends, micron-scale aggregation was reduced when the
copolymer was added, suggesting that the copolymer may be a general stabilizing additive. Based
on surface energy analysis, the copolymer likely exhibits favorable miscibility with PC71BM,
rather than being interfacially active, and inhibits PC71BM aggregation upon thermal annealing.
When the copolymer was added to PffBT4T-20D:PC71BM devices, however, lower initial power
conversion efficiencies were observed, due to reduced absorption and electron current. For
annealed devices, the PCE decreased with increasing annealing time regardless of copolymer
addition, although the relative PCE loss was smaller for devices with the copolymer. Furthermore,
micron-scale aggregates only formed in devices without the copolymer after 180 min of annealing.
Combined, these results suggest that the copolymer could be used as a general additive to stabilize
the morphology of donor/acceptor blends and, when used, other factors besides morphology

impact device performance.
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Chapter 3: A Nonaqueous Redox-Matched Flow Battery with Charge Storage
in Insoluble Polymer Beads

Portions of this chapter have been submitted: DOI: 10.26434/chemrxiv-2021-mf70;
Kim, D.; Sanford, M. S.; Vaid, T. P.; McNeil. A. J., A Nonaqueous Redox-Matched Flow Battery
with Charge Storage in Insoluble Polymer Beads

3.1 Introduction

In redox flow batteries (RFBs; Scheme 3-1a), redox-active materials are dissolved in two
separate solutions, the anolyte and catholyte, which flow past two closely-spaced electrodes where
the electrochemical reactions take place.!? Because the anolyte and catholyte solutions are
contained in external tanks, RFBs can be scaled easily and inexpensively to store large amounts
of energy, which is advantageous for renewable energy obtained from intermittent wind and solar
sources. One current focus in RFB research is on achieving high energy density, which is directly
proportional to both the battery voltage (the difference in redox potential between the two redox-
active materials) and the concentration of redox-active materials in solution. A high battery voltage
is feasible in RFBs that use nonaqueous solvents such as acetonitrile, due to their wide
electrochemical windows of up to 5 V or more** compared to ~1.5 V in aqueous systems. To take
advantage of these wide electrochemical windows, redox-active organic molecules (ROMs) are
used as the active materials because they can be synthetically tuned to exhibit high oxidation
potentials®~7 and low reduction potentials.®!° Additionally, ROMs can be functionalized to create

molecules with solubilities of 1 M or greater,'! enabling, in theory, high-energy-density organic,
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nonaqueous RFBs. However, at concentrations near 1 M most ROM solutions become viscous and

ionic conductivity decreases,'? rendering them less suitable for use in RFBs.

Scheme 3-1. Previous RFBs, A Redox-Targeted Electrode, and the Redox-Matched Flow
Battery

Another issue that must be addressed in RFBs is crossover of the redox-active species
between the anolyte and catholyte solutions. Once a redox-active species has crossed over to the
opposite electrolyte solution, it is no longer electrochemically active, resulting in a loss in capacity
for the RFB. One way that crossover has been addressed is by the creation of “symmetric” RFBs,
which can be constructed in two different ways. In the first, the anolyte and catholyte solutions

contain the same redox-active element, as in the vanadium RFB, which uses the V>*3* couple in
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the anolyte solution and the V#73* couple in the catholyte solution. As a consequence, the
vanadium ions that cross over will simply enter into the other redox reaction in the next cycle. The
other way to create a symmetric RFB is by using a 1:1 mixture of the positive and negative redox-

active materials in both the anolyte and catholyte solutions, as is done in the iron-chromium

2+/3+ 2+/3+ 13

aqueous RFB wherein the positive redox couple is Fe and the negative redox couple is Cr
In each solution only one ion participates in the battery charge and discharge while the other ion
is a spectator. While this configuration mitigates the negative effects of crossover, half of the active
material is not used and is thus not an efficient use of materials. Symmetric nonaqueous, organic
RFBs have been made by using a ROM that can be both reversibly oxidized and reversibly reduced
as both the positive and negative ROM!#'® or by using a 1:1 mixture of two ROMs in both the
anolyte and catholyte solutions,’ as in the iron-chromium RFB. Alternatively, different positive
and negative ROMs can be used to make an asymmetric RFB, but that requires the synthesis of
oligomeric positive and negative ROMs and/or the use of specialized membranes minimize
crossover,!7:18

An innovative concept, the redox-targeted electrode, was introduced by Wang, Grétzel and
coworkers in 2006!%2° and points the way to a system that could simultaneously address several
of the issues discussed above. In the redox-targeted electrode (Scheme 3-1b), an insoluble and
poorly electrically conducting active material such as LiFePOjs is not in direct electrical contact
with the current collector. Instead, two soluble redox-active molecules are in a solution that bathes
the LiFePO4. One of the soluble mediators has a redox potential about 0.1 V positive of
LiFe'"'PO4/Fe''PO4, and the other has a redox potential about 0.1 V negative of LiFe'"PO4/Fe''POs4.

The LiFePOq is charged by oxidation by the more positive mediator, which in turn is oxidized at

the electrode. Discharge happens similarly through reduction by the more negative mediator. If the
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LiFePO4 were used as the positive active material in a flow battery, with the soluble molecular
mediators circulating to the electrodes, and a similar setup were used for an insoluble negative
active material, it would be possible to create a flow battery with high energy density, approaching
that of a lithium-ion battery with the same active materials. One drawback of the system described
by Wang and Gritzel is the use of two mediators for each electrode, which leads to a voltaic
inefficiency, as charging happens through the higher potential mediator (for the positive electrode)
and discharging through the lower potential mediator. In a full flow battery with four mediators
(two for each electrode), each with a redox potential 0.1 V displaced from that of its electrode,
there would be a 0.4 V difference between the charge and discharge voltage of the battery. Since
that initial 2006 report, several more redox-targeted inorganic electrodes, or hybrid flow batteries

with one redox-targeted electrode, have been reported,'~2¢

as has a full redox-targeted flow
battery?’ and an aqueous RFB with one redox-targeted organic polymer electrode.?®

Inspired by the redox-targeting strategy described above, we introduce the concept of a
redox-matched flow battery (RMFB). In the RMFB (Scheme 3-1c¢), redox-active molecules are
covalently tethered to insoluble polymer beads and these beads act as the charge-storage material.
In the RMFB reported herein, the redox-active moieties are a ferrocene derivative for the catholyte
beads and a viologen derivative for the anolyte beads. For each bead type there is a matched soluble
molecular mediator with a chemical structure similar to the redox-active moiety on the bead, such
that the redox potentials are very nearly the same (hence the name “redox-matched” flow battery).
In this way, the battery differs from the redox-targeting method described by Wang, Gritzel, and
co-workers, where there are two mediators for each insoluble active material.'>?° In our RMFB

there is only one mediator for each insoluble redox-active material and charging/discharging is

driven by the Nernstian potential difference due to the different ratio of oxidized/reduced species
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in solution versus on the bead. There is a previous report of a redox-targeted LiFePO4 electrode
that is paired with a single soluble mediator that almost exactly matches the redox potential of the
LiFePO4, allowing an electrode with one Nernstian-driven mediator and the construction of a
hybrid flow battery.?® There is another report of a redox-targeted organic polymer electrode with
only one mediator, cited above.?® However, those “redox targeted” electrodes differ from our
system in that one must find a suitable mediator with a redox potential well-matched to that of the
solid active material, whereas in our “redox matched” system one can simply synthesize a mediator
that is structurally analogous to the moiety on the bead and their redox potentials will be naturally
matched.

As shown in Scheme 3-1, the soluble mediator circulates through the flow battery and is
oxidized/reduced at the electrode, then flows past the polymer beads in the reservoir and undergoes
redox exchange with the active moieties on the beads. Both the anolyte and catholyte solutions
contain a 1:1 mixture of anolyte mediator (4) and catholyte mediator (C), which mitigates the
negative effect of crossover of the mediators through the membrane. The soluble species that is in
the “wrong” solution merely acts as a spectator and is not involved in the redox reactions at either
the electrode or the beads. For example, a viologen in the catholyte solution would remain a
dication as the ferrocene derivative is cycled between its neutral and +1 state. Only a small fraction
of the viable active material is unused because the vast majority of charge is stored in the beads.
With properly chosen polymer beads for functionalization, the effective concentration of active
material can be 1 M or more. Yet the dissolved mediators can be at relatively low concentration,
in the range of 25 mM or less. Consequently, the soluble species do not need to be engineered for
high solubility, and the problems of high-concentration solutions, such as high viscosity, are

avoided.
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While this work was in progress, Sevov and Wong reported a redox-targeted electrode
based on a crosslinked viologen polymer.*® The monomer bis(4-vinyl-benzyl)viologen was
polymerized to form heavily crosslinked, insoluble beads that were used as the charge-storage
material. However, similar to the inorganic redox-targeted electrodes discussed above, two
mediators were used to charge and discharge the crosslinked viologen charge-storage material. In
addition, a flow battery was not demonstrated. Herein, we demonstrate an improved version of this
redox-targeting approach wherein only a single redox-matched mediator is used (per electrode),
so there is no loss in voltaic efficiency due to multiple mediators with different redox potentials.
In addition, rather than requiring a new polymer to be synthesized for each new solid redox-active
material, we utilize a synthetic platform that enables wide versatility in the redox-active moieties
that can be attached to the polymer beads. Finally, we demonstrate a full RFB system (rather than

one electrode) in a manner that should be generalizable to many different redox-active moieties.

3.2 Results and Discussion

We chose Merrifield resin, which consists of crosslinked polystyrene with chloromethyl
functionalities, as our polymer support. Merrifield resin has been extensively used for solid-
supported organic reactions, most notably peptide synthesis.?! It is commercially available as
beads in a variety of sizes, degrees of crosslinking, and degrees of chloromethyl functionalization.
The chloromethyl groups offer a convenient handle for covalent attachment of organic moieties.
We used beads containing 4.2 mmol of chlorine per gram (determined by elemental analysis (EA)
of C, H, and Cl), which translates to a concentration of over 4 M in the dry, unfunctionalized beads.

When the chlorine is substituted by the redox-active groups, the volume of the beads increases,
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and the necessary swelling of the beads by solvent will further increase their volume, but 4 M is
an encouragingly high initial effective concentration of active material.

For this initial demonstration of a RMFB, we chose derivatives of the very common and
stable redox-active molecules viologen and ferrocene. The starting Merrifield resin beads (xPS-ClI)
were functionalized with viologen groups and ferrocene groups by the one-step substitution
reactions shown in Figure 3-1. Treatment of xPS-Cl with 1-methyl-4,4"-bipyridinium iodide in
MeCN at reflux for 48 h yielded viologen-functionalized beads as the mixed chloride-iodide salt,
[xPS-bpy-Me?*][CI][I']. Reaction completion was confirmed by disappearance of the C—Cl band
in the Raman spectrum (at 665 cm™') and in the IR spectrum (at 672 cm™) (Figure A2-5 and A2-6
for spectra). Three rounds of ion exchange with NH4PF¢ yielded the viologen-functionalized beads
as the hexafluorophosphate salt, [xPS-bpy-Me?*][PF¢ .. Both the initial [xPS-bpy-Me**][CI-][I']
beads and the ion-exchanged beads, [xPS-bpy-Me?][PF¢ ]2, were examined by EA for C, H, N,
Cl, and I, and the [xPS-bpy-Me?**][PFs]> beads were additionally analyzed for F content. There
was no fractional conversion to [xPS-bpy-Me?*][CI'][I'] and fractional ion-exchange to [xPS-bpy-
Me?*][PFs ]2 that was consistent with the EA data for both sets of beads. However, an assumption
of 75% conversion in the initial functionalization reaction to create [xPS-bpy-Me**][CI'][I7],
followed by 95% ion exchange to give [xPS-bpy-Me**][PFs ]2, gives a calculated EA that agrees
reasonably well with the experimental EA mass % for N (3.80 calc, 3.44 exp), Cl (1.84 calc, 1.69
exp), and I (0.86 calc, 0.93 exp). Full details are provided in the appendix.

The ferrocene-functionalized beads were synthesized by the reaction of xPS-Cl with
ferrocenecarboxylic acid and ProNEt in DMF at 60°C for 24 h, yielding xPS-Fc. Raman
spectroscopy of the ferrocene beads was not possible due to fluorescence of the ferrocene

functionalities. Instead, reaction progress/completion was checked by IR spectroscopy (Figure A2-
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5). The C—Cl band at 672 cm! disappeared after reaction, and a C=0 band at 1714 cm! due to the
ester linkage appeared. Elemental analysis for C, H, N, and Cl agreed most closely with conversion
of 70% of the chloromethyl groups, and with 0.16 equiv of residual DMF per monomer unit (of
any kind). Both bead types were soaked in electrolyte solution (CH3CN, 0.50 M [NBu4][PF¢]) and,
as shown in Figure A2-9, CVs of those solutions showed that no electroactive species were leached

from the beads.

Figure 3.1. Syntheses of the two functionalized beads (top) and structures of the redox-
matched mediators and a cyclic voltammogram of a mixed solution of 5 mM of each in
CH3CN with 0.50 M [NBu4][PFs] at a glassy carbon electrode (bottom)

53



The soluble mediators, shown in Figure 3-1, were chosen to have structures analogous to
the redox-active moieties on the polymer beads, such that their redox potentials would be very
similar. Cyclic voltammetry (CH3CN, 0.50 M [NBu4][PFs]) showed that the ferrocene mediator,
FcR, has an E1» = +0.255 V (vs ferrocene™?), while the viologen mediator [Bn-bpy-Me?'][PF¢ ]2
has E1, =-0.785 V and -1.204 V (vs ferrocene™?). Only the first viologen reduction was used in
the RMFB, affording a nominal voltage of 1.04 V.

For the soluble redox mediators to diffuse into the beads to undergo redox exchange, as
depicted in Scheme 3-1, the beads must swell in the battery solvent/electrolyte system. Due to the
high concentration of redox-active moieties in the beads, it is likely that self-exchange between
tethered groups will facilitate electron transfer to the far interior of the beads so that it is not
necessary for mediator to diffuse into the bead center. It is necessary, however, that the PFs
counterions move fully into and out of the beads to balance every charge transferred. To evaluate
bead swelling we placed a known mass (~100 mg) of beads in a standard 5 mm NMR tube, added
an excess of a solvent, and measured the change in height of the column of beads after 2 h. Our
calibration of the NMR tubes indicated a volume of 130 pL per cm of height. The measured volume
change was multiplied by a factor of 0.74 (the packing fraction of close-packed spheres) to account
for the interstitial spaces between the beads. The swelling of both bead types, xPS-Fc and [xPS-
bpy-Me?*][PFs ]2, was measured in CH3CN, where it was 0.77 mL/g for the xPS-Fc and 0.96 mL/g
for the [xPS-bpy-Me?**][PF¢ .. The bead swelling was also evaluated by optical microscope
images of a statistical sample of dry and swollen beads, which yielded similar results (Figure A2-
7 and Table A2-1). The swelling of both bead types represents a solvent content of the beads that
should enable transport of molecular species into and out of the beads during redox exchange,

while not excessively increasing the bead volumes such that the concentration of active species
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becomes diluted (decreasing the energy density of the RMFB). The concentration of redox-active
moieties in the CH3CN-swollen beads is roughly 1.0 M in the viologen beads and 1.7 M in the

ferrocene beads.

Figure 3.2. (a) Setup for monitoring redox exchange reactions over time using an
ultramicroelectrode (Pt disk, 10 um diameter). (b) Ultramicroelectrode CVs of 5.0 mM FcR, 5.0
mM FcR*, and 2.5 mM each of FcR and FcR™. (c) Change in solution-phase fraction of FcR*
over time as FcR™ interacts with xPS-Fc and FcR interacts with xPS-Fc*. (d) Ultramicroelectrode
CVs of 5.0 mM Bn-bpy-Me?", 5.0 mM Bn-bpy-Me", and 2.5 mM each of Bn-bpy-Me?" and Bn-
bpy-Me*. (e) Change in solution-phase fraction of Bn-bpy-Me" over time as Bn-bpy-Me*
interacts with xPS-bpy-Me?* and Bn-bpy-Me?" interacts with xPS-bpy-Me*
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For the functionalized polymer beads to serve as the charge-storage material in a RMFB,
they must undergo electron exchange with the dissolved mediators on a timescale that is fast
compared to one charge or discharge half-cycle of the battery. We therefore sought to determine
the rate of these redox-exchange reactions before using them in a RFB, but to do so it was
necessary to measure the individual concentrations of the same ROM in two different oxidation
states (e.g., FcR and FcR") in a mixed solution—something that CV using a standard disk electrode
does not do well. An ultramicroelectrode, on the other hand, yields CVs of the type shown in
Figure 3-2b (FcR, FcR*, and a 1:1 mixture of FcR and FcR*) and Figure 3-2d (Bn-bpy-Me?**, Bn-
bpy-Me", and a 1:1 mixture of Bn-bpy-Me?* and Bn-bpy-Me*). The difference between the current
at the oxidative plateau and the current at the reductive plateau in Figure 3-2b is proportional to
the total concentration of FcR and FcR* present, with the absolute value of the anodic current
proportional to the FcR concentration and the absolute value of the cathodic current proportional
to the FCR" concentration.*? The direct proportionality of the anodic and cathodic currents to the
concentrations of FcR and FcR", respectively, holds only if FcR and FcR* have similar diffusion
coefficients in the solvent/electrolyte system examined; the equivalence of the anodic and cathodic
currents in the CV of a 1:1 solution of FcR and FcR" in Figure 3-2b confirms this to be the case.
That is also true for Bn-bpy-Me?* and Bn-bpy-Me*, as indicated by the CVs in Figure 3-2d.

The rate of redox equilibration between the beads and dissolved mediators was determined
by the procedure shown in Figure 3-2a. First, a measured quantity of beads was placed in a vial
(in a nitrogen-filled glovebox) with a solution 0of 0.50 M [NBu4][PFs] in CH3CN to swell the beads.
The excess liquid was decanted after 30 min. To the swollen beads was added a solution of an
equivalent molar amount of its redox-matched mediator in the oxidation state opposite that of the

redox moieties on the beads, and the change in redox state of the solution-phase species was

56



monitored. For example, for the xPS-Fc beads, a solution containing one equivalent of
[FcR*][PF¢] (relative to the amount of redox-active Fc moieties on the beads) was added, such
that at equilibrium there would be a 1:1 mixture of FcR and FcR™ in solution (assuming that the
solution-phase FcR and the bead-bound Fc moiety have the same redox potential). The suspension
was gently stirred and the stirring paused to obtain CVs with the ultramicroelectrode. In separate
experiments, the equilibrium was approached from the other direction; that is, the oxidized form
of the ferrocene beads, [xPS-Fc*][PFs ], and the reduced form of the viologen beads, [xPS-bpy-
Me*][PFs ], were prepared, and each was treated with their corresponding redox-matched mediator
in the opposite oxidation state. In all four experiments the solutions came to equilibrium with an
approximate 1:1 mixture of oxidized and reduced species in solution, as expected (Figure 3-2¢ and
3-2e). As shown in Figure 3-2c, the ferrocene systems came to equilibrium quickly, with the
oxidation of xPS-Fc¢ near equilibrium in 3 min and the reduction of [xPS-Fc*][PFs] near
equilibrium in 10 min. The viologen system was slower to equilibrate, reaching near-equilibrium
in 10 min and full equilibrium in 30 min, in both the oxidative and reductive redox exchanges.
Separate experiments in our flow battery reservoirs, not connected to the electrode cell but simply
recirculating the electrolyte, showed a similarly fast redox exchange between the beads and
solution-phase mediators (Figure A2-10). Overall, these results show that the beads should charge
and discharge sufficiently quickly to function in a RMFB, where the charge or discharge times
will be at least 60 min (corresponding to a 1C rate).

Initial attempts at full RMFBs used the nonselective mesoporous separators Celgard 2500
or Daramic 175 as the membrane. These membranes are often preferred over ion-exchange
membranes because they are more stable in organic solvents and have lower resistance to ion

transport. However, they allow relatively fast crossover of ROMs.* We expected that the use of
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1:1 solutions of FcR and [Bn-bpy-Me?"][PFs ]2 in both the anolyte and catholyte solutions would
mitigate the negative effects of that crossover. However, we observed poor capacity utilization of
the beads in the RMFBs assembled with either Celgard or Daramic separators (Figure A2-15). We
hypothesized that in those RMFBs the redox exchange between the mediators and the polymer
beads is slow relative to the rate of crossover of redox-active material, resulting in incomplete
utilization of the redox-active material in the beads. We therefore performed a separate
investigation of crossover rates in our RFB system with these separators compared to a Fumasep

FAP-375-PP anion-exchange membrane.

Figure 3.3. The change in concentration of [Bn-bpy-Me"][PFs] in the anolyte solution after the
RFB (with no beads) has been charged and then circulation continued with no electrical charging
or discharging, with a Fumasep anion-exchange membrane, Daramic mesoporous membrane (1
or 2 layers), or 2 layers of Celgard mesoporous membrane.
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Solutions that were 15 mM in both [Bn-bpy-Me?"][PFs]> and FcR were placed on both
sides of our RFB setup with no polymer beads present (see appendix for details, and Figure A2-8
for photographs of the RMFB setup). While circulating at 20 mL/min, the battery was charged to
1.40 V (0.36 V greater than the nominal battery voltage). Circulation was stopped and the
concentrations of Bn-bpy-Me?" and Bn-bpy-Me" in the anolyte solution were determined by
ultramicroelectrode CV, which indicated that the battery was 95% charged. Circulation was then
continued with no potential applied, and the circulation stopped periodically to monitor the decay
in Bn-bpy-Me* concentration and increase in Bn-bpy-Me?" concentration, as shown in Figure 3-3.
That discharge can be due to either Bn-bpy-Me" passing through the separator from the anolyte
solution to the catholyte solution, or FcR" passing from the catholyte solution to the anolyte
solution and oxidizing Bn-bpy-Me". With a Daramic 175 separator, the charge of the anolyte
solution dropped to 72% after 60 min. That discharge is fast enough that it may lead to incomplete
charge/discharge of the polymer beads in a RMFB. A similar experiment was performed under
identical conditions except for the use of a Fumasep FAP-375-PP anion-exchange membrane. In
that case, as shown in Figure 3-3, the discharge due to crossover was significantly slower, with the
viologen charge decreasing from 95% to 93% over 60 min and to 91% over 120 min. (This data is
shown in Figures A2-11 to A2-14) We therefore used Fumasep FAP-375-PP membrane in the

following RMFB experiments.
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Figure 3.4. (a) Charge-discharge curves for the RMFB with no beads (black, 5 cycles), 1 equiv of
beads (red, 30 cycles), and 2 equiv of beads (blue, 30 cycles), (b) capacity versus cycle number
for each battery setup (capacity is increasing during cycling), and the (¢) coulombic, voltaic, and
energy efficiencies of each battery

A flow battery was set up with the initial conditions described above (12 mL of solution in
each reservoir, CH3CN, 0.50 M [NBus][PFs], 15 mM in both [Bn-bpy-Me?*][PFs ]2 and FcR) with
no beads present. The RFB was charged and discharged galvanostatically at a current of 10 mA to
cutoff voltages of 1.40 V (charge) and 0.50 V (discharge). The charge-discharge curves for 5 cycles

are shown in Figure 3-4a. The theoretical capacity for this cell is 4.82 mAh, and 84% of that
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capacity was attained with no beads present (see Figure 3-4b). Next the xPS-Fc beads were added
to the catholyte reservoir and [xPS-bpy-Me?"][PFs ]2 beads were added to the anolyte reservoir.
The quantity of beads added to each reservoir contained 0.180 mmol of redox-active moiety, such
that the battery capacity would double if the full redox capacity of the beads was utilized. The
RMFB was then cycled 30 times, and the charge-discharge curves are shown in Figure 3-4a while
the capacities are shown in Figure 3-4b. After the addition of 1 equiv of beads, the average
discharge capacity increased to 6.16 mAh, representing a 52% increase. When 2 equiv of beads
were added, the average discharge capacity increased further to 8.56 mAh, representing a 112%
increase over the battery without beads. Combined, these data demonstrate that charge can be
efficiently stored on insoluble polymer beads and that charging can occur through solution-based
mediators with matched redox potentials, highlighting the unique advantages of our generalizable
RMFB system. Nevertheless, the net 4.51 mAh increase in capacity (for 2 equiv of beads) only
corresponds to 47% of the theoretical 9.64 mAh capacity contained in those beads. Post-run CVs
of the electrolyte solutions (Figure A2-16) show that both anolyte and catholyte solutions are
essentially identical to those present before cycling, indicating that preferential crossover of the
mediators, or their decomposition, is not an issue. Future studies will focus on identifying the
inefficiencies (e.g., the interaction of current, flow rate, concentration of mediators, quantity of
beads present, etc., and their effect on capacity utilization) with the long-term goal of further

increasing these storage capacities.
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3.3 Conclusion

The RMFB reported herein demonstrates an effective method for storing charge in a RFB
on insoluble crosslinked polymer beads. Merrifield resin serves as a convenient substrate for the
synthesis of ferrocene- and viologen-functionalized beads, and promises to be a versatile platform
for the synthesis of polymer beads with other tethered redox-active moieties. These functionalized
beads undergo redox exchange with their redox-matched soluble mediators on the relatively fast
timescale of several minutes, which enables a Nernstian equilibration between beads and mediators
in the reservoirs of a functioning RMFB. The RMFB architecture enables a high theoretical energy
density without the requirement of high-concentration solutions, and without the possibility of
crossover of the active material on the beads. While there is not yet complete utilization of the
redox equivalents on the beads, studies are underway to modify the beads and/or flow battery

operating parameters to capture the full capacity of the functionalized polymer beads.
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Chapter 4: Open-Loop Recycling of Plasticized Poly(vinyl chloride) via
Electro(de)chlorination

Portions of this chapter have been submitted:

Fagnani, D. E.; Kim, D.; Camarero, S. L.; Alfaro, J. F.; McNeil. A. J. Open-loop recycling of
plasticized poly(vinyl chloride) via electro(de)chlorination

Fagnani, D. E. performed all of the electrosynthetic experiments, data analysis, created the
figures, and wrote the original draft. Kim, D. performed all of the electroanalytical experiments,

contributed to figure creation, data analysis, and editing the paper. The life cycle assessment was
performed by Camarero, S. I.

4.1 Introduction

Achieving a circular economy for plastics will require recycling approaches that address
each component of the complex waste stream.!> To date, plastics recycling has predominantly
involved mechanical recycling, which downgrades material quality and limits utility. Recycling
rates (<10%)’ are unlikely to improve with mechanical recycling alone, leading to calls for
innovations in chemical recycling.** Closed-loop chemical recycling, in which polymers are first
depolymerized (often to monomer) and then repolymerized to generate pristine material, has only
been realized for hydrolyzable polymers such as poly(ethylene terephthalate) (PET). Whereas
polymers with all-carbon backbones are not thermodynamically amenable to closed-loop
methods.® These materials could be more practically recycled in an open-loop process, wherein
polymers are broken down into smaller fragments that are feedstocks in other chemical processes.
Nevertheless, the leading open-loop process, high-temperature anaerobic pyrolysis, is only useful
for hydrocarbon polymers (e.g., polyethylene (PE), polypropylene (PP), and polystyrene (PS)).

Meanwhile, poly(vinyl chloride) (PVC) is not recycled through any of these approaches and has
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the lowest recycling rate in most countries (0% in the US) even though it has a high production
rate.
These low recycling rates are concerning as PVC poses a known health risk in the

environment.>? In fact, PVC is ranked as the most hazardous polymer,!°

in part due to the
plasticizing additives (e.g., phthalates),!! which are carcinogenic and mutagenic, and the corrosive
chlorine-containing byproducts formed upon degradation. Coincidentally, these additives and
byproducts are also why PVC is difficult to recycle via mechanical approaches. Plasticizing
additives are often 10—70% by mass, such that PVC must be separated from other plastics to avoid
cross-contamination. Because complete separation is challenging, one of the most common PVC
plasticizers ((2-ethylhexyl)phthalate, DEHP) has been found in other recycled plastics.'> Even
without additives, PVC is still not recycled by melt-processing or pyrolysis because hydrochloric
acid (HCI) and other volatiles are rapidly eliminated upon heat treatment, which poses a safety
hazard and corrodes equipment.!®* Although HCI elimination from PVC is problematic in high-
temperature recycling processes, HCI itself is a useful reagent in many chemical reactions.'* When

reimagined from a synthetic point-of-view, PVC waste could instead be viewed as an easy-to-

handle solid reagent that releases HCIl on demand.
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Herein, we describe an electrosynthetic approach that removes HCl from PVC and
repurposes it. More specifically, we envisioned that chloride could be removed under
electroreductive conditions and then directly used in a tandem electrooxidative chlorination
reaction (Fig. 4-1a). Such paired-electrolysis reactions (strategic combinations of reduction and
oxidation half-reactions) are often used to generate reactive halogen species (reductively at the

cathode) and then halogenate a substrate (oxidatively at the anode).!>!61718 We evaluated the

Figure 4.1. Paired-electrolysis reaction, including (a) a general scheme for reductive
dechlorination of PVC and oxidative chlorination of an arene, (b) the model reaction evaluated in
this work, and (c) the effects of PVC molecular weight, presence of DEHP, and electrochemical
conditions on the reaction yield. Yields are averages of two runs and measured by GC/MS (n.r. =
no reaction).
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proposed pair-electroysis herein and found that PVC can be used to produce value-added
chlorinated organic products in a room temperature, air- and moisture-tolerant, single-pot process.
We also show that the plasticizer DEHP! serves an advantageous role as a redox mediator,
contrasting its adverse role in existent recycling technologies. The direct use of electrons is

inexpensive, non-toxic, and has a small ecological footprint.2%-21-22

Moreover, a simplified life
cycle assessment of only the materials and end of life stages revealed that the electrochlorination
using PVC exhibited a 71% reduction in global warming potential (equiv. of CO; released per kg

of chlorinated product) compared to the analogous process using HCI. Achieving circularity will

require further optimization and include identifying uses for the dechlorinated polymer.
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4.2 Results and Discussion

Reaction inspiration from the literature

The electroreduction of PVC was previously reported by a single group of scientists.?32423
In their brief 1987 communication, Shapoval and coworkers noted solution-phase PVC degraded
into polyene sequences (dechlorinated PVC, dPVC) by eliminating HCI upon exposure to negative
voltage (-2.2 V versus saturated calomel electrode (SCE) on carbon electrodes.) The same
reactivity occurred at a smaller potential with the plasticizer dioctyl phthalate present (—1.8 V
versus SCE). This report demonstrates that PVC is susceptible to electroreductive
dehydrochlorination and a common plastic additive may facilitate this reactivity, providing support
for half of our envisioned paired-electrolysis reaction. A more recent report by Jiao and
coworkers,'® involving a paired-electrolysis reaction using dichloroethane as the chloride source,

provided further support and inspiration for the enclosed work. Based on these precedents, we

began evaluating the paired-electrolysis reaction using PVC as the chloride source.

Paired-electrolysis using PVC as a chloride source

The paired-electrolysis process was first tested in an undivided cell using ethoxybenzene
(1) as the substrate (Fig. 4-1b). Dimethylformamide (DMF) was selected as the solvent because it
has a wide electrochemical window and dissolves (or swells) all reaction components. Graphite
was selected for both the cathode and anode because it is relatively inexpensive, and having
identical electrodes enabled us to alternate the polarity to minimize polymer buildup on the
electrodes. Tetrabutylammonium tetrafluoroborate (NBusBF4) was chosen as the electrolyte so
that the non-nucleophilic anion would not interfere with the dechlorination or chlorination

reactions (compared to the halogen-containing electrolytes used by Shapoval and coworkers). The
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reaction was screened using three different number-average molar masses (M,) of PVC: PVCissy,
PVCak, and PVCigox. Both PVCssk and PVCa7k completely dissolved in DMF at room temperature,
while PVCiook partially dissolved and swelled. Reaction screening was first performed without the
plasticizer DEHP. Under constant current electrolysis (galvanostatic conditions at 10 mA), the
chlorination reaction proceeded to higher yields with the lower molar mass PVC (88% for PVCissy),
even though the total mass of polymer added was consistent in each case (Fig. 4-1c). This My
dependence may be due to the increased diffusivity of smaller macromolecules compared to larger
ones. Conformational differences may also play a role, wherein the larger macromolecules are
more coiled and therefore have less accessible C—Cl bonds. In addition, reactions with the lower
molar mass polymers will also have more individual chains (at the same mass loading), leading to
more frequent collisions with the electrode. Nevertheless, with all PVC sources, build-up of black
residue was observed on the electrodes after the reaction, suggesting that PVC was being reduced

at the electrode surface.

Paired-electrolysis with plasticizer present

Next, the same chlorination reactions were performed with added DEHP to determine its
impact. With DEHP, the reactions using PVCa7 and PVCiook proceeded to higher yields (85% and
73%, respectively), while the already high yield using PVCssi slightly decreased (to 75%). Little-
to-no polymer residue was observed on the electrodes, suggesting that PVC was being indirectly
reduced in solution rather than at the electrode surface. To further probe the effect of DEHP, the
same reactions were performed under constant voltage (potentiostatic conditions at —1.3 V versus
Ag/AgCl), which is the smallest voltage the reaction proceeded using an IKA ElectraSyn. Under

these conditions, the chlorination reaction did not exhibit a dependance on the M, when DEHP was
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included (42-52% yield). Moreover, no reaction occurred at all without the DEHP (0% yield). The
loss in reactivity without DEHP is important because it suggests that DEHP has an electrochemical
effect on the paired-electrolysis reaction, possibly as a redox mediator. Under potentiostatic
conditions, the substrate redox potentials must be matched to or smaller than the voltage set at the
working electrode. The on/off switch in reactivity with and without DEHP indicates that PVC
alone is unreactive at the set voltage. This requirement for DEHP differs under galvanostatic
conditions, where the working potentials of the electrode automatically adjust to the potentials of
the substrates in solution. In other words, without DEHP under galvanostatic conditions, the
operating potential likely auto-adjusts to a larger voltage to reduce PVC directly. This effect of
DEHP on the reduction potential of PVC was more closely evaluated in the subsequent

mechanistic investigations.

PVC decreases reversibility of plasticizer reduction

To elucidate the mechanistic role of DEHP, several electroanalytical experiments were
performed.?® A cyclic voltammogram revealed that PVC alone does not show any redox activity
within the solvent window. In contrast, DEHP undergoes two successive reductions (Ei» =-2.56
V and -2.74 V versus Ag/Ag") with a redox profile similar to one previously reported in
acetonitrile (Fig. A3-12).27 The first reduction is semi-reversible (ipa/ipc < 1) and the second
reduction is essentially irreversible (ipa/ipc = 0), at a 100 mV/s scan rate. When PVC is added to
the DEHP, the redox reversibility of DEHP decreases, suggesting electron transfer is occurring
between the two species. The impact of PVC on the first reduction of DEHP was further analyzed
following a protocol similar to the mediated electrochemical reduction of butyl halides.?® More

specifically, increasingly higher concentrations of PVCssk, PVCa7, or PVCigok ([PVC] = 0-30
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mM, repeat unit) were added to a solution of DEHP (1 mM) to vary the excess factor
([PVC])/[DEHP] = 0-30). Cyclic voltammetry of each solution was acquired (Fig. 4-2a). To reduce
viscosity effects on the measurements, the overall concentration of PVC was kept low (see Table
A3-15). The reversibility of the first DEHP reduction was plotted as a function of the excess factor,
and this data was measured in triplicate over several different scan rates (25-500 mV/s) for each
molar mass PVC (Figs A3-14,15,16). Representative data collected for PVCy7 is shown in Fig. 4-
2b. The reversibility of the first DEHP reduction decreased with increasing concentration of PVC,
suggesting that the singly reduced DEHP (DEHP™) transfers an electron to PVC (Fig. 4-2¢),
resulting in a lower return oxidation current. This trend was magnified at slower scan rates,
wherein the DEHP*~ has more time to encounter PVC, further decreasing the return oxidation
current. Combined, these studies are consistent with the DEHP serving as a redox mediator in the

PVC reduction.

Figure 4.2. Representative cyclic voltammetry data. (a) CVs of the first reduction of DEHP and
DEHP + 30 equiv. PVC47k collected at 100 mV/s, (b) redox reversibility as a function of excess
factor ([PVC]/[DEHP]) measured in triplicate at several scan rates (25, 50, 100, 250, and 500
mV/s), and (c) scheme depicting the standard electrochemical pathway for the single reduction
of DEHP and the alternative pathway when PVC is added.
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Bulk electrolysis supports plasticizer-mediated PVC electroreduction

Further evaluation of DEHP’s role as a redox mediator was obtained using a preparative-
scale setup that mimicked the electrosynthesis conditions. More specifically, bulk electrolysis
experiments of a divided cell containing DEHP and/or PVC at the cathode/working electrode and
arene 1 at the anode/counter electrode were performed (Fig. 4-3a). These experiments were used
to determine the voltage required to generate a set current (galvanostatic conditions, Fig. 4-3b) and
vice versa (potentiostatic conditions, Fig. 4-3c). Under constant current conditions (—5 mA), DEHP
alone (0.05 M) generated —2.6 V of overpotential until reaching its theoretical capacity (6.7
mA*h). GC/MS analysis after electrolysis showed that DEHP was partially degraded into 2-
ethylhexanol and presumably other fragments that were not detectable, and that arene 1 remained
unreacted at anode (Fig. A3-17). When PVCa7 (0.4 M, 8 equiv. repeat unit) was added to DEHP
(0.05 M, 1 equiv.) and electrolyzed under the same current, a smaller overpotential (-2.5 V) was
observed and the capacity was substantially increased (24 mA*h), indicating the mixed system
generated more electrons than DEHP alone. Post-reaction analysis revealed less DEHP
degradation than without PVC and quantitative conversion of arene 1 to chlorinated arene 2. In
contrast, bulk electrolysis on PVC alone required a much larger voltage (3.5 V) to reach the same
current. This voltage matches the solvent potential window, where solvent and/or electrolyte
degradation may occur. Indeed, electrolyte degradation was observed by GC/MS analysis, which
showed that tributylamine was formed at the cathode,?® and arene 1 remained unreacted at the
anode. The inability to chlorinate arene 1 with PVC alone in the bulk electrolysis setup differs
from the galvanostatic synthetic trials, which proceeded with or without DEHP, albeit to different
yields. It is possible that the exclusion of Oz and H>O in the bulk electrolysis setup, but not the

synthetic trials, may have affected PVC degradation and arene chlorination. Bulk electrolysis
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experiments were also performed under constant voltage to simulate potentiostatic electrosynthetic
conditions (Fig. 4-3c¢). Each electrolysis was conducted for several min until a steady-state current
was reached. When the cathode was set to —2.5 V, DEHP alone generated —3.8 mA of reduction
current. Meanwhile, PVC alone produced a much smaller reduction current (-0.5 mA) at this
voltage, indicating essentially no electrochemical activity. The largest reduction current (—5.5 mA)
was generated when DEHP was mixed with PVC, indicating that more electrons are flowing
through the system. This data again supports that PVC can only be reduced if DEHP is present

when restricted to a voltage cutoff.

Figure 4.3. Bulk electrolysis data and proposed reductive dehydrochlorination mechanism. (a)
Schematic of the bulk electrolysis setup and reactions occurring at each electrode, (b) voltage
readout from constant current electrolysis, (¢) current readout from constant voltage electrolysis,
and (d) proposed mechanisms of the reductive dehydrochlorination reaction with and without
DEHP.

74



Proposed mechanism

Taken together, the electrosynthesis and electroanalytical experiments suggest that two
mechanisms are operable for PVC reduction (Fig. 4-3d). With DEHP, indirect reduction of PVC
likely occurs, with DEHP serving as a redox mediator to shuffle electrons between the electrode
and PVC. Without DEHP, PVC reduction requires a much larger voltage, and may be degraded by
direct interaction at the electrode or from solvent/electrolyte degradation products that form at
these extreme voltages.?® It is important to note that electrolyte degradation was only observed
under constant current conditions when DEHP was not included, in which mechanism B is the
only option (Fig. A3-17).% In contrast, tributylamine was always observed in the reaction mixture
when constant voltage was used, even with DEHP present, suggesting that both mechanisms are
operating. Ultimately, the milder conditions offered by the galvanostatic DEHP-mediated pathway
are preferred.

Upon reduction, chloride (CI") is likely cleaved from PVC via a concerted electron
transfer-bond breaking process, as is suggested for small molecule alkyl halides.?” The resulting
carbon-based radical on the polymer should be highly reactive, and may react with O» or H>O, as
has been observed previously,* or via another degradation pathway. The formation of both dPVC
and the observed acidification of the reaction medium suggests that hydrogen is also released from
the polymer upon reduction, likely as H'(Fig. A3-18). Notably, the net release of HCI from PVC
is a common reaction pathway with nucleophiles, heat, base, or acid.’! In addition, control
reactions wherein aqueous HCl is used in place of PVC during electrolysis proceed to high yields,
further supporting the net release of HCI (Table A3-19). The released Cl~ ions ultimately chlorinate
arene substrates at the anode. The mechanism for the electro-oxidative chlorination of arenes is

still unresolved in the literature. Oxidation of CI to either Clz or hypochlorite ((OCIl) intermediates
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have been proposed as the active chlorine species.!>%33:3435 The fact that our process leads to
higher yields when open to air rather than under N supports a mechanism involving “OCl. Control
reactions wherein NaOCI was used as a chlorine source proceeded without applied potential,
further supporting that “OCl may be the active chlorine species (Table A3-19). Attempts to probe
the involvement of radicals in this reaction were inconclusive; that is, radical trapping experiments
with TEMPO inhibited the product formation in both PVC/DEHP and HCI control experiments

(Table A3-19).

Substrate Scope

Chlorinated arenes can be found in pharmaceuticals, agrochemicals, disinfectants, dyes,
electrical goods, and solvents.*® To determine the scope of this method, we screened various
aromatic and heteroaromatic substrates (Fig. 4-4). In an undivided cell, some substrates (e.g.,
anilides (3)) were consumed during electrolysis but did not yield any chlorinated products. In
contrast, when HCI was used as the chlorine source, chlorinated anilide was formed. Combined,
these studies suggest that some substrates may react directly with PVC and/or DEHP under the
reductive conditions. To avoid this unintended reactivity, all subsequent reactions were performed
in a divided cell. That is, the working and counter compartments were separated with an anion-
exchange membrane, which minimizes crossover between the two sides. Compound classes that
have been employed in other oxidative chlorination reactions were successfully employed herein
using PVC as a chloride source.'>!7*3 These compounds include substituted benzenes, thiophenes,
and several classes of N-heterocycles. Some compounds, including indole derivatives, generated
lower yields because other oxidative reaction pathways (dimerization/oligomerization) competed

with chlorination. Chlorinated pharmaceuticals 13 and 14 could be directly formed under these
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conditions from their non-halogenated precursors. Though the yields need to be further optimized,

the broad substrate scope and functional group tolerance is promising.

Figure 4.4. Schematic of divided-cell reaction setup and substrates investigated in this work,
isolated yields are listed.

Commercial PVC tubing as chloride source

To determine whether this approach can be used with PVC waste, we employed PVC tubing
(PVCiubing) commonly used for liquid and gas transport in the research, medical, food, and
beverage industries (Fig. 4-5a). The specific PV Cubing used herein contained 32% by mass liquid
additives, which was determined to be DEHP by 'H and *C NMR analysis (Fig. A3-2,3,4). The

solid material (PVCsoiiq) had a M, of 83 kg/mol and was partially soluble in DMF. When the

77



galvanostatic trial reaction was performed using PVCisolig alone, a 32% yield of 2 was observed
(Fig. 4-5b). This result is similar to the 29% yield observed with PVCigox alone. When PV Ciuping
was instead used, with the same total mass of polymer, the yield of 2 significantly increased to
63%. These results suggest that plasticized PVC waste can be used as is for the chloride source,
without needing to add plasticizer. Although some manufactures are moving towards phthalate-
free formulations,’’ this legacy additive is still prevalent in waste streams. Moreover, the dual-role
of DEHP as plasticizer and redox mediator demonstrates that additives can serve one function
during the lifetime of a plastic, and then be activated to serve a new function at the plastic’s end-
of-life. Moving forward, multi-purpose plastic additives can be imagined that facilitate end-of-life

treatment of plastics, which could significantly improve the overall efficiency of plastics recycling.

Mixed plastic waste can be used

We also evaluated how well this reaction worked with other plastics present to simulate a
mixed plastic waste stream (Fig. 4-5¢). Excitingly, the overall yield of 2 was unchanged when the
same mass of PET, PE, PP, and PS were added into the reaction mixture. Moreover, the plastic
pieces made from PET, PE, and PP were insoluble in DMF and could be easily filtered out after
the reaction was complete. These reactivity and solubility difference enables a facile separation

PVC from other waste plastics.
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Figure 4.5. Evaluating real plastics in the paired-electrolysis reaction. (a) PVC tubing used to
simulate PVC waste, (b) yields of galvanostatic trial reaction using arene 1 as the chlorination
substrate, and (c) plastic items used to simulate a mixed plastics waste stream

Life cycle assessment

A preliminary comparative life cycle assessment (LCA) was conducted to estimate the
potential environmental impacts of this approach.’®* More specifically, we sought an estimate of
the decarbonization potential of the technology, which will help determine if this waste diversion
strategy should be pursued further. Three different scenarios for the electrosynthetic production of
2 were compared. Scenario 1 uses HCI as the chloride source (3.2 equiv. Cl™ versus 2). Scenario 2
uses PVC waste as the chloride source (8 equiv. Cl™ versus 2) and the leftover dPVC is landfilled.
Scenario 3 reflects a hypothetical, atom-economical situation in which PVC waste (1 equiv. CI”
versus 2) is used as the chloride source with a 100% dechlorination efficiency and the residual

hydrocarbon content (dPVC) is pyrolyzed. (Note that in scenario 3, the hypothetically unused 7
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equiv. of chloride is still landfilled.) For all three scenarios, the functional unit was defined as 1
kg of chlorinated arene 2. The impact analysis was performed by tracking the greenhouse gas
emissions using Global Warming Potential (GWP) metrics in kg CO2 equiv. The relevant data was
gathered from the literature and the Ecoinvent libraries in the LCA software, SimaPro v9.1.1. More
details on the scope, system boundaries, assumptions, life cycle inventories, and life cycle impact
assessment are presented in the appendix. It is important to note that this LCA only considered
chloride source materials and end of life stages, under the assumption that the remaining stages

and processes are constant for all scenarios.

With these caveats in mind, the LCA showed that using PVC waste as the chloride source
(scenario 2) decreases the GWP by 71% compared to HCI (scenario 1) in the analyzed stages. This
difference arises largely because HCI production has a GWP over 11 times higher than the supply
chain of PVC waste. In scenario 3, in which PVC is fully dechlorinated and it is possible to
pyrolyze the hydrocarbon content of the residual polymer, the CO> eq per kg of 2 decreases by
56% compared to HCI. The reason for the reduced impact (compared to scenario 2) is because
mixed plastics pyrolysis has a higher GWP than landfilling due to it process energy requirements.
Overall, these LCA results suggest that this electrochemical method is a promising approach for
obtaining value from PVC waste. A more rigorous LCA will be performed in the future, alongside
continued development of this process, including detailed characterization of all waste effluents.
Future assessments with more environmental metrics could reveal benefits (e.g., in human toxicity

or freshwater ecotoxicity) from transitioning from landfilling to chemical recycling of PVC waste.
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4.3 Conclusion

Overall, this work demonstrates a proof-of-concept method for open-loop chemical
recycling of PVC waste wherein the PVC is used as a reagent in a paired-electrolysis reaction to
produce value-added organic products. These results also show that DEHP, which is currently used
as a PVC plasticizer, functions as a redox mediator to improve the synthetic yields. Ultimately, the
power of DEHP as a redox mediator is limited by the semi-reversibility of its reduction processes.
The development of more stable redox mediators will enable a better understanding of the PVC
reduction process and improve both mediator loading efficiencies and PVC dehydrochlorination
percentages. Efforts along these lines are underway. Moreover, with further optimization, the
partially or fully dehydrochlorinated PVC may also be valuable resource, potentially as a reactive
polymer for hydrogenation (to polyethylene), crosslinking (elastomers), metathesis
(depolymerization), or other functionalization reactions. The new functionality of DEHP
uncovered in this work motivates a rethinking of plastic additives in the context of chemical

recycling, wherein mediators are intentionally designed to facilitate recycling.
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Chapter 5: Conclusions and Future Directions

Renewable energy technologies are methods of capturing, storing, and using energy, that
have less environmental impact than traditional energy technologies such as coal or petroleum. To
establish a system for encouraging the use of renewable energy sources such as solar, wind,
bioenergy, and hydropower, it is essential to understand their characteristics and challenges to
developing their technologies.

In this thesis, we conducted three different studies and discussed 1) how a single copolymer
containing a conjugated poly(3-hexylthiophene) backbone and fullerene-functionalized side-
chains prevented phase separation in thin films and devices and enhanced thermal stability in
photovoltaic devices; 2) how a non-aqueous, redox-matched, flow battery design achieved a high
effective concentration of redox active materials in insoluble polymer beads; and 3) how we
repurposed plasticized poly(vinyl chloride) via electro(de)chlorination.

In chapter 2, we investigated a random sequence copolymer for stabilizing the active layer
morphology and enhancing thermal stability of organic photovoltaics. Due to the flexibility, light
weight, inexpensive cost, and other advantages of organic photovoltaics, the market is growing
rapidly.! However, device lifetime and thermal stability remain as challenges for
commercialization. Previously McNeil group found that random sequence fullerene-

functionalized poly(3-hexylthiophene) copolymer additives stabilized electron-donor/electron-
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acceptor blends morphology. In this chapter, we used same random sequence copolymer for
stabilizing morphology in the blends of three high-performing donor polymers (PTB7, PTB7-Th,
and PffBT4T-20D) with PC71BM to test the copolymer as a general blend additive. Optical
microscopy data revealed that the copolymer-added thin film blends had suppressed micron-scale
aggregation after annealing, suggesting that the copolymer may be a general stabilizer. Especially,
out of the three donor polymers, PffBT4T-20D showed the highest 40% area percent of PC71BM
aggregation without copolymer. However, the area percent significantly dropped to 2% when the
copolymer was added. Therefore, we fabricated the organic photovoltaics with the PffBT4T-20D
electron-donor to study the effect in the active layer. Though the phase separation was also
suppressed in photovoltaic devices, we observed lower initial power conversion efficiencies
(PCEs) were observed, due to reduced absorption and electron current with the copolymer. For
annealed devices, the PCE decreased within 30 min annealing time in both with or without
copolymer, although the PCE loss was smaller for devices with the copolymer. In addition, micron-
scale aggregates only formed in devices without the copolymer after 180 min of annealing
resulting failure to measure device performances while copolymer-containing devices survived
until 180 min. Overall, these results suggest that the copolymer could be used as a general additive
to stabilize the morphology of donor/acceptor blends.

Although, we found that enhanced stability from this strategy, future design strategies must
address both device efficiency and thermal stability at the same time. We tested our copolymer for
only one polymer donor — fullerene acceptor device, various types of donor-acceptor pairs could

be explored in the future. For example, polymer donor-polymer acceptor?, polymer donor-small
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molecule acceptor’, small molecule donor-polymer acceptor?, and small molecule donor-small
molecule acceptor® have been developed in recent years to improve device power conversion
efficiency. We anticipate our strategy of using single copolymer containing donor and acceptor
moiety in one molecule could play a role in stabilizing morphology in other pairs to improve device
performance and thermal stability by matching polymer backbone of electron donor and
copolymer.

In chapter 3, we discussed a redox matched flow battery (RMFB) by using insoluble
polymer beads. After we generated an energy from sustainable source, we need to consider storing
method due to inherent intermittency of renewable sources and mismatch of supply and demand
during the day and night. A redox flow battery (RFB) is a type of secondary battery where chemical
energy is provided by two redox-active materials dissolved in liquids which flowed through the
system on separate sides of a membrane. Because the two redox-active materials, anolyte and
catholyte, solutions are contained in external tanks, RFBs can be scaled easily and inexpensively
to store large amounts of energy. Although redox flow battery is considered promising technology
because of its design flexibility, safety, and scalability, it remains challenges that we need high
concentration solution to attain large energy density and want to prevent crossover of the redox-
active species.

In this chapter, we demonstrated a new type of nonaqueous RMFB by using a bulk of
charge storage in a RFB on insoluble crosslinked polymer beads. Charge was stored in redox-
active species which are covalently attached to the polymer beads and the beads sat on the frit in

the reservoirs instead of circulating. We chose Merrifield resin as a polymer support for the
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preparation of ferrocene and viologen functionalized beads, and two redox-matched mediators
which have same structures of each polymer-supported redox active species as redox shuttles.
From monitoring redox exchange reactions by using microelectrode, we demonstrated that there
was fast enough charge transfer between polymer-supported redox-active moieties and each
mediator to reach redox equilibrium. We investigated three different membranes as potential
mebrane for RMFB, and Fumasep anion exchange membrane showed slowest crossover rate
implying minimal loss of capacity from mediator solution. When 1 or 2 equiv. of functionalized
beads were added into RMFB, the average discharge capacity increased 52% or 112%, respectively,
which means the RMFB utilized a high energy density without the requirement of high-

concentration solutions.

Scheme 5-1. Nonaqueous redox-matched flow battery

While there is not 100% complete utilization of the redox equivalents on the beads, studies
are underway to modify the beads to investigate permeability, redox active species to achieve
larger redox potential window, or flow battery operating parameters to achieve the higher capacity
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utilization. First future idea is modifying the bead sizes. Current mesh size of Merrifield resin is
200-400 mesh which is having around 50 pm diameter. When the functionalized beads were added
above 2 equiv., the stack of the beads started to prevent flowing of solution and clogged, resulting
in difficulties for trying high equiv. (> 2 equiv.) RMFB system. We assume smaller mesh sizes
bead (larger bead sizes over 100 um) could achieve better permeability even with higher stack of
the beads in the reservoir. Another idea is making nonaqueous RMFB with a larger potential
difference between catholyte and anolyte. Two mediators from reported RMFB in chapter 3 have
a redox potential difference of 1.04 V, which could be substantially improved by utilizing
alternative anolytes and catholytes. One possibility for an alternative catholyte group is
tris(dialkylamino)cyclopropenium. These moieties have good stability and more positive oxidation
potential (0.8 V vs Fc¢/Fc") compared to ferrocene monomethylester (0.3 V vs Fc/Fc*). Last idea
is an aqueous RMFB. Aqueous redox-flow batteries have an advantage over nonaqueous systems
because of nonflammable solvent (water). There may also be some cost advantages.® As such, we
are interested in expanding this RMFB approach to include aqueous systems as well. To
accomplish this goal, several types of hydrophilic cross-linked polymer beads with pendant groups
amenable to functionalization have been reported.” These can serve as hydrophilic versions of the
Merrifield resin, and when functionalized with redox-active moieties will serve as the stationary
phase in an aqueous mediated redox-flow battery.

In chapter 4, we suggested new recycling approach for repurposing plasticized, polyvinyl
chloride (PVC) via electro(de)chlorination. PVC is chlorine-containing polymer which is one of

the most widely used such as pipes, profiles for windows, medical devices, and so on. At the end
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of their life cycle, large amounts of plastic waste are produced, so there is environmental interest
to recycle or repurpose this PVC waste. In this chapter, we demonstrated a new approach of open-
loop chemical recycling of PVC waste by using paired-electrolysis with reductive dichlorination
of PVC as well as oxidative chlorination of an arene to produce value-added chlorinated products.
For enhancing electrodechlorination, we investigated (2-ethylhexyl)phthalate (DEHP) which is
currently used as a PVC plasticizer as a redox mediator to improve the synthetic yields. DEHP
poses health risk that it can increase the risk of cancer and birth defects by harming male
reproductive system.® In cyclic voltammetry data, when PVC was added into DEHP solution, the
returning oxidation current was significantly reduced in slow scan rate, indicating there was an
electron transfer between two species supporting the role of DEHP as a redox mediator in the PVC
reduction. Bulk electrolysis indicated that the combination of DEHP and PVC generated more
electron than DEHP alone.

We covered only first semi-reversible reduction of DEHP in this chapter, future screening
with more negative potential or investigating new functionality of DEHP (with more eletron-
withdrawing or electron-donating group) could give us better understanding of the role of DEHP
as a mediator in PVC reduction. We expect understanding the role of DEHP in PVC reduction as
a redox mediator could help to improve PVC dehydrochlorination percentages as well as use
polymer additives for intentional design to facilitate recycling. With further optimization, the
partially or fully dehydrochlorinated PVC may also be valuable resource, potentially as a reactive

polymer for hydrogenation, crosslinking, metathesis.
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In overall, this chapter described our efforts to address sustainable development in plastic
waste disposal. We expect that this work can become part of a new clean system and sustain

improved quality of plastic waste management into the future.

Scheme 5-2. General scheme of paired-electrolysis reaction for reductive dechlorination of
PVC and oxidative chlorination of an arene.
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Appendix 1: Supporting Information for Chapter 2

Al.1 Polymer and Fullerene Chemical Structures

Chart Al-1. Chemical structures of the donor polymers poly[[4,8-bis[(2-
ethylhexyl)oxy]benzo[ 1,2-b:4,5-b0]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)-carbonyl]-
thieno-[3,4-b]thiophene-diyl]] (PTB7), poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-
b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-car-
boxylate-2-6-diyl)] (PTB7-Th), and poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3""-
di(2-octyldodecyl)-2,2";5',2";5" 2"'-quaterthiophen-5,5""-diyl)] (PffBT4T-20D), the acceptor
phenyl-C7i-butyric acid methyl ester (PC71BM), and the copolymer, poly(3-hexylthiophene)
(P3HT), and diiodooctane (DIO) additives used in this work
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A1.2 Materials

Flash chromatography was performed on SiliCycle silica gel (40-63 pm). Thin-layer
chromatography was performed on MACHEREY-NAGEL TLC plates (pre-coated with 0.20 mm
silica gel 60 with fluorescent indicator UV254). Fused silica wafers were purchased from
University Wafer and cut into square substrates (1.5 x 1.5 cm). Glass and indium tin oxide
(ITO)/glass substrates (1.8 x 1.8 x 0.7 cm, ITO 15 Q) were purchased from Luminescence
Technology Corporation. Pure-C on copper TEM grids were purchased from Ted Pella

Corporation.

Ni(COD), was purchased from Strem Chemicals. Lithium diisopropylamide (LDA, 2.0 M in
THF/n-heptane/ethylbenzene, 59/28/13 v/v) was purchased from Sigma Aldrich. 2,5-Dibromo-3-
hexylthiophene (DB3HT) was purchased from ArkPharm and purified by dissolving in hexanes,
stirring for 2 h with decolorizing carbon, filtering through a plug of silica gel, and concentrating
in vacuo. N-bromosuccinimide (NBS) was purchased from Sigma Aldrich, recrystallized from
water, and dried over P»0s. Isopropylmagnesium chloride (iPrMgCl, 2.0 M in THF, 25 mL),
diiodooctane (DIO) (98%, containing Cu as a stabilizer), and PEDOT:PSS (3—4% suspension in
H>0) were purchased from Sigma Aldrich. Compounds S1-S9, ran20g;, ran20x3, and copolymer
were prepared using modified literature procedures.! All monomer solutions for polymerizations

were titrated with salicylaldehyde phenylhydrazone to obtain the active Grignard concentration.?

The polymers PTB7 (lot # YY13230DC), PTB7-Th (lot # YY171760CH), and PffBT4T-20D
(ot # YY13086CB and YY13250CB) were purchased from 1-Material — Organic Nano
Electronic. [6,6]-phenyl-Cei-butyric acid methyl ester (PCs1BM, lot # RC160930) and [6,6]-
phenyl-C7i-butyric acid methyl ester (PC71BM, lot # TC200702) were purchased from Nano-C
Inc. N-, Molybdenum(VI) oxide, (MoOs, 99.97% trace metals basis), zinc acetate dihydrate
(Zn(OAc)>Y2H,0), and 2-methoxyethanol (2ME) were purchased from Sigma Aldrich. Silver
pellets (Ag, 99.99% purity) were purchased from Kurt J. Lesker Company.

Tetrahydrofuran (THF) was dried and deoxygenated using an Innovative Technology (IT) solvent
purification system composed of activated alumina, a copper catalyst, and molecular sieves. All

water used was deionized. All other reagent grade materials and solvents were purchased from
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Sigma Aldrich, Acros Organics, Alfa Aesar, or Fisher and used without further purification unless
otherwise noted. The glovebox in which synthetic procedures were carried out was an MBraun
LABmaster 130 with a N> atmosphere. The glovebox in which device fabrication was carried out

was an ultra-high puritiy (<Ippm of H20O and O) glovebox from LC Technology Solutions, INC.
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A1.3 General Experimental

NMR Spectroscopy: Unless otherwise noted, 'H, *C and *'P NMR spectra were acquired at room

temperature in deuterated solvents. For 'H NMR spectra, a relaxation delay of 1 s was used for
small molecules and 10 s was used for polymers. For 'H and '*C NMR spectra, the chemical shift
data are reported in units of & (ppm) relative to tetramethylsilane (TMS) and referenced to residual
solvent. For 3'P spectra, the chemical shift data are reported in units of & (ppm) relative to 85%
H3PO4 in H>O. Multiplicities are reported as follows: singlet (s), doublet (d), doublet of doublets
(dd), triplet (t), quartet (q), multiplet (m), broad signal (br).

High Resolution Mass Spectrometry (HRMS): High-resolution mass spectrometry data were

obtained on a Micromass AutoSpec Ultima Magnetic Sector mass spectrometer.

Fourier-Transform Infrared (FTIR) Spectroscopy: FTIR spectroscopy data were obtained on a

Thermo-Nicolet IS-50 using the attenuated total reflectance (ATR) accessory on neat samples.

Gas Chromatography: Gas chromatography was carried out using a Shimadzu GC 2010
containing a Restek RXI-5MS (crossbound 5% diphenyl-95% dimethyl polysiloxane; 15 m, 0.25

mm ID, 0.25 um df) column.

Size-Exclusion Chromatography (SEC): For SEC analysis, all polymers were dried under vacuum

overnight, dissolved (~0.5 mg polymer/mL) in THF spiked with trace toluene (<1 vol%) with mild
heating if necessary, and filtered through a 0.2 um PTFE filter.

SEC was performed with THF as the eluent at 40 °C and at a flow rate of 1.0 mL/min on two
different instruments. The data presented correspond to the absorbance at 254 nm with the

maximum intensity normalized to 1.

SEC #1: Malvern Viscotek GPCMax VE2001 equipped with two Viscotek LT-5000L 8 mm (ID)
% 300 mm (L) columns, and Viscotek TDA 305 and Viscotek PDA detectors. Apparent molar

masses were calculated using 9 polystyrene standards from 377,400 g/mol to 580 g/mol.

99



SEC #2: Shimadzu GPC/SEC equipped with two Styragel HT 7.8 mm (ID) x 300 mm (L) columns
and a PSS Gram column 8 mm (ID) x 300 mm (L), and a RI (refractive index) detector and an UV
diode array detector. Apparent molar masses were calculated using polystyrene standards from

1,000,000 g/mol to 92 g/mol.

SEC #3: Same instrument as #2 (Shimadzu GPC/SEC) equipped with different columns (three
Phenomenex Phenogel™ 10 pm Linear (2), LC Column 300 x 7.8 mm). Apparent molar masses

were calculated using polystyrene standards from 1,000,000 g/mol to 92 g/mol.

Differential Scanning Calorimetry (DSC): DSC was performed under N> on a TA Instruments

DSC Q2000 equipped with a TA RCS cooling accessory. Neat solid samples (~4-5 mg) were
placed in aluminum Tzero Low-Mass Hermetic pans and sealed with Tzero Hermetic lids using a
TA Instruments crimper. Blend samples were drop cast from a 19.8 mg/mL solution in ortho-
dichlorobenzene/chlorobenzene (o-DCB/CB 50/50, v/v) into aluminum Tzero Hermetic pans,
dried in vacuo overnight and sealed with Tzero Hermetic lids using a TA Instruments crimper.
Samples were cycled between 0 °C and 350 °C at a ramp rate of 10 °C/min with 5 min isotherms

at the minimum/maximum temperatures.

Substrate Cleaning: Substrates for films and devices were cleaned via scrubbing with undiluted

Hellmanex III Detergent then rinsing with DI water. The substrates were then sonicated for 15 min
in each of the following solvents: DI water, acetone, and iPrOH. Clean substrates were then dried

in an oven at 140 °C for 16 h and stored in a clean petri dish wrapped in aluminum foil.

Optical Microscopy: Thin film samples were examined using a Leica DMCB optical microscope

with a 40x objective lens. Images were recorded with an attached QICAM Fast 1394 digital video

camera and analyzed with Image].

Image Analysis with ImageJ: Images were saved as .tiff files to open in the ImageJ software. Once

loaded in the software, images were converted to black and white by clicking “Image” and
selecting “Color,” then “Split Channels” from the dropdown menu. Three images were generated

and the “(blue)” (PTB7, PTB7-Th) or “(green)” (PffBT4T-20D) channel image was selected for
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further analysis. The image background was subtracted by clicking “Process” then “Subtract
Background” from the dropdown menu which opened a new window. In the new window, default
rolling ball radius (50 pixels) was used and “light background” was checked to ensure even
background subtraction. In the “Image” tab, “Adjust” then “Threshold” were selected, opening a
new window showing the minimum and maximum threshold limits for detecting particles (dark
domains), now depicted in red on the image. Selecting “Apply” defined the particle sizes/areas
and displayed them in black on the image. To calculate the black particle percent area, “Analyze”
then “Analyze Particles” was selected. In the resulting window, the size was set to “0.0001-
infinity” then “display results,” “Summary,” “Include Holes” and “Clear Results” were checked
and “OK” was selected. The tabulated data points and results summary (with % area of particles

relative to whole image), each appeared in separate windows.

Surface Contact Angle Goniometry: The surface contact angles were measured for water and

glycerol and calculated with CAM 100 KSV Instrumental Ltd software. The surface contact
angles were calculated by averaging angles from 10 frames for each droplet, three droplets per
film, and at least three films. The surface energies were calculated using the Wu Harmonic Mean

method.?*

Variable-angle Spectroscopic Ellipsometry: Thin film thicknesses were determined by variable-

angle spectroscopic ellipsometry of films on silicon wafers. Near-infrared (1100 nm—1600 nm)
spectroscopic data were recorded by J.A. Woollam M-2000 ellipsometer followed by thickness

measurement by Cauchy-model fitting.’

Ultraviolet-visible (UV-vis) Spectroscopy: UV-vis spectra of thin films were acquired using a

Thermo Scientific Evolution 220 UV-vis spectrophotometer.

Bulk Heterojunction Solar Cell Device Fabrication and Measurement: Solar cell devices have the

following inverted structure: glass/ITO/ZnO(40 nm)/blend/MoO3(20 nm)/Ag(100 nm). The

indium tin oxide (ITO) substrates were cleaned as described, then exposed to 245 nm ultraviolet
light under oxygen flow for 15 min. 0.5 M ZnO sol—gel solution was prepared by dissolving (2.195
g, 0.01 mol) of zinc acetate dihydrate (Zn(OAc)>*2H>0) in 20 mL of 2-methoxyethanol (2ME). A
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(0.611 g, 0.01 mol) of monoethanolamine was added into the stock solution as a stabilizer and the
mixture was stirred at 60 °C for 4 h. The solution was then cooled to rt and aged for > 24 h. An
aliquot of the ZnO solution (80 uL) was spin-cast on ITO-coated glass substrates at 3000 rpm for
60 s, followed by thermal annealing in air at 150 °C for 20 min. Polymer solutions were prepared
as described for optical microscopy and stirred at 60 °C for 12 h before spin-casting under N>. An
aliquot of the hot polymer solution (100 uL) was spin-cast at 800 rpm for 180 s, generating thin
films (215 £ 10 nm) as measured with spectroscopic ellipsometry. After spin-casting the polymers,
the films were either directly transferred or thermally annealed (for 10, 30, 60, 90, 180 min) then
transferred to an Angstrom Engineering AMOD thermal evaporation chamber containing MoO3
and Ag pellets. Molybdenum masks with 1 mm radius circular openings were placed on the sample
to form devices with a total area of 3.14 mm?. MoO3 and Ag were evaporated sequentially onto

the film at a rate of 1 A/s under the base pressure of 3x107 torr.

J-V characteristics of the devices were recorded by a HP 4156a semiconductor parameter analyzer.
The transparent glass/ITO side was illuminated with simulated AM 1.5G at 1 sun intensity (100
mW/cm?). The intensity of the solar simulator was calibrated by the National Renewable Energy
Laboratory (NREL)-traceable Si reference cell. The reverse bias saturation current (J,) was
obtained from the J-V curve at -1 bias voltage in the dark. The series resistance (Ry) of each device

was extracted from the inverse slope of the J-V curve at the open circuit voltage (Voc).

Energy-filtered Transmission Electron Microscopy (EF-TEM): Energy-filtered transmission
electron microscopy (EF-TEM) was carried out on a JEOL 3100R05 Double Cs Corrected
TEM/STEM operating at 300 kV, which was equipped with a Gatan Quantum 969 Imaging Filter
(GIF) with a K2 direct electron detector. A pair of low-loss EF-TEM images were acquired for 5
s using a 5 eV wide energy selecting slit centered at 19 and 29 eV. Maximum contrast was then
produced by dividing the lower energy loss image by that of the higher loss image. Bright regions
in these images correspond to polymer-rich regions, while the darker regions correspond to
fullerene-rich domains.® Elastic TEM images were acquired for 2 s using a 10 eV wide energy

selecting slit centered at 0 eV.
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Nano-Indented Electrical Contact Resistance (ECR): Hysitron TI 950 Triboindenter was used for

point measurement of conductivity during indentation of the film. The electron current of the spin-
cast active layer (PffBT4T-20D:PC71BM or PffBT4T-20D:copolymer:PC7:BM) on ITO/ZnO
was obtained with a nanoECR (Electrical Contact Resistance) transducer at 50 nm thickness. A
Berkovich conductive ceramic probe was used for the indentation. A silver paste was used to
secure the sample on the ECR stage with copper as the top surface for better conductivity. The

stage is electrically connected to the system for current measurement.

Thin film preparation for triboindentation

Blends with DIO. Thin films were prepared as described (S5) for solar cell fabrication except
without the Ag and MoO; layers.

Blends with copolymer and DIO. Thin films were prepared as described above (S5) for solar cell
fabrication except without the Ag and MoOs layers.
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A1.4 Small Molecule Syntheses

a) nBuLi

SR oy

\ / s\
b) Br(CH.)<Br

B 2J6 H,,Br
" _78°Ctort, 2h 62

S$1
3-(6-bromohexyl)thiophene (S1). An oven-dried Schlenk flask equipped with a stir bar and

septum was cooled under vacuum and refilled with N> (3x total). To this flask was added 3-
bromothiophene (1.00 mL, 10.7 mmol, 1.00 equiv) and dry hexanes (6.62 mL). This solution was
cooled to -78 °C and a 2.5 M solution of nBuLi (4.90 mL, 12.3 mmol, 1.15 equiv) was added
dropwise over 5 min. The solution was stirred for 10 min before adding dry THF (7.95 mL)
dropwise. The resulting solution was stirred for 1 h before adding 1,6-dibromohexane (4.90 mL,
32.1 mmol, 3.00 equiv), warming to rt, and stirring for 2 h. The solution was quenched with sat.
NaHCO; (10 mL), and the aqueous layer was extracted with Et;O (2 x 5 mL). The organic layers
were combined and washed with H,O (1 x 15 mL) and brine (1 x 15 mL), dried over MgSOs,
filtered, and concentrated in vacuo to yield an orange oil. The excess 1,6-dibromohexane was
removed by distillation. The remaining orange oil was purified by silica gel column
chromatography (100% hexanes) to yield a colorless oil, which was heated to 55 °C in vacuo for

10 h to remove excess 1,6-dibromohexane (379 mg, 14%). HRMS (EI): Calcd. for [M]" 246.0078;

found 246.0068.
S Br S Br
NBS
\ / _ > \
oH,Br THF/AcOH

rt, 16 h sH12Br
S1 s2

2,5-dibromo-3-(6-bromohexyl)thiophene (S2). To a 20 mL vial equipped with a septum were
added S1 (275 mg, 1.11 mmol, 1.00 equiv) and THF (2.78 mL). The resulting solution was sparged
with N3 for 10 min. To this vial was added AcOH (2.78 mL) and recrystallized NBS (494 mg, 2.78
mmol, 2.50 equiv). The solution was stirred in the dark under N> at rt for 16 h. The reaction solution
was quenched using saturated aq. NaHCO3 (5 mL) and extracted with Et;O (3 x 5 mL). The
combined organic layers were washed with water (15 mL) and brine (15 mL), dried over MgSOs,

filtered, and concentrated in vacuo. The resulting orange oil was purified by silica gel column
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chromatography (100% hexanes) to obtain a colorless oil (158 mg, 35%). HRMS (EI): Calcd. for
CioH13Br3S [M]+ 401.8288; found, 401.8278.

Br a) Ni(COD),, PPh, Ehz Br
HaC THF, 1t, 1.5 h E >Ni/
b) dppe Ph, \/©
THF HaC
rt, 45 min
S3

(o-tolyl)(1,2-bis(diphenylphosphino)ethane)nickel bromide (S3). In a glovebox, to a 20 mL vial
equipped with a stir bar was added Ni(COD), (77.3 mg, 0.281 mmol, 1.00 equiv), PPh3 (151 mg,
0.574 mmol, 2.04 equiv), and dry THF (1.4 mL). The resulting mixture was stirred for 5 min before
2-bromotoluene (36.7 uL, 0.309 mmol, 1.10 equiv) was added. The solution was stirred for 90 min
at rt, yielding an opaque orange suspension. Then dppe (114 mg, 0.286 mmol, 1.02 equiv) was
added and the mixture was stirred for 45 min at rt. Hexanes (15 mL) were added as the top layer
and the mixture was cooled to —35 °C for 24 h. The resulting yellow-orange solid was isolated via
filtration inside the glovebox, washed with hexanes (3 x 5 mL), and recrystallized from
DCM/hexanes at —35 °C to yield a yellow crystalline solid (88 mg, 51%). HRMS (EI): Calcd. for
[M]" 626.0438; found 626.0422.

TMSCHN,

D == O O T

——
| CHZC|2 [

O -10°C,2h O HO

S4 sS4
6H-Dibenzo[a,e]cyclooctatrien-5-one (S4). In a N> flushed 100 mL round-bottom flask was
added dibenzosuberenone (3.10 g, 15.0 mmol, 1.00 equiv) and BF3-OEt; (2.80 mL, 22.7 mmol,
1.50 equiv), and DCM (30 mL). The solution was cooled to —10 °C. A 0.75 M solution of
trimethylsilyl diazomethane in DCM (32.0 mL, 24.0 mmol, 1.60 equiv) was added to the solution
dropwise over 1 h and then stirred at —10 °C for an additional 2 h. Then AcOH (0.2 mL) was added
to quench the reaction solution. The mixture was poured into ice water (150 mL). The aqueous
layer was extracted with DCM (3 x 100 mL) and the combined organic layers were washed with
brine (100 mL), dried over MgSOs, and filtered. The filtrate was concentrated in vacuo and the
crude product was purified by silica gel column chromatography (10-70% DCM in hexanes) to
give dibenzocyclooctenone (S4) as a white solid (1.13 g, 34%) and dibenzocyclooctadienol (S4°)
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as a viscous transparent liquid (2.10 g, 63%). HRMS (EI): Calcd. For CisHi20 [M]" 220.0888;

found, 220.0884.
THF/EtOH
rt, 18 h HO

5,6-Dihydro-dibenzo[a,e]cycloocten-5-ol (SS). Sodium borohydride (0.388 g, 10.3 mmol, 2.00

S4

equiv) was slowly added to a stirred solution of S4/S4” (1.13 g, 5.13 mmol, 1.00 equiv) in
THF/EtOH (1/1, v/v, 60 mL). The solution was stirred at rt for 18 h, then quenched by slow
addition of AcOH (0.5 mL). The mixture was concentrated in vacuo, and the yellow residue was
dissolved in DCM (50 mL) and washed with brine (50 mL). The aqueous layer was extracted with
DCM (4 x 50 mL). The combined organic layers were dried over MgSOs, treated with decolorizing
carbon, filtered and concentrated in vacuo to give a white solid (723 mg, 63%). HRMS (EI): Calcd.
For Ci6H140 [M]" 222.1045; found, 222.1046.

Br2
0D e
CHCl,
Hd 0°C,2h
S5

11,12-Dibromo-5,6,11,12-tetrahydro-dibenzo[a,e]cycloocten-5-ol (S6). Into a N»-filled round-
bottom flask was added S5 (0.642 g, 2.89 mmol, 1.00 equiv) and CHCI3 (15 mL) and the resulting

solution was cooled to 0 °C using an ice-water bath. A solution of Br, (0.150 mL, 2.93 mmol,
1.01 equiv) in CHCI3 (5 mL) was added dropwise over 3 min. After stirring for 2 h, the resulting
solution was quenched with saturated aq. Na>S>03 (20 mL), and washed with H>O (20 mL) and
brine (20 mL). The organic layer was dried over MgSQs, filtered, and concentrated in vacuo,
affording a yellow oil. The crude product was purified by silica gel column chromatography (5—
70% DCM in hexanes) to obtain a viscous, colorless oil (480 mg, 44%). HRMS (EI): Calcd for
Ci6H13BrO [M—HBr]" 300.0150; found, 300.0156
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rt, 1h HO

S7

5,6-Dihydro-11,12-didehydro-dibenzo[a,e]cycloocten-5-01 (S7). To an oven-dried 10 mL
Schlenk flask under N> that was equipped with a stir bar and septum was added a solution of S6
(304 mg, 0.796 mmol, 1.00 equiv) dissolved in dry DCM (0.5 mL). The DCM was removed in
vacuo and dry THF (7.96 mL) was added. The solution was cooled to 0 °C and a 1.75 M solution
of LDA in THF/heptane/ethylbenzene (59/28/13, v/v) (1.82 mL, 3.18 mmol, 4.00 equiv) was added
dropwise. The resulting solution was stirred for 5 min at 0 °C, then warmed to rt and stirred for 1
h. The reaction solution was slowly quenched with H>O (1.50 mL) and the solvent was removed
in vacuo. The resulting brown oil was purified by silica gel chromatography (25-100% DCM in
hexanes) to yield a white solid (158 mg, 90%). HRMS (CI): Calcd. For [M+H]" 221.0961; found

221.0958
OCHj

12 M aqg. HCI

Y

AcOH/toluene
120 °C, 60 h

PCq(BM

phenyl-Cgi-butyric acid (S8). Phenyl-Cei-butyric acid methyl ester (PCBM) (550 mg, 0.604
mmol, 1.00 equiv) was dissolved in toluene (80 mL) and AcOH (40 mL) in a 350 mL bomb flask.
Then aq. HC1 (12 M, 20 mL) was added. The flask was sealed and heated to 120 °C for 60 h with
vigorous stirring. The mixture was then cooled to rt. The now heterogeneous organic layer was
separated from the aqueous layer and filtered. The resulting brown solid was washed sequentially
with MeOH, acetone, toluene, and Et,O (30 mL each), to afford a brown powder (541 mg, quant).
The product was carried to the next step without further purification. HRMS (ESI-): Calcd. For
C71H1102 [M—H] 895.0765; found, 895.0750.
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S7
PCB-DIBO (S9). To a flame dried 50 mL round-bottom flask equipped with a stir bar was added
S8 (314 mg, 0.350 mmol, 1.00 equiv) and DMAP (53.6 mg, 0.438 mmol, 1.25 equiv). To this flask
was then added CS» (24 mL), DIC (82.4 uL, 0.526 mmol, 1.50 equiv), and a 0.015 M solution of
S7 in CS; (36 mL, 0.526 mmol, 1.50 equiv). The solution was stirred for 19 h at rt. The reaction
solution was quenched with water (5 mL) and extracted with DCM (3 x 10 mL). The organic layers
were washed with water (20 mL) and brine (20 mL), dried over MgSOsa, filtered, and concentrated
in vacuo. The resulting solid was purified by silica gel chromatography (10-40% DCM in hexanes)
to yield a brown solid (184 mg, 48%). MALDI-TOF-MS: Calcd. For Cs7H2202 [M] = 1099.162;
found, 1097.508.
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A1.5 Polymerization and Post-polymerization Modifications

Br S Br iPrMgCl CiMg S Br Br. S MgCl
\q T» \q * \q
eH13 30 min, rt eH13 eH13
(79) (21)

HT
HT monomer activation. In a N>-filled glovebox, 2,5-dibromo-3-hexylthiophene (193 mg, 0.593

mmol, 1.00 equiv) was dissolved in THF (5 mL) in an 8 mL vial equipped with a stir bar. To this
vial was added a 2.10 M solution of iPrMgCl in THF (250 pL, 0.525 mmol, 0.890 equiv) and the
resulting solution was stirred for 30 min at rt. An aliquot (0.1 mL) was quenched with 12 M aq.
HCI (0.1 mL), extracted with CHCI3 (2 x 1 mL), dried over MgSOs, filtered, and analyzed by GC,
showing a mixture of HT regioisomers in a 79:21 ratio and active Grignard concentration of 0.080

M.

Ph,
P /Br
[ N
P/
HaC CH,
CIMg—_S<__Br 83 Sk
\q THF \ //’n
H it 1h
6' 13 ' H
HT P3HT ©

P3HT. In a N»-filled glovebox, to a 50 mL Schlenk flask equipped with a stir bar and septum was
added a 0.080 M solution of HT in THF (5.00 mL, 0.400 mmol, 180 equiv), and additional THF
(25 mL). Outside of the glovebox under N, the solution was cooled to 0 °C and to the flask was
added a 0.85 mM solution of S3 in THF (2.82 mL, 2.2 umol, 1.0 equiv) via syringe pump at 0.26
mL/min. Once catalyst addition was complete, the resulting solution was stirred for 70 min at 0
°C. The polymerization was quenched with 12 M aq. HCI (20 mL) while stirring, then precipitated
into MeOH (100 mL) and the solids were collected on filter paper. Sequential Soxhlet extraction
of the solids with acetone, MeOH, hexane, and CHCl; afforded a purple solid (47 mg, 70%). Mx sec
= 28.1 kg/mol, Manmr = 26.7, B = 1.23, regioregularity = 99%. The M, obtained by SEC is an

overestimation, in reasonable agreement with a previous report.’
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Br S Br iPrMgCl ClMg S Br Br S MgClI
eH13 30 min, rt eH13 eH13
(79) (21)

HT
HT monomer activation. In a N»>-filled glovebox, 2,5-dibromo-3-hexylthiophene (234 mg, 0.719
mmol, 1.00 equiv) was dissolved in THF (6.89 mL) in a 20 mL vial equipped with a stir bar. To
this vial was added a 1.93 M solution of iPrMgCl in THF (298 pL, 0.575 mmol, 0.800 equiv) and
the resulting solution was stirred for 30 min at rt after which the active Grignard concentration was
0.089 M. An aliquot (0.1 mL) of this solution was quenched with 12 M aq. HCI (0.1 mL), extracted
with CHCl;3 (2 x 1 mL), dried over MgSOs, filtered, and analyzed by GC, showing a mixture of

HT regioisomers in a 79:21 ratio and 92% monomer activation.

Br S Br iPrMgCl ClMg S Br Br S MgCl
\W/ - 5 \_/ + \_/
THF
6H12Br 30 min, rt eH12Br eH12Br
(79) (21)

BrHT
BrHT monomer activation. In a N»-filled glovebox, 2,5-dibromo-3-(6-bromohexyl)thiophene
(148 mg, 0.365 mmol, 1.00 equiv) was dissolved in THF (3.53 mL) in an 8 mL vial equipped with
a stir bar. To this vial was added a 1.93 M solution of iPrMgCl in THF (160 pL, 0.309 mmol,
0.850 equiv) and the resulting solution was stirred for 30 min at rt after which the Grignard
concentration was 0.091 M. An aliquot (0.1 mL) was quenched with 12 M aq. HCI (0.1 mL),
extracted with CHCl; (2 x 1 mL), dried over MgSOs, filtered, and analyzed by GC, showing a

mixture of BrHT regioisomers in a 79:21 ratio and 97% monomer activation.

Ph,
P B
N

P/
Ph,
HaC CH,
s3
CIMg— S\ _Br _ CiMg_ S\ _Br > S\ ran—< SN H
q \q THF \ \ /Z 3“
rt, 45 min
T eH13 sH12Br 6H13 sH12Br

ran20g,

/
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ran20g;. In a N>-filled glovebox, to a 25 mL Schlenk flask equipped with a stir bar was added a
0.089 M solution of HT (5.00 mL, 0.445 mmol, 88.0 equiv) in THF, a 0.091 M solution of BrHT
(1.22 mL, 0.111 mmol, 22.0 equiv) and additional THF (20.6 mL). An aliquot (0.10 mL) was
removed for GC analysis. Then to the reaction flask was quickly added a 0.005 M solution of S3
in THF (1.01 mL, 5.05 umol, 1.00 equiv) and the solution was stirred for 45 min at rt. The
polymerization was removed from the glovebox and quenched with 12 M aq. HCI (6 mL) while
stirring. The biphasic mixture was extracted with CHCl3 (3 x 10 mL) and the combined organic
layers were dried over MgSO4 and filtered. An aliquot (0.25 mL) was removed and diluted with
CHCI; for GC analysis. The remaining solution was concentrated in vacuo to yield a purple solid.
The solid was dissolved in a minimal amount of CHCl; and precipitated into cold MeOH and
centrifuged for 15 min. The supernatant was decanted and the solid was re-suspended in cold
MeOH with sonication and centrifuged. This procedure was repeated 3 times. The supernatant was
removed a final time and the remaining pellet was dried in vacuo to yield a purple solid (65 mg,
64%). Mnsec = 18.4 kg/mol, Muxmr = 14.0 kg/mol, D = 1.22, regioregularity = 94%. The M,

obtained by SEC is an overestimation, in reasonable agreement with a previous report.’

CH3 CH3
S S NaN; S S
\_/ ranwl'i THEDME @qraan
eH13 gHioBr 100°C, 20 h eHi3 6H12N3

ran20g, ran20,

ran20ns. To an oven-dried 100 mL RBF was added ran20Br (91 mg, 0.10 mmol, 1.0 equiv Br)
and dry THF (70 mL). The mixture was stirred for 5 min at 60 °C to dissolve the polymer then to
this flask was added DMF (35 mL) and NaN3 (325 mg, 5.00 mmol, 48.0 equiv wrt Br) in one
portion with stirring. The flask was equipped with a reflux condenser and the solution was stirred
under N for 20 h at 100 °C. The flask was cooled to rt and the THF was removed in vacuo. The
polymer was dissolved in a minimal amount of CHCI3, precipitated into cold MeOH (30 mL), and
centrifuged for 15 min. The supernatant was decanted and the polymer was resuspended in MeOH
with sonication and centrifuged. This procedure was repeated 3 times. The supernatant was
removed a final time and the remaining pellet was dried in vacuo to yield a purple solid (83 mg,
95%). Mu,sec = 19.0 kg/mol, Manmr = 14.2, B = 1.42, regioregularity = 99%. The M, obtained by

SEC is an overestimation, in reasonable agreement with a previous report.’
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ran20,, copolymer

ran + ran
CHCI3/o DCB
6H13 6H12N3 Ph dark, 52 h H13

copolymer. To a 100 mL oven-dried round-bottomed flask was added ran20n3 (49.0 mg, 56.0
umol N3, 1.00 equiv N3), CHCI3 (45 mL), 0o-DCB (3 mL), and a stir bar. To this vial was added S9
(79 mg, 72 umol, 1.3 equiv wrt N3). The flask was covered in foil and the solution was stirred
under N; for 52 h at rt. The CHCl3 was then removed in vacuo until only a minimal amount
remained and the polymer was precipitated into cold MeOH. The mixture was cooled for 15 min
at —30 °C and the solids were collected via filtration and purified by sequential Soxhlet extraction
with DCM (19 h), CHCI3 (6.5 h), and CHCI3/CS> (50/50, v/v) (13 h). The polymer was in the
CHCI; fraction and the solvent was removed in vacuo to yield a reddish orange solid (90 mg, 82%).

Mn,SEC =21 kg/mol, b =1.15.

Table A1-1. Characterization data for all copolymer syntheses

M, conversion

functionalization by regioregularity conversion  yield
olymer 'H NMR SEC P 'H NMR
POty HNMR (%) (mol)  (kg/mol)’ (%) %) FTIR (%) (%)
ran20Br 21 14.0 18.4 1.22 94 - - 64
ran20N3 21 14.2 19.0 1.42 99 quant. - 95
copolymer 21 - 21.0 1.15 - quant. 82

@The M, obtained by SEC is an overestimation, in reasonable agreement with a previous report for rod polymers.’

112



A1.6 NMR Spectra
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Figure A1.1 'H and *C NMR Spectra of S1. '"H NMR (500 MHz, CDCl3) § 7.25-7.21 (m, 1H),
6.97-6.87 (m, 2H), 3.40 (t, J = 6.8 Hz, 2H), 2.64 (t,J = 7.7 Hz, 2H), 1.86 (p, J = 7.0 Hz, 2H), 1.64
(p,J = 7.6 Hz, 2H), 1.52—1.42 (m, 2H), 1.41-1.32 (m, 2H). 3C NMR (126 MHz, CDCls) 5 142.84,
128.18, 125.14, 119.88, 33.91, 32.71, 30.30, 30.10, 28.37, 27.95. *unknown impurity
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Figure A1.2 'H and 3C NMR Spectra of S2. 'H NMR (700 MHz, CDCl3) § 6.77 (s, 1H), 3.41 (t,
J= 6.8 Hz, 2H), 2.52 (t, J = 7.6 Hz, 2H), 1.86 (p, J = 7.0 Hz, 2H), 1.56 (p, J = 7.7 Hz, 2H), 1.46
(p, J = 7.7 Hz, 2H), 1.34 (p, J = 7.7 Hz, 2H). 13C NMR (176 MHz, CDCl3) & 142.60, 130.87,

110.44, 108.87, 33.89, 32.64, 29.36, 29.29, 28.16, 27.88.*unknown impurity
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Figure A1.3 'H and *'P NMR Spectra of S3. 'H NMR (500 MHz, CD,Cl,) § 8.21-8.11 (m, 4H),
7.75-7.68 (m, 2H), 7.63—7.50 (m, 6H), 7.50—7.43 (m, 3H), 7.32 (t,J = 7.6 Hz, 1H), 7.23 (t, /= 6.8
Hz, 1H), 7.07 (t, J = 7.9 Hz, 2H), 6.71 (t, J = 9.3 Hz, 2H), 6.58 (dt, /= 21.0, 7.4 Hz, 2H), 6.41 (d,
J =72 Hz, 1H), 2.59-2.49 (m, 1H), 2.49-2.33 (m, 1H), 2.33-2.23 (m, 1H), 2.18 (s, 3H), 1.70—
1.56 (m, 1H). 3'P NMR (202 MHz, CD>Cl») § 55.00 (d, J = 18.3 Hz), 37.28 (d, /= 18.3 Hz).
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Figure A1.4 'H and '3C NMR Spectra of S4. 'H NMR (500 MHz, CDCls) & 8.29 (d, J = 8.0 Hz,
1H), 7.46 (m, 2H), 7.35 (d, J = 7.7 Hz, 1H), 7.28 (m, 2H), 7.21 (m, 2H), 7.02 (m, 2H), 4.06 (s,
2H). 1*C NMR (126 MHz, CDCls) 8§ 196.58, 137.06, 136.43, 135.61, 134.01, 133.42, 132.60,
131.56, 130.76, 129.43, 129.01, 128.20, 127.45, 127.07, 48.60.

116



-

140 1356 130 125

220 200 180 160 140 120 100 80 60 40 20 pme

Figure A1.5 'H and 'C NMR Spectra of S5. 'H NMR (400 MHz, CDCls) & 7.48 (m, 1H), 7.17
(m, 7H), 6.84 (m, 2H), 5.27 (dd, J = 9.6, 6.3 Hz, 1H), 3.45 (dd, J = 13.7, 6.1 Hz, 1H), 3.32 (dd, J
=13.6, 10.2 Hz, 1H). *Acetone, m H,O, A grease. '>*C NMR (100 MHz, CDCls3) § 140.78, 136.79,
136.21, 134.46, 131.63, 131.53, 130.12, 129.91, 129.36, 128.67, 127.40, 127.15, 126.96, 12591,
74.46, 42.59.
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Figure A1.6 'H and '*C NMR Spectra of S6 (a 1:1 mixture of diastereomers). '"H NMR (400 MHz,
CD:Ch) 6 7.74 (d, J = 7.8 Hz, 1H), 7.66 (m, 1H), 7.62 (d, J = 7.0 Hz, 1H), 7.43 (d, /= 7.2 Hz,
1H), 7.23-7.18 (m, 4H), 7.01=7.11 (m, 6H), 6.97 (t, /= 7.2 Hz, 1H), 6.89 (d,.J = 7.4 Hz, 1H), 5.90
(d,J=5.5Hz, 1H), 5.87 (d,J=2.2 Hz, 1H), 5.80 (s, 1H), 5.47 (t, J = 3.2 Hz, 1H), 5.33 (t, /= 5.0
Hz, 2H), 5.17 (s, 1H), 3.75 (dd, J=16.1, 1.2 Hz, 1H), 3.59 (dd, /= 16.4, 6.2 Hz, 1H), 3.10 (dd, J
= 16.1, 3.7 Hz, 1H), 2.85 (d, J = 16.4 Hz, 1H). 3C NMR (100 MHz, CDCls) & 142.40, 139.07,
138.36, 135.11, 134.49, 132.62, 132.35, 132.01, 131.72, 131.28, 130.21, 130.14, 128.93, 128.18,
128.01, 127.90, 127.61, 127.36, 127.22, 126.57, 124.88, 124.58, 122.39, 120.27, 85.40, 80.09,
72.24,70.70, 60.40, 51.31, 46.53, 36.16. *EtOAc
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Figure A1.7 'H and '3C NMR Spectra of S7. "H NMR (500 MHz, CDCl3) § 7.75 (d, J = 7.8 Hz,
1H), 7.48-7.38 (m, 2H), 7.38-7.27 (m, 5H), 4.64 (s, 1H), 3.11 (dd, J = 14.8, 2.2 Hz, 1H), 2.94 (dd,
J=14.7,3.8 Hz, 1H), 2.15 (d, J = 4.4 Hz, 1H). 3C NMR (126 MHz, CDCls) § 155.53, 151.61,
129.62, 128.04, 127.98, 126.97, 126.83, 126.07, 126.06, 124.03, 123.73, 121.21, 112.89, 110.58,
75.23, 48.70. *unknown impurity mH>O
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Figure A1.8 'H NMR Spectrum of S8. 'H NMR (500 MHz, CDCl3/DMSO-d¢/CS> 3:1:1) & 7.84
(d, J = 7.3 Hz, 2H), 7.46 (m, 2H), 7.38 (m, 1H), 2.84 (m, 2H), 2.36 (t, J = 7.6 Hz, 2H), 2.07 (m,
2H). *grease
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Figure A1.9 'H NMR Spectrum of S9. 'H NMR 'H NMR (500 MHz, CDCl3) & 7.99-7.90 (m,
2H), 7.60-7.52 (m, 2H), 7.52—7.46 (m, 2H), 7.37-7.28 (m, 7H), 5.56 (s, 1H), 3.11 (dd, J = 15.2,
2.2 Hz, 1H), 3.04 — 2.94 (m, 2H), 2.73 (t, J = 7.5 Hz, 2H), 2.35-2.23 (m, 2H). *unknown impurity
mDCM oH;O A grease
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Figure A1.10 '"H NMR Spectrum of P3HT. '"H NMR (700 MHz, CDCl3) § 6.98 (s, 1H), 2.80 (t, J
= 7.9 Hz, 2H), 1.75-1.67 (m, 2H), 1.47-1.41 (m, 2H), 1.39-1.30 (m, 4H), 0.94-0.88 (m, 3H).
*cyclohexane, m THF. The inset integrals were used to calculate M, and regioregularity
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Figure A1.11 '"H NMR Spectrum of ran20s:. '"H NMR (700 MHz, CDCls) 6 6.98 (s, 1H), 3.42 (t,
J=6.8 Hz, 0.5H), 2.80 (t, J = 8.2 Hz, 2H), 1.89 (p, J = 7.0 Hz, 0.5H), 1.78-1.67 (m, 2H), 1.60—
1.49 (m, 1H), 1.49-1.39 (m, 2H), 1.38-1.31 (m, 3H), 0.96-0.88 (m, 3H). The inset integrals were
used to calculate Mynmr and to determine regioregularity.
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Figure A1.12 '"H NMR Spectrum of ran20x3. 'H NMR (500 MHz, CDCls) & 6.98 (s, 1H), 3.27 (t,
J=17.0 Hz, 0.5H), 2.80 (t, /= 8.1 Hz, 2H), 1.76—1.60 (m, 2.5H), 1.48-1.29 (m, 6H), 0.98—0.85 (m,
2.5H). *grease. The inset integrals were used to calculate M, nmr and to determine regioregularity.

Figure A1.13 '"H NMR Spectrum of copolymer. (700 MHz, CDCl3) & 7.00-6.85 (m, 1H), 4.70-
4.21 (m, 0.4H), 0.96-0.83 (m, 2.5H)
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A1.7 Fourier-Transform Infrared Spectroscopy

Figure A1.14 Fourier-transform infrared spectra of neat copolymer (red, top) and ran20ns (black,
bottom) showing the disappearance of the azide peak at 2092 cm'!
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A1.8 Size Exclusion Chromatography Traces
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Figure A1.15 Size-exclusion chromatography trace for P3HT
ran20g, ran20y,; copolymer
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Figure A1.16 Size-exclusion chromatography traces for ran20g;, ran20n3, and the copolymer
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Figure A1.17 Size-exclusion chromatography traces for commercially available polymers PTB7
and PTB7-Th. PffBT4T-20D was not soluble in THF and was not characterized via SEC.
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A1.9 Thin Film Preparation for Optical Microscopy

(A) blends without additives

Table A1-2. Quantities of donor polymers, PC71BM, and solvents used to prepare blends without
additives

donor donor mass (mg) PC71BM mass (mg) volume 0-DCB (nL) volume CB (nL)
PTB7 7.711 11.569 771
PTB7-Th 7.585 11.42 759
PffBT4T-20D 6.675 7.992 370 370

PTB7 and PTB7-Th. The donor polymer (PTB7 or PTB7-Th) and PC71BM were weighed into a 4
mL vial in a donor:PC7;BM ratio 1.0:1.5. To this vial was added a stir bar and o-DCB to obtain an

overall photoactive solids concentration of 25 mg/mL. The resulting solution was sonicated at rt
for 15 min and stirred at 60 °C for 16 h. For each solution, an aliquot (100 uL) was spin-casted
onto a glass or fused silica substrate for 120 s at 1000 RPM.

PffBT4T-20D. PffBT4T-20D and PC71BM were weighed into a 4 mL vial in a donor:PC71BM
ratio of 1.0:1.2. To this vial was added a stir bar and CB/o-DCB (50/50 v/v) to obtain an overall
photoactive solids concentration of 19.8 mg/mL. The resulting solution was sonicated at rt for 15
min, stirred at 60 °C for 16 h, and stirred an additional 2 h at 110 °C. An aliquot (100 pL) of the
solution was spin-cast onto hot glass or fused silica substrates (heated to 110 °C until loading onto

spin-coater) for 180 s at 800 RPM.

(B) blends with copolymer

Table A1-3. Quantities of donor polymers, PC71BM, and copolymer stock solution used to
prepare blends with copolymer

volumer copolymer volume
donor donor mass (mg) PC71BM mass (mg) stock solution (pL) 0-DCB (uL)
PTB7 4.971 9.347 603 19.5
PTB7-Th 4.851 9.082 588 16.5
PffBT4T-20D 5.577 8.278 760
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PTB7 and PTB7-Th. The donor polymer (PTB7 or PTB7-Th) and PC71BM were weighed into a 4

mL vial. To this vial was added a stir bar, a 2.06 mg/mL solution of the copolymer in o-DCB, and
0-DCB to obtain a resulting solution with a polymer:PC71BM ratio of 1.0:1.5 and overall
photoactive solids concentration of 25 mg/mL. The resulting solution was sonicated at rt for 15
min and stirred at 60 °C for 16 h. For each solution, an aliquot (100 puL) was spin-casted onto a

glass or fused silica substrate for 120 s at 1000 RPM.

PffBT4T-20D. PffBT4T-20D and PC71BM were weighed into a 4 mL vial. To this vial was added
a stir bar and a 1.58 mg/mL solution of the copolymer in 0o-DCB/CB (50/50 v/v) to obtain a solution
with a polymer:PC71BM ratio of 1.0:1.2 and an overall photoactive solids concentration of 19.8
mg/mL. The resulting solution was sonicated at rt for 15 min and stirred at 60 °C for 16 h and an
additional 2 h at 110 °C. An aliquot (100 pL) of the solution was spin-cast onto hot glass or fused
silica substrates (heated to 110 °C until loading onto spin-coater) for 180 s at 800 RPM.

(C) blends with diiodooctane (DIO)

Table A1-4. Quantities of donor polymers, PC71BM, and solvents used to prepare blends with
DIO

donor donor PC71BM volume volume volume
mass (mg) mass (mg) o-DCB (pL) CB (pL) DIO (pL)
PTB7 10.115 15.127 979 30.0
PTB7-Th 10.053 15.185 979 30.0
PHfBT4T-20D 6.776 8.143 365 365 19.0

PTB7 and PTB7-Th. The donor polymer (PTB7 or PTB7-Th) and PC71BM were weighed into a 4
mL vial in a donor:PC7BM ratio 1.0:1.5. To this vial was added a stir bar, and 0o-DCB, and DIO

to obtain an overall photoactive solids concentration of 25 mg/mL. The resulting solution was
sonicated at rt for 15 min and stirred at 60 °C for 16 h. For each solution, an aliquot (100 uL.) was
spin-casted onto a glass or fused silica substrate for 120 s at 1000 RPM.

PffBT4T-20D. PffBT4T-20D and PC71BM were weighed into a 4 mL vial in a PffBT4T-
20D:PC71BM ratio of 1.0:1.2. To this vial was added a stir, o-DCB, and CB. The resulting solution
was sonicated at rt for 15 min, stirred at 60 °C for 16 h, and stirred for an additional 2 h at 110 °C.

To the hot solution was added DIO 10 minutes prior to spin-casting, yielding an overall photoactive
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solids concentration of 19.9 mg/mL. An aliquot (100 pL) of the solution was spin-cast onto hot
glass or fused silica substrates (heated to 110 °C until loading onto spin-coater) for 180 s at 800
RPM.

PTB7 PTB7-Th PffBT4T-20D

area %

104 0wt%
4 wt%
8wt%
n. /.\
T J T T T T T T L T T
0 50 100 150 0 50 100 150 0 50 100 150
annealing time at 200 °C (min) annealing time at 200 °C (min) annealing time at 200 °C (min)

Figure A1.18 The effect of copolymer loading on aggregate area percent for thin film blends of
PTB7 (red, left), PTB7-Th (blue, center), or PffBT4T-20D (black, right) blended with PC71BM.
The copolymer loading was 0 wt% (solid), 4 wt% (long dashes), or 8 wt% (short dashes) in each
case

(D) blends with copolymer and DIO

Table A1-5. Quantities of donor polymers, PC71BM, copolymer stock solution, and solvents
used to prepare blends with the copolymer and DIO

donor donor PC71BM volume copolymer volume
mass (mg) mass (mg) stock solution (pL) DIO (uL)
PTB7 4.677 8.787 567 18.5
PTB7-Th 4578 8.568 555 17.0
PHfBT4T-20D 5.561 8.131 729 23.0

PTB7 and PTB7-Th. The donor polymer (PTB7 or PTB7-Th) and PC71BM were weighed into a 4

mL vial. To this vial was added a stir bar and a 2.06 mg/mL solution of copolymer in 0-DCB to
obtain a resulting solution with a polymer:PC71BM ratio of 1.0:1.5. The resulting solution was
sonicated at rt for 15 min and stirred at 60 °C for 16 h. To the hot solution was added DIO 10 min

prior to spin-casting, yielding an overall photoactive solids concentration of 25 mg/mL. For each
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solution, an aliquot (100 puL) was spin-casted onto a glass or fused silica substrate for 120 s at 1000

RPM.

PffBT4T-20D. PffBT4T-20D and PC71BM were weighed into a 4 mL vial. To this vial was added
a stir bar and a 1.58 mg/mL solution of the copolymer in 0o-DCB/CB (50/50 v/v) to obtain a solution
with a polymer:PC71BM ratio of 1.0:1. The resulting solution was sonicated at rt for 15 min and
stirred at 60 °C for 16 h and an additional 2 h at 110 °C. To the hot solution was added DIO 10
min prior to spin casting, yielding an overall photoactive solids concentration of 19.8 mg/mL. An
aliquot (100 pL) of the solution was spin-cast onto hot glass or fused silica substrates (heated to

110 °C until loading onto spin-coater) for 180 s at 800 RPM.

(E) blends with P3HT

Table A1-6. Quantities of donor polymers, PC71BM, and P3HT stock solution used to prepare
blends with P3HT

volume P3HT volume o-
donor donor mass (mg) PC71BM mass (mg) stock solution (uL) DCB (L)
PTB7 4.922 9.241 596 19.5
PTB7-Th 4.950 9.284 600 19.0
PffBT4T-20D 5.519 8.204 753

PTB7 and PTB7-Th. The donor polymer (PTB7 or PTB7-Th) and PC71BM were weighed into a 4
mL vial. To this vial was added a stir bar, a 2.06 mg/mL solution of P3HT in 0-DCB, and o-DCB

to obtain a resulting solution with a polymer:PC71BM ratio of 1.0:1.5 and overall photoactive
solids concentration of 25 mg/mL. The resulting solution was sonicated at rt for 15 min and stirred
at 60 °C for 16 h. For each solution, an aliquot (100 puL) was spin-casted onto a glass or fused

silica substrate for 120 s at 1000 RPM.

PffBT4T-20D. PffBT4T-20D and PC71BM were weighed into a 4 mL vial. To this vial was added
a stir bar and a 1.58 mg/mL solution of P3HT in o-DCB/CB (50/50 v/v) to obtain a solution with
a polymer:PC71BM ratio of 1.0:1.2 and an overall photoactive solids concentration of 19.8 mg/mL.
The resulting solution was sonicated at rt for 15 min and stirred at 60 °C for 16 h and an additional
2 hat 110 °C. An aliquot (100 pL) of the solution was spin-cast onto hot glass or fused silica
substrates (heated to 110 °C until loading onto spin-coater) for 180 s at 800 RPM.
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(F) blends with P3BHT

Table A1-7. Quantities of donor polymers, PC71BM, and P3HT stock solution used to prepare
blends with P3HT

donor donor mass (mg) PC71BM mass (mg) . to‘;(l)(h;:lllel tIi)::I(’ftL) B%%HEEE;
PTB7 4.922 9.241 596 19.5
PTB7-Th 4.950 9.284 600 19.0
PffBT4T-20D 5.519 8.204 753

PTB7 and PTB7-Th. The donor polymer (PTB7 or PTB7-Th) and PC71BM were weighed into a
4 mL vial. To this vial was added a stir bar, a 2.06 mg/mL solution of P3HT in 0-DCB, and o-

DCB to obtain a resulting solution with a polymer:PC7:BM ratio of 1.0:1.5 and overall
photoactive solids concentration of 25 mg/mL. The resulting solution was sonicated at rt for 15
min and stirred at 60 °C for 16 h. For each solution, an aliquot (100 pL) was spin-casted onto a

glass or fused silica substrate for 120 s at 1000 RPM.

PffBT4T-20D. PffBT4T-20D and PC7:BM were weighed into a 4 mL vial. To this vial was
added a stir bar and a 1.58 mg/mL solution of P3HT in 0-DCB/CB (50/50 v/v) to obtain a
solution with a polymer:PC71BM ratio of 1.0:1.2 and an overall photoactive solids concentration
of 19.8 mg/mL. The resulting solution was sonicated at rt for 15 min and stirred at 60 °C for 16 h
and an additional 2 h at 110 °C. An aliquot (100 pL) of the solution was spin-cast onto hot glass
or fused silica substrates (heated to 110 °C until loading onto spin-coater) for 180 s at 800 RPM.
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Table A1-8. Summary of the blend ratios and solvents used in donor:acceptor thin film blends

o-
i polymer:solid polymer:PC7BM [solids]
additive donor additive:PC71BM mass ratio mass ratio DCB/CB/DIO (mg/mL)
(viviv)
PTB7 40:0:60 1.0:1.5 100/0/0 25
(A) without PTB7-Th 40:0:60 1.0:1.5 100/0/0 25
additives _
PﬁzEggT 45:0:55 1.0:1.2 50/50/0 19.8
PTB7 32:8:60 1.0:1.5 100/0/0 25
(B) copolymer |__PTB7-Th 32:8:60 1.0:1.5 100/0/0 25
PffBT4T- . ]
20D 37:8:55 1.0:1.2 50/50/0 19.8
PTB7 40:0:60 1.0:1.5 97/0/3 25
(C) DIO PTB7-Th 40:0:60 1.0:1.5 97/0/3 25
PﬁzEggT‘ 45:0:55 1.0:1.2 48.5/48.5/3 19.9
PTB7 32:8:60 1.0:1.5 97/0/3 25
(D) copolymer | PTB7-Th 32:8:60 1.0:1.5 97/0/3 25
and DIO
PHBT4T- 37:8:55 1.0:1.2 48.5/48.5/3 19.8
20D
PTB7 32:8:60 1.0:1.5 100/0/0 25
(E) P3HT PTB7-Th 32:8:60 1.0:1.5 100/0/0 25
PffBT4T- . ]
20D 37:8:55 1.0:11.2 50/50/0 19.8

(F) blends of PC7:BM with copolymer or P3HT

copolymer. To a4 mL vial was added a stir bar, PC71BM (13.413 mg), and a 1.58 mg/mL solution
of the copolymer in o-DCB/CB (50/50 v/v) (736 uL) to obtain a solution with polymer:PC7:BM
ratio of 8:92 and an overall photoactive solids concentration of 19.8 mg/mL. The resulting solution
was stirred at 60 °C for 18 h. An aliquot (100 pL) of the solution was spin-cast onto a glass
substrate for 120 s at 1000 RPM.

P3HT. To a4 mL vial was added a stir bar, PC71BM (12.556 mg), and a 1.58 mg/mL solution of
P3HT in 0-DCB/CB (50/50 v/v) (689 puL) to obtain a solution with polymer:PC7:BM ratio of 8:92
and an overall photoactive solids concentration of 19.8 mg/mL. The resulting solution was stirred
at 60 °C for 18 h. An aliquot (100 pL) of the solution was spin-cast onto a glass substrate for 120
s at 1000 RPM.

Thin film annealing
After spin-casting, all films were dried in vacuo for 24 h. The films were then annealed at 200 °C

in vacuo, unless otherwise noted.
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A1.10 Optical Microscopy Images of Thin Films
(A) without copolymer

0 min 30 min 60 min

90 min 180 min

Figure A1.19 Optical microscopy images of PTB7:PC71BM films annealed at 200 °C for a given
time. Scale bars represent 30 pum.
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0 min 30 min 7 o 60 min

Gl : ; £
Figure A1.20 Optical microscopy images of PTB7-Th:PC71BM films annealed at 200 °C for a
given time. Scale bars represent 30 pm

0 min

2 ¥
¢ Ao

Figure A1.21 Optical microscopy images of PffBT4T-D:P71BMlﬁlms annealed at 200 °C for
a given time. Scale bars represent 30 pm
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(B) films with 8 wt% copolymer
0 min 30 min 60 min

90 min ) 180 min

Figure A1.22 Optical microscopy images of PTB7:PC71BM films with 8 wt% copolymer annealed
at 200 °C for a given time. Scale bars represent 30 pm

0 min 30 min 7 7 60 min 7

90 mi 7 ) 180 min B

Figure A1.23 Optical microscopy images of PTB7-Th:PC7:BM films with 8 wt% copolymer
annealed at 200 °C for a given time. Scale bars represent 30 pm
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0 min 30 min - 60min

90 min 180 min

Figure A1.24 Optical microscy images of PffBT4T-2()‘].):PC7'1Bﬂ}I films with 8 Wt% copolymer
annealed at 200 °C for a given time. Scale bars represent 30 pm

(C) films with 4 wt% copolymer
0 min 30 min 60 min

Figure A1.25 Optical microscopy images of PTB7:PC7:BM ﬁls with 4 wt% copolymer annealed
at 200 °C for a given time. Scale bars represent 30 um
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Figure A1.26 Optical microscopy images of PTB7-Th:PC71BM fil
annealed at 200 °C for a given time. Scale bars represent 30 um
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Figure A1.27 Optical microscopy images of PffBT4T-20D:PC71BM films with 4 wt% copolymer

annealed at 200 °C for a given time. Scale bars represent 30 um.
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(D) films with DIO
0 min 30 min 60 min

90 min 180 min

Figure A1.28 Optical microscopy images of PTB7:PC7:BM films with 3 vol% DIO annealed at
200 °C for a given time. Scale bars represent 30 um

0 min 30 min 60 min

90 min B 180 min

Figure A1.29 Optical microscopy images of PTB7-Th:PC71BM films with 3 vol% DIO annealed
at 200 °C for a given time. Scale bars represent 30 pum.
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(D) films with copolymer and DIO

Figure A1.31 Optical microscopy images of PTB7:PC71BM films with 8 wt% copolymer and 3
vol% DIO annealed at 200 °C for a given time. Scale bars represent 30 um

0 min 7 ; 307mi|17 7 60 min

90 min 180 min 7

Figure A1.32 Optical microscopy images of PTB7-Th:PC71BM films with 8 wt% copolymer and
3 vol% DIO annealed at 200 °C for a given time. Scale bars represent 30 um
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0 min _ 30 min _ 60 min _

Figure A1.33 Optical microcc;py images of PffB4T-ZOl].):PC7iBM films with 8 wt% copolymer
and 3 vol% DIO annealed at 200 °C for a given time. Scale bars represent 30 pym

0 min 8h 14 h 24h

with DIO

with DIO
and copolymer

Figure A1.34 Optical microscopy images of PffBT4T-20D:PC7BM films with 3 vol% DIO
(top) and with 3 vol% DIO and 8 wt% copolymer (bottom) annealed at 150 °C under N. Scale
bars represent 30 um
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(F) films with P3HT
0 min

Figure A1.35 Optical ﬁlicroscopy images of PTB7:PC71BM films with
200 °C for a given time. Scale bars represent 30 um

8 .wt% P3HT annealed at

0 min 7 30 min 60 min

at 200 °C for a given time. Scale bars represent 30 um
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Figure A1.37 Optlcal mlcroscopy images of PffBT4T-20D:PC7:BM films with 8 wt% P3HT
annealed at 200 °C for a given time. Scale bars represent 30 um

(G) blends of PC7:BM with copolymer or P3HT

0 min 180 min

8 wt%
copolymer

0 min 180 min

8 wt%
P3HT

Figure A1.38 Optical microscopy images of PC71BM films with 8 wt% copolymer (top) or P3HT
(bottom) annealed at 200 °C for a given time. Scale bars represent 30 um
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A1.11 Surface Contact Angle Data
Thin film preparation

PTB7. To a 4 mL vial equipped with a stir bar was added PTB7 (6.917 mg) and 0o-DCB (277 pL)
to yield a final solution with a concentration of 25 mg/mL. The resulting solution was stirred at 60
°C for 18 h. An aliquot of hot solution (100 pL) was spin-cast onto a fused silica substrate at 1000
RPM for 120 s.

PTB7-Th. To a 4 mL vial equipped with a stir bar was added PTB7-Th (6.530 mg) and 0o-DCB
(261 pL) to yield a final solution with a concentration of 25 mg/mL. The resulting solution was

stirred at 60 °C for 18 h. An aliquot of hot solution (100 uL) was spin-cast onto a fused silica
substrate at 1000 RPM for 120 s.

PffBT4T-20D.To a 4 mL vial equipped with a stir bar was added PffBT4T-20D (6.013 mg) and
0-DCB (300 pL) to yield a final solution with a concentration of 20 mg/mL. The resulting solution
was stirred at 60 °C for 18 h and at 110 °C for an additional 1.5 h. An aliquot of hot solution (100
uL) was spin-cast onto a fused silica substrate at 1500 RPM for 120 s.

PC71BM. To a4 mL vial equipped with a stir bar was added PC71BM (6.397 mg) and CHCI3 (256
uL) to yield a final concentration of 25 mg/mL. The resulting solution was stirred at 60 °C for 18

h. An aliquot of hot solution (100 pL) was spin-cast onto a fused silica substrate at 1000 RPM for
120 s.

Copolymer. To a 4 mL vial equipped with a stir bar was added the copolymer (3.204 mg) and o-
DCB (214 pL) to yield a final concentration of 15 mg/mL. The resulting solution was stirred at 60
°C for 18 h. An aliquot of hot solution (100 pnL) was spin-cast onto a fused silica substrate at 1000
RPM for 120 s.

P3HT. To a4 mL vial was added P3HT (0.551 mg) and 0-DCB (344 pL) to give a 1.60 mg/mL
solution. This solution was stirred for 16 h at 60 °C starting at 18:30.
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Surface contact angle measurements

PTB7 PTB7-Th PHBT4T-20D PC,,BM copolymer

—

glycerol

water

Figure A1.3§ Surface contact angles for PTB7, PTB7-Th, PffBT4T-2OD; PC71BM, and the
copolymer.

Table A1-9 Water and glycerol contact angles for thin films of the donor polymers, the
copolymer, and PC71BM.

water glycerol
compound
contact angle contact angle

PTB7 99 +2° 91+1°

PTB7-Th 101 £ 3° 91+2°

PffBT4T-20D 108 + 2° 97 £ 2°

PC7:BM 90 +2° 78 £2°

copolymer 98 + 1° 84 +1°
P3HT 108.3 £ 0.5° 96.4 +£0.7°

Table A1-10 Surface energies for thin films of the donor polymers the copolymer, and PC71BM

compound  y¢ (mj/m?)  yP(mjim?) yiot@(mjim?)
PTB7 14 7.9 21.9
PTB7-Th 15 6.4 214
PffBT4T-20D 15 4.2 19.2
PC71BM 18 10 28.0
copolymer 23 4.8 27.8
P3HT 18 2.8 20.7
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Surface energy calculations

The polar and dispersive components of the surface energy for each material (i) were calculated
with the Wu harmonic mean method (Eq 1).>* Literature values were used for the surface energy

of water and glycerol.?

dd 4 P\P
AV LAY
virve vy ™)
a3y | AoV
varve oy

y,(cosB+1)=

+

y,(cos8+1)=

where y; = 72.8 mJ/m? (water), and y> = 64.0 mJ/m? (glycerol)

The polar and dispersive components of the surface energy were used to calculate the total surface

energy with Eq 2:°
=y +yP (2)

Table A1-11 Interfacial surface energies for each donor polymer, PC71BM, or the copolymer
with each of the other blend components

Ypolymer-PCBM Ydonor-copolymer YPCBM-copolymer

compound (mj/m?) (mj/m?) (mj/m?)
PTB7 0.586 0.548 i
PTB7-Th 0.688 0.647 i
PHBTAT-20D 1.24 118 i
PC//BM i : 0.000615

Table A1-12 Interfacial surface energies for each donor polymer, PC71BM, or P3HT with each
of the other blend components

Ypolymer-PCBM Ydonor-P3HT YPCBM-P3HT
compound T L2 (mij/m?) (mj/m?)
PTB7 0.586 0.0201 -
PTB7-Th 0.688 0.00601 -

PffBT4T-20D 1.24 0.0438 -
PC71BM - - 0.821
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Interfacial surface energy calculations

The interfacial surface energy between two components (i, /) was calculated with Eq 3:°

2
Vi =Yty 2 /YiVje-B(Yi_Yj) B=1.15x10" (3)

Table A1-13 Wetting coefficients for the copolymer in various donor:PC71BM blends

donor copolymer wc P3HT wc
PTB7 -0.94 1.37
PTB7-Th -0.94 1.19
PffBT4T-20D -0.96 0.63

Wetting coefficient calculations

The wetting coefficient for the copolymer as the third component (k) in a three-component

mixture (i, j, k) was calculated with Eq 4:1°

(Yk-j_yk-i)
Vi

k

Table A1-14 Flory-Huggins interaction parameters calculated from surface energies of the
copolymer with various donors and acceptors

material yi°tal(mj/m?) Xi.copolymerK
PTB7 21.9 0.36
PTB7-Th 214 0.50
PffBT4T-20D 19.2 0.87
PCz1BM 28.0 0.0036
copolymer 27.8 -

Flory-Huggins interaction parameter (y) calculations

The Flory-Huggins interaction parameter () between the copolymer and the different blend
components can be estimated by taking advantage of the relationship between the surface energy

(v) and the Hildebrand solubility parameter (3) (Eq 5):

5=AVY ()

145



where A is a proportionality constant (e.g., 116 x10° m'"? for P3HT).!!!2

The relationship between the Flory-Huggins interaction parameter () and Hildebrandt solubility

parameters of the copolymer and a blend component, , is shown in Eq 6:

V 2
Xcopolymer,i= R_?I' (6copolymer'6i) (6)

where Vy is the molar volume of the copolymer.

Substituting Eq 5 into Eq 6 yields Eq 7:!2

X= K( /vcopolymer-\/; )2 (7)
VoA

2
R Reporting the Flory-Huggins interaction parameter in terms of K enables

where K=

numerical values to be generated without determining the molar volume of the copolymer

segment (Vo).
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A1.12 Differential Scanning Calorimetry

0 wt% copolymer 8 wt% copolymer
A B
15t cycle 1t cycle
&) )
g 5
g g
= [
'§ 2d cycle “.;, 2" cycle
= K=
exo I I I exo . . I
up 0 100 200 300 up 0 100 200 300
temperature (°C) temperature (°C)

Figure A1.40 DSC thermograms PffBT4T-20D:PC71BM blends with (A) 0 wt% or (B) 8 wt%
copolymer showing both the first cycle (black) and the second cycle (red). The melting point for
PC71BM (T, = 318 °C) is evident only on the 1% heating cycle and PC71BM crystallization is not
observed from the melt

Figure A1.41 Thermogram of the 2™ cycle for PC7:BM blended with 0 wt% (black) or 8 wt%
(red) copolymer. Arrows indicate direction of heating (pointing right) and cooling (pointing left).
No PC71BM crystallization is observed
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Figure A1.42 Thermograms of the 2™ cycle for neat PTB7 (left), PTB7-Th (middle), and
PffBT4T-20D (right)

148



A1.13 Photocurrent and Device Performance Data

Figure A1.43 Energy level diagram for the active layer materials PffBT4T-20D (grey),"?
copolymer (purple),' and PC7:BM (black).!'

Figure A1.44 (A) Inverted structure of bulk heterojunction solar cell device and (B) structure of
samples for triboindentation measurements; Ag paste connects the ITO layer to the copper stage.

149



Figure A1.45 Representative current-voltage data for the bulk he terojunction devices. The device
active layer is composed of PffBT4T-20D:PC71BM blend with (A) 0 wt% and (B) 8 wt%
copolymer additives. Thermal annealing at 150 °C for 0 min (black), 30 min (orange), 60 min
(yellow), 90 min (green), 180 min (blue, B only)
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Figure A1.46 Performance data for bulk heterojunction devices with active layers composed
PffBT4T-20D:PC71BM blend with 0 wt% (black circles) or 8 wt% (red circles) copolymer. (A)
power conversion efficiency (PCE), (B) fill factor (FF) (C) short circuit current (Jsc), (D) open
circuit voltage (Voc) (E) series resistance (Rs) as a function of annealing time at 150 °C. Each
data point represents an average of six measurements obtained from three different devices
fabricated on two different substrates
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Table A1-15 All measured parameters for annealed bulk heterojunction devices with active
layers composed PffBT4T-20D:PC71BM blend with or without copolymer

Annealin Jsc Voc Rs Rsh
copolymer o e time PCE(%)  FF o Jem) (V) @xem?)  (Qxcm?)
not annealed 93+£02 0700 183203 0.7x£0.0 42+11 808.8 £ 360.8
150 °C, 30min 26+0.2 06+00 107%+01 04%0.0 3.8+0.6 1995274
0 wt% 150 °C, 60min 2.5+ 0.1 05+00 114201 04x0.0 55+15 166.0 £ 17.7
150 °C,90min 2.0+04 05+£00 100%£0.2 04+0.1 69+24 168.9 + 26.6
150 °C, 180min fully degraded
not annealed 6.0+£02 06+00 14407 0.7x£0.0 7.7+17 4544 + 52.3
150 °C, 30min 29%0.2 0.5%+0.0 8405 0.7+£0.0 121 +6.5 279.8 129
8 wt% 150 °C, 60min 2.8 £ 0.1 0.5+£0.0 81+£0.2 0.7+£0.0 10.5+£29 281.3 £ 20.1
150 °C, 90min 3405 05x0.0 9.2+£0.9 0.7+£0.0 11.2+£1.5 256.7 £ 13.3
150 °C, 180min 3.2%04 05%0.0 8.7+£0.6 0.7+£0.0 57+15 306.1 £ 11.1
0 wt% 200 °C. 90min 0.6+0.1 0.6+£0.0 1.8+0.3 06+£0.0 553+£123 -
8 wt% ’ 05+£00 05x0.0 2.3+£0.2 0.5+£0.0 46.8 4.6 -
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A1.14 Optical Microscopy Images of Devices

0 wt%
copolymer

8 wt%
copolymer

Figure A1.47 Optical microscopy images of PffBT4T-20D:PC71BM devices with 3 vol% DIO
annealed for 0 min (A, C) or 90 min (B, D) at 200 °C with 0 wt% (top) or 8 wt% (bottom)

copolymer.

0 min 10 min 30 min

60 min 90 min 180 min

Figure A1.48 Optical microscopy images of PffBT4T-20D:PC7:BM devices with 3 vol% DIO
annealed at 150 °C for a given time. Scale bars represent 30 um
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0 min 10 min 30 min

60 min 90 min 180 min

Figure A1.49 Optical microscopy images of PffBT4T-20D:PC7:BM devices with 8§ wt%
copolymer and 3 vol% DIO annealed at 150 °C for a given time. Scale bars represent 30 pm
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A1.15 UV-vis Spectroscopic Data

Figure A1.50 A) UV-vis spectra of films of PffBT4T-20D (red), PC71BM (blue), and copolymer
(black). B) Uncorrected UV-vis spectra of films of PffBT4T-20D:PC7:BM with 0 (black) or 8
(red) wt% copolymer

A1.16 Energy-Filtered Transmission Electron Microscopy (EF-TEM) Images

Thin film preparation

PEDOT:PSS coated substrates. An aliquot of PEDOT:PSS (100 pL, 3—4% suspension in H>O)
was spin-cast onto a glass substrate at 2000 RPM for 120 s.

Blends with DIO or DIO and copolymer. Blend solutions were prepared as described for optical
microscopy (S27-S28). Solutions were spin-cast onto hot PEDOT:PSS-coated substrates (heated
to 110 °C before loading onto spin-coater) at 800 RPM for 180 s. Immediately after spin-casting
the films were delaminated from the substrates by removing a section of film at substrate edge
with a razor blade then submerging the scraped substrate in deionized water at a ~15° angle. The
delaminated film was lifted onto a 400-mesh Pure-C on copper TEM grid and dried for 24 h in

vacuo before analysis.
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EF-TEM images

0 min 10 min

0 wt%
copolymer

Figure A1.51 EF-TEM images for PffBT4T-20D:PC7:BM thin film blends with 0% (top) or with
(bottom) 8 wt% copolymer and before (left) or after (right) annealing at 150 °C for 10 min
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A2.1 Structures and Abbreviations

Soluble Mediators

— — |
N\ 7/ N\
S

[Bn-bpy-Me2*][PF¢ |2 FcR

PFg~ ' PFg

[Bn-bpy-Me*][PFs ] [FeR*][PF¢]

Insoluble beads

xPS-Cl1 xPS-FcR

N@—@N—CHS
PFs~ PFg™
[xPS-bpy-Me?'][PFs ]2
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A2.2 Materials

4,4'-Dipyridyl, iodomethane, benzyl bromide, ammonium hexafluorophosphate (NH4PFj),
ferrocene carboxylic acid, diisopropylethylamine, and silver hexafluorophosphate were purchased
from Sigma Aldrich and used without further purification. Methyl ferrocenecarboxylate (FecR) was
purchased from Ambeed and used after sublimation. Merrifield resin (poly(chloromethylstyrene-
co-styrene-co-divinylbenzene) (200400 mesh, 3.5-4.5 mmol/g CI, 1% cross-linked) (xPS-CI)
was purchased from Sigma Aldrich. Dichloromethane (DCM), ethyl acetate (EtOAc), methanol
(MeOH), acetonitrile (MeCN), dimethylformamide (DMF), and diethyl ether (Et:O) were

purchased from Sigma Aldrich or Fisher and used without purification.

A2.3 Materials Characterization

NMR Spectroscopy — 'H and '3C NMR spectra for all compounds were acquired at rt. Chemical
shift data are reported in units of 6 (ppm) relative to tetramethylsilane (TMS) and referenced with
residual solvent. Multiplicities are reported as follows: singlet (s), doublet (d), doublet of doublets

(dd), triplet (t), quartet (q), multiplet (m).

Element Analysis (EA) — EA was performed by Midwest Microlab. EA for xPS-Cl was C:

78.27%, H: 6.66%, Cl: 14.87%, indicating that 1 g of xPS-Cl has 4.2 mmol of Cl. This number

was used for further measurements of functionalized beads.

Infrared Spectroscopy (IR) — IR data were recorded using a Thermo Scientific Nicolet IS50 FT-

IR spectrometer.
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Raman Spectroscopy — Raman data were recorded using a Renishaw inVia Raman microscope
equipped with a RenCam CCD detector, a 785 nm diode laser, 1200 lines/mm grating, and a 65
um slit. Spectra were analyzed using the WiRE 3.4 software package and calibrated using a silicon

standard.

Swelling Measurement — Optical Microscopy — Before measurements, the beads were dried
under vacuum. The crosslinked polymer beads were soaked in MeCN or DMF for 60 min then
examined while still in the solvent, using a microscope slide and a cover slip to contain the solvent,
using a Leica DMCB optical microscope with a 10x objective lens. Images were recorded with an
attached QICAM Fast 1394 digital video camera. Similar images of pristine beads were collected.

The average diameter was calculated by ImageJ from over 300 beads before and after soaking.

Swelling Measurement — Volumetric Change — In an NMR tube, a precisely measured mass
(~100 mg) of polymer beads was added, and the height was measured and used for calculating the
volume change upon swelling using conversion factor 1 cm height = 130 pL. The height of the

beads was recorded before and after soaking in MeCN or DMF for 60 min.
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A2.4 Synthetic Procedures

N N > N +N-CHj
N /7 N\ DCM /2R

reflux I~
2h

[bpy-Me*][I"]
[bpy-Me*][I7]. (This is a slight modification of a reported procedure.") In an oven-dried 100 mL
round-bottom flask, a mixture of 4,4'-dipyridyl (784 mg, 5.02 mmol) and iodomethane (0.41 mL,
6.6 mmol, 1.3 equiv.) in DCM (10 mL) was stirred at reflux under N> for 2 h, during which time
a yellow precipitate formed. After cooling to rt, the yellow precipitate was collected and washed
with EtOAc (2 x 50 mL) and Et;O (2 x 50 mL). The solid was recrystallized from MeOH to yield
[bpy-Me*][I7] as a yellow powder (1.13 g, 75% yield). "H NMR (401 MHz, DMSO-de) 6 9.15 (d,
J= 6.5 Hz, 2H), 8.91 — 8.82 (m, 2H), 8.67 — 8.58 (m, 2H), 8.08 — 8.00 (m, 2H), 4.39 (s, 3H). 13C

NMR (126 MHz, DMSO-ds) 6 152.29, 151.48, 146.61, 141.29, 125.40, 122.32, 48.05.

©/\Br
-G - L -
N /N 3
- MeCN N{' / \ "/'N—CH3

| reflux
24 h Br I~

[bpy-Me*][I] [Bn-bpy-Me?*1[Br][I"]

[Bn-bpy-Me**][Br][I7]. (This is a modified version of a reported procedure.?) In an oven-dried
100 mL round-bottom flask, a mixture of [bpy-Me*][I"] (415.7 mg, 1.395 mmol) and benzyl
bromide (285 mg, 1.67 mmol, 1.2 equiv.) in MeCN (20.0 mL) was stirred at reflux for 24 h, during
which time a red precipitate formed. After cooling to rt, the red precipitate was collected and

washed with EtOAc (2 x 100 mL). The red powder was collected to yield [Bn-bpy-Me?*][Br ][I~
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1 (561 mg, 86% yield). 'H NMR (401 MHz, DMSO-d) 8 9.60 (d, J = 6.7 Hz, 2H), 9.33 (d, /= 6.6
Hz, 2H), 8.90 — 8.72 (m, 4H), 7.72 — 7.60 (m, 2H), 7.52 — 7.40 (m, 3H), 6.01 (s, 2H), 4.46 (s, 3H).
13C NMR (126 MHz, DMSO) § 149.54, 148.60, 147.04, 146.19, 134.70, 129.97, 129.73, 129.49,

127.55, 126.67, 63.65, 48.49.

Q e Q
- A OME—1:1 - ~ +N—CH
N \ “N-CHy H,0:DMF=1:1 N@—@N 3

+
} / _ rt
Br ' PFe™ PFe”
[Bn-bpy-Me2*][Br-][I"] [Bn-bpy-Me?*][PFs7],

[Bn-bpy-Me**|[PF¢]2. In a 20 mL vial, [Bn-bpy-Me**][Br][I"] (100 mg, 0.214 mmol) was
dissolved in a 1:1 mixture of deionized water (2.5 mL) and DMF (2.5 mL). This homogenous
solution was added dropwise via syringe into another 20 mL vial containing excess NH4PFs (192
mg, 1.18 mmol, 5.5 equiv.) in water (10 mL). A yellow precipitate formed instantly. The yellow
solid was collected by filtration and then washed with water (2 x 50 mL). The solid was dried
under vacuum to obtain [Bn-bpy-Me?*][PFs ]2 as a yellow solid (118 mg, 97% yield). 'H NMR
(401 MHz, DMSO-ds) 6 9.50 (d, J = 5.1 Hz, 2H), 9.26 (d, J = 6.6 Hz, 2H), 8.81 — 8.67 (m, 4H),
7.60 (d, J= 6.5 Hz, 2H), 7.47 (m, J = 7.8 Hz, 3H), 5.94 (s, J = 3.9 Hz, 2H), 4.51 — 4.36 (s, 3H).
3C NMR (126 MHz, DMSO) & 149.67, 148.73, 147.02, 146.18, 134.58, 130.00, 129.76, 129.34,

127.54, 126.66, 63.95, 48.51.
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MeCN
reflux _ _
48 h Cl |
xPS-CI [xPS-bpy-MeZ*][CI-][I7]

[xPS-bpy-Me?*][CI][I]. In an oven-dried 100 mL round-bottom flask, a mixture of [bpy-Me*][I~
1 (197 mg, 0.66 mmol) and xPS-CI (100 mg, 0.42 mmol Cl) in MeCN (30 mL) was heated to reflux
for 48 h, during which time the beads turned red. After cooling to rt, the red beads were collected
by filtration and then washed with MeCN (30 mL). The beads were transferred to a centrifuge tube
using MeCN and soaked in MeCN (30 mL) for 30 min. The MeCN was decanted, then fresh MeCN
was added (30 mL) and soaked for another 30 min. The MeCN was decanted. The red solid was
dried and collected (75% conversion of the chloromethyl groups). (EA: C 65.48%, H 5.73%, N
2.51%, C19.07%, 1 13.77%) (theoretical EA for 75% conversion of the chloromethyl groups with

0.50 equiv of MeCN present: C 61.71%, H 5.36%, N 6.76%, C1 7.10%, 1 19.07%).

NH,PFg
(20 equiv. 3x)
or - 72 h
[xPS-bpy-Me2*][CI-][I"] [xPS-bpy-Me?*][PF¢],

[xPS-bpy-Me?*][PF¢]2. In a 20 mL vial, [xPS-bpy-Me?*][CI'][I7] (100 mg, 0.256 mmol CI-, I
each) and NH4PFs (835 mg, 5.12 mmol, 20 equiv.) were added into DMF (15 mL) in a centrifuge
tube. The mixture was agitated using a shaker (Sonics SHK-COCK2) for 24 h. Then, the
supernatant was decanted, and NH4PFs (835 mg, 5.12 mmol, 20 equiv.) in DMF (10 mL) solution
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was added. The mixture was shaken for another 24 h. The supernatant was decanted, and the
procedure was repeated (for a total of three times). The beads were soaked for 30 min in neat DMF
(50 mL) and the DMF then decanted. The beads were soaked for 30 min in neat MeCN (50 mL)
and the MeCN then decanted. The yellow solid was vacuum dried and collected (95% ion exchange
based on EA) (EA: C 57.37%, H 5.14%, N 3.44%, C1 1.69%, 1 0.93%, F 21.15%) (theoretical EA
for 95% ion exchange and 75% conversion of chloromethyl groups in reaction above): C 51.78%,

H 4.35%, N 3.80%, Cl 1.84%, 1 0.86%, P 7.98%, F 29.38%).

o =

|
=X - Fe
iPr,NEt
OO, T e =
cl c DMF o

&> 2 ,

24 h

xPS-CI xPS-FcR

xPS-FcR. In an oven-dried 100 mL round-bottom flask, a mixture of xPS-CI (200 mg, 0.840 mmol
Cl), ferrocene carboxylic acid (242 mg, 1.05 mmol), and diisopropylethylamine (0.183 mL, 1.05
mmol) was stirred in DMF (30 mL) for 24 h at 60 °C. After cooling to rt, the dark brown beads
were collected by filtration and washed with DMF (30 mL). Then the beads were transferred to a
centrifuge tube using DMF and soaked in DMF (30 mL) for 30 min. The DMF was decanted, and
fresh DMF (30 mL) was added and soaking repeated for another 30 min. The DMF was decanted,
and MeCN (30 mL) was added soaking repeated for 30 min. The MeCN was decanted, and the
MeCN wash was repeated for a total of 3 MeCN washes. The brown solid was vacuum dried and
collected (70% conversion of the chloromethyl groups based on EA) (EA: C 72.26%, H 6.52%, N
1.05%, C12.66%) (theoretical EA for 70% conversion of the chloromethyl groups with 0.16 equiv

of DMF present: C 73.43%, H 6.10%, N 1.03%, C1 2.69%, Fe 9.89%).
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A2.5 NMR Spectra

H,0
[bpy-Me*][I"]
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ppm
Figure A2.1 'H and '3C NMR Spectra of [bpy-Me*][I"].
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Figure A2.2 'H and '3C NMR Spectra of [Bn-bpy-Me**][Br][I"].
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Figure A2.3 'H and '3C NMR Spectra of [Bn-bpy-Me?*][PF¢ ..
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Figure A2.4 'H and '3C NMR Spectra of FcR. 'H NMR (401 MHz, CDCl3) § 4.78 (s, J= 1.9
Hz, 2H), 437 (s,.J = 2.0 Hz, 2H), 4.19 (s, 5H), 3.79 (s, 3H). '3C NMR (126 MHz, CDCls) 5
172.22,71.28, 71.06, 70.25, 69.85, 51.60
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A2.6 IR and Raman Spectra

Figure A2.5 IR spectra of (A) xPS-FcR, xPS-Cl and ferrocene carboxylic acid, and (B) [xPS-
bpy-Me?*][CI][I"], xPS-Cl, and [bpy-Me*][I"]. C-Cl band at 672 cm™' and C=0 band at 1714
cm’!

Figure A2.6 Raman spectra of [xPS-bpy-Me**][PFs ], and xPS-Cl. C-Cl band at 665 cm™'.
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A2.7 Swelling Measurements

Figure A2.7 Optical microscope images of (a) dried [xPS-bpy-Me?"][PFs ]2 and (b) after soaking
in MeCN for 60 min, (c) dried xPS-FcR and (d) after soaking in MeCN for 60 min. Each inset
(bar charts) indicates the distribution of diameter of the beads

Table A2-1 Swelling data of crosslinked beads

calculated volume of each bead from radius |measured volume per 100 mg of each bead using
measured by optical microscope NMR tube
method
dry in MeCN in DMF dry in MeCN in DMF
xPS-Cl 52 pL 57 pL 194 pL 143 pL 169 pL 312 uL
xPS-FcR 81 pL 121 pL 269 pL 143 pL 247 uL 390 uL
[xPS-bpy-
Me*|[PFe |2 82 pL 144 pL 211 pL 143 pL 273 uL 299 uL
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A2.8 Electrochemical Materials and Methods

General — Acetonitrile (MeCN) (99.8%, anhydrous) was obtained from Sigma Aldrich and used
as received. Tetrabutylammonium hexafluorophosphate (TBAPFs, electrochemical grade) and
silver hexafluorophosphate (AgPFs) were obtained from Sigma Aldrich and dried under high
vacuum for 48 h before being transferred to a Na-filled glovebox. A 0.50 M stock solution of the
TBAPF¢ in MeCN was prepared in a N2-filled glovebox (Mbraun Labmaster) with water < 4 ppm

and oxygen < 0.5 ppm and dried over 3 A molecular sieves for at least 2 days prior to use.

Cyclic Voltammetry — Cyclic voltammetry was performed in a N»-filled glovebox with a Biologic
VSP multichannel potentiostat/galvanostat and a three-electrode electrochemical cell, consisting
of a glassy carbon disk working electrode (3.0 mm diameter, area 0.071 cm?, BASi), an Ag/Ag"
reference electrode (BASi) with 0.010 M AgPFs in MeCN, and a platinum wire counter electrode

(BASI). All experiments were conducted in a 0.50 M TBAPFs/MeCN solution.

Ultramicroelectrode (UME) Experiments — UME experiments were performed in a N»-filled
glovebox with a Biologic VSP multichannel potentiostat/galvanostat and a three-electrode
electrochemical cell, consisting of an UME platinum disk working electrode (10 um diameter,
BASI), a silver wire quasi-reference electrode (BASi), and a platinum wire counter electrode
(BASI). All experiments were conducted in a 0.50 M TBAPFs/MeCN solution. Plateau currents in

the CVs were used to calculate the concentrations of neutral and charged mediators.

Flow Cell Cycling’® — Cycling under flow conditions was performed with a zero-gap flow cell

comprised of graphite charge collecting plates containing an interdigitated flow field in
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combination with two layers of non-woven carbon felt electrodes (Sicracet 29AA) on each side.
ePTFE gaskets were used to achieve ~20% compression of the felt. A membrane separated the
two half cells, and the exposed area of the membrane in the gasket window was used as the
active area (2.55 cm?). After assembly, both the catholyte side and anolyte side of the cell were
loaded with a 15 mM (in each mediator) solution (12 mL) of 1:1 mixed FcR:[Bn-bpy-
Me?*][PFs ]2 in 0.50 M TBAPF¢/MeCN. The cell was pretreated by continuously flowing the
solution above at 10 mL/min for 30 min without any charging process using a peristaltic pump
(Cole-Parmer) with Solveflex and PFA tubing. After this step, using the same flow rate,
galvanostatic charge/discharge cycling was performed using a BioLogic VSP galvanostat
employing a charging current of 10 mA (3.92 mA/cm?) and a discharging current of -10 mA (-
3.92 mA/cm?) with +1.6 V and +0.4 V voltage cut-off. After running the battery without beads,
cycling and circulation were stopped. A targeted amount of xPS-FcR was added into catholyte
reservoir and [xPS-bpy-Me?*|[PFs ]2 was added into anolyte reservoir. After this step, using the

same flow rate, galvanostatic charge/discharge cycling was restarted.

Membranes
Celgard 2500 membranes were received from Asahi Kasei, Daramic 175 membranes were
received from Daramic, LLC, and Fumasep (FAP-375-PP) ion-exchange membranes were

received from Fuel Cell Store
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Figure A2.8 Redox-Matched Flow Battery setup with customized reservoirs
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A2.9 Materials Preparation via Bulk Electrolysis

PFs

NO_@N_CH3 bulk electrolysis

PFg PFg

[Bn-bpy-Me2*][PFs ], [Bn-bpy-Me*][PF¢7]

[Bn-bpy-Me*][PF¢]. Bulk electrolysis was performed in an H-cell with an ultrafine fritted glass
separator (P5, Adams and Chittenden). The experiments were performed in 0.50 M TBAPFs in
MeCN with 5.0 mM of [Bn-bpy-Me?"][PFs]2. The working and counter electrode were
reticulated vitreous carbon 2 long (McMaster 100 PPI, ~0.25 inches diameter), and the reference
electrode was Ag wire in 10 mM AgPFs + 0.50 M TBAPFs in MeCN in a glass tube separated by
a 0.50 mm BASi CoralPore frit. The working chamber was charged against 5 mL of blank solution
(0.50 M TBAPFs in MeCN), and the current was set to -5 mA under a predetermined voltaic cut-
off of -1.5 V. When the potential reached the voltaic cut-off after 15 min, the charging was stopped

and the solution in working side was collected.

O B O 1+

Q/I(O,CHQ, Q/I(ofCHs

I o [
Fe > Fe PFe

é bulk electrolysis

FcR [FcR*][PFg7]
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[FcR*][PFs]. Bulk electrolysis as described above, except using a 5.0 mM solution of FcR and

an oxidative current with a cutoff of +1.5 V.

A2.10 Cyclic Voltammograms of Electrolyte over Beads vs Mediators Solution

0.4- [Bn-bpy-Me**][PF¢], + FcR
~ 0.2+
<
E
b= 0.0 — DN f—_—— ...
(]
=
o
-0.2+
xPS-FcR in TBAPFg/MeCN
-0.47 [xPS-bpy-Me?*][PF¢ 7], in TBAPF¢/MeCN
1 ' 1 ' 1 '

-1 0 1 2
potential (V) vs Ag/Ag*
Figure A2.9 Cyclic voltammetry of 1:1 mixed solution of 5.0 mM FcR + 5.0 mM [Bn-bpy-
Me?*][PFs ]2 (black), xPS-FcR (blue, overlapped with red line), and [xPS-bpy-Me**][PFs ] (red)

in 0.5 M TBAPFs in MeCN (showing no electroactive species are released from beads into a
blank supporting electrolyte solution in MeCN)

177



A2.11 Bead-Mediator Redox Exchange Rate in Reservoir with Flow

Figure A2.10 (A) Ultramicroelectrode cyclic voltammograms of [FcR"][PFs ] solution in
contact with 1 equiv of xPS-FcR in the reservoir with recirculation by the pump (bypassing the
cell stack). (B) Percentage of [FCR*][PFs ] and FcR present in solution over time. (C)
Ultramicroelectrode cyclic voltammograms of [Bn-bpy-Me*][PFs ] solution in contact with 1
equiv of [xPS-bpy-Me?**][PFs ]2 in the reservoir with recirculation by the pump. (D) Percentage
of [Bn-bpy-Me*][PFs ] and [Bn-bpy-Me**][PF¢ . present in solution over time
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A2.12 Screening Crossover Rates with Various Membranes

Figure A2.11 (A) Ultramicroelectrode cyclic voltammetry of working side before charging
(black), after charging (red), and stirred for 60 min after charging monitored by a microelectrode
with 2 sheets of Celgard membrane. (B) Cyclic voltammetry of counter side for the same
experiment. (C) Calculated percentages of FcR and [FcR*][PF¢ ] over circulation time after
charging. (D) Calculated percentages of [Bn-bpy-Me?*][PFs ]2 and [Bn-bpy-Me*][PFs ] over
circulation time after charging.
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Figure A2.12 (A) Ultramicroelectrode cyclic voltammetry of working side before charging
(black), after charging (red), and stirred for 60 min after charging monitored by a microelectrode
with 1 sheet of Daramic membrane. (B) Cyclic voltammetry of counter side for the same
experiment. (C) Calculated percentages of FcR and [FcR*][PF¢ ] over circulation time after
charging. (D) Calculated percentages of [Bn-bpy-Me?*][PFs ]2 and [Bn-bpy-Me*][PFs ] over
circulation time after charging
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Figure A2.13 (A) Ultramicroelectrode cyclic voltammetry of working side before charging
(black), after charging (red), and stirred for 60 min after charging monitored by a microelectrode
with 2 sheets of Daramic membrane. (B) Cyclic voltammetry of counter side for the same
experiment. (C) Calculated percentages of FcR and [FcR*][PF¢ ] over circulation time after
charging. (D) Calculated percentages of [Bn-bpy-Me?*][PFs ]2 and [Bn-bpy-Me*][PFs ] over
circulation time after charging.
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Figure A2.14 (A) Ultramicroelectrode cyclic voltammetry of working side before charging
(black), after charging (red), and stirred for 60 min after charging monitored by a microelectrode
with 1 sheet of Fumasep membrane. (B) Cyclic voltammetry of counter side for the same
experiment. (C) Calculated percentages of FcR and [FcR*][PF¢ ] over circulation time after
charging. (D) Calculated percentages of [Bn-bpy-Me?*][PFs ]2 and [Bn-bpy-Me*][PFs ] over
circulation time after charging.
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A2.13 Flow Cell Cycling

Figure A2.15 RMFB data with or without 1 equiv. functionalized beads using 2 sheets of
Celgard membrane. Plots of (A) potential versus capacity, (B) capacity versus cycles, and (C)
efficiency versus cycles.

Figure A2.16 RFB data with or without 1 equiv. xPS-Cl (unfunctionalized beads) with 2 sheets
of Celgard membrane. Plots of (A) potential versus capacity, (B) capacity versus cycles, and (C)
efficiency versus cycles. Data indicated that unfunctionalized beads had no impact on RFB
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Figure A2.17 Post-run cyclic voltammetry of electrolyte solutions of RMFB (with 2 equiv of
beads) before and after cycling. Black CV is before cycling, blue CV (“WE”) is catholyte after
cycling, red CV (“CE”) is anolyte after cycling
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Appendix 3: Supporting Information for Chapter 4

A3.1 Materials

Poly(vinyl chloride) (PVC) was obtained from Sigma Aldrich and Tygon Tubing ®. Sigma
Aldrich: PVC listed: My: ~233,000, Mxy: ~99,000 (product #: 346764, lot # MKBW2191V), PVC
listed: My: ~80,000, My: ~47,000 (product #: 389323, lot # MKCC7597), PVC listed: M,: ~43,000,
Mny: ~22,000 (product #: 389293, lot # MKCH4545). Tygon Tubing ®: PVC tubing (Formulation:
B-44-3, product #: 389293, lot # MKCH4545, inner diameter: 1/8 inch, outer diameter: 1/4 inch,

wall thickness: 1/16 inch.

The following reagents were used as received. From Sigma Aldrich: di(2-ethylhexyl) phthalate
(lot # MKCK4506), ethoxybenzene, tridecane, 4’-chloroacetanilide, 1,3,5-triethylbenzene,
caffeine, 2-chlorophenol, 4-chlorophenol, 4-phenylphenol, diisopropyl azodicarboxylate,
triphenylphosphine, hydrochloric acid. From Oakwood Chemical: 1-phenylimidazole, 1-methyl-
1H-indole, methyl phenoxyacetate, N,N-dimethylaminoethanol, (2,2,6,6-tetramethylpiperidin-1-
ylDoxyl. From TCI: 3-methylbenzo[b]thiophene, 3-hexylthiophene, 2-phenyl[1,2-a]pyridine, 1-

phenylpyrazole. From Fisher: triethylamine.
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A3.2 Experimental techniques

Nuclear Magnetic Resonance (NMR) Spectroscopy

Unless otherwise noted, 'H and '*C NMR spectra were acquired at rt. Chemical shift data are
reported in units of & (ppm) relative to tetramethylsilane (TMS). Spectra are referenced to residual
solvent. Multiplicities are reported as follows: singlet (s), doublet (d), doublet of doublets (dd),
triplet (t), quartet (q), multiplet (m).

High-Resolution Mass Spectrometry (HRMS)

High-resolution mass spectrometry data were obtained on a Micromass AutoSpec Ultima
Magnetic Sector mass spectrometer.

Gas Chromatography—Mass Spectrometry (GC-MS)

GC-MS data was collected on Shimadzu GC-2010 gas chromatograph containing a Restek™
Rtx™.5 capillary columns with 15 m length, 0.25 mm inner diameter, 0.25 um df (film thickness)
with 5% diphenyl, 95% dimethsiloxane as the stationary phase, equipped with a Shimadzu GC-
MS-QP2010S mass spectrometer. GC-MS data were analyzed using Shimadzu Corporation
LabSolutions GC-MS solution Version 2.70 software. GC method: start and hold at 55 °C for 1
min, ramp 10 °C/min to 270 °C, hold at 270 °C for 10 min, total time = 32.5 min.

Sample work-up for GC-MS

A ~0.05 mL aliquot of crude reaction mixture was diluted with ~2 mL diethyl ether (Et:O) and

filtered through a silica gel plug and a PTFE filter (0.2 um) into a GC vial.
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Size-Exclusion Chromatography (SEC)

For SEC analysis, all polymers were dried under vacuum overnight, dissolved (~0.5 mg
polymer/mL) in THF spiked with trace toluene as a flow marker (<1 vol%), and filtered through a
PTFE filter (0.2 um). Polymer molar masses were determined by comparison with polystyrene
standards (Varian, EasiCal PS-2 MW 580-377, 400) at 40 °C in THF on a Malvern Viscotek
GPCMax VE2001 equipped with two Viscotek LT-5000L 8 mm (ID) % 300 mm (L) columns and
analyzed with Viscotek TDA 305, or on a Shimadzu LC-20AD equipped with two Styragel HT
7.8 mm (ID) x 300 mm (L) columns and a PSS Gram column 8 mm (ID) x 300 mm (L) and
analyzed with Shimadzu SPD-M20A. Data presented corresponds to the refractive index (RI)
response normalized to the highest peak, and data were obtained at a flow rate of 1 mL/min.

Fourier-Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy data were obtained on neat samples using a Thermo-Nicolet IS-50 using the
attenuated total reflectance (ATR) accessory.

Elemental Analysis (EA)

EA was performed by Atlantic Microlab, Inc.

Automatic Column Chromatography

Column chromatography was performed using a Biotage® Isolera™ One system and Biotage®
Sfar Duo columns.

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) thermograms were recorded on a TA Instruments Q50 TGA.
All experiments were conducted on platinum TGA sample pans under a nitrogen purge of 50
mL/min with a heating rate of 10 °C/min, covering a temperature range of 27 °C to 550 °C. The

instrument was calibrated using the Curie points of alumel and nickel standards.
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A3.3 Characterization of PVC sources

Molar mass of PVC samples
The number-average (Mn) and weight-average (My) molar masses of each PVC source were
measured by SEC. The measured values were different from the manufacturer listed values, and

used to describe each PVC source herein, as highlighted in Table S1.

Table A3-1 List of PVC sources used in this work and the molar masses measured by SEC

measured measured dispersity,
PVC Source and Product Info
M, (kg/mol) M,y (kg/mol) Dwm
Sigma Aldrich
PV Ciook 100 318 2.57
listed: My: ~233,000; My: ~99,000
Sigma Aldrich
PVCar 47 100 2.08
listed: Myw: ~80,000; Mn: ~47,000
Sigma Aldrich
PV(Cissk 35 67 2.08
listed: Myw: ~43,000; Mn: ~22,000
PVCtubing,
Tygon Tubing 83 191 2.42
PV Csolid
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Figure A3.1 Normalized SEC traces of PVC samples

Characterization of PV Ciubing

Extraction of plasticizer from Tygon tubing. A strip of Tygon tubing (4.145 g) was cut into
small pieces (~0.5 cm length) and stirred in THF (~50 mL) at rt until fully dissolved (~30 min).
The polymer was precipitated by pouring into cold methanol (~200 mL) while stirring. The
polymer was collected by filtration, and the filtrate was concentrated under reduced pressure. This
dissolution and precipitation process was repeated on the filtered polymer 2 more times. The
combined filtrates were concentrated under reduced pressured and further dried under vacuum
overnight to remove residual solvent. A colorless oil was obtained (1.308 g, 32% mass rel. to
tubing input, 1:14 mol ratio DEHP:PVC repeat unit). NMR signals and GC retention times of
extract matched commercial DEHP standard. Note, the commercial DEHP standard purchased
from Sigma Aldrich is labeled “di(octyl) phthalate” by the supplier, but it is actually di(2-

ethylhexyl) phthalate (see NMR evidence below).
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Figure A3.2 Stacked '"H NMR spectra of DEHP standard (Sigma Aldrich) and liquid extracted
from Tygon tubing sample. DEHP standard '"H NMR (500 MHz, CDCl3) § 7.74 — 7.67 (m, 2H),
7.55 - 7.49 (m, 2H), 4.28 —4.16 (m, 4H), 1.74 — 1.61 (m, 2H), 1.49 — 1.24 (m, 16H), 0.97 — 0.84
(m, 12H). '"H NMR (500 MHz, CDCl3) 8 7.74 — 7.68 (m, 2H), 7.56 — 7.49 (m, 2H), 4.27 — 4.16 (m,
4H), 1.76 — 1.63 (m, 2H), 1.51 — 1.24 (m, 16H), 0.96 — 0.85 (m, 12H)
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Figure A3.3 Stacked '*C NMR spectra of DEHP standard (Sigma Aldrich) and liquid extracted
from Tygon tubing sample. DEHP standard '*C NMR (126 MHz, CDCl3) § 167.85, 132.58,
130.98, 128.91, 68.26, 38.86, 30.49, 29.05, 23.88, 23.11, 14.17, 11.08. Tygon tubing extract *C
NMR (126 MHz, CDCl3) 6 167.88, 132.60, 131.01, 128.93, 68.28, 38.87, 30.50, 29.06, 23.88,
23.12, 14.18, 11.09

DEHP standard ret. time: 19.89 min

Tygon tubing extract ret. time: 19.87 min

-

r*r*rr1rrrr+r*r1*1r**1r+*1 "1 rrrrrTvtrTrTvrTi
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Figure A3.4 Stacked GC-MS chromatograms of DEHP standard (Sigma Aldrich) and liquid
extracted from Tygon tubing sample
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A3.4 Optimization of paired dehydrochlorination—chlorination reaction

General Procedure A (undivided cell paired electrolysis, constant current, 3 mL scale)

PVC (65 mg, 1.0 mmol (repeat unit), 8.0 equiv. (repeat unit)), NBusBF4 (314 mg, 0.95 mmol),
DEHP (0.050 mL, 0.13 mmol, 1.0 equiv.), ethoxybenzene (0.015 mL, 0.13 mmol, 1.0 equiv.),
tridecane internal standard (0.010 mL), and DMF (3 mL) were added to a 5 mL ElectraSyn®
reaction vessel equipped with Teflon coated magnetic stir bar (cylindrical, 12.7 mm length) and
two graphite electrodes (0.8 x 0.2 x 5.20 cm). All reagents were dissolved by stirring for at least
15 min, then the reaction mixture was subjected to constant current electrolysis (3 or 7 mA, as

specified) with alternating polarity (15 min) at rt. The reaction was stirred at 400 rpm for 5-10 h.

General Procedure B (undivided cell paired electrolysis, constant voltage, 3 mL scale)

PVC (65 mg, 1.0 mmol (repeat unit), 8.0 equiv. (repeat unit)), NBusBF4 (314 mg, 0.95 mmol),
DEHP (0.050 mL, 0.13 mmol, 1.0 equiv.), ethoxybenzene (0.015 mL, 0.13 mmol, 1 equiv.),
tridecane internal standard (0.010 mL), and DMF (3 mL) were added to a 5 mL ElectraSyn®
reaction vessel equipped with Teflon coated magnetic stir bar (cylindrical, 12.7 mm length), two
graphite electrodes (0.8 x 0.2 x 5.20 cm), and a silver wire reference electrode stored in 3 M KCI
in water. All reagents were dissolved by stirring for at least 15 min, then the reaction mixture was
subjected to constant voltage electrolysis (—1.1, —1.2, —1.3, or —2.0 V) with alternating polarity

(15 min) at rt. The reaction was stirred at 400 rpm for 8 h.
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General Procedure C (undivided cell paired electrolysis, constant current, 8 mL scale)

PVC (200 mg, 3.2 mmol (repeat unit), 8.1 equiv. (repeat unit)), NBusBF4 (264 mg, 0.80 mmol),
DEHP (0.157 mL, 0.4 mmol, 1.0 equiv.), ethoxybenzene (0.051 mL, 0.4 mmol), tridecane internal
standard (0.050 mL), and DMF (8 mL) were added to a 10 mL ElectraSyn® reaction vessel
equipped with Teflon coated magnetic stir bar (egg-shaped, 16 mm length) and two graphite
electrodes (0.8 x 0.2 x 5.20 cm). All reagents were dissolved by stirring for at least 15 min, then
the reaction mixture was subjected to constant current electrolysis (10 mA) with alternating

polarity (15 min) at rt. The reaction was stirred at 400 rpm for 16 h.

General Procedure D (undivided cell paired electrolysis, constant voltage, 8 mL scale)

PVC (200 mg, 3.2 mmol (repeat unit), 8.1 equiv. (repeat unit)), NBusBF4 (264 g, 0.80 mmol),
DEHP (0.157 mL, 0.4 mmol, 1.0 equiv.), ethoxybenzene (0.4 mmol), tridecane internal standard
(0.050 mL), and DMF (8 mL) were added to a 10 mL ElectraSyn® reaction vessel equipped
with Teflon coated magnetic stir bar (egg-shaped, 16 mm length), two graphite electrodes (0.8 x
0.2 x 5.20 cm), and a silver wire reference electrode stored in 3 M KCl in water. All reagents
were dissolved (or swelled) by stirring for at least 15 min, then the reaction mixture was
subjected to constant voltage electrolysis (—1.3 V) with alternating polarity (15 min) at rt. The

reaction was stirred at 400 rpm for 16 h.
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Survey of current strength (smaller scale)

The reactions were set up according to General Procedure A and monitored by GC-MS. Details on
the GC-MS analysis are described at the end of this section. As shown in Figure S5, once DEHP
is consumed, the paired oxidative chlorination reaction tapers off. This information suggests that
the rates of each half reaction (reduction and oxidation) should be matched. Note, the effect of
operating currents varies with reaction scale. For example, the influence of 7 mA on a 3 mL
reaction is different than 7 mA would be a on a larger scale. In forthcoming reactions on a larger

scale (8 mL), 10 mA current was used.

_C(+)/C(-) CHs
CHg 0 variable current CHj
) 15 min, polarity switch o )
@) O*R undivided cell o)
+ + - + cl
cl O.q NBu4BF, (0.3 M)
DMF (3 mL)
© No, rt
2 cl
1 8h
0.13 mmol PVCioox DEHP
'0.04 M 8 equiv. 1 equiv. 2a 2b

(repeat unit)

1 equiv. R = WCHS

CHs

Table A3-2 Survey of current strength on a 3 mL scale paired-electrolysis reaction

conversion of 1 consumption of yield of 2
entry conditions
(%) DEHP (%) (%)
1 3mA, 10h 67 89 53
2 7mA,5h 56 95 35
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Figure A3.5 Monitoring conversion of 1 (e), consumption of DEHP (m), and yield of 2 (A)
over time under 3 mA (left) and 7 mA (right) constant current. Reactions were performed on a
3 mL scale under N

Survey of voltages (smaller scale)

The reactions were set up according to General Procedure B and monitored by GC-MS. —1.3 V is
the smallest voltage at which the reaction proceeds and is used in forthcoming constant voltage
experiments. Note, this voltage is achieved using the potentiostat built into the IKA ElectraSyn,

which differs from the potentiostat used in the cyclic voltammetry and bulk electrolysis studies.

CH)IC() CH,
CHj 0 variable voltage CHj
) 15 min, polarity switch o)
(0] -R undivided cell (0]
(0)
+ N + » + cl
cl O.x NBu,BF, (0.3 M)
DMF (3 mL)
o N, rt
1 8h Cl
013 | PVCio0k DEHP
'0 OTmO 8 equiv. 1 equiv. 2a 2b
1 équiv (repeat unit)
. R= WCHS
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Table A3-3 Survey of voltage strength on a 3 mL scale paired-electrolysis reaction

conversion of 1 consumption of yield of 2
entry conditions
(%) DEHP (%) (%)
1 -1.1Vv? n.r. n.r. n.r.
2 -1.2Vve n.r. n.r. n.r.
3 -1.3V,8h 76 89 55
4 -2.0V® 2h 43 44 0

2 Reaction auto shutdown in less than 15 min because the resistance was too high.

b Reaction was turned off after 2 h because no product was observed although starting material
was being consumed.

n.r. = no reaction occurred
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Figure A3.6 Monitoring conversion of 1(e), consumption of DEHP (m), and yield of 2 (A) over
time under -1.3 V constant voltage. Reaction was performed on a 3 mL scale under N»
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Survey of air vs. N,

The reactions were set up according to General Procedure C and monitored by GC-MS. Each set

of conditions were run in duplicate. This data shows that this reaction proceeds to higher yields

under air.
CHa +)/C(-), 10 mA CH3 CH3
) 15 mm polarity switch
0 N undivided cell
DMF 8 mL)
air or N,
1 c DEHP rt, 16 h
PV
0.40 mmol 8 eqtﬁg?( 1 equiv. 2a 2b
0.05M (repeat unit)
1 equiv. R = \(Y\/\CHS
CHs
Table A3-4 Survey of air vs N2 atmosphere on the paired-electrolysis reaction
conversion of 1 consumption of yield of 2
entry conditions
(%) DEHP (%) (%)

wet* DMF

1 85,93 99, 100 68, 77
air
anhydrous® DMF

2 73,79 97, 98 53,54
N2

2 “Wet” DMF was stored in an opened bottle

b “Anhydrous” DMF was stored in sure/seal bottle
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Figure A3.7 Monitoring conversion of (®), consumption of DEHP (m), and yield of 2 (A) over
time under air (left) and a N> atmosphere (right). Reactions were performed on an 8 mL scale

Survey of PVC molecular weight and DEHP equivalents under galvanostatic conditions
The reactions were set up according to General Procedure C and monitored by GC-MS. Each set
of conditions were run in duplicate. Tributylamine was only observed in the GC-MS traces of

reactions performed without DEHP.

CHj

CH C(+)/C(-), 10 mA CH
8 Q 15 min, polarity switch O) 8
o) -R undivided cell o
(0]
+ + > + cl
cl O NBu,BF, (0.1 M)
DMF (8 mL)
o air, rt
16 h cl
1 PVC DEHP 2a 2b
0.40 mmol 8 equiv. 0 or 1 equiv.
0.05M (repeat unit)
1 equiv. R= \(\{\/\CHS
CHg
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Table A3-5 Survey of effect of PVC molecular weight and presence of DEHP under constant
current

PVC PVC DEHP conversion of consumption  yield of
entry NBu3
source equiv. equiv. 1(%) of DEHP (%) 2 (%)
1 PVCiok 8 0 53,51 n/a 26,31 y,y
2 PVCiok 8 1 85,93 99, 100 68,77 n,n
3 PVCax 8 0 76,71 n/a 52,59 v,y
4 PVCax 8 1 97,99 96, 99 78,92 n,n
5 PVCissk 8 0 95, 100 n/a 86,89 v,y
6 PVCissk 8 1 99, 99 94,97 74,75 n,n

n/a = not applicable because reagent was not used in this reaction
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Survey of PVC molecular weight and DEHP equivalents under potentiostatic conditions
The reactions were set up according to General Procedure D and monitored by GC-MS. Each set
of conditions were run in duplicate. Reactions auto shutdown when there was no DEHP present
in the reaction mixture because the resistance was too high. Tributyl amine was observed in the

GC-MS traces of all reactions where conversion is observed.

CHj (+)/C(-), 1.3V CHs
) 15 m|n polarity switch o )
o) N undivided cell o)
- + cl
@i NBu,4BF,4 (0.1 M) ©
DMF (8 mL)
air, rt I
16 h cl
1 PVC DEHP 2a 2b
0.40 mmol 8 equiv. 0 or 1 equiv.
0.05M (repeat unit)
1 equiv. R= WCHS

CHj

Table A3-6 Survey of effect of PVC molecular weight and presence of DEHP under constant
voltage

PVC PVC DEHP conversion of consumption  yield of

entry NBu3
source equiv. equiv. 1 (%) of DEHP (%) 2 (%)

1 PVCiook 8 0 n.r. n/a n.r. n.r.

2 PVCioox 8 1 84,73 83,77 54,41 y,y

3 PVCax 8 0 n.r. n/a n.r. n.r.

4 PVCax 8 1 88, 81 98, 94 57,46 y,y

5 PVCissk 8 0 n.r. n/a n.r. n.r.

6 PVCissk 8 1 73, 82 94,99 36,48 y,y

n.r. = no reaction occurred

n/a = not applicable because reagent was not used in this reaction
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GC-MS Analysis
GC-MS data was collected for several chemical standards and used as references for retention
times. The mass spectrum of each sample matched >90% with spectra in Shimadzu mass-spec

library.

Figure A3.8 Overlaid GC-MS chromatograms of chemical standards relevant to this work

GC-MS response factors of products 4-chloro-1-ethoxybenzene (2a) and 4-chloro-1-
ethoxybenzene (2b) vs. starting material ethoxybenzene (1) were calculated using the molar

response measured from the GC peak areas of known solution concentrations (eq. 1).

molar response of 2a or 2b area/concentration
response factor = = : (eq. 1)
molar response of1 area/concentration

Six solutions of known concentrations were prepared according to volumes listed in the table
below. For each, the indicated amount of analyte 1, 2a, or 2b was dispensed from a micropipette

into a 25 mL volumetric flask and then diluted with acetone. Two GC-MS traces were taken for
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each solution, generating 12 total molar response data points for each analyte. These data points

were used calculate average response factors for 2a vs. 1 and 2b vs. 1.

response factor of 2a vs. 1 =1.17 £ 0.07

response factor of 2b vs. 1 =1.16 = 0.05

Table A3-7 Data used to calculate GC-MS response factors, including sample preparation
measurements and data extracted from chromatograms
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vol. added | concentration response
solution analyte trial GC peak area molar response
(uL) M)* factor vs. 1
1 6753561 2146416616 1.00
1 10 0.00315
2 7862605 2498892957 1.00
1 6660478 2327511290 1.08
1 2a 10 0.00286
2 7598539 2655317728 1.06
1 6923597 2401454036 1.12
2b 10 0.00288
2 7875972 2731785912 1.09
1 8167544 2163173887 1.00
1 12 0.00378
2 7462957 1976564032 1.00
1 9236690 2689809482 1.24
2 2a 12 0.00343
2 8002472 2330393795 1.18
1 8717753 2519798491 1.17
2b 12 0.00346
2 7684397 2221115001 1.12
1 6785241 1540346538 1.00
1 14 0.00441
2 7603729 1726154995 1.00
1 7755426 1935815758 1.26
3 2a 14 0.00401
2 8100810 2022026340 1.17
1 7443360 1844095831 1.20
2b 14 0.00404
2 8026028 1988452094 1.15
1 10251061 2036244996 1.00
4 1 16 0.00503
2 11508964 2286111687 1.00




1 10215492 2231134252 1.10

2a 16 0.00458
2 11783768 2573656599 1.13
1 10468225 2269319074 1.11

2b 16 0.00461
2 12033682 2608681423 1.14
1 11447268 2021205821 1.00

1 18 0.00566
2 10998116 1941900555 1.00
1 13374301 2596480026 1.29

5 2a 18 0.00515
2 12206113 2369688599 1.22
1 13184267 2540539677 1.26

2b 18 0.00519
2 11978904 2308272496 1.19
1 10923164 1735799878 1.00

1 20 0.00629
2 9146106 1453407609 1.00
1 11357821 1984501458 1.14

6 2a 20 0.00572
2 10118519 1767963741 1.22
1 11581444 2008515619 1.16

2b 20 0.00577
2 10135133 1757688673 1.21

4 Concentrations were calculated for a total volume of 25 mL. The densities of 1, 2a, and 2b
(0.961, 1.1204, and 1.1288 g/mL, respectively) were taken from the literature and used to
calculate concentration.! The molecular weights of 1, 2a, and 2b (122.17, 156.61, and 156.61

g/mol, respectively) were also used to calculate concentration.
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For each reaction, GC-MS was taken before electrolysis (0 min) and after electrolysis (typically
16 h). Representative chromatograms and peak integration area data is shown below. Tridecane

was used as an internal standard.

Figure A3.9 Representative GC-MS collected before and after the electrochemical reaction
performed according to General Procedure C, using PVCy7 and 1 equiv. of DEHP under 10
mA constant current. GC-MS peak at 3.53 min matches with 2-ethylhexanol

Table A3-8 Raw data extracted from representative GC-MS chromatograms from 10 mA
constant current electrolysis with PVCy7k and 1 equiv. of DEHP

GC-MS peak area
compound 0 min 16 h
1 2295449 25293
2b 0 264078
2a 0 2126567
tributyl amine 0 0
tridecane 2061868 2007309
DEHP 12497710 107637
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The fraction of each analyte (1, 2a, 2b, and DEHP) relative to the internal standard (tridecane)

was calculated for each using the following equation:

fraction relative to standard = AT %analyte (eq. 2)

areéQinternal standard

Table A3-9 Representative GC-MS data normalized to tridecane internal standard

fraction relative to standard
compound 0 min 16 h
1 1.113 0.013
DEHP 6.061 0.054
2b 0.000 0.132
2a 0.000 1.059

The percent of 1 converted during electrolysis was determined using the following equation:

fractionof 1at 16 h

fraction of 1 at 0 min

% of 1 converted = (1 - ) % 100% (eq. 3)

The percent of DEHP consumed during electrolysis was determined using the following

equation:

fraction of DEHP at 16h
fraction of DEHP at 0 min

% of DEHP consumed = (1 - ) x 100% (eq. 4)

The relative percent of 2a generated during electrolysis (% yield) was determined using the

following equation, in which 1.17 is used as the response factor for 2a vs. 1:

fractionof 2aat 16 h
1.17xfractionof 1 at 0 min

% yield of 2a = ( ) x 100% (eq. 5)
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The relative percent of 2b generated during electrolysis (% yield) was determined using the

following equation, in which 1.16 is included as the response factor for 2b vs. 1:

fraction of 2b at 16h

1.16xfractionof 1 at 0 min

% yield of 2b = ( ) x 100% (eg. 6)

The total yield of 2 was determined by adding the individual yields of 2a and 2b.

total % yield of 2 = % yield of 2a + % yield of 2b (eq. 7)

Table A3-10 Final values determined from representative GC-MS data from 10 mA constant
current electrolysis with PVCy7¢ and 1 equiv. of DEHP

% converted, consumed, or generated
compound 0 min 16 h
1 0 99
DEHP 0 99
2b 0 10
2a 0 81
total yield of 2 - 92
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Figure A3.10 Representative GC-MS collected before and after the electrochemical reaction
performed according to General Procedure C, using PVCsy7 and 0 equiv. of DEHP under 10
mA constant current. Note, no material eluted after 21 min

Table A3-11 Raw data extracted from representative GC-MS chromatograms from 10 mA
constant current electrolysis with PVCy7x and no DEHP

GC-MS peak area
compound 0 min 16 h
1 3332164 541219
2b 0 168956
2a 0 1178574
tributyl amine 0 40544
tridecane 2818302 1872548
DEHP 0 0
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Table A3-12 Final values determined from representative GC-MS data from 10 mA constant
current electrolysis with PVCys7 and no DEHP

% converted, consumed, or generated
compound 0 min 16 h
1 0 76
DEHP
2b 0 7
2a 0 45
total yield of 2 - 52

Figure A3.11 Representative GC-MS collected before and after the electrochemical reaction
performed according to general procedure D, using PVCy7k and 1 equiv. of DEHP under —1.3 V
constant voltage. Note, no material eluted after 21 min
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Table A3-13 Raw data extracted from representative GC-MS chromatograms from —1.3 V
constant voltage electrolysis with PVCay7 and 1 equiv. DEHP

GC-MS peak area

compound 0 min 16 h

1 2675738 418466
2b 0 123465
2a 0 1064898
tributyl amine 0 926672
tridecane 2178672 1793189
DEHP 10665027 521906

Table A3-14 Final values determined from representative GC-MS data from —1.3 V constant
voltage electrolysis with PVCa7¢ and 1 equiv. DEHP

% converted, consumed, or generated
compound 0 min 16 h
1 0 81
DEHP 0 94
2b 0 5
2a 0 41
total yield of 2 - 46
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A3.5 Cyclic voltammetry

Analysis of individual components

Figure A3.12 CVs of a blank solution (black —), 10 mM PV Css calculated per repeat unit (red
—), and 10 mM DEHP (blue —). CVs were collected in 0.1 M NBusBF4 in DMF using a 100
mV/s scan rate.

Analysis of mixed components

CVs of the first le redox couple of DEHP were collected in the presence of increasing
equivalents of PVC. Equivalents were calculated by repeat unit mass and are effectively the
same the number of C—Cl bonds. CVs were initially collected using a 10 mM concentration of
DEHP. The concentration was reduced by 10-fold (1 mM DEHP) to minimize
viscosity/diffusivity effects upon addition of excess polymer. Although attenuated at lower net
concentrations, PVC still affected the reversibility of the 1e” redox couple observed for DEHP.

Control studies using polystyrene (average My: 35,000 g/mol, lot # MKCD6541) showed a
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negligible effect on the 1e” redox couple observed for DEHP, suggesting changes in solution

viscosity were not significant.

20
100—
10—
T <
= = 0— ——
g -100— 5
= S 10—
S S
© .200- ©
10 mM DEHP 1 mM DEHP
-20-
10 mM DEHP + 30 equiv. PVC, 1 mM DEHP + 30 equiv. PVC,,
-300— 10 mM DEHP + 30 equiv. PS 1 mM DEHP + 30 equiv. PS
1 1 1 1 1 -30 1 1 1 1 1
30 25 20 15 -1.0 30 -25 20 15 -1.0
potential (V) vs Ag/Ag* potential (V) vs Ag/Ag*

Figure A3.13 CVs of DEHP at 10 mM (left) and 1 mM (right) and DEHP mixed with 30

equiv. PVCssi, PVCigok, or PS. CVs were collected in 0.1 M NBusBF4 in DMF using 100 mV/s
scan rate.
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Table A3-15 Raw data extracted from CV measurements of DEHP mixed with 30 equiv.
PVCisk, PVCiook, or PS

10 mM DEHP 1 mM DEHP

polymer added ipa (LA) ipc (HA) ipa (LA) ipc (HA)
ipa/ ipe ipa/ ipe

oxidation reduction oxidation reduction
none 92.0 168.8 0.54 10.3 17.3 0.59
PVCisi

- 314.3 - 7.8 19.5 0.40
(30 equiv.)
PVCioox

- 199.1 - 7.9 18.0 0.44
(30 equiv.)
PS

714 112.5 0.63 9.2 13.8 0.67
(30 equiv.)
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Figure A3.154 (A-D) Cyclic voltammetry of 1 mM DEHP in the presence of (A) 0 equiv. (B) 1
equiv. (C) 10 equiv. (D) 30 equiv. of PVCssk with scan rates of 25, 50, 100, 250, 500 mV/s
(darkest blue = 25 and lightest blue = 500 mV/s) (E) oxidation current (F) reduction current (G)
oxidation/reduction

Figure A3.145 (A-D) Cyclic voltammetry of 1 mM DEHP in the presence of (A) 0 equiv. (B) 1
equiv. (C) 10 equiv. (D) 30 equiv. of PVCa7 with scan rates of 25, 50, 100, 250, 500 mV/s
(darkest blue = 25 and lightest blue = 500 mV/s) (E) oxidation current (F) reduction current (G)
oxidation/reduction

214



Figure A3.16 (A-D) Cyclic voltammetry of 1 mM DEHP in the presence of (A) 0 equiv. (B) 1
equiv. (C) 10 equiv. (D) 30 equiv. of PVCigox with scan rates of 25, 50, 100, 250, 500 mV/s
(darkest blue = 25 and lightest blue = 500 mV/s (E) oxidation current (F) reduction current (G)
oxidation/reduction
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Table A3-16 Raw data extracted from CV measurements, measured in triplicate using PVCssk as
the PVC source.

scan ipa (LA), oxidation ipc (LA), reduction ipa/ ipe
equiv. of
rate trial | trial | trial std. trial | trial | trial std. trial | trial | trial std.
PVCissk avg. avg. avg.
(mV/s) |1 2 3 dev. | 1 2 3 dev. | 1 2 3 dev.
25 5.0 29 5.4 4.4 134 | 9.6 7.7 9.1 8.8 097 [ 052 037 059 050 0.11
50 6.7 4.1 6.8 59 1.55 | 127 9.9 11.8 11.5 146 | 053 041 058 051 0.08
0 100 10.7 59 9.8 9.5 249 | 173 134 156 155 1.63 | 062 044 0.63 060 0.12
250 16.0 6.9 13.8 122 476 | 250 174 227 21.7 389 | 064 039 061 055 0.13
500 203 87 186 159 626 | 333 222 303 286 571 [ 061 039 062 054 0.13
25 5.0 7.3 5.1 5.8 128 | 10.0 12.1 9.5 106 138 | 0.50 0.60 0.54 0.54 0.05
50 7.4 10.7 7.8 8.7 1.78 | 134 155 123 137 159 | 056 0.69 0.63 0.63 0.07
1 100 128 160 119 131 196 | 183 221 162 182 281 | 070 0.72 074 0.72 0.02
250 16.0 226 179 188 338 | 255 312 236 268 399 | 063 0.72 076 0.70 0.07
500 263 303 252 273 273 | 360 414 307 360 532|073 073 08 0.76 0.05
25 3.8 4.8 43 43 050 | 12.0 13.0 10.1 @ 11.7 147 | 031 037 042 037 0.06
50 5.0 7.5 7.0 6.5 132 | 13.6 165 129 144 192 | 037 045 054 045 0.09
10 100 10.1 123 105 107 1.06 | 190 216 170 189 196 | 053 0.57 062 0.57 0.04
250 151 138 164 151 129 | 273 267 238 259 191 | 055 052 069 059 0.09
500 19.6 173  23.0 200 284 | 345 333 320 332 126|057 052 072 0.60 0.10
25 0 0 0 0 0 154 180 10.0 145 410 |0 0 0 0 0
50 4.0 0 4.7 29 256 | 156 221 122 166 5.03 | 026 0 039 022 0.20
30 100 8.5 9.6 8.0 8.3 1.03 | 194 282 159 196 6.07 | 044 034 050 044 0.07
250 139 94 123 119 232 | 269 370 212 284 802 | 052 025 058 045 0.17
500 19.1 114 17.0 159 399 | 346 422 271 346 756 | 055 027 063 048 0.19
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Table A3-17 Raw data extracted from CV measurements, measured in triplicate using PVCark as
the PVC source

scan ipa (LA), oxidation ipc (LA), reduction ipa/ ipe
equiv. of
rate trial | trial | trial std. trial | trial | trial std. trial | trial | trial std.
PVCuyx avg. avg. avg.
(mV/s) |1 2 3 dev. | 1 2 3 dev. | 1 2 3 dev.
25 3.6 5.8 4.7 4.7 1.10 | 9.9 9.4 8.1 9.1 092 | 036 062 058 052 0.14
50 53 8.4 6.7 6.8 1.56 | 127 128 107 12.0 121 | 041 0.66 0.63 057 0.13
1 100 8.0 11.8 101 10.0 1.89 | 170 171 142 161 168 | 047 069 071 063 0.13
250 6.9 17.1 137 12,6 5.16 | 213 253 208 225 245|032 067 0.66 055 0.20
500 9.1 217 183 163  6.52 | 26.6 344 275 295 425|034 063 066 055 0.18
25 3.1 3.8 32 3.4 038 | 10.6 @ 8.7 8.2 9.2 124 { 029 044 039 037 0.07
50 4.9 5.9 5.1 5.3 052 | 132 11.1 105 11.6 143 | 037 053 049 046 0.08
10 100 7.7 9.4 7.4 8.2 1.07 | 172 148 138 153 173 | 045 0.64 054 054 0.09
250 8.1 140 120 114 298 | 223 21.6 206 215 0.87 |036 0.65 058 053 0.15
500 103 186 159 149 426 | 281 283 280 281 0.14 | 037 0.66 057 0.53 0.15
25 0 0 0 0 0 11.7 9.2 100 103 130 |0 0 0 0 0
50 32 4.2 39 3.8 052 | 137 11.0 11.7 121 138 | 024 039 033 032 0.08
30 100 52 7.2 6.0 6.1 1.04 | 173 141 154 156 1.62 | 030 0.51 039 040 0.11
250 6.7 114 93 9.1 234 | 217 194 203 205 1.17 | 031 058 046 045 0.14
500 8.8 155 123 122 338 | 27.1 256 266 264 0.78 | 032 0.61 046 046 0.14
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Table A3-18 Raw data extracted from CV measurements, measured in triplicate using PVCigox
as the PVC source

scan ipa (HA), oxidation ipc (LA), reduction ipa/ ipe
equiv. of
rate trial | trial | trial std. trial | trial | trial std. trial | trial | trial std.
PV Cioox avg. avg. avg.
(mV/s) |1 2 3 dev. | 1 2 3 dev. | 1 2 3 dev.
25 53 4.7 3.7 4.6 0.81 | 10.1 | 9.5 7.3 9.0 1.50 | 0.53 049 051 051  0.02
50 7.6 6.9 52 6.6 124 | 129 124 97 11.6 172 | 059 056 053  0.56 0.03
1 100 122 104 74 10.0 245 | 180 166 135 160 231 | 0.68 062 055 064 0.07
250 186 102 93 127 514 | 256 222 188 222 339 | 0.73 046 049 0.56 0.15
500 251 124 115 163  7.63 | 334 289 250 29.1 420 | 075 043 046 0.55 0.18
25 4.1 32 3.1 35 054 | 11.0 106 79 9.8 1.66 | 0.37 030 039 035 0.05
50 5.5 5.1 4.9 5.2 029 | 134 13.0 103 122 1.70 | 041 039 048 043 0.05
10 100 9.8 7.6 7.1 8.1 144 | 19.6 17.6 136 169 3.08 | 050 043 0.52 052 0.08
250 16.0 9.5 105  12.0 351 | 274 226 195 232 397 [ 058 042 0.54 051 0.09
500 19.8  12.0 135 151 4.14 | 349 287 263 30.0 447 | 057 042 051 0.50 0.08
25 33 23 0 1.9 1.69 | 113 124 87 10.8  1.87 | 029 0.19 0 0.16 0.15
50 5.1 44 3.8 44 0.66 | 140 150 105 132 237 | 037 029 036 034 0.04
30 100 8.5 6.8 6.4 7.2 1.12 | 180 189 133 167 296 | 047 036 048 046 0.07
250 144 9.1 100 112 281 | 256 250 190 232 3.64 | 056 036 0.52 048 0.10
500 207  13.1  13.0 156 442 | 330 321 251 30.1 431 | 0.63 041 052 052 0.11
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A3.6 Bulk Electrolysis
Bulk electrolysis under constant current was performed to monitor the voltage readout of the
reaction. After constant current bulk electrolysis, each half-reaction was analyzed by GC-MS.

The voltages (vs. Ag/Ag") were read at capacity 0 mA*h, see Figure 3B in the manuscript.

Figure A3.17 GC-MS traces of each half-reaction after constant current bulk electrolysis
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The theoretical capacity of 5 mL of a 50 mM DEHP solution (0.25 mmol) was calculated to be

6.70 mA*h using the following conversion, in which 96485 C/mol is the Faraday constant.

1 mol 96485C 1A=x+s 1000mA 1h
ES ES £ *
1000 mmol 1 mol 1¢C 14 3600 s

0.25 mmol DEHP =« =6.7mA=xh
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A3.7 Oxidative chlorination mechanism

The pH of the electrolysis reaction was monitored using pH strips. The electrolysis was
performed following General Procedure C using PVCa7x and DEHP. The arene substrate was not
included in the reaction, to remove effects of the arene chlorination on the pH. The pH strips
indicated that the reaction became more acidic during electrolysis. The change in pH is attributed

to the degradation of PVC during electrolysis, likely releasing HCI.

Figure A3.18 Photos of the pH strip color scale and pH strips immediately after being wetted
with the reaction mixture

Control reactions were performed to identify the possible chlorine species in solution. The
chlorination reaction did not proceed when PVC was not included in the reaction (entry 2),
supporting the role of PVC as the chloride source. The reaction proceeded cleanly when HCI was
used as the chloride source (entry 3), supporting the notion that PVC degrades into HCI, and then
HClI undergoes further reactivity. The reaction with PVC/DEHP did not generate any product

when TEMPO was included in the reaction (entry 4), suggesting that radicals are involved in the
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paired-electrolysis reaction, either during reduction processes, oxidation processes, or both.
Likewise, the HCI control reaction did not proceed when TEMPO was included in the reaction
(entry 5), suggesting that radical intermediates are involved in the oxidative chlorination half-
reaction, either to convert Cl™ into an active chloride species or in the arene chlorination step.
The reaction proceeded with NaOCl as the chloride source without any electrical potential (entry
6), suggesting that hypochlorite could be the active chloride species in this reaction. The fact that
the PVC/DEHP reaction proceeds better under air, in which O> can serve as oxygen source to
generate hypochlorite (OCI"), further supports involvement of hypochlorite as the active chloride
species. Taken together, this data supports the possible reaction pathway in which PVC is
reductively degraded into HCI, and then CI" is converted into OCI™, which reacts with arene 1 to

generate product 2.

CH
CH3 electrolysis 8

J or

o) ambient Q O)
+ Clsource + additive - © + | Cl
Cl

1 2a 2b
1 equiv.

CHjy
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Table A3-19 Reactions performed to vary the possible chloride source

entry Cl source additive conditions yield of 2 (%)
1 PVCyi (8 equiv.) DEHP (1 equiv.) electrolysis® 85%

2 none DEHP (1 equiv.) electrolysis® 0%

3 HCI (3.2 equiv.)® none electrolysis® quant.

DEHP (1 equiv.),
4 PVCyi (8 equiv.) electrolysis® 0%
TEMPO (3.5 equiv.)®

5 HCI (3.2 equiv.)® TEMPO (3.5 equiv.)* electrolysis® 0%

6 NaOCl (3.2 equiv.) none ambient¢ 33%

2 Electrolysis conditions: performed according to General Procedure C.

b Concentrated HC1 (37 %w/w, 0.100 mL, 1.3 mmol) was used in place of PVC and DEHP and
added to the reaction after dilution with DMF.

¢(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO, 0.219 g, 1.4 mmol) was added to the to the
reaction before electrolysis.

4 Ambient conditions: Ethoxybenzene (0.051 mL, 0.4 mmol) and tridecane (0.050 mL) were
dispensed in a 20 mL vial and dissolved in DMF (6 mL). NaOClI solution (2.21 mL, 4.00-4.99%

active chlorine) was added and the reaction stirred at rt for 16 h.
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A3.8 Real plastics scenarios

Reaction with PVCiqiig
This reaction was performed according to General Procedure C, using 0.20 g of PVCsoiig. The

reaction was performed twice.

Reaction with PV Ciuping

This reaction was performed according to General Procedure C, using 0.30 g of PV Ciuping (~67%
by wt PVC = ~0.20 g PVCisoliid). A ~2 inch piece of tubing was cut up in half lengthwise and then
cut into smaller pieces that were added to the reaction (photo below). The PV Ciuping pieces did

not fully dissolve in the reaction mixture. The reaction was performed twice.

Figure A3.19 PV Cupbing and PV Cupbing cut up into smaller pieces
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Reaction with PV Cping and mixed plastics

This reaction was performed according to General Procedure C, using 0.30 g of PV Ciuping (~67%
by wt PVC = ~0.20 g PVCsolia). Other plastics were collected from household items (water
bottle, food container lids, medicine container, Styrofoam cup) and the polymer type was
identified by the recycling code information listed on the item. Each plastic item cleaned with
water, wiped dry, and cut into a small piece that was added into the reaction mixture. The
reaction was performed once. The masses of each plastic piece were: 63 mg PET, 84 mg HDPE,

96 mg LDPE, 56 mg LLDPE, 80 mg PP, and 58 mg PS.

Figure A3.20 Reaction mixture containing PV Cuping and pieces of mixed plastic items
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Table A3-20 Summary of data collected from reactions using real plastic items

entry

PVC

source

PVCiolia

PVCiolia

PVCtubing

PVCtubing

PVCtubing

possible

contaminant(s)

none

none

none

none

mixed plastics

conversion of 1

(%)

66

55

85

89

76

consumption of

DEHP (%)

95

91

100

yield of 2 (%)

30

33

62

64

67

NBus
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A3.9 Characterization of dPVC after electrolysis

Isolation of dechlorinated PVC (dPVC)

After performing the electrolysis reaction according to General Procedure C, dPVC was
recovered using the following protocol: The reaction mixture was poured into 200 mL methanol
while stirring to precipitate the polymer. The polymer was collected by filtration and then
redissolved in 5 mL THF. The solution was poured into 200 mL methanol while stirring to
precipitate the polymer, again. The polymer was collected by filtration, and the dissolution and
precipitation processes were repeated one more time. The polymer was collected by filtration and

dried under vacuum overnight.

Figure A3.21 Photo of dPVC recovered from reactions performed using PVCy7 with 1 equiv.
of DEHP (left) and with no DEHP (right)
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Thermogravimetric analysis (TGA)

TGA was used to estimate the relative amount of chlorine-containing repeat units in each dPVC
sample. The thermal mass loss profile of PVC shows two major steps. The first step occurs at
~300 °C and generates mostly HCI along with some hydrocarbon degradation products.? The
second step occurs at ~450 °C and degrades the remaining hydrocarbon content of the material.
PVCyxk retains 36% of its mass after the first thermal step (64% mass loss). Samples of dPVC are
expected to show less mass loss during the first stage because some HCI has already been
removed from the polymer. This change in mass is observed. Recovered dPVC from reactions
performed with DEHP retains 45% mass (55% mass loss), while dPVC recovered from reaction
without DEHP retains 40% mass (60% mass loss). In both cases, less mass is lost from dPVC,
further supporting that some HCI was emitted during electrolysis. This data suggests that more
HCI was lost when DEHP was included in the reaction, which agrees with the higher

chlorination yields observed under these conditions.

Figure A3.22 TGA mass loss profiles collected from PVCa7k (black) and dPVC recovered from
reactions performed using PVCy7¢ with 1 equiv. of DEHP (red) and with no DEHP (blue). The
% mass remaining after the first stage is indicated on the plot. The first derivative was used to
identify the completion of the first mass loss stage, designated when the first derivative reached
Zero.
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Elemental analysis
Elemental analysis indicated that both dPVC samples contained chlorinated repeat units, but
dPVC recovered from reactions that include DEHP show a higher degree of dechlorination. An

estimate of % dechlorination was calculated using the equation below.

% Cl dPVC

% dechlorination = (1 ~ 0, CL PVC
0

) «100%

Table A3-21 Summary of elemental analysis data collected on PVC and dPVC recovered from
reactions performed using PVCy7 with 1 equiv. of DEHP and with no DEHP

mass %
element
PVC (theoretical) PVC (experimental) dPVC, DEHP dPVC, no DEHP
C 38.44 38.7 46.0 39.0
H 4.84 5.0 5.8 4.9
N 0.00 0.0 0.0 0.0
Cl 56.72 56.5 43.5 534
total 100 100.2 95.3 97.3
% dechlorination 23.0 % 5.5%
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Infrared spectroscopy (IR)

The IR spectrum of dPVC recovered from reactions performed with DEHP shows weak Csp3—H
stretching from 2850-2900 cm! and a strong carbonyl stretch at 1726 cm™!, which may be from
oxidation of the polymer backbone or from residual DEHP. Otherwise, the IR spectra of both
dPVC samples do not vary qualitatively from PVC starting material, suggesting the polymer

contains a significant portion of unreacted PVC repeat units.

Figure A3.23 Full IR spectra of (A) PVCa7 (black —), dPVC recovered from reactions
performed with DEHP (red —) and without DEHP (blue —) and (B—E) the same IR spectra
zoomed into smaller wavenumber regions
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A3.10 ElectraSyn setup guide

Undivided cell
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Divided cell
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A3.11 Life cycle assessment
Functional Unit: 1 kg of chloroethoxybenzene (2)

Scope: Process Flow Diagrams

Figure A3.24 Process flow diagram of each scenario studied by life cycle assessment
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Assumptions:

PVC production is left out of scope, because it is waste and therefore produced independently
from this process.

PVC wastes acquisition supply chain is assumed to be 100 km of transportation and shredding.
Shredding process consumes 0.085 MJ/kg.?

Because General Procedure C was followed for HCI and PVC reaction, the following items are
considered to be constant, and are thus left out of scope:

repeated reagents

energy consumption during product synthesis and isolation

equipment required

electrode change/discard frequency

PVC weight change with dechlorination is negligible.

Use life of chloroethoxybenzene (2) is constant, and are thus left out of scope.

PVC and partially dechlorinated PVC have the same impact when sent to landfill.

Waste effluents are assumed to undergo the same treatment in any case, thus are left out of
scope.

Total impact of chemical recycling of plastics via pyrolysis: 0.739 kg CO; eq per kg of plastics
(including displaced fossil fuels with the resulting products).*

The disposal of a fixed amount of PVC wastes equivalent to the amount of PVC wastes required

to produce 1 kg of chloroethoxybenzene (2) in scenario 2, is considered for all scenarios.
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Table A3-22 Life cycle inventories used with each scenario

Item Units Scenario 1 Scenario 2 Scenario 3
Materials Production

HCI kg 0.740 0 0

PVC wastes supply chain tkm 0 0.373 0.040
PVC shredding kWh 0 0.088 0.009

End of Life

PVC to landfill kg 3.732 3.732 3.335
Chemical recycling of dechlorinated PVC (kg 0 0 0.397
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Table A3-23 Life cycle impact assessments. COz equivalents are per unit of item listed

SimaPro:

Item SimaPro: Ecoinvent library Method Units Impact

Materials Production

\Hydrochloric acid, from the reaction of hydrogen with |IPCC 2013 gwp kg CO»

HCl 1.320
chlorine, at plant/RER S 100a eq/kg
Transport, combination truck, long-haul, diesel IPCC 2013 gwp kg CO,

PVC wastes supply chain 0.0965
powered/thkm/RNA 100a leq/tkm

\Electricity, high voltage {US}| market for electricity, IPCC 2013 gwp kg CO,
PVC shredding 0.557
high voltage | Cut-off, S 100a eq/kWh

\End of Life

IPCC 2013 gwp |kg CO,

PVC to landfill \Municipal Solid Waste (waste scenario) (RoW) 0.074
100a eq/kg
Chemical recycling of kg CO,
*Values sourced from Jeswani et al., 20214 0.739
dechlorinated PVC eq/kg

Table A3-24 Results of the life cycle impact assessment (LCIA) of global warming potential
(GWP) for each scenario. CO; equivalents are per kg of chloroethoxybenzene (2)

Units Scenario 1 Scenario 2 Scenario 3

LCIA - GWP  [kg COzeq 1.252 0.360 0.548
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A3.12 Synthetic procedures

CHs;
OH )
O
KoCOg, |7 >CHs
acetone
60 °C
Cl 24 h
Cl
2a

4-chloro-1-ethoxybenzene (2a). Potassium carbonate (2.57g, 18.6 mmol, 1.2 equiv.) and 4-
chlorophenol (1.99 g, 15.5 mmol, 1.0 equiv.) were added to a 50 mL round-bottom flask
equipped with reflux condenser and dissolved in acetone (30 mL). Ethyl iodide (1.49 mL, 18.6
mmol, 1.2 equiv.) was added and the resulting solution was stirred at 60 °C. After 24 h, the
reaction was cooled to rt and concentrated under reduced pressure. The crude reaction mixture
was directly purified by silica gel column chromatography (0—100% ethyl acetate in hexanes) to
obtain a viscous, colorless oil (2.01 g, 83%). HRMS (APCI+) calc’d for CoHoCIO [M+H"]:

157.0415; found: 157.0423.

CHs
OH PN O
K I H
cl 2COs, CHj _ o
acetone
60 °C
24 h
Cl
2b

2-chloro-1-ethoxybenzene (2b). Potassium carbonate (2.57g, 18.6 mmol, 1.2 equiv.) and 2-
chlorophenol (1.99 g, 15.5 mmol, 1.0 equiv.) were added to a 50 mL round-bottom flask
equipped with reflux condenser and dissolved in acetone (30 mL). Ethyl iodide (1.49 mL, 18.6
mmol, 1.2 equiv.) was added and the resulting solution was stirred at 60 °C. After 24 h, the
reaction was cooled to rt and concentrated under reduced pressure. The crude reaction mixture

was directly purified by silica gel column chromatography (0—100% ethyl acetate in hexanes) to
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obtain and viscous, colorless oil (1.85 g, 76%). HRMS (APCI+) calc’d for CoH1oClO [M+H]:

157.0415; found: 157.0424.

HO
PPhg, DIAD o
OH + /\ >
\_\—N @) THF \_\_N' bo)
\_/ OOCErt \ /
4

4-(3-([1,1'-biphenyl]-4-yloxy)propyl)morpholine. 4-Phenylphenol (1.00 g, 5.88 mmol),
triphenylphosphine (1.85 g, 7.05 mmol), and 4-(3-hydroxypropyl)morpholine (0.975 mL, 7.05
mmol) were added to a round-bottom flask under N> and dissolved in anhydrous THF (17 mL).
The reaction was cooled to 0 °C in an ice-bath and then diisopropyl azodicarboxylate (1.38 mL,
7.05 mmol) was added dropwise. The reaction was warmed for room temperature and stirred for
a total of 4 h. After the reaction was complete, 50 mL of H>O was added and then extracted 3 x
100 mL ethyl acetate. The combined organic layers were dried with MgSOs, filtered, and
concentrated under reduced pressure. The crude material was further purified by silica gel
column chromatography (0-80% (ethyl acetate + 5% triethylamine) in hexanes) to obtain a white
solid (0.714 g, 2.40 mmol, 41%). HRMS (EI+) calc’d for Ci19H23NO> [M']: 297.1729; found:

297.1726.

2-(dimethylamino)ethyl 2-phenoxyacetate. Methyl phenoxyacetate (1.00 mL, 1.15 g, 6.91
mmol), N,N-dimethylethanol amine (1.04 mL, 0.924 g, 10.4 mmol), and triethylamine (1 mL)

were dispensed into an 8 mL glass vial. The reaction was stirred at 90 °C for 24 h. The crude
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reaction mixture was cooled to rt and directly purified by silicia gel chromatography (0-50%
(ethyl acetate + 5% triethylamine) in hexanes) to obtain a colorless oil (1.23 g, 5.53 mmol, 80%).

HRMS (EI+) calc’d for C12Hi7NO3 [M*]: 223.1208; found: 223.1212.

General Procedure E (divided cell paired electrolysis, constant current)

The ElectraSyn® Pro-Divide reaction vessel was assembled using graphite electrodes (0.8 x 0.2
x 5.20 cm) and a 5 micron frit separator layered with a PiperlON anion-exchange membrane
(pre-soaked in 0.1 M NBusBF4 in DMF). The aromatic substrate (0.5 mmol), NBusBF4 (231 mg,
0.70 mmol), and DMF (7 mL) were added to the working (anodic) chamber. PVCa7 (200 mg,
3.2 mmol (repeat unit), 6.4 equiv. (repeat unit)), NBusBF4 (231 g, 0.70 mmol), DEHP (0.20 mL,
0.50 mmol, 1.0 equiv.), and DMF (7 mL) were added to the counter (cathodic) chamber. All
reagents were added under air and then dissolved by stirring for at least 15 min. Then the
reaction mixture was subjected to constant current electrolysis (10 mA) at rt. The anodic reaction
was monitored by GC and stirred until all the aromatic substrate was consumed. The working
(anodic) chamber was poured into ~250 mL of ethyl acetate and washed with H,O (5 x 40 mL)
and brine (1 x 50 mL) to remove DMF. The organic layer was dried with MgSQOs, filtered, and
concentrated under reduced pressure. The crude reaction was further purified by column

chromatography and the final product dried under reduced pressure.
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chloro-1-ethoxybenzene (2). 1-Ethoxybenzene (63 pL, 61 mg, 0.50 mmol) was reacted

CHs CHs according to General Procedure E for a total of 8 h. The crude

O) O)
i cl  product was purified by chromatography (mobile phase: 100%
+
hexanes) to obtain a colorless oil (41 mg, 52% yield). NMR analysis
Cl
indicated that the product was formed as a 4:1 mixture of

regioisomers (4-chloro-1-ethoxybenzene: 2-chloro-1-ethoxybenzene). HRMS (APCI+) calc’d for

CoH1oClO [M+H']: 157.0415; found: 157.0422.

N-(2,4-dichlorophenyl)acetamide (3). N-(4-chlorophenyl)acetamide (85 mg, 0.50 mmol) was

0]

N

HsC™ "N™ 7Y crude product was purified by chromatography (mobile phase: 0—

H CI

/©/CI reacted according to General Procedure E for a total of 10 h. The

100% gradient ethyl acetate in hexanes) to obtain an off-white solid
(69 mg, 67% yield). HRMS (APCI+) calc’d for CgHsCIoNO [M+H*]: 203.9977; found:

203.9984.

chloro-1,3,5-triethylbenzene (4). 1,3,5-Triethylbenzene (94 uL, 81 mg, 0.50 mmol) was reacted
H;C HsC according to General Procedure E for a
total of 8 h. The crude product was purified
HsC CHy HsC CHj
& & by chromatography (mobile phase: 100%
hexanes) to obtain a colorless liquid (77

mg, 76% yield). NMR analysis indicated that the product was formed as a 5:1 mixture of

products (2-chloro-1,3-5-triethylbenzene: 2,4-dichloro-1,3,5-triethylbenzene). HRMS (EI+)
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calc’d for Ci2Hi7Cl: 196.1019 [M*]; found: 196.1022; calc’d for Ci2H16Cl2 [M*]: 230.0629;

found: 230.0629.

methyl 2-(4-chlorophenoxy)acetate (5). Methyl phenoxy acetate (72 pL, 83 mg, 0.50 mmol)
0 O—@-CI was reacted according to General Procedure E for a total of 7 h.
HsC-O The crude product was purified by chromatography (mobile
phase: 15% ethyl acetate in hexanes) to obtain a yellow oil (72 mg, 72% yield). HRMS (APCI+)

calc’d for CoH10oC103 [M+H"]: 201.0313; found: 201.0322.

4-chloro-1-phenyl-1H-pyrazole (6). 1-Phenyl-1H-pyrazole (66 pL, 72 mg, 0.50 mmol) was

/@ reacted according to General Procedure E for a total of 8 h. The crude
N

“~C
=N

gradient ethyl acetate in hexanes) to obtain an off-white solid (64 mg, 71% yield). HRMS (EI+)

product was purified by chromatography (mobile phase: 0-30%

calc’d for CoH7CIN; [M*]: 178.0298; found: 178.0300.

8-chloro-1,3,7-trimethyl-3,7-dihydro-1H-purine-2,6-dione (7). Caffeine (97 mg, 0.50 mmol)
was reacted according to General Procedure E for a total of 8 h. The
OJ\N | N/>_CI crude product was purified by chromatography (mobile phase: 0-50%
ethyl acetate in hexanes) to obtain a white solid (41 mg, 36% yield).

HRMS (APCI+) calc’d for CgHioCIN4O> [M+H']: 229.0487; found: 229.0482.
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3-chloro-1-methyl-2-phenyl-1H-indole (8). 1-Methyl-2-phenyl-1H-indole (104 mg, 0.50 mmol)

CHs was reacted according to General Procedure E for a total of 4 h. The

‘ ’\; O crude product was purified by chromatography (mobile phase: 100%
Cl hexanes) to obtain a white solid (6.1 mg, 5% yield). HRMS (EI+)

calc’d for CisHi2CIN [M*]: 241.0658; found: 241.0664.

4,5-dichloro-1-phenyl-1H-imidazole (9). 1-Phenyl-1H-imidazole (63 uL, 72 mg, 0.50 mmol)
N cl was reacted according to General Procedure E for a total of 4 hours. The
\Ni(/N—@ crude product was purified by chromatography (mobile phase: 0-100%
gradient ethyl acetate in hexanes) to obtain a white solid (14 mg, 13%

yield). HRMS (EI+) calc’d for CoHsCLoN2 [M*]: 211.9908; found: 211.9907.

3-chloro-2-phenylimidazo|[1,2-a]pyridine (10). 2-Phenylimidazo[1,2-a]pyridine (97 mg, 0.50

cl mmol) was reacted according to General Procedure E for a total of 4 h.
=z . .
N/\g—Q The crude product was purified by chromatography (mobile phase: 0—
NS \N

100% gradient ethyl acetate in hexanes) to obtain an off-white solid (27

mg, 24% yield). HRMS (APCI+) calc’d for Ci13H1oCIN, [M+H']: 229.0527; found: 229.0526.

chloro-3-hexylthiophene (11). 3-Hexylthiophene (89 pL, 84 mg, 0.50 mmol) was reacted

according to General Procedure E for a total of 8 h. The crude

So-cl  ClwySs_cl
L
product was purified by chromatography (mobile phase:

CeHu3 CeHi3
100% hexanes) to obtain a colorless oil (37 mg, 33% yield).
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NMR analysis indicated that the product was formed as a 1:1.8 mixture of products (2-chloro-3-
hexylthiophene: 2,5-dichloro-3-hexylthiophene). HRMS (APCI+) calc’d for C1oH16CIS [M+H']:

203.0656; found: 203.0655; C1oH;5ClS [M+H"]: 237.0266; found: 237.0263.

2-chloro-3-methylbenzo[b]thiophene (12). 3-Methylbenzo[b]thiophene (67 pL, 74 mg, 0.50

@i}_m mmol) was reacted according to General Procedure E for a total of 10 h. The

CHs crude product was purified by chromatography (mobile phase: 100%
hexanes) to obtain a colorless oil (50 mg, 55 % yield. HRMS (EI+) calc’d for CoH7CIS [M*]:

181.9957; found: 181.9888.

4-(3-((3-chloro-[1,1'-biphenyl]-4-yl)oxy)propyl)morpholine (13). 4-(3-([1,1'-Biphenyl]-4-

cl yloxy)propyl)morpholine (0.149 g, 0.50 mmol) was
O reacted according to General Procedure E for a total of 8
\_\_ — .
N O h. The crude product was purified by chromatography

(mobile phase: 0-80% (ethyl acetate + 5%
triethylamine)) to obtain and off-white solid (73 mg, 44% yield). HRMS (EI+) calc’d for

C1oH22CINO2 [M*]: 331.1339; found: 331.1336.

2-(dimethylamino)ethyl 2-(4-chlorophenoxy)acetate (14). 2-(Dimethylamino)ethyl 2-

phenoxyacetate (107 pL, 0.112 g, 0.5 mmol) was reacted

O
/©/ N according to General Procedure E for a total of 8 h. The
Cl o

HeC™ “CHjg
crude product was purified by chromatography (mobile
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phase: 0—60% (ethyl acetate + 5% triethylamine)) to obtain a yellow oil (44 mg, 29% yield).
NMR analysis indicated that the obtained oil contained 1:0.2 mixture of product and unreacted
starting material, which were not separated chromatographically. HRMS (ESI+) calc’d for

C12H17CINO3 [M+H']: 258.0891; found: 258.0894.
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A3.13 'H and *C NMR spectra

CHs

0 Lj/\/\CHa

o
O
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CHs
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Figure A3.25 'H and *C NMR spectra of Tygon tubing extract. 'H NMR (500 MHz, CDCI3) &
7.74 —7.68 (m, 2H), 7.56 — 7.49 (m, 2H), 4.27 — 4.16 (m, 4H), 1.76 — 1.63 (m, 2H), 1.51 — 1.24
(m, 16H), 0.96 — 0.85 (m, 12H). 3C NMR (126 MHz, CDCl3) 6 167.88, 132.60, 131.01, 128.93,
68.28, 38.87, 30.50, 29.06, 23.88, 23.12, 14.18, 11.09. *butylated hydroxytoluene (BHT)
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Figure A3.26 'H and *C NMR spectra of commercial DEHP. 'H NMR (500 MHz, CDCl3) &
7.74 —7.67 (m, 2H), 7.55 — 7.49 (m, 2H), 4.28 —4.16 (m, 4H), 1.74 — 1.61 (m, 2H), 1.49 — 1.24
(m, 16H), 0.97 — 0.84 (m, 12H). 3C NMR (126 MHz, CDCl5) 6 167.85, 132.58, 130.98, 128.91,
68.26, 38.86, 30.49, 29.05, 23.88, 23.11, 14.17, 11.08.
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Figure A3.27 'H and '3C NMR spectra of 4-chloro-1-ethoxy benzene (2a). '"H NMR (500

MHz, CDCL3) 6 7.22 (d, J = 8.8 Hz, 2H), 6.82 (d, J = 8.8 Hz, 2H), 4.00 (q, /= 7.0 Hz, 2H),

1.41 (t, J=7.0 Hz, 3H).]3C NMR (126 MHz, CDCl3)  157.70, 129.41, 125.49, 115.88, 63.89,
14.89
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Figure A3.28 'H and *C NMR spectra of 2-chloro-1-ethoxy benzene (2b). 'H NMR (500 MHz,
CDCl3) 5 7.36 (d, J = 7.8 Hz, 1H), 7.20 (t, J = 7.8 Hz, 1H), 6.92 (d, J= 8.2 Hz, 1H), 6.88 (1, J =
7.7 Hz, 1H), 4.11 (q, J = 7.0 Hz, 2H), 1.47 (t, /= 7.0 Hz, 3H). *C NMR (126 MHz, CDCl;) 5
154.62, 130.41, 127.78, 123.01, 121.33, 113.56, 64.81, 14.87.
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Figure A3.29 1H and 13C NMR spectra of 4-(3-([1,1'-biphenyl]-4-yloxy)propyl)morpholine.
1H NMR (500 MHz, CDCI3) § 7.55 (dd, J = 8.2, 1.0 Hz, 2H), 7.53 — 7.50 (m, 2H), 7.41 (t,J =
7.7 Hz, 2H), 7.30 (t, J = 7.4 Hz, 1H), 7.00 — 6.95 (m, 2H), 4.07 (t, ] = 6.3 Hz, 2H), 3.74 (s, 4H),
2.60 —2.54 (m, 2H), 2.50 (s, 4H), 2.09 — 1.95 (m, 2H). 13C NMR (126 MHz, CDCI3) & 158.68,
140.97, 133.91, 128.86, 128.28, 126.87, 126.80, 114.93, 67.10, 66.30, 55.73, 53.89, 26.59.

*water
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Figure A3.30 'H and '*C NMR spectra o

f 2-(dimethylamino)ethyl 2-phenoxyacetate. 'H NMR

(500 MHz, CDCL3) § 7.28 (t, J = 8.0 Hz, 2H), 6.98 (t, /= 7.4 Hz, 1H), 6.91 (d, J = 8.6 Hz, 2H),
4.65 (s, 2H), 430 (t, J = 5.7 Hz, 2H), 2.58 (t, J= 5.7 Hz, 2H), 2.26 (s, 6H). >C NMR (126
MHz, CDCls) § 169.11, 157.90, 129.65, 121.82, 114.78, 65.40, 62.95, 57.78, 45.75.
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Figure A3.31 'H and *C NMR spectra of 4.4:1 mixture of 4-chloro-1-ethoxy benzene: 2-chloro-
1-ethoxy benzene (2). 'H NMR (500 MHz, CDCl3) 6 7.36 (m, 1H), 7.25 — 7.19 (m, 8H), 7.19 —
7.14 (m, 1H), 7.00 — 6.86 (m, 2H), 6.86 — 6.79 (m, 9H), 4.15 — 4.05 (m, 2H), 4.02 — 3.98 (m 9H),
1.47 (7,J=173H), 141 (t,J = 7.0 Hz, 13H). 3C NMR (126 MHz, CDCl3) 157.69, 130.40,

129.40, 127.77, 125.47, 121.32, 115.87, 113.54, 64.79, 63.88, 14.88.
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Figure A3.32 'H and '3C NMR spectra of N-(2,4-dichlorophenyl)acetamide (3). '"H NMR (500
MHz, CDCl3) § 8.32 (d, J = 8.9 Hz, 1H), 7.57 (s, 1H), 7.36 (d, J = 2.3 Hz, 1H), 7.23 (dd, J =

8.9, 2.4 Hz, 1H), 2.23 (s, 3H). 3*C NMR (126 MHz, CDCl3) § 168.34, 133.49, 129.17, 128.78,
128.01, 123.16, 122.46, 24.95.
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Figure A3.33 1H and 13C NMR spectra of 5:1 mixture of 2-chloro-1,3-5-triethylbenzene: 2,4-
dichloro-1,3,5-triethylbenzene (4). 1H NMR (500 MHz, CDCI3) 6 7.01 (s, 1H), 6.97 (s, 10H),
3.06 (q, J=7.5 Hz, 2H), 2.80 (q, J = 7.5 Hz, 24H), 2.63 (q, J = 7.6 Hz, 10H), 1.28 (m, 54 H).
13C NMR (126 MHz, CDCI3) 6 142.56, 141.82, 140.41, 139.89, 131.93, 130.76, 127.53, 126.74,
28.52,27.53,27.49, 25.89, 15.75, 14.34, 14.20, 12.64.
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Figure A3.34 'H and *C NMR spectra of methyl 2-(4-chlorophenoxy)acetate (5). 'H NMR
(500 MHz, CDCl3) & 7.24 (d, J = 9.0 Hz, 2H), 6.83 (d, J = 8.8 Hz, 2H), 4.60 (s, 2H), 3.79 (s,
3H). 3C NMR (126 MHz, CDCl3) 8 169.15, 156.50, 129.59, 126.87, 116.10, 65.60, 52.40
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Figure A3.35 'H and '3C NMR spectra of 4-chloro-1-phenyl-1H-pyrazole (6). 'H NMR (500
MHz, CDCls) 5 7.91 (s, 1H), 7.64 (s, 2H), 7.63 (m, 1H), 7.46 (t, J = 8.0 Hz, 2H), 7.32 (1, J = 7.4
Hz, 1H). >*C NMR (126 MHz, CDCl3) § 139.87, 139.62, 129.69, 127.14, 124.96, 119.12,
112.53. *water
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Figure A3.36 'H and '3C NMR spectra of 8-chloro-1,3,7-trimethyl-3,7-dihydro-1H-purine-2,6-
dione (7). 'H NMR (500 MHz, CDCl3) § 3.95 (s, 1H). 3.55 (s, 1H), 3.40 (s, 1H). *C NMR
(126 MHz, CDCl3) 6 154.74, 151.45, 147.23, 139.12, 108.41, 32.85, 29.98, 28.16. *water
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Figure A3.37 'H and '3C NMR spectra of 3-chloro-1-methyl-2-phenyl-1H-indole (8). 'H
NMR (500 MHz, CDCl3) 8 7.67 (d, J= 7.9 Hz, 1H), 7.52 (m, 4H), 7.46 (m, 1H), 7.37 (d, /=
8.2 Hz, 1H), 7.31 (t, J= 7.1 Hz, 1H), 7.23 (t, /= 7.4 Hz, 1H), 3.68 (s, 3H). 3C NMR (126
MHz, CDCl3) 6 136.17, 130.55, 128.58, 128.48, 125.62, 122.81, 120.36, 118.30, 109.67,
31.46. Note, some expected carbon peaks were not detected at the low concentration. *water
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Figure A3.38 'H and '*C NMR spectra of 4,5-dichloro-1-phenyl-1H-imidazole (9). 'H NMR

(500 MHz, CDCl3) 8 7.57 — 7.48 (m, 4H), 7.38 — 7.33 (m, 2H). °C NMR (126 MHz, CDCls) &
134.76, 134.72, 129.85, 129.60, 127.56, 125.71, 114.16, 29.84. *grease
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Figure A3.39 'H and '*C NMR spectra of 3-chloro-2-phenylimidazo[1,2-a]pyridine (10). 'H
NMR (500 MHz, CDCls)  8.14 (d, J = 7.7 Hz, 2H), 8.12 (d, J = 6.9 Hz, 1H). 7.66 (d,.J=9.1
Hz, 1H), 7.49 (t, J = 7.7 Hz, 2H). 7.39 (t, J = 7.4 Hz, 1H), 7.25 (d, 7 = 16.9 Hz, 1H), 6.94 (1,
J=6.8 Hz, 1H). 3*C NMR (126 MHz, CDCl;3) 6 143.84, 139.90, 132.60, 128.70, 128.42,

127.65, 125.05, 122.84, 117.80, 113.10

263



|| oall

705 695 685 675 262 256 250
ppm ppm
S._cl  cl-S_al
RV
CeHis CeH13
1:1.8 l )U‘J
—AN —A PR
. . . . 101018 . . 23406818598
12 1 10 9 8 7 6 5

ppm

i

291 287 28.3 27.9
ppm ppm
22 73 22«

157 155 153 121 ppm

TTTT T TTTTTTTIIT T T
29.70 29.50 1423  14.
ppm Il ppm

220 200 180 160 140 120 100 8 60 40 20 O
ppm

Figure A3.40 'H and *C NMR spectra of 1:1.8 mixture of 2-chloro-3-hexylthiophene: 2,5-
dichloro-3-hexylthiophene (11). 'H NMR (500 MHz, CDCl3) 6 7.02 (d, J = 5.7 Hz, 1H), 6.79 (d,
J=5.7Hz, 1H), 6.63 (s, 2H), 2.60 — 2.54 (m, 2H), 2.53 — 2.47 (m, 4H), 1.55 (ddt, J = 15.0, 12.7,
7.4 Hz, TH), 1.37 — 1.27 (m, 19H), 0.94 — 0.84 (m, 10H).3C NMR (126 MHz, CDCL3) 5 139.41,
139.34, 128.04, 127.08, 125.72, 124.57, 122.11, 121.54, 31.76, 31.71, 29.76, 29.56, 29.05,
28.93, 28.18, 28.08, 22.74, 22.71, 14.21.
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Figure A3.41 'H and *C NMR spectra of 2-chloro-3-methylbenzo[b]thiophene (12). '"H NMR
(500 MHz, CDCI3) 6 7.70 (d, J= 7.8 Hz, 1H), 7.61 (d, /= 7.9 Hz, 1H), 7.38 (t, J= 7.5 Hz, 1H),
7.33 (t, J="7.0 Hz, 1H), 2.37 (s, 3H). 13C NMR (126 MHz, CDCl3) & 138.89, 137.46, 129.02,
126.67, 124.75, 124.65, 121.97, 121.73, 11.62
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Figure A3.42 'H and '3C NMR spectra of 4-(3-((3-chloro-[1,1'-biphenyl]-4-
yl)oxy)propyl)morpholine (13). 'H NMR (500 MHz, CDCls) § 7.54 (d, J= 2.2 Hz, 1H), 7.45
(d,J=17.7 Hz, 2H). 7.35 (t, J = 7.7 Hz, 2H), 7.26 (1, J = 7.4 Hz, 1H), 7.19 (s, 1H), 6.94 (d, J =
8.5 Hz, 1H), 4.08 (t,J = 6.2 Hz, 2H), 3.68 (s, 4H), 2.50 (m, 6H), 2.07 — 1.93 (m, 2H). 13C
NMR (126 MHz, CDCls) 6 153.96, 139.72, 134.86, 128.99, 128.06, 127.35, 126.84, 126.33,
123.41, 113.76, 67.46, 67.04, 55.54, 53.85, 26.40. *water
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Figure A3.43 1H and 13C NMR spectra of 2-(dimethylamino)ethyl 2-(4-chlorophenoxy)acetate
(14). IH NMR (500 MHz, CDCI3) 6 7.24 (d, J = 9.0 Hz, 2H), 6.85 (d, J = 9.0 Hz, 2H), 4.64 (s,

2H), 4.32 (t, ] = 5.3 Hz, 2H), 2.66 — 2.58 (m, 2H), 2.30 (s, 6H). 13C NMR (126 MHz, CDCI3) &
168.68, 156.41, 129.47, 126.74, 116.04, 65.54, 62.74, 57.63, 45.57. *starting material
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