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Abstract 

As climate change continues to be a global issue due to its negative environmental 

impact, various countries have made great efforts to integrate more renewable energy into 

the power-grid. Using renewable energy can lower dependency on fossil fuels but, there 

are issues that limit switching from consuming fossil fuels to renewable energy. In the 

case of solar or wind technology, the energy harnessed is not consistent throughout the 

day. By pairing renewable energy with redox flow batteries (RFBs), this can address the 

issue of inconsistent energy. Through RFBs, excess energy generated by renewable 

energy can be stored by electrochemical bonds. The focus of this research is to synthesize 

a water-soluble bislawsone to use as a redox active material for RFBs using 7-bromo-3,4-

dihydro-2H-naphthalen-1-one. 2,2’-bis(3-hydroxy-7-methoxy-N,N,N-

trimethylethanaminium chloride-1,4-naphthoquinone) was made but was not purified. 

The crude product was used in cyclic voltammetry (CV) testing. As a baseline, 5 mM of 

7,7’-dibromo-2,2’-bis(3-hydroxy-1,4-naphthoquinone) was added to 1M KOH and the 

CV was measured. The potential was measured at -0.637 V. The electrolytic solution 

consisted of 5 mM of redox active material with 1M KCl in water adjusted to pH 7. There 

was no measurement. The second electrolytic solution consisted of 5 mM of redox active 

material with 1M KCl in 1M KOH. The potential was measured at -0.628 V. Solubility 

decreased by adding supporting salts and at pH 7. This suggests that adding a water-

soluble group on bislawsone influences solubility and solubility affects voltage potential.  
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Chapter I. 

Introduction 

Continuous advancement in technology and urbanization has caused heavy 

reliance on electricity usage in both developed and developing nations. As technology 

evolved, it gradually became incorporated into peoples’ daily lives to the point of 

dependency. This dependency on technology has made it virtually impossible to operate 

in daily life without the use of electricity. Although the use of electricity itself is not the 

issue, how energy is being generated is a major concern. To generate energy, there are 

nonrenewable fossil fuels and clean renewable energy being used. When clean renewable 

energy is used, it generates electricity and does not add to an increase in carbon footprint. 

In the case of fossil fuels, when it gets consumed to generate electricity, it adds to the 

greenhouse gases (GHGs) in the form of carbon dioxide. Emission of carbon dioxide into 

the atmosphere is a main contributing factor in global warming (Rehman et al., 2022). 

Carbon dioxide is known as a GHG due to its nature of trapping heating into the 

atmosphere (US EPA, 2015). GHGs in the atmosphere contribute to global warming. 

Currently, developed nations are leading in contributions to GHGs but, developing 

countries are following in their footsteps through increased emissions of GHG (Rehman 

et al., 2022). With increased GHG emissions from multiple countries, it is undeniable that 

global warming is an important matter that affects everyone.  

Since the consumption of fossil fuels has led to harmful environmental impacts, 

this has led to an interest in finding renewable energy sources as a replacement for fossil 

fuels (Dehghani-Sanij et al., 2019; Ma et al., 2021). The most common forms of 
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renewable energy that is being researched are solar power, wind power, and hydro power. 

While research into renewable energy has seen great improvement in its technology, such 

as its efficiency and energy output, it is nowhere near capable of replacing fossil fuels as 

a primary source of energy to sustain daily life. The main concern of solar and wind 

energy is its intermittent nature that makes it difficult to integrate into large grids to meet 

the daily energy demands. To solve the issue of irregular energy generation of renewable 

energy sources, energy storage systems (ESSs) can be set in place for integration into the 

existing power grid (Dehghani-Sanij et al., 2019).  

With interest in solar and wind energy, research towards ESSs has also occurred. 

One of the major ESSs that has been developed during this time are redox flow batteries 

(RFBs). Out of all the ESSs developed, the mechanical design of RFBs gives them an 

advantage over other systems. The design of storing electrolytes into external tanks 

allows for energy and power to be scaled independently of each other (Chalamala et al., 

2014). Other advantages that comes from RFBs are the low maintenance of the system, 

the flexibility of the design, the ability to regulate temperature of the cell, the stability of 

the system, and the ease of scaling the system(Dehghani-Sanij et al., 2019). Although 

there are many advantages of RFBs, there are some disadvantages that cannot be ignored. 

Disadvantages of RFBs include low energy density, low power density, and high costs 

(Ma et al., 2021). These eliminate RFBs from successfully being integrated into the 

power grid and being used in daily life.  

The disadvantages that come with RFBs make it apparent that RFB technology 

has a long way to go before it can be realistically incorporated into the power grid. This 

research plans to address the issue of sustainability, stability, energy density, power 
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density, and cost that plagues RFBs by synthesizing new organic substrates to take the 

place of existing electrolytes. The organic substrate of interest being synthesized is 

bislawsone. Since bislawsone is found in nature and are nonmetal molecules, they are not 

subjected to price increases that metals are, and they are sustainable as electrolytes. In 

comparison to its monomer lawsone; bislawsone is more stable and they have also shown 

promise in their power density (Tong et al., 2019). In this research, a water-soluble 

bislawsone was made and analyzed using proton magnetic nuclear resonance (NMR) and 

its voltage potential was measured using cyclic voltammetry (CV).  

Over the years, there has been a sharp increase in public awareness of global 

warming and the effects that it has on the environment. Knowledge of the consequences 

of global warming has led to measurable actions towards limiting adding to the existing 

carbon footprint. Decreasing additional carbon dioxide emissions is the first step towards 

reducing the effects of global warming. A major step towards reducing GHG emissions is 

to decrease carbon dioxide emissions by shifting dependency on fossil fuels as a primary 

source of energy by focusing on improving the existing renewable energy sources. 

Through the combination of increasing the efficiency of renewable energy and increasing 

the storage capacity of RFBs, decreasing reliance on fossil fuels as a leading source of 

energy is possible.  

Definition of Terms 

Battery: a cell that contains chemical energy stored in the form of electricity and can be 

used as energy.  

Counter electrode: balances the potential applied to the working electrode.  

Current efficiency: the ratio of electrons used in the total amount of electrons available.  
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Cyclic voltammetry (CV): is a potential sweep taken at a constant rate that measures the 

positive and negative potential at the electrode (Yamada et al., 2022).  

Dimer: a molecular complex consisting of two identical monomers bonded to each other 

by a chemical reaction. 

Electrolytes: are reactive species that carry a charge in a liquid solvent.  

Energy-density: the maximum energy of electrolytic solution that can be stored during 

normal conditions at open-circuit voltage (Noack et al., 2015) 

Energy storage system (ESS): is a device that traps energy output from an energy 

generating source that can be used later.  

Fossil fuels: they are natural nonrenewable sources of energy that are chemically 

composed of carbon and hydrogen that can be consumed to generate heat and 

electricity. Some examples of fossil fuels include oil and natural gas (National 

Geographic Society, 2023).  

Greenhouse gas (GHG): Gases with the ability to retain heat in the environment. Most 

common example of a GHG is carbon dioxide (US EPA, 2015).  

Monomer: a simple molecular complex with an ability to form more complex molecular 

structures composed of repeating simple molecular complexes.  

Nuclear magnetic resonance (NMR): a spectroscopy technique used to identify different 

atoms based on the interaction of an atom’s nuclei magnetic moments with a 

magnetic field (Mlynárik, 2017).  

Nucleophile: are electron-rich atoms that can form covalent bonds by donating a pair of 

electrons to the active site that has an electron deficiency. Some examples of 

nucleophiles are amines and alcohols.  
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Open-circuit voltage (OCV): the measurement of the electrical potential across the two 

end terminals on the positive and negative end of the electrodes. This is used to 

measure the capacity of a battery.  

Oxidation-reduction (Redox) reaction: a chemical reaction that occurs when electrons are 

transferred between two different species. Oxidation occurs when a species loses 

an electron. Reduction occurs when a species gains an electron.  

Potentiostat: the instrument used to run electrochemical experiments of the 3-electrode 

cell on. CVs are obtained by using a potentiostat.  

Redox-flow battery (RFB): a form of electrochemical energy system that stores energy in 

the form of electrolytes redox reactions in external tanks (Dehghani-Sanij et al., 

2019).  

Reference electrode: is an electrode that has a fixed potential that is known during the 

redox reaction.  

Rotary evaporator: removes solvent from the compound by lowering the boiling point 

under pressure and by rotation in a heated water bath. This process causes the 

solvent to evaporate from the compound.  

Thin-layer chromatography (TLC): is a common separation technique used in chemistry 

that separates two different compounds based on the hydrogen bonding to the 

silica plate and the polarity of the molecule (Dickson et al., 2004). 

Working electrode: where the measurement of the redox reaction occurs between the 

electrode surface and the electrolytic solution.  
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Background of the Problem 

Fossil fuels can be categorized as oil, natural gas, and coal that can be found in 

the Earth’s crust. Structurally, fossil fuels contain hydrocarbons that can be used as 

energy in the form of electricity or directly burned as a heat source. Fossil fuels are a 

primary source of energy used in everyday life for heat and electricity (National 

Geographic Society, 2023). Both developed and developing nations use fossil fuels in 

different capacities for day-to-day activities. Since every country uses fossil fuels in some 

form, the consumption of fossil fuels is a global concern that affects everyone on some 

level. Even if most energy experts do not agree on the amount of fossil fuels that are 

available in storage, they can agree that large supplies of fossil fuels exist. Through new 

discoveries of fossil fuels, the existing large volume of fossil fuels in reserve continues to 

grow to the point that running out of crude oil is not an issue in the near distant future. 

Given that there is a large volume of fossil fuels available, there is still an issue that fossil 

fuels are not renewable and that they are still a limited resource (Abas et al., 2015).  

For fossil fuel consumption, there are a variety of factors that affect how much of 

it is consumed. Some of those factors include population growth and economic growth 

(Zaman & Moemen, 2017). In terms of population growth, an increase in consumption of 

fossil fuels naturally follows to accommodate the increase in energy demands. In terms of 

economic growth, industries relating to technology and advancement in technology are 

inseparable. With the technology industries, not only does it take energy to manufacture 

their products; some products such as computers, cell phones, and televisions also use 

electricity to operate. In this way, economic growth also leads to an increased 

consumption of fossil fuels. On a surface level, as more nations transition from a 
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developing nation to a developed one, there is a huge increase of intake of fossil fuels 

that adds to the depletion of a limited supply. Although the oil reserves are large and it 

will take many generations to consume, it is still an issue that needs to be dealt with 

because it is a limited resource that is not renewable. On a global level, climate change 

caused by the usage of fossil fuels is a problem that needs to be addressed. 

When fossil fuel such as coal is burned as a heat source, it creates a byproduct of 

carbon dioxide (CO2). CO2 is a gas that belongs to a group of gases known as greenhouse 

gases (GHGs). GHGs are composed of carbon dioxide, methane, nitrous oxide, and 

fluorinated gases and they are directly related to climate change because they retain heat 

within the atmosphere. Out of all these gases, CO2 makes up around 79.4% of GHG 

emissions (US EPA, 2015). Climate change has a large global impact across the world 

because it affects everyone. In areas heavily polluted with GHGs, there is a negative 

consequence on the air quality (Fiore et al., 2012). Since climate change has become a 

hot topic in environmental science, the scale to measure climate change has also been 

updated. To measure climate change, temperature fluctuation, amounts of annual rainfall, 

climate events, and climate extremes are taken into consideration. In the case of drought, 

soil quality can be assessed by the moisture in the soil and runoff from the streams. Since 

different terrains have different soil quality and annual rainfall is not consistent, it makes 

it much more difficult to determine if a drought has occurred. Despite the challenge faced 

in having no standard baseline of soil quality and no consistent rainfall, there is still 

strong evidence to indicate that climate change has led to drought in different parts of the 

world (Cook et al., 2018). The effects of climate change can also be seen with crop 

production because it is sensitive to seasonal changes. If any season is prolonged or 
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shortened, it may affect production quality and yield for the year (Mirón et al., 2023). 

Climate change essentially not only affects the health of people, but it also affects 

peoples’ quality of life.  

According to the International Energy outlook report, developed countries’ 

reliance on fossil fuels for economic growth has been a contributing factor in the increase 

of CO2 emissions in the atmosphere and it is a problem that needs to be focused on (Q. 

Jiang et al., 2022; Nathaniel et al., 2021). There have been some effects in terms of 

environmental policies that have decreased CO2 emissions in developed countries. While 

it is a great start that some countries have strict environmental protection laws, some 

other countries may have more relaxed environmental production laws. Due to different 

environmental policies in place, there has been a noticeable shift from developed nations 

being huge contributors in GHGs emissions to developing nations being the ones who are 

now the lead emitters. This shift has been caused by industrial polluters moving factories 

from a developed country to a developing country for their business. Ideal environmental 

protection laws toward sustainable energy would lower CO2 emissions and not inhibit 

economic growth. To truly make effective laws to combat rising CO2 emissions, policy 

makers need to have a set standard across all countries (Zaman & Moemen, 2017).  

Over time, many countries have become dependent on fossil fuels for everyday 

life. As a primary source of energy, fossil fuels account for about 86% of the global 

energy demand (Abas et al., 2015). With so much dependence on limited resources that 

have been ingrained into daily life, a disruption in its supply chain can lead to negative 

consequences for the public. Around the 1970s, there were two instances where a 

disruption in the supply chain of oil led to a massive increase in oil prices. In 1967 and 



 

9 

1973, there were the Arab Oil Embargoes sanctioned against the United States. During 

both embargoes, the United States was able to successfully trade oil with other 

unsanctioned countries. Even with embargoes to disrupt the oil supply chain, it did not 

affect consumers in any way. What caused the gas prices to rise was a variety of things 

caused by the government’s mismanagement of the situation. The combination of 

decrease in gas production and negative consumer speculation led to the biggest 

contribution to an increase in gas prices (Lynch, 1999).  

Although the oil crisis was an unfortunate incident that had caused financial 

hardships to the World’s economy, it led to more promising research towards renewable 

energy. Some examples of renewable energy resources are solar, wind, hydrogen, and 

bioenergy. Given the wide range of untapped renewable energy found on Earth, it can 

meet the global energy demands (Abas et al., 2015). For renewable energy, the most 

popular forms of renewable energy are solar and wind energy. Even though solar and 

wind energy have been extensively studied, there is still the intermittent nature that limits 

its success for integrating into the power grid (Dehghani-Sanij et al., 2019). The oil crisis 

around the 1970s also prompted more research into possible ESSs that can be 

implemented into the power grid to complement renewable energy sources (Chalamala et 

al., 2014). 

For ESS, batteries also belong to this group. Batteries store energy through their 

electrolytes. Batteries are broken into different categories depending on which type of 

service they provide, if they are rechargeable or not, and if they are portable. Some of the 

categories for batteries are primary batteries, secondary batteries, and grid-scale batteries. 

Primary batteries are portable, not rechargeable, and they are often classified by the 
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electrolytes used. An example of a known primary battery is the alkaline battery which 

can be found in most homes. Secondary batteries are portable, rechargeable, and are often 

used for portable devices that run on electricity. A known example is a lithium-ion 

battery, and most can be found in most cell phones. Grid-scale batteries are socialized 

batteries that are designed to be incorporated into the power-grid to meet energy demands 

at peak hours. In most cases, they are not portable because they are physically large. 

Some known examples are fuel cells and RFBs (Dehghani-Sanij et al., 2019). This 

research in ESS lasted until the 1980s without much hope or success for commercial use. 

During this time, RFBs were created as a possible ESS (Chalamala et al., 2014). Due to 

disappointing results in terms of practical applications for integration into the power grid, 

RFB development was put on hold.  

Although the oil crisis was averted and the consumption of fossil fuels as a source 

for heat and electricity continued, there have been some negative consequences that their 

byproducts have on the environment (Rehman et al., 2022). Burning fossil fuels have 

contributed to global warming by adding CO2 emissions into the atmosphere. To reduce 

the carbon footprint, interest in renewable energy sources such as solar and wind energy 

has begun again (Dehghani-Sanij et al., 2019; Ma et al., 2021). It was only through 

renewed interest in clean renewable, and sustainable energy that an interest in RFBs 

continued (Chalamala et al., 2014).  
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Figure 1. Diagram of an aqueous organic redox flow battery. 

General diagram of an aqueous organic redox flow battery. Image adapted from (Noack 

et al., 2015; Weber et al., 2011).  

Aqueous RFB store energy by converting chemical energy to electrical energy in 

a voltaic cell. The voltaic cell is separated into two half-cells by an ion-exchange 

membrane. The two half-cells are connected by electrodes. At the electrodes, oxidation 

and reduction occurs where the electrodes come into direct contact with the electrolytic 

solution. The electrode at the site where the positive electrolyte (posolyte) is stored, is 

known as the cathode. The electrode at the site where the negative electrolyte (negolyte) 

is stored, is known as the anode. As the redox reactions occur at the electrodes, the 

electrolytes stored in the external tanks flow through the cell by pumping into electrolytic 

solution in the half-cells to replenish the solution. The redox reactions take place to 

convert chemical energy to electrical energy, there is a charge difference that happens in 

both half-cells. To sustain charge neutrality in both cells, cations from the supporting salt 

can pass through the ion-exchange membrane. The ion-exchange membrane not only 
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keeps redox active molecules separate from each other; the porous membrane allows 

selective cations from the supporting salt to pass through. Depending on which direction 

the electrons flow, it dictates whether the RFB is either charging or discharging. For the 

discharge phase, it is a spontaneous reaction that is the potential energy available to the 

RFB. The potential energy is the posolyte energy minus the negolyte energy measured in 

voltage (Arévalo-Cid et al., 2021). Figure 2 below and figure 3 shows the transfer of 

electron(s) during charge phase and discharge phase in the RFB.  

 

Figure 2. General redox reaction of electrons during charge  

N is the negolyte redox species, P is the posolyte redox species, and n is the number of 

electron(s) transferred during the reaction.  

 

Figure 3. General redox reaction of electrons during discharge. 

N is the negolyte redox species, P is the posolyte redox species, and n is the number of 

electron(s) transferred during the reaction.  

One of the main advantages that RFBs have over other ESSs lies within their 

design. Since the liquid electrolytes are stored separately from electrochemical cells, this 
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allows for separation of energy and power. Not only does storing liquid electrolytes in 

external tanks allow for energy and power to be scaled up by adding more electrolytes, 

but this also allows for higher safety because he temperature control and cell balancing 

(Chalamala et al., 2014). The most studied flow batteries are vanadium flow batteries and 

zinc flow batteries. Both vanadium flow batteries and zinc flow batteries are in the 

demonstration phase for commercialization. Some of the limitations to vanadium flow 

batteries and zinc flow batteries are the cost of materials, the low energy density, and low 

power density. Aqueous organic RFBs have gained traction as a possible form of ESS 

due to their electrolytes being environmentally friendly and having long cycling life. 

Although the cost of aqueous organic RFBs are lower than vanadium flow batteries and 

zinc flow batteries, are their low energy density and low power density (Ma et al., 2021).  

Due to the disadvantages plaguing RFBs, research into different types of 

electrolytes have been conducted to increase the potential energy of RFBs. To optimize 

the energy output of electrolytes, there are some ideal requirements that need to be met. 

The requirements are having a large potential window, robust redox active species, fast 

redox kinetics, great solubility, low density electrolytic solution, great ionic conductivity, 

environmentally benign, and cost efficient (Arévalo-Cid et al., 2021). These ideal 

requirements are important because they affect battery performance. When batteries are 

tested, not only is the energy density, power density, efficiency and duration of the 

battery is tested. The impact that the components of the battery has on the environment 

and the cost of the materials are also part of evaluation of a battery system as a whole 

(Fischer et al., 2022). Currently, vanadium is leading other electrolytes in terms of energy 

density, but it is also still behind lithium-ion batteries. Although vanadium has higher 
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energy density in comparison to organic electrolytes, it is limited by low abundance in 

nature and by cost (R. Chen, 2019). Vanadium RFBs are also plagued with slow reaction 

kinetics (Q. Chen et al., 2021). Only RFB electrolytes using transition metals meet 

performance and stability for commercial use. If RFBs using organic molecules can have 

the same performance as their inorganic counterparts, it can lower the cost of RFBs. For 

renewable energy to be possible as a replacement for fossil fuels, EES needs to be part of 

the power-grid. (Cannon et al., 2023). Lithium-ion batteries may be favored due to high 

energy density and lower cost of battery pack, they suffer from phase transformation even 

when they are not in use and they pose a fire hazard due to the use of organic solvent 

(Wei et al., 2017).  

Although organic redox active species have low energy density, are not 

chemically stable, and have solubility issues in aqueous solvent, those issues can be 

overcome with molecular engineering (Huang et al., 2020). There are several advantages 

that make organic molecules interesting to study. They are readily available in nature, 

there are many kinds of molecules to choose from, and they can be synthesized to make 

unique structures. Organic redox active species can also lower the material costs. 

Modification can reduce costs by increasing the number of electron transfer atoms on the 

molecule to increase the specific capacity. A higher power density can reduce the stack 

size and the cost. Compared with vanadium RFBs, organic redox active species can 

reduce the costs of the electrolyte by 10 – 50%. (R. Chen, 2019). For organic redox active 

species, the redox reactions that have been studied have occurred on S, O, and N (Cannon 

et al., 2023). Due to the versatility of the organic redox active molecules, different 

solvents have been used to dissolve the redox active species. Different solvents used for 
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the electrolytic solution have different effects on the energy potential, solubility of the 

molecule and the conductivity of the ions. Since some redox active species are nonpolar, 

organic solvents are used to increase the solubility of the molecule. Organic solvents can 

also raise the cell voltage to 6 – 8V. In return, organic solvents lower ion conductivity 

and they are a fire hazard. Water in comparison has a lower potential than organic 

solvents at 1.23 V and lower solubility but, they high ion conductivity, are safer, and they 

are cheaper (R. Chen, 2019).  

Even though using water as a media for organic redox active species is limited by 

solubility, it is possible to increase the solubility of the molecule by molecular 

engineering. Some of the ways that molecular engineering has increased solubility of 

organic molecules is to increase the structure’s polarity by add water-soluble functional 

groups (Q. Chen et al., 2021; Fischer et al., 2022). The safety of RFBs is also increased 

with high solubility in aqueous solution because solubility is no longer limited to the use 

of flammable organic solvents. Aqueous solvents are also eco-friendly to the 

environment. With the flexibility that molecular engineering gives to organic redox active 

species, organic molecules have been used for posolytes and negolytes.  
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Figure 4. Diagram of the different electrolytes used for negolyte and posolyte 

The diagram gives a summary of the different types of redox active materials used in 

RFBs. Diagram was adapted from figure 7 and figure 10 (Fischer et al., 2022).  

In electrolytes, there are three main components to keep in mind when studying 

energy potential because of how they interact with each other. The three main 

components are the redox active species, the type of solvent used, and the supporting salt. 

(Arévalo-Cid et al., 2021). To improve the battery performance of RFBs, redox active 

species have ranged from inorganic to organic molecules. With computational chemistry 

and molecular engineering, the number of organic molecules will continue to grow. With 

the new types of organic molecules studied for electrolytes, RFBs are no longer limited to 

only using organic solvent to solve solubility issues in inorganic redox active materials. 

Aqueous solvent can also be used to dissolve redox active materials without solubility 

being a main issue due to molecular engineering. Aqueous solvent has also solved the 
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issue of solubility with different supporting salts. Solubility of supporting salts is related 

to ion conductivity. Using aqueous solvent increases ion conductivity. With the increased 

solubility of supporting salts, more supporting salts can be used in RFBs to increase 

battery performance.  

There are many organic molecules that have the potential to be used as redox 

active molecules. The molecule that has been chosen as a potential redox active material 

is 2,2’-bis(3-hydroxy-1,4-naphthoquinone), referred to as bislawsone. Bislawsone is a 

dimerized molecule of 2-hydroxy-1,4-naphthoquinone, referred to as, lawsone from 

quinones. This research addresses the issue of cost, sustainability, stability, and safety of 

aqueous RFBs by synthesizing water-soluble bislawsone as a potential electrolyte in 

RFBs.  

 

Figure 5. 2-Hydroxy-1,4-naphthoquinone and 2,2’-bis(3-hydroxy-1,4-naphthoquinone). 

(a) Structure of 2-hydroxy-1,4-naphthoquinone. (b) Structure of 2,2’-bis(3-hydroxy-1,4-

naphthoquinone).  
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Hypothesis and Aims 

The main objective of this research is to make an inexpensive, safe, and 

renewable energy source that can be used to replace other caustic electrolytic solutions 

that damage the environment and add to the carbon footprint. To avoid caustic 

electrolytic solutions, this research focuses on synthesis of organic water-soluble redox 

active materials from the quinone family. The quinone family consists of many molecules 

that contain two carbonyl groups attached to one, two, or three-member rings. The 

synthesis centers around the dimeric form of lawsone from naphthoquinones. Lawsone is 

the simplest molecule of naphthoquinones. Lawsone has a unique structure and reactivity 

that make it versatile in synthesis. Lawsone consists of two carbonyls and a hydroxy 

group. Its base structure is used for many important biological molecules. (Pasha et al., 

2022). Lawsone has been known as an electron mediator in cells (Makoye et al., 2020). 

Compared to other quinones, lawsone has better electrical and ionic conductivity due to 

2D planar packing. This 2D planar packing allows charge carriers to be closer to each 

other. As an electron transfer molecule, carbonyl has fast reaction kinetics (Lee & Park, 

2017). Lawsone is a naturally occurring dye that is non-toxic and environmentally 

friendly. Although lawsone is insoluble in water, its physical properties are subject to 

molecular engineering (Mahkam et al., 2014).  

To improve the molecular core of lawsone as a 2-electron carrier, lawsone was 

dimerized to make bislawsone. Bislawsone has several advantages over lawsone was the 

redox active molecule such as, having a more stable molecule not prone to degradation, 

an increase in solubility in aqueous solution, and has an improved reduction potential 

(Tong et al., 2019).  



 

19 

Aim 1: To synthesize bislawsone derivatives.  

• Objective 1: Use derivatives of 1-tetralone as the starting material to synthesize 

bislawsone with a functional group.  

• Objective 2: To analyze the molecules made using NMR spectroscopy.  

Aim 2: To evaluate bislawsone with different functional groups as a possible electrolyte.  

• Objective 1: To take CV measurements of the functionalized lawsone. 

• Objective 2: To take CV measurements of functionalized bislawsone.  

• Objective 3: To compare the potential energy of the lawsone and bislawsone 

derivatives.  
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Chapter II. 

Materials and Methods 

The starting material selected for synthesis was a derivative of 3,4-

dihydronaphthalen-1(2H)-one, referred to as, 1-tetralone. Main reason a derivative of 1-

tetralone was chosen for synthesis is that it has been used in many organic syntheses. In 

drug synthesis, tetralones with different oxygen functional groups attached on the 

aromatic ring at different positions have been used to make chemotherapeutic agents 

(Ghatak et al., 2003). 1-Tetralone derivatives have been prevalent in organic synthesis 

because they display a large range of biological activities which lead to anti-cancer and 

protein inhibition (Sheng et al., 2022). Many natural products have 1-tetralone as a 

building block to make the molecules. 1-Tetralone has been reported in literature to make 

lawsone in a one-step reaction by autoxidation (Jordão et al., 2015; Ogata et al., 2016). 

For scheme 1, 7-bromo-3,4-dihydro-2H-naphthalen-1-one, referred to as, (1) was picked 

as the starting material for synthesis to make a derivative lawsone of 7-bromo-2-hydroxy-

1,4-naphthoquinone, referred to as, (2). For scheme 2, 6-Hydroxy-3,4-dihydronaphthalen-

1(2H)-one, referred to as, (6) was picked as the starting material for synthesis to modify 

to make an ester version tetralone, referred to as (7). (7) was used to make a derivative 

lawsone of ethyl 2[(6-hydroxy-5,8-d ioxo-5,8-dihydronaphthalen-2-yl)oxy]propanoic 

acid, referred to as, (8).  
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Figure 6. 3,4-Dihydro-1H-naphthalen-1-one and its derivatives. 

(a) Structure of 3,4-dihydronaphthalen-1(2H)-one. (b) Structure of 7-bromo-3,4-dihydro-

2H-naphthalen-1-one. (c) Structure of 6-Hydroxy-3,4-dihydronaphthalen-1(2H)-one.  

Dimerization of Lawsone to Make Bislawsone 

After the derivatives of lawsone were synthesized, there were different pathways 

to make water-soluble bislawsone molecules. Depending on which functional group was 

on the aromatic ring, this gave either a water-soluble lawsone or a non-water-soluble 

lawsone. For the water-soluble lawsone, the only step left to obtain a water-soluble 

bislawsone was to dimerize the monomer to make the functionalized bislawsone. For the 

non-water-soluble lawsone, there are two options. The first option is to modify the 

lawsone to make it water-soluble and then dimerize to get the target molecule. The 

second option is to dimerize the non-water-soluble to get a non-water-soluble bislawsone. 

For the non-water-soluble bislawsone, the last step is to modify the non-water-soluble 

bislawsone to get a water-soluble bislawsone by nucleophilic aromatic substitution.   

Nucleophilic Aromatic Substitution (SNAr) 

One of the most studied reactions in organic synthesis is nucleophilic aromatic 

substitution (SNAr). SNAr has been used to add many functional groups to countless 

heterocycles. This type of reaction has been used in total synthesis to make complex 

molecules. Complex molecules that involve transformation of heterocycles can be 
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applied as active ingredients in pharmaceutical drugs. Due to the importance of 

heterocycle transformation, computational studies have also been used to predict the 

regioselectivity of the reaction (Lu et al., 2022).  

For SNAr to occur, a good leaving group on the heterocycle is needed and a strong 

nucleophile is needed. In most cases, a good leaving group are halogens such as fluorine, 

chlorine, and bromine. Strong bases make for strong nucleophile with the exception being 

thiols (Sadowsky et al., 2014). In traditional SNAr, when the nucleophile attacks at the 

leaving group, a Meisenheimer intermediate forms. The Meisenheimer intermediate 

forms with the leaving group and the nucleophile is still attached to the heterocycle 

compound. The next step of the reaction is for the leaving group to detach from the 

compound and the nucleophile to stay form a new covalent bond on the compound in a 

two-step reaction. In a concerted SNAr reaction, there are no intermediates. This depends 

on which type of leaving group is present on the compound. It has been found that with 

fluorine as the leaving group, Meisenheimer complex does form. For chlorine or bromine 

as the leaving group, it has been found that no complex forms (Stenlid & Brinck, 2017).  

Initially, SNAr was seen as a two-step reaction under normal circumstances while 

a concerted reaction was seen as a rare case. As knowledge was advanced in the reaction, 

the view on Meisenheimer complex being normal was also brought into question. For 

traditional or concerted SNAr reactions, the reaction can be affected by a variety of 

things, such as, the nucleophile, leaving group, and reaction conditions (Rohrbach et al., 

2019). 

In the case of aryl bromides, different types of aryl bromides have been reacted 

with palladium-catalyzed Heck cross-coupling have been observed (Z. Jiang et al., 2012). 
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Since this reaction has been observed, this type of reaction is possible. SNAr was used to 

add water-soluble functional group to the aryl bromide without palladium as a catalyst.  

 

Figure 7. SNAr on halogenated bislawsone.  

Halogenated bislawsone can be used to add different water-soluble groups by SNAr.  
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Figure 8. Different synthesis routes to make water-soluble bislawsone 

Summary of the possible synthesis routes that can be taken to make the target compound.  

Synthesis of Water-soluble Bislawsone by Scheme 1 

For the synthesis of this thesis, there were three main reactions that occurred. In 

the first reaction, it was an oxygenation reaction of tetralone to make lawsone. In the 

second reaction, it was a dimerization reaction of the lawsone. In the third reaction, it was 

an SNAr reaction to add on the water-soluble chains. The main reactions were outlined in 

the figure below.  
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Figure 9. Scheme 1  

Synthetic pathway to make a water-soluble lawsone and bislawsone by scheme 1. X is 

bromine and Nu is choline chloride.  

Reaction 1(a): Synthesis of 7-Bromo-2-hydroxy-1,4-naphthoquinone 

Some adjustments to the procedure (Ogata et al., 2016) was followed to 

synthesize (2) in an overnight reaction. In a 100 mL round bottom flask, a magnetic stir 

bar and 1.8 g (16.0 mmol, 3 equivalents) of potassium tert-butoxide (KOtBu) was added 

to 28 mL of tert-butanol (t-BuOH). The mixture was capped with a rubber septum. To 



 

26 

dissolve KOtBu in t-BuOH, the mixture was sonicated until a slightly viscous and 

colorless solution formed. After sonication, a 6-gauge needle attached to an oxygen tank 

was used to bubble oxygen into the solution for 30 minutes. A small vent needle was 

attached to the septum to purge extra air remaining in the flask and to prevent excess 

oxygen from building in the flask. During oxygenation, the solution was also stirred to 

ensure that oxygen was evenly distributed throughout the solution. Two oxygen balloons 

with 6-gauge needles were then inserted into the solution to keep the reaction under 

oxygen conditions. The vent needle was also removed to prevent excess consumption of 

oxygen. The septum was briefly uncapped to add 1.2 g (5.33 mmol, 1 equivalent) of (1) 

and then recapped giving a red mixture. The reaction continued overnight under oxygen 

balloons condition at room temperature as the mixture was stirred. After the reaction was 

stopped, the solution was red and viscous. The mixture was poured into a 1,000 mL 

beaker containing icy water. In the 1,000 mL beaker, 100 mL DI water was added to 300 

mL of crushed ice. The remaining mixture in the flask was rinsed into the beaker with DI 

water until the 300 mL was reached. When the mixture was added to the icy water, the 

solution turned the icy water red. 1M HCl was added to 600 mL in the beaker to form 

orangish-yellow solids. The solids were collected using vacuum filtration. The average 

yield for the crude product was 83%. To purify the crude product, the solids were 

carefully rinsed with ethanol. A small amount of ethanol was used to avoid losing some 

product during the wash. The product was slightly soluble in ethanol. The average yield 

for the purified product was 67%. 1H NMR (400 MHz, DMSO-d6): δ 8.07 – 7.98 (m, 

2H), 7.82 (d, J=8.1 Hz, 1H), 6.15 (s,1H). 13C NMR (101 MHz, DMSO-d6): δ 183.83, 

180.17, 159.66, 136.99, 132.04, 130.69, 128.28, 127.65, 127.14, 111.24.  
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Figure 10. Structure of 7-Bromo-2-hydroxy-1,4-naphthoquinone 

Structure of 7-bromo-2-hydroxy-1,4-naphthoquinone.  

Table 1. Chemicals and reagents used for synthesis in reaction 1(a) 

Chemical Supplier Purity 

7-Bromo-3,4-dihydro-2H-

naphthalen-1-one 

AmBeed 99.93% 

Ethyl alcohol Ward’s Science 99% 

Hydrochloric acid Supelco 37% (w/w) 

Hydrochloric acid Sigma-Aldrich 37% (w/w) 

Potassium tert-butoxide Alfa Aesar 97% 

tert-Butyl alcohol Beantown Chemical Anhydrous, 99.5% 

tert-Butanol Emplura® ≥ 99.0% 

List of chemicals and reagents used for synthesis in reaction 1(a). 

Reaction 1(b): Synthesis of 2-Hydroxy-7-methoxy-N,N,N-trimethylethanaminium 

chloride-1,4-naphthoquinone 

In a 25 mL round bottom flask, a magnetic stir bar, 1.0 g of (2) (4.00 mmol, 1 

equivalent), 670.2 mg of choline chloride (ChCl) (4.80 mmol, 1.2 equivalents), 663.4 mg 

of potassium carbonate (K2CO3) (4.80 mmol, 1.2 equivalents), and 3 mL of 

dimethylformamide (DMF) was added. When all the materials were added, the solution 

turned red. The solution was heated to 90 °C and stirred in a 48-hour reaction. The 

reaction was stopped and cooled to room temperature. When the reaction was stopped, 

there were red solids present in the red solution. The solids were collected using vacuum 

filtration. 83% yield. 1H NMR (400 MHz, DMSO-d6): δ 8.00 (d, J=2.4 Hz, 1H), 7.87 – 
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7.82 (m,1H), 7.67 (d, J=8.3 Hz, 1H), 5.78 (d, J=2.2 Hz, 1H), 4.06 (t, J=3.6 Hz, 2H), 3.52 

(t, J=5.1 Hz, 2H), 3.20 (d, J=2.2 Hz, 9H).  

 

Figure 11. Structure of 2-Hydroxy-7-methoxy-N,N,N-trimethylethanaminium chloride-

1,4-naphthoquinone  

Structure of 2-hydroxy-7-methoxy-N,N,N-trimethylethanaminium chloride-1,4-

naphthoquinone.  

Table 2. Chemicals and reagents used for synthesis in reaction 1(b) 

Chemical Supplier Purity 

Choline chloride Sigma-Aldrich ≥ 98% 

Dimethylformamide VWR ≥ 99.5% 

Potassium carbonate Sigma-Aldrich ≥ 98% 

List of chemicals and reagents used for synthesis in reaction 1(b). 

Reaction 1(c): Synthesis of 7,7’-Dibromo-2,2’-bis(3-hydroxy-1,4-naphthoquinone) 

The procedure (Tong et al., 2019) with minor adjustments was followed to 

synthesize (4) in a 3 hour reflux reaction. In a 250 mL round bottom flask, a magnetic stir 

bar, 1.0 g (3.95 mmol, 1 equivalent) of (2), and 1.805 g (7.91 mmol, 2 equivalents) of 

ammonium persulfate (APS) was added. To the flask, 24 mL of acetonitrile (MeCN) and 

24 mL of DI water were added for a 1:1 ratio mixture. The solution was yellow with 

orangish-yellow solids. A waterless condenser was attached to the flask and the solution 

was refluxed for 3 hours at 80 °C. After reflux, the mixture was cooled to room 
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temperature. The solution was yellow with light brown solids. The solids in the solution 

were collected using vacuum filtration. To remove excess APS remaining in the solids, 

the solids were carefully washed with DI water. During this washing process, some pale 

orange solids were found in the filtrate. The solids turned the filtrate from a clear yellow 

solution to a cloudy yellow solution. The solids found in the filtrate layer are byproducts 

formed when the product collected was rinsed. The average yield for this reaction is 

25%.1H NMR (400 MHz, DMSO-d6): δ 8.15 (d, J=2.0 Hz, 2H), 8.09 (dd, J=8.2, 2.1 Hz, 

2H), 7.90 (d, J=8.2 Hz, 2H). 13C NMR (101 MHz, DMSO-d6): δ 181.44, 179.76, 156.50, 

137.41, 131.59, 130.82, 128.42, 128.13, 127.34, 115.49.  

 

Figure 12. Structure of 7,7’-Dibromo-2,2’-bis(3-hydroxy-1,4-naphthoquinone) 

Structure of 7,7’-Dibromo-2,2’-bis(3-hydroxy-1,4-naphthoquinone). 
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Table 3. Chemicals and reagents used for synthesis in reaction 1(c) 

Chemical Supplier Purity 

Acetonitrile Sigma-Aldrich Anhydrous, 99.8% 

Acetonitrile VWR ≥ 99.9% 

Ammonium persulfate Chem-Impex Int’l Inc. 99.39% 

List of chemicals and reagents used for synthesis in reaction 1(c). 

Reaction 1(d): Synthesis of 2,2’-Bis(3-hydroxy-7-methoxy-N,N,N-

trimethylethanaminium chloride-1,4-naphthoquinone) 

In a 25 mL round bottom flask, a magnetic stir bar, 500 mg of (4) (0.99 mmol, 1 

equivalent), 415.5 mg of ChCl (2.97 mmol, 3 equivalent), 411.3 mg of K2CO3, and 6 mL 

of DMF was added. The solution was dark red. To the flask, a waterless condenser was 

added. The solution was stirred and heated to 90 °C in a 96-hour reaction. The reaction 

was stopped and cooled to room temperature. When the reaction was completed, the 

solution turned dark purple. To precipitate the product out solution, ethyl acetate (EtOAc) 

was added. The solids were collected using vacuum filtration. The solids formed were a 

mixture of product, excess ChCl and K2CO3. The solids collected were dark purple in 

color. The product was transferred to a clean disposable funnel, and a new Büchner flask 

was used. To the solids on the funnel, ethanol (EtOH) was added to dissolve the product. 

The liquid was transferred to a 50 mL round bottom flask and the solvent was removed in 

vacuo. The crude product recovered was a dark red liquid. To remove impurities, 

acetone, dichloromethane (DCM), hexane, and EtOAc were added and decanted. When 

the solvent did not remove any more impurities, the solvents were removed in vacuo. The 

crude product recovered was not pure. About 322.1 mg of the crude product was 

recovered.  
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Figure 13. Structure of 2,2’-bis(3-hydroxy-7-methoxy-N,N,N-trimethylethanaminium 

chloride-1,4-naphthoquinone) 

Structure of 2,2’-bis(3-hydroxy-7-methoxy-N,N,N-trimethylethanaminium chloride-1,4-

naphthoquinone).  

Table 4. Chemicals and reagents used for synthesis in reaction 1(d) 

Chemical Supplier Purity 

Acetone VMR ≥ 99.5% 

Choline chloride Sigma-Aldrich ≥ 98% 

Dichloromethane VWR ≥ 99.5% 

Diethyl ether VWR ≥ 99.9% 

Dimethylformamide VWR ≥ 99.5% 

Ethyl acetate VWR ≥ 99.5% 

Ethyl alcohol Ward’s Science 99% 

Potassium carbonate Sigma-Aldrich ≥ 98% 

List of chemicals and reagents used for synthesis in reaction 1(d). 

Synthesis of Water-soluble Bislawsone by Scheme 2 

In scheme 2, there were three main reactions that occurred. In the first reaction, a 

propionate functional group was reacted with the hydroxy group on the aromatic ring to 

make an ester. The product synthesized in the first reaction was ethyl 2-[(5-oxo-7,8-

dihydro-6H-naphthalen-2-yl)oxy]propanoate, referred to (7). The next reaction involved 

autoxidation of (7) to make the lawsone derivate of ethyl 2[(6-hydroxy-5,8-dioxo-5,8-

dihydronaphthalen-2 yl)oxy]propanoic acid, referred to as (8). The final reaction involves 

dimerization of 6-carboxy-lawsone to make 2,2'-((3,3'-dihydroxy-1,1',4,4'-tetraoxo-
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1,1',4,4'-tetrahydro-[2,2'-binaphthalene]-7,7'-diyl)bis(oxy))dipropionic acid, referred (9). 

The main reactions were outlined in the figure below.  

 

Figure 14. Scheme 2  

Synthetic pathway to make a water-soluble bislawsone by the alternative route of scheme 

2. 

Reaction 2(a): Synthesis of Ethyl 2-[(5-oxo-7,8-dihydro-6H-naphthalen-2-

yl)oxy]propanoate  

In a 250 mL round bottom flask, a magnetic stir bar, 60 mL of DMF, 5.1 g of 

K2CO3 (36.90 mmol, 2 equivalents), and 3.0 g of (6) (18.51 mmol, 1 equivalent) was 

added. When K2CO3 was added, the white solids did not dissolve and were visible in the 
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clear solution. After (6) was added, the solution turned from clear to brown. To ensure 

that the K2CO3 was evenly distributed on the bottom of the flask, the solution was 

sonicated for 5 minutes. For 10 minutes, the solution was stirred at room temperature. To 

the mixture, 3.2 mL of ethyl 2-bromopropionate (24.75 mmol, 1.3 equivalents) was 

added to the solution. To the flask, a condenser was added, and the solution was heated at 

80 °C for 4 hours. The solution was cooled to room temperature and added to 1000 mL 

beaker containing icy water. The beaker contained 500 mL of crushed ice and 200 mL of 

water. The solution was added in and rinsed to 450 mL. To the beaker, additional DI 

water was added to 750 mL. Tan solids formed in the beaker when the mixture was 

added. The solids were collected using vacuum filtration. The average yield for this 

reaction was 94%. 1H NMR (400 MHz, DMSO-d6): δ 7.79 (d, J=8.6 Hz, 1H), 6.86 – 6.76 

(m, 2H), 5.07 (q, J=6.8 Hz, 1H), 4.13 (q, J=7.1 Hz, 2H), 2.90 – 2,82 (m,2H), 1.97 (p, 

J=6.2 Hz, 2H), 1.50 (d, J=6.7 Hz, 3H), 1.16 (t, J=7.1 Hz, 3H). 13C NMR (101 MHz, 

DMSO-d6): δ 196.22, 171.15, 161.22, 147.27, 128.94, 126.44, 113.96, 113.82, 71.80, 

61.14, 38.55, 29.44, 23.10, 18.26, 14.16.  

 

Figure 15. Structure of ethyl 2-[(5-oxo-7,8-dihydro-6H-naphthalen-2-yl)oxy]propanoate 

Structure of ethyl 2-[(5-oxo-7,8-dihydro-6H-naphthalen-2-yl)oxy]propanoate.  
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Table 5. Chemicals and reagents used for synthesis in reaction 2(a) 

Chemical Supplier Purity 

6-Hydroxy-3,4-dihydronaphthalen-

1(2H)-one 

Matrix Scientific 97% 

Dimethylformamide VWR ≥ 99.5% 

Ethyl 2-bromopropionate Oakwood Chemical 99% 

Potassium carbonate Sigma-Aldrich ≥ 98% 

List of chemicals and reagents used for synthesis in reaction 2(a). 

Reaction 2(b): Synthesis of Ethyl 2[(6-hydroxy-5,8-dioxo-5,8-dihydronaphthalen-2 

yl)oxy]propanoic acid 

Some adjustments to the procedure (Ogata et al., 2016) was followed to 

synthesize (8) in an overnight reaction. In a 250 mL round bottom flask, a magnetic stir 

bar and 3.6 g (32.1 mmol, 4.2 equivalents) of KOtBu was added to 36 mL t-BuOH. The 

mixture was capped with a rubber septum. To dissolve KOtBu in t-BuOH, the mixture 

was sonicated until a slightly viscous and colorless solution formed. After sonication, a 6-

gauge needle attached to an oxygen tank was used to bubble oxygen into the solution for 

30 minutes. A small vent needle was attached to the septum to purge extra air remaining 

in the flask and to prevent excess oxygen from building in the flask. During oxygenation, 

the solution was also stirred to ensure that oxygen was evenly distributed throughout the 

solution. One oxygen balloon with a 6-gauge needle was inserted into the solution to 

keep the reaction under oxygen condition. The vent needle was also removed to prevent 

excess consumption of oxygen. The septum was briefly uncapped to add 2.0 g (7.62 

mmol, 1 equivalent) of (7) and then recapped giving a dark red mixture. The reaction 

continued overnight under oxygen balloon condition at room temperature as the mixture 

was stirred. After the reaction was stopped, the solution was red and viscous. The mixture 

was poured into a 1,000 mL beaker containing icy water. In the 1,000 mL beaker, 100 
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mL DI water was added to 400 mL of crushed ice. The remaining mixture in the flask 

was rinsed into the beaker with DI water until 300 mL was reached. When the mixture 

was added to the icy water, the solution turned the icy water red. 1M HCl was added to 

400 mL in the beaker. When 1M HCl was added to change to pH to 0 to 1, the solution 

turned orange. Potassium hydroxide (KOH) pellets were added until the solution reached 

a pH of 6 – 7. After the pH was in range, the solution turned red. The solution was 

transferred to a 1,000 mL round bottom flask and concentrated under pressure at 50 °C. 

To avoid losing some product, the temperature was kept at 50 °C. As the solvent was 

removed from the product, the solution was transferred to a 250 mL round bottom flask. 

After the solvent was removed, the product and potassium chloride (KCl) were left in the 

flask. To remove KCl from the product, the product was dissolved in ethanol (EtOH). 

The product was heated to 100 °C for 8 minutes and EtOH was carefully filtered into a 

500 mL round bottom flask. The solvent was concentrated under pressure at 50 °C. To 

remove excess EtOH in the product, acetone was added to the product and the solvent 

was removed in vacuo. To collect the product, EtOH was added to flask and a spatula 

was used to scrap the walls of the glass. The red solids were collected using vacuum 

filtration. To purify the product, a small amount of methanol (MeOH) and 

dichloromethane (DCM) was used to carefully wash the product. Since the product is 

highly dissolvable in MeOH, only a small amount of MeOH was used to wash the 

product to avoid losing product. The product was red solids. The product was collected in 

a pre-weighed vial. The average yield for this reaction was 51% yield. 1H NMR (400 

MHz, DMSO-d6): δ 7.60 (d, J=8.4 Hz, 1H), 7.15 (d, J=2.7 Hz, 1H), 6.78 (dd, J=8.5, 2.6 

Hz, 1H), 5.23 (s, 1H), 4.32 (q, J=6.7 Hz, 1H), 1.37 (d, J=6.8 Hz, 3H). 13C NMR (101 
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MHz, DMSO-d6) δ 185.94, 179.92, 173.73, 173.09, 163.89, 138.99, 127.62, 124.75, 

116.29, 110.89, 106.51, 76.17, 19.61. 

 

Figure 16. Structure of ethyl 2[(6-hydroxy-5,8-dioxo-5,8-dihydronaphthalen-2 

yl)oxy]propanoic acid 

Structure of ethyl 2[(6-hydroxy-5,8-dioxo-5,8-dihydronaphthalen-2-yl)oxy]propanoic 

acid.  

Table 6. Chemicals and reagents used for synthesis in reaction 2(b) 

Chemical Supplier Purity 

Acetone VWR ≥ 99.5% 

Dichloromethane VWR ≥ 99.5% 

Ethyl alcohol Ward’s Science 99% 

Hydrochloric acid Supelco 37% (w/w) 

Methanol VWR ≥ 99.8% 

Potassium hydroxide VWR ≥ 85% 

Potassium tert-butoxide Thermo Scientific +98% 

Tert-butanol Emplura® ≥ 99.0% 

List of chemicals and reagents used for synthesis in reaction 2(b). 

Reaction 2(c): Synthesis of 2,2'-((3,3'-Dihydroxy-1,1',4,4'-tetraoxo-1,1',4,4'-tetrahydro-

[2,2'-binaphthalene]-7,7'-diyl)bis(oxy))dipropionic acid  

The procedure (Tong et al., 2019) with minor adjustments was followed to 

synthesize (9) in a 3 hour reflux reaction. In a 50 mL round bottom flask, a magnetic stir 

bar, 500 mg (1.72 mmol, 1 equivalent) of (8), and 785 mg (3.44 mmol, 2 equivalents) of 



 

37 

APS was added. To the flask, 16.4 mL of acetonitrile and 16.4 mL of DI water were 

added for a 1:1 ratio mixture. The solution was red. A waterless condenser was attached 

to the flask and the solution was refluxed for 3 hours at 80 °C. After the reaction was 

completed, the solution was still red. After reflux, the mixture was cooled to room 

temperature. To isolate the product, liquid-liquid extraction of MeCN and water was 

used. To separate the MeCN layer and water layer, the product was cooled in the -20 °C 

for 20 minutes or until two layers formed. After the solution was removed from the 

freezer, a red and yellow formed. A red layer of MeCN formed on top and a yellow layer 

of water with APS formed on the bottom. The bottom layer was removed by pipette and 

sodium sulfate was added to the MeCN layer. The MeCN layer was filtered to remove 

sodium sulfate by gravity filtration. MeCN was concentrated under pressure and the 

product was collected. The product has not been isolated. About 105.3 mg of the crude 

product was recovered.  

 

Figure 17. Structure of 2,2'-((3,3'-dihydroxy-1,1',4,4'-tetraoxo-1,1',4,4'-tetrahydro-[2,2'-

binaphthalene]-7,7'-diyl)bis(oxy))dipropionic acid 

Structure of 2,2'-((3,3'-dihydroxy-1,1',4,4'-tetraoxo-1,1',4,4'-tetrahydro-[2,2'-

binaphthalene]-7,7'-diyl)bis(oxy))dipropionic acid.  
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Table 7. Chemicals and reagents used for synthesis in reaction 2(c) 

Chemical Supplier Purity 

Acetonitrile VWR ≥ 99.9% 

Ammonium persulfate Chem-Impex Int’l Inc. 99.39% 

List of chemicals and reagents used for synthesis in reaction 2(c). 

Thin Layer Chromatography 

Thin layer chromatography (TLC) has been used during the synthesis process to 

determine if the reaction was complete based on the consumption of the starting material. 

The absence of starting material indicated that the reaction was complete. The TLC plates 

used were glass silica. The solvent used in the TLC development chamber was a 1:1 ratio 

mixture between ethyl acetate and hexane. To prepare the samples to be spotted on the 

plate, approximately 5-10 mg of sample was dissolved in 0.5 mL of either ethyl acetate or 

ethanol. The samples prepared for the TLC were the starting material in the reaction, the 

reaction mixture during the reaction, and a co-spot of the starting material and the reacted 

material. TLC has also been used to verify if the product synthesized had side reactions 

or not based on how many spots were on the plate. For reactants with one spot on the 

TLC plate, that indicated that only one product was made.  

Rotary Evaporator 

To remove solvent from the product, a rotary evaporator was used. The model 

used in this experiment was a Rotavapor® R-100 manufactured by VWR.  
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Nuclear Magnetic Resonance (NMR) 

During this experiment, proton nuclear magnetic resonance (NMR) spectroscopy 

was used to identify the molecules that were synthesized. 1H NMR and 13C NMR were 

used to identify the products. The instruments used were Bruker AVANCE NEO 400 

(N400) and Bruker AVANCE NEO 400B (N400B). N400 used a 5 mm iProbe with a 

sensitivity of 550. The N400B used a 5 mm Prodigy with a sensitivity of 1050. The 

software used to analyze the NMR spectra was Mnova.  

Cyclic Voltammetry (CV) 

The potentiostat used to measure a 3-electrode electrochemical cell was CHI600E 

series by CH Instruments. The 3-electrode electrochemical cell consisted of a working 

electrode, counter electrode, and reference electrode was used to measure the cyclic 

voltammetry of the electrolytic solution. The working electrode was glassy carbon, the 

reference electrode was silver/silver chloride (Ag/AgCl), and the counter electrode was 

platinum.  
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Chapter III. 

Results 

The results section is organized by each of the molecules that were synthesized 

and analyzed for the experiments. For each of the products synthesized, different 

conditions were tested with their yield. The yield was used as a guide to optimize the 

reaction. For each of the schemes successful in making a water-soluble lawsone and 

bislawsone, the potential was measured using CV. 

7-Bromo-2-hydroxy-1,4-naphthoquinone 

For the synthesis of (2), it has been reported in literature with a 32% yield (Wu et 

al., 2021). Since the reaction did not have good yields, different parameters of the 

reaction were changed to increase the percent yield. The different parameters changed for 

this reaction were the amount of starting material used, the amount of KOtBu used, the 

amount of t-BuOH used, how KOtBu dissolved in t-BuOH was reacted with oxygen, and 

the number of balloon(s) set for the overnight reaction. From the different experiments, 

there were some key factors that affected the percent yield. Table 7 below shows the 

parameters changed and their yield.  
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Table 8. Conditions tested for reaction 1(a) 

Reaction conditions Scale of reaction Percent yield 

1.5 g KOtBu/15 mL t-BuOH, (a), (c) 300 mg 52% 

6 g KOtBu/60 mL t-BuOH, (a), (c) 1.2 g 60% 

3 g KOtBu/30 mL t-BuOH, (a), (c) 600 mg 28% 

7.5 g KOtBu/75 mL t-BuOH, (a), (c) 1.5 18% 

10 g KOtBu/100 mL t-BuOH, (a), (c) 2 g No reaction 

8.8 g KOtBu/88 mL t-BuOH, (a), (c) 2.2 g No reaction 

6 g KOtBu/60 mL t-BuOH, (a), (d) 1.2 g No reaction 

6 g KOtBu/60 mL t-BuOH, (b), (d) 1.2 g 25% 

3 g KOtBu/30 mL t-BuOH, (b), (d) 1.2 g 22% 

1.5 g KOtBu/15 mL t-BuOH, (b), (d) 600 mg 48% 

1.8 g KOtBu/23 mL t-BuOH, (b), (d) 1.2 g 42% 

1.8 g KOtBu/28 mL t-BuOH, (b), (d) 1.2 g 88%(e) 

Different conditions tested for reaction 1(a). (a) oxygenation with an oxygen balloon for 

1 hour. (b) oxygenation with an oxygen tank for 30 minutes. (c) 1 oxygen balloon 

overnight. (d) 2 oxygen balloons. (e) yield of crude product. 

From the experiments ran for (2), although all the parameters tested for the 

reaction were all important for the reaction, there were two key components that 

determined if the reaction would occur. The scale of the reaction and the amount of 

oxygen reacted with KOtBu and t-BuOH. When 2 grams or more was added to the 

reaction, the reaction did not occur. For smaller scale such as 1.5 grams and under, there 

was a reaction. Although 1.5 grams reaction did occur, the reaction had a lower percent 

yield than reactions below that scale. From the set of reactions, 1.2 grams was the 

maximum amount reacted without lowering the percent yield.  

The next important parameter in this reaction was the amount of oxygen reacted 

with the KOtBu and t-BuOH before the starting material was added. Adding oxygen to 

the solvent with a balloon filled with oxygen for an hour does drive the reaction forward 

when starting material is added. However, there are better ways to add oxygen to the 

solvent more efficiently to ensure that there is enough oxygen to react with the solvent 
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for the reaction to occur when the starting material is added. When oxygen is directly 

bubbled into the solution for 30 minutes, it ensures that enough oxygen in solution to 

react with the starting material. Since oxygen was very important to the reaction, 2 

oxygen balloons were used to keep the oxygen supply in the reaction for the overnight 

reaction.  

The last important parameter changed in this experiment was the amount and ratio 

of KOtBu to t-BuOH. Only adding 3 equivalents of KOtBu for the reaction and adding 

more t-BuOH increased the percent yield. Adding any more equivalents of KOtBu did 

not increase the yield of the reaction. When 3 grams of KOtBu was added, the yield was 

comparable to when 6 grams of KOtBU was added to the solution. With the same oxygen 

conditions and the same starting materials added, 6 grams gave a 25% yield, and 3 grams 

gave a 22% yield. For a 1.2 grams scale reaction, the optimal condition was 30 minutes 

of direct oxygenation of 1.8 grams KOtBu in 28 mL t-BuOH with two oxygen balloons to 

run the overnight reaction after the starting material was added.  
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Figure 18. 1H NMR of crude (2) (0 – 13 ppm) 

1H NMR spectra of (2) crude product without purification after collecting solids. 
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Figure 19. 13C NMR of crude (2) (-10 – 190 ppm) 

13C NMR spectra of (2) crude product without purification after collecting solids. 

 From the 1H and 13C NMR, the product was made with some impurities present. 

To remove the impurities from the product, the crude product was dissolved in different 

solvents. The following table was a list of the solvents used for the initial screening to 

purify the crude product.  

Table 9. Initial screening for purification of (2) 

Solvent Observations 

Acetone Dissolved some product and some yellow solids remained. 

Chloroform Dissolved most product and trace amounts of solids remained. 

Dichloromethane  Dissolved some product and some yellow solids remained.  

Ethanol  Dissolved some product and some yellow solids remained.  

Hexane Dissolved most product and trace amounts of solids remained. 

Different solvents that were used in the purification process of (2). 

 

                                                                     f1 (ppm) 
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 From the initial screening, all the solvents were tested to see if they were able to 

dissolve the starting material of (1). Only hexane was not able to dissolve the starting 

material. It was assumed that the solids remaining were purified (2). Based on this 

assumption, chloroform and hexane were eliminated as potential solvents to purify (2). If 

chloroform and hexane were used, the yield of the product would be even lower than the 

initial low yield. To test the remaining solvents, the amount of crude product added to 

each solvent was the same and the volume of solvent was kept the same. To 0.25 mL of 

each solvent, 31.6 mg of crude product was added, and observations were recorded. The 

table below outlines the results of the experiment.  

Table 10. Final screening for purification of (2) 

Solvent Observations dissolves SM 

Acetone Least amount of solids present. 

Ethanol Most amount of solids present. 

Dichloromethane (DCM) Medium amount of solids present. 

Observations of the quantity of solids remaining in solution of 31.6 mg of crude product 

dissolved in 0.25 mL of solvent.  

 It was found that ethanol was the best solvent to purify the product based on the 

quantity of solids remaining in solution based on the assumption that the product was the 

remaining solid. There was a possibility that the product could have been in the liquid 

layer of the solvent and not the remaining solid. Based on the solids recovered after 

removing the solvent in vacuo, acetone had the most solids recovered. To determine 

which solvent was the best to use during the purification process, 1H NMR was taken of 

both the solids and the liquid of the remaining 3 solvents.  
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Figure 20. Purification of (2) with acetone, ethanol, and DCM 

1H NMR spectra of the different solvents used to purify (2). (a) The liquid portion of 

acetone after washing and concentrated under pressure. (b) The solids remaining after 

washing (2) with acetone. (c) The liquid portion of ethanol after washing and 

concentrated under pressure. (d) The solids remaining after washing (2) with ethanol. (e) 

The liquid portion of DCM after washing and concentrated under pressure. (f) The solids 

remaining after washing (2) with DCM.  

 Based on the 1H NMR spectra of both the solid and liquid portion, some of the 

product can be found present in both. That means that during the wash, some product has 

been lost during the purification process. Out of all three solvents, ethanol dissolves the 

least amount of product. This makes ethanol the best solvent to use during the 

purification process. Not only does it dissolve the least amount of product, but it also 

cleans the crude product the best out of the solvents. Looking at figure 20, the purified 

product had the least amount of impurities present.  
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Figure 21. 1H NMR of purified (2) (0 – 13 ppm) 

1H NMR spectra of (2) crude product after purification.  
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Figure 22. 13C NMR of purified (2) (-10 – 190 ppm) 

13C NMR spectra of (2) crude product after purification.  

 From looking at both the 1H and 13C NMR spectra for the crude product of (2) 

versus the purified product, ethanol is effective in cleaning the product. The purification 

of (2) is noticeable in both the 1H and 13C NMR. From the spectra, some impurities were 

removed without affecting the remaining product.  

2-Hydroxy-7-methoxy-N,N,N-trimethylethanaminium chloride-1,4-naphthoquinone 

In scheme 1, ChCl was attached to (2) by SNAr. It has been found that increased 

started material requires longer reaction time. In the case of 500 mg, it was heated for 48 
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hours. 1.2 Equivalents of K2CO3 and 1.2 equivalents of ChCl was enough for the reaction 

to occur and excess ChCl did not appear in the spectra.  

 

Figure 23. 1H NMR of (3) (0 – 11 ppm) 

1H NMR spectra of (3).  

7,7’-Dibromo-2,2’-bis(3-hydroxy-1,4-naphthoquinone) 

Bislawsone obtained through dimerization has been reported in literature with a 

25% yield (Inagaki et al., 2015) and a 45% yield (Tong et al., 2019). The overall reaction 

did not have high product yields. Due to the reaction not having high yields, running the 

experiment on small scale of 100 mg was not ideal due to this reaction having low yields. 

Running the scale on 1 g was better to collect the product. To increase the percent yield 
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of this reaction, different parameters were changed. The parameters changed were the 

amount of APS added to the solution, the volume of the solvent contained, the duration of 

the reaction, and the speed of the vacuum filtration. Table 5 below shows the parameters 

changed and their yield.  

Table 11. Conditions tested for reaction 1(b) 

Reaction conditions Scale of reaction Yield (%) 

5 Equivalents of APS added 1 g 6% 

4 Equivalents of APS added 100 mg 16% 

2 Equivalents of APS added 1 g 28% 

88 mL of (1:1) MeCN/H2O added 1 g No reaction 

52 mL of (1:1) MeCN/H2O added 1 g 22% 

44 mL of (1:1) MeCN/H2O added 1 g 28% 

26 mL of (1:1) MeCN/H2O added 1 g No reaction 

Scaled up reaction to 2 g 2 g 21% 

Reflux for 4 hours 1 g 13% 

Vacuum filtration at a slower rate 1 g 43% 

Different test conditions performed for reaction 1(b). 

On the NMR spectra, some of the alkene proton from the starting material was 

still visible in the product. To convert all the 7-bromo-lawsone into (4), more APS was 

added to the reaction. From adding more APS, the alkene proton was gone from the 

NMR spectra but, the yield of the product also decreased. When 5 equivalents of APS 

were added, only 6% of the product was recovered compared with 2 equivalents that gave 

28% yield.  

In the 1-gram reaction, unless otherwise stated, the amount of (1:1) MeCN/H2O 

added to the reaction was 48 mL. For the volume added through the experiment, the ratio 

of (1:1) MeCN/H2O was not changed, only the volume changed. The volume amount 

played an important role in the reaction for product formation and for percent yield. 
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Adding too much solvent (88 mL) led to no product recovery. Adding too little solvent 

(26 mL) and the product was not recovered. Adding 52 mL to the reaction instead of 48 

mL slightly decreased the percent yield from 28% to 22%. Adding 44 mL had the same 

percent yield as 48 mL, however, the proton split pattern in the aromatic region for 48 

mL looked better than the split pattern for 44 mL.  

 

Figure 24. Solvent volume used in reaction of 1(b) 

1H NMR spectra of the different solvent volume used to dimerize (2) into (4) at the 

aromatic region. (a) Volume of solvent used was 44 mL (1:1) mixture of H2O and MeCN. 

(b) Volume of solvent used was 48 mL (1:1) mixture of H2O and MeCN. (c)Volume of 

solvent used was 52 mL (1:1) mixture of H2O and MeCN.  
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Figure 25. 1H NMR spectra of (4) (0 – 11 ppm) 

1H NMR spectra of (4).  
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Figure 26. 13C NMR spectra of (4) (-10 – 185 ppm) 

13C NMR spectra of (4). 

Since there were no extra impurities found in the product, no purification step was 

needed if the product was carefully washed with DI water. If the product was not 

carefully washed, some APS would appear in the 1H NMR spectra. During the washing 

product, some solids appeared in the filtrate. During washing the product, some solids 

ended up in the filtrate. The solids that passed through the filter and ended up in the 

filtrate were not the products but impurities instead. If some APS was present in the 1H 

NMR spectra, the product was placed on a clean filter paper and carefully washed to 

remove the excess APS present.  
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2,2’-Bis(3-hydroxy-7-methoxy-N,N,N-trimethylethanaminium chloride-1,4-

naphthoquinone) 

Several different conditions were tried to make the product. The amount of 

nucleophile and base added were changed. The base and temperature were changed. The 

amount of solvent was also changed. Synthesis by scheme 1, did not isolate yield the 

target compound.  

Different extraction methods were also used to try to isolate the product. The first 

method was using liquid-liquid extraction. 20 mL of water was added with 5% LiCl in 

aqueous solution to 20 mL of EtOAc. The aqueous layer was washed 3 times. Although 

some products appeared to leave water layer, most of the product stayed. A different ratio 

for the liquid extraction was attempted based on an extraction of carbohydrates with an 

ester functional group attached (Henderson et al., 2015). 5 mL of water and 5% LiCl in 

aqueous solution to 15 mL of EtOAc. The water layer was washed 3 times. Liquid-Liquid 

extraction was not successful in isolating the product.  

Since liquid-liquid extraction was not able to isolate the compound, the product 

was precipitated with EtOAc directly and the impurities were collected. A solid-liquid 

extraction was attempted to isolate the product. To the black solids collected, 50 mg of 

solid was dissolved in 50 mL of Ethanol. Although some solids were left on the filter 

paper, the 1H NMR looked the same. Some impurities were cleaned but not all the 

impurities were cleaned. From the 1H NMR, it is believed that DBU, EtOAc, excess 

choline chloride, and DMF were present in the spectra. When comparing the shift in the 

aromatic region of the reacted compound to the (4), there was a shift in the peaks. This 

could indicate that the compound was de-brominated.  
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Figure 27. 1H NMR spectra (5) (Crude) (0 – 11 ppm) 

1H NMR spectra of (5), crude product.  
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Figure 28. 1H NMR spectra at aromatic region for (4) and (5) 

This 1H NMR spectra highlights the aromatic region. (a) (4). (b) (5). 

In the last condition attempted to add choline chloride to (4), 1 equivalent of 

starting material was reacted with 3 equivalents of choline chloride and K2CO3 in a 96-

hour reaction at 90 °C. The longer reaction time was to ensure that the reaction took 

place. When the product was precipitated with EtOAc, it had many impurities present, 

and the aromatic region was not distinguishable. 
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Figure 29. 1H NMR spectra (5) after 96-hour reaction (Crude) (0 – 11 ppm) 

1H NMR spectra of (5), crude product after 96-hour reaction.  

To purify the product, ethanol was added to separate the product from K2CO3. 

The solvent was removed and concentrated under pressure. To the product EtOAc, DCM, 

hexane, and acetone were added and decanted. The remaining solvents were concentrated 

under pressure. After purification, the protons in the aromatic region were 

distinguishable. From the NMR spectra, it appears as if the product was made with excess 

choline chloride, ethanol, and acetone are present. If this reaction was attempted again, 

less choline chloride needs to be used. 2 – 2.2 Equivalents need to be used to avoid 

having excess ChCl in the product. This product was not isolated.  
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Figure 30. 1H NMR spectra (5), 96-hour reaction after purification (Crude) (0 – 11 ppm) 

1H NMR spectra of (5), crude product after 96-hour reaction after some purification.  

Ethyl 2-[(5-oxo-7,8-dihydro-6H-naphthalen-2-yl)oxy]propanoate  

To synthesize (7), there was no issue to scale this reaction from 1-gram to 3-

grams. Besides the presence of water, the compound had no impurities with a high yield. 

The average yield for a 3-grams scale reaction was 94%. There was no need to purify the 

compound after synthesis.  
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Figure 31. 1H NMR spectra of (7) (0 – 11 ppm) 

1H NMR spectra of (7).  
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Figure 32. 13C NMR spectra of (7) (-10 – 200 ppm) 

13C NMR spectra of (7). 

Ethyl 2[(6-hydroxy-5,8-dioxo-5,8-dihydronaphthalen-2 yl)oxy]propanoic acid 

The ester functional group on the lawsone made it water-soluble, so no solids 

precipitated out when the 1M HCl was added to icy water. For esters, the optimal pH is 

from 5 – 10. The pH was adjusted to 7 with KOH pellets. This step introduced KCl salt 

into the product. To avoid having excess salt, a liquid-liquid extract was attempted. For 

the liquid-liquid extraction, different organic solvents. The organic solvents tested were 

chloroform, EtOAc, and DCM. None of these solvents were able to extract 6-ester-

lawsone from the water layer. The solvent was concentrated under pressure. This 

introduced impurities into the product. To separate the product from salt, ethanol was 



 

61 

used to dissolve the product. Using hot ethanol was necessary to remove KCl from the 

product. After the product was treated with hot ethanol, filtered, and concentrated under 

pressure, the product was no longer readily dissolvable in ethanol. The product was still 

highly dissolvable in methanol.  

To purify the product, ethanol was added to flask and the product was scrapped 

from the walls of the flask. The product was collected using vacuum filtration. A small 

amount of methanol and DCM was added to further purify the product. From the 1H 

NMR spectra, the product was purified. Although the product was purified, the product 

cleaved the ester group on the lawsone and changed the functional group to carboxy.  

 

Figure 33. 1H NMR spectra of (8) (0 – 11 ppm) 

1H NMR spectra of (8).  
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Figure 34. 13C NMR spectra of (8) (-10 – 190 ppm) 

13C NMR spectra of (8). 

2,2'-((3,3'-Dihydroxy-1,1',4,4'-tetraoxo-1,1',4,4'-tetrahydro-[2,2'-binaphthalene]-7,7'-

diyl)bis(oxy))dipropionic acid  

After (9) was synthesized, the first method used to isolate the product was not 

successful. The first method used to isolate the water-soluble bislawsone was to remove 

the solvent of 1:1 mixture of water/MeCN in vacuo. This left the product with APS. To 

remove APS from the product, ethanol was added to the compound and APS. Since APS 

does not dissolve in ethanol but the product does, APS can be removed by gravity 

filtration. Ethanol was added and the solids were filtered multiple times to try to remove 

the APS from the product. Although some APS was removed from the product, APS was 
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still present in the 1H NMR spectra. The multiple wash with ethanol did not fully remove 

APS and some product was lost. This was not an efficient method to remove the APS.  

The second method used to isolate (9) also did not work. The second method used 

to isolate the water-soluble involved liquid-liquid extraction. Before any liquids were 

added to the product, the solvent of the 1:1 mixture of water/MeCN was removed in 

vacuo. In the liquid-liquid extraction, 20 mL of EtOAc, 20 mL of water, and brine was 

added. When extra water was added, some light brown solids precipitated in the solution. 

The solids were collected using vacuum filtration. The precipitated solids were similar 

impurities to when (4) was washed with water after the solids were collected. The 

aqueous layer was washed with EtOAc was washed three times. To the EtOAc layer, 

magnesium sulfate was added. The organic layer was filtered and concentrated under 

press. In the NMR spectra, it appeared as though multiple bislawsone was present in the 

spectra.  

The last method used to isolate the product was effective. The method involved 

using liquid-liquid extraction of water and MeCN. At room temperature, water and 

MeCN are miscible. However, under lower temperatures, MeCN and water are not 

miscible (Zhang et al., 2009). After leaving the reaction in the -20 °C for around twenty 

minutes, MeCN and water layer separated into two distinct layers. MeCN was separated 

from the water layer. Sodium sulfate was added to MeCN layer, filtered, and transferred 

to a clean pre-weighed scintillation vial. MeCN was concentrated under pressure to 

obtain a crude product. From the aromatic region, it appears as if there are two 

bislawsone and not only one. Looking at the structure, only 6 protons are expected at the 
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aromatic region. There are extra protons present that could indicate a different type of 

bislawsone in the spectra. This product was not isolated.  

 

Figure 35. 1H NMR spectra of (9) (Crude) (0 – 11 ppm) 

1H NMR spectra of (9) (Crude).  

Alternative Schemes to Make Hydrophilic Bislawsone 

During this project, different synthetic routes were explored to make more water-

soluble bislawsone to use in an aqueous RFB. In scheme 1, an alternative pathway was 

explored to make the bislawsone derivative. Reaction 1 in the alternative pathway still 

had three reactions to make the bislawsone. The first step was to oxygenate 7-bromo-1-

tetralone to make 7-bromo-lawsone. The second reaction was to add choline chloride to 



 

65 

the lawsone to make a water-soluble molecule via SNAr mechanism to obtain (3). After 

getting the water-soluble lawsone, the last step was to dimerize the lawsone to make (5). 

During the dimerization step with lawsone. This did not give the desired product.  

Cyclic Voltammetry (CV) of Water-soluble Lawsone and Bislawsone  

As a preliminary data, the crude product of bislawsone with the functional group 

of choline chloride and carboxy were taken at 2 mM. At 2 mM, no redox activity was 

active. To measure the potential of each, more redox active material was added. The 

electrolytic solution of bislawsone with choline chloride consisted of 1M KCl in water 

with pH adjusted to 7 and another electrolytic solution of 1M KCl in 1M KOH. The 

electrolytic solution of bislawsone with carboxy group consisted of 1M KOH.  

 

Figure 36. Preliminary data of (5) in 1M KCl in water at pH 7 

Preliminary data of (5) measured at a scan rate of 200 mV/s. Was not able to measure 

the potential.  
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Figure 37. Preliminary data of (5) in 1M KCl and 1M KOH 

Preliminary data of (5) measured at a scan rate of 200 mV/s. Potential was -0.674 V.  
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Figure 38. Preliminary data of (9) in 1M KOH 

Preliminary data of (9) measured at a scan rate of 20 mV/s. Was not able to measure the 

potential.  

From the preliminary data, it was determined that (5) was a more promising redox 

active molecule to focus on. For electrolytic solutions, pH also plays a role in redox 

potential. At pH 7, there was no redox activity while at pH 14, there was redox activity. 

The potential of molecule (5) was -0.674 V.  

In scheme 1, the CV measurement of 5 mM of (2) and (4) was taken in 1M KOH 

as a baseline. The potential for (2) was -0.559 V. The potential for (4) was -0.637 V. The 

CV measurements of 5 mM of (3) and (5) were taken in 1M KCl in water at pH 7. The 

potential for (3) was -0.400 V. There was no redox activity for (5) at this pH. Another 

measurement of 5mM of (3) and (5) was taken in 1M KCl and 1M KOH. The potential 

for (3) was -0.595 V. The potential for (5) was -0.628 V. 
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Figure 39. CV of (2) and (4) in 1M KOH 

CV measurement of (2) and (4) measured at a scan rate of 20 mV/s. The potential for (2) 

was -0.559 V and the potential for (4) was -0.637 V.  
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Figure 40. CV of (3) in 1M KCl in water at pH 7 and in 1M KCl and 1M KOH.  

CV of (3) measured at a scan rate of 20 mV/s in 1M KCl in water. CV of (3) measured at 

a scan rate of 20 mV/s in 1M KCl and 1M KOH. The potential for (3) in 1M KCl in water 

was -0.400 V. The potential for (3) in 1M KCl and 1M KOH was -0.595 V.  
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Figure 41. CV of (5) in 1M KCl in water at pH 7 and in 1M KCl and 1M KOH.  

CV of (5) measured at a scan rate of 20 mV/s in 1M KCl in water. CV of (5) measured at 

a scan rate of 20 mV/s in 1M KCl and 1M KOH. There was no measurement for (5) in 

1M KCl in water. The potential for (5) in 1M KCl and 1M KOH was -0.628 V.  

In scheme 2, a CV measurement of 5 mM of (8) was taken in 1M KOH. Although 

the crude product of (9) did not show redox activity in 1M KOH, (8) did show activity. 

The potential for lawsone was -0.639 V.  
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Figure 42. CV of (8) in 1M KOH 

CV of (8) measured at a scan rate of 20 mV/s in 1M KOH. The potential for (8) in 1M 

KOH was -0.637 V.  
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Chapter IV. 

Discussion 

Bislawsone was compared to its monomer lawsone, to measure if there was a 

change in cell voltage. Different functional groups were added to bislawsone to increase 

its solubility in aqueous solution. The different functional groups added were choline 

chloride and carboxy group. From the preliminary data, it was determined that choline 

chloride was a better functional group on bislawsone in terms of potential and 

reversibility. In the preliminary data, both (9) and (5) were in both added for 2 mM. At 2 

mM, no redox activity was noticed, and a large amount was added until some activity 

was visible. The extra amount of redox material was not measured. For (9), the crude 

compound was highly soluble in 1M KOH while (5) was not. (5) had to be filtered 

because part of the crude compound was not soluble in water. Although (9) was highly 

soluble, there are no distinguishable peaks in the CV and the reaction does not look 

reversible. Could not estimate the potential for this compound at a scan rate of 20 mV/s. 

For (5), there were more distinguishable peaks even at pH 7 compared with (9). When the 

pH of (5) was adjusted to 14 by adding 1M KOH, the potential of the redox reaction was 

better. The reaction looked close to a reversible reaction. From the preliminary data, it 

was determined that (5) was a more promising redox active material for RFB testing. The 

initial estimated potential was -0.674 V at a scan rate of 200 mV/s.  

After the preliminary data was taken, the potential 5 mM of (2) and (4) was taken 

at 20 mV/s in 1M KOH. Both redox active materials were not very soluble in 1M KOH. 
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Even with the low solubility, there was redox activity in the electrolytic solution. (2) was 

-0.559 V and (4) -0.637 V. (4) had a more negative voltage and better potential. This data 

was measured as a baseline for adding choline chloride to the lawsone and bislawsone. 

1M KCl was not added because it would decrease the solubility of both the lawsone and 

bislawsone further. For the (3) and (5), it was measured in 1M KCl in water at a pH of 7 

and in 1M KCl and 1M KOH at a pH of 14. In the electrolytic solution of 1M KCl in 

water, the (3) was not very soluble while the (5) was more soluble. The (5) did not give a 

potential measurement while the (3) did. The (3) had a measurement of -0.400 V. This 

was less negative than the (2), which means that 1M KCl might have played a role the 

solubility and potential. In the solution of 1M KCl and 1M KOH, measurements were 

obtained for both the (3) and (5). (3) was -0.595 V and (5) was -0.628 V. (5) had better 

solubility and had a more negative potential. The (5) and (4) had similar potential.  

The measurement of (8) was taken to see if there was any redox activity since the 

crude product of (9) did not show any redox activity. The electrolytic solution prepared 

was 5 mM (8) in 1M KOH at a scan rate of 20 mM. The measure of (8) was -0.639 V. 

This result was better than (3) at both pH 7 and pH 14. This material was also more 

soluble than (3). However, supporting salts added does affect soluble of the redox active 

material which may also affect the potential measurement. The (5) did improve the 

solubility of the redox active material compared to (3). If the (5) was purified, it could be 

used in RFB testing based on its voltage potential.  

Significance of the Research 

How energy is harnessed and what kind of impact it has on the environment is 

one of the main concerns of not only policymakers and scientists, but also the public. 
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Although there have been great strides in using more renewable energy than 

nonrenewable energy, fossil fuels are still the primary source of energy used globally. It 

is not environmentally sustainable to be dependent on fossil fuel (Wen et al., 2021). In 

developing countries, factors such as economic growth and urbanization have led to an 

increased usage of fossil fuels to meet demands brought by economic growth. Fossil fuel 

usage leads to an increase in CO2 emissions and creates more environmental waste in the 

form of trash (Q. Jiang et al., 2022).   

When countries start developing, the usage of nonrenewable energy is the primary 

source of energy without any regard to the environment. During economic development, 

there is a shift to use renewable energy instead of nonrenewable energy (Nathaniel et al., 

2021). Between different countries, there is a noticeable difference in how efficient they 

are with carbon emissions. Countries with a higher degree of technology have more 

progress on how efficient carbon emission is (Xie et al., 2021). Incorporating more 

renewable energy can help with by decreasing ecological footprint (Rafique et al., 2022). 

With restored interest in renewable energy, ESSs also need to be improved to be 

integrated into the power-grid. RFBs are one of the storage systems that have the 

capability to address the need of energy demands. The advantages of RFBs are that they 

can scale up power and energy independently due to their external storage tanks. Their 

main disadvantages are low power, low energy density, and high cost. Vanadium RFBs 

are the most advanced out of all the RFBs on the market in terms of being commercial 

ready. With vanadium being the redox active material, this increases the cost to operate, 

and it increases negative impact on the environment. Vanadium itself is an expensive 

material. It is also not water-soluble, so organic solvents need to be used to dissolve 
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vanadium. Organic solvents are harmful to the environment and are flammable. To 

decrease the cost of RFBs, organic molecules that are ample in nature can be modified 

and used as redox active materials. The modified organic material can increase the 

stability of the molecule, solubility in aqueous solution, and increase voltage potential. 

Using water as the solvent for the electrolytic solution decreases the environmental 

impact. Water-soluble bislawsone has been synthesized as a possible redox active 

molecule for RFBs.  

Limitations of the Study 

In aqueous RFBs, there are three main components that can be modified to 

enhance their performances such as the electrolytic solution, electrode, and membrane 

(Ma et al., 2021). In this experiment, only the electrolyte was modified by making 

different types of water-soluble bislawsone. To not introduce extra variables when 

comparing the different bislawsone molecules, the electrode and the membrane were kept 

the same. There are a wide variety of molecules in the naphthoquinone family that can be 

studied and used as an electrolytic solution in RFBs. With computational chemistry, the 

number of molecules that can be synthesized has also increased (Sánchez-Díez et al., 

2021). Due to the wide range of naphthoquinones, as redox active materials, they can be 

used for both posolytes and negolytes. Only negolyte as an electrolytic solution will be 

focused on. For the redox active material, the only molecule that will be synthesized will 

be water-soluble derivatives of bislawsone. 

To make different types of bislawsone with non-polar functional groups, there are 

different starting materials that could be used to make lawsone. Possible starting 

materials used to make lawsone are naphthalene and tetralone derivatives (Jordão et al., 
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2015). For this thesis, 1-Tetralone with different functional groups has been chosen as the 

starting material for all synthesis. In scheme 1, the starting material of (1) was used to 

make water-soluble bislawsone. The tetralone was oxygenated to make lawsone. After 

the lawsone was obtained, the lawsone was dimerized to make the bislawsone. The final 

reaction was to replace the bromines attached to the bislawsone with water-soluble chains 

to increase the solubility of bislawsone in water. The final reaction occurred by SNAr. 

The water-soluble chains added was choline chloride. For SNAr, there are many different 

types of nucleophiles that can be used in this reaction. Although many nucleophiles can 

be used, this reaction only uses choline chloride.  

Future Studies 

From the NMR spectra, 2,2’-bis(3-hydroxy-7-methoxy-N,N,N-

trimethylethanaminium chloride-1,4-naphthoquinone) appears as if the target compound 

was made but still needs to be isolated. There is an excess of choline chloride present, 

and the aromatic region also needs to be cleaned. After the compound is isolated, 

different conditions for the reaction need to be tested. Instead of using 3 equivalents of 

choline chloride and 3 equivalents of K2CO3 to 1 equivalent of 2,2’-bis(3-hydroxy-7-

methoxy-N,N,N-trimethylethanaminium chloride-1,4-naphthoquinone), less should be 

added. Maybe 2.2 equivalents or 2 equivalents. The temperature was high enough for the 

reaction to occur. Different volumes of DMF could also be used. In this reaction 6 mL of 

DMF was used, 3 mL of DMF could be used instead. This reaction was also reacted for 

96 hours. The duration of this reaction could also be shortened to not get any excess 

reaction happening at the aromatic region. After the target compound is isolated, the CV 

needs to be measured and 2 to 5 grams needs to be made for RFB testing. Different 
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halogen groups should also be used to see if it helps with the yields of the product for the 

lawsone and bislawsone. Different halogens could make the SNAr conditions favorable to 

make the target compound. More nucleophiles could also be used to see how solubility 

and potential is affected.  

Conclusion 

To synthesize water-soluble bislawsone, a derivative of 1-tetralone was used as 

the starting material. A derivative of 1-tetralone was oxygenated to make a functionalized 

lawsone. With different types of 1-tetralone used, different routes were explored to make 

lawsones that contained various functional groups. Lawsone is a the simplest molecule of 

naphthoquinones that have been used in natural and synthetic compounds (Pasha et al., 

2022). As a redox activity material, carbonyl groups are known to have fast reaction 

kinetics. In comparison with other quinones, lawsone has better electrical and 

conductivity (Lee & Park, 2017). Given the advantages that come with lawsone, one of 

the main issue it faces is that it has a solubility issue (Mahkam et al., 2014). Although 

solubility is an issue for some organic molecules, it can be resolved by molecular 

engineering (Huang et al., 2020). It has been found that when lawsone was dimerized to 

bislawsone, increased its solubility and cell voltage in aqueous solution (Tong et al., 

2019). Using bislawsone as a core for the redox active material, different water-soluble 

functional groups were added to the aromatic rings to improve solubility in aqueous 

solution. It has been found that the best starting material to use to make a functionalized 

bislawsone was 1-tetralone with a halogen group attached. For the bislawsone with 

halogen groups attached, from the NMR spectra, it appears that SNAr is possible to 
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replace the halogen group with the desired functional group. Different functional groups 

can be explored to make different water-soluble bislawsone molecules.  

The addition of water-soluble groups to a bislawsone through molecular 

engineering increases its solubility in aqueous solution. Another factor that affects 

solubility is the addition of supporting salts and the pH of the solution. For 2-hydroxy-7-

methoxy-N,N,N-trimethylethanaminium chloride-1,4-naphthoquinone, CV measurements 

were taken in 1M KCl in water with pH adjusted to 7 and in 1M KCl in 1M KOH. The 

potential was -0.400 V and -0.595 V respectively. CV measurements were also attempted 

for its bislawsone counterpart in both solutions but, only the only measurement taken was 

for the 1M KCl in 1M KOH. Voltage potential was -0.628 V. From the results of the 

lawsone in both solutions, solubility has an influence on the voltage potential. By 

comparing the lawsone to bislawsone, the influence of core redox active material can be 

seen. From the results obtained, 2,2’-bis(3-hydroxy-7-methoxy-N,N,N-

trimethylethanaminium chloride-1,4-naphthoquinone) does have the possibility as being a 

redox active molecule for negolyte in RFBs.
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