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Abstract 

 
Abstract 

 
 The transition away from fossil-fuel-based electricity production is critical for cutting the 

emissions of climate change causing carbon dioxide emissions. Renewable energy sources, 

including solar and wind energy, are now cost-competitive with fossil fuels. This has generated 

serious interest in energy storage technologies to help manage the intermittency of these energy 

sources. Redox flow batteries provide a promising technology for providing grid-scale energy 

storage. 

 Chapter 1 describes the current state of renewable energy and energy storage in 

electricity generation. The design and current state of redox flow batteries are discussed. 

 Chapter 2 details the synthesis and characterization of a new anthraquinone, 2,6-

D2PEAQ. A novel method of installing branched side chains to improve the aqueous solubility 

of anthraquinones is presented. Cell studies demonstrating a daily capacity fade of <0.02%/day 

are described. 

 Chapter 3 describes the properties of the anthraquinone BEAQ, which forms a gel in 

aqueous solutions rather than the high-concentration homogenous solutions seen from similarly 

structured anthraquinones. The characterization of the gel is described. A potential application in 

gel batteries is presented. 

 Chapter 4 uses a simpler single branched-chain substituted anthraquinone (2-2PEAQ) to 

study the decomposition and potential regeneration of highly-soluble anthraquinones. The 
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synthesis and characterization of 2-2PEAQ are discussed and cell testing to give a fade rate of 

<0.05%/day is presented. The capacity fade was decreased to <0.01%/day through the use of 

electrochemical regeneration strategies in the cell. Finally, the effect of the substitution position 

of an ether-linked side chain on the anthraquinone is explored by comparing the performance of 

2-2PEAQ to the isomer 1-2PEAQ in cell testing and through post-cycling analysis. 

  Chapter 5 describes chemical characterization studies of four commercial anthraquinones, 

including cyclic voltammetry, thermal decomposition, and solubility measurements. The 

limitations that would need to be overcome to make these anthraquinones good candidates for 

further study are described.  
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Chapter 1 Introduction 

 
1.1 The current state of renewable energy and energy storage capacity 
 

 The threats posed by climate change require a global transition to energy production that 

does not result in the production of greenhouse gases like carbon dioxide. A significant portion 

of current carbon dioxide emissions is the result of electricity production, which the EPA 

estimates produce 25% of the CO2-equivalents the United States emits.1 Fortunately, the cost of 

installing solar or wind power has decreased significantly over the past several decades and the 

cost of these technologies is now competitive with burning coal or natural gas.2 Climate think 

tank Ember estimates that in 2021, 10% of electricity was generated by either solar or wind 

power.3 The annual installation of both solar and wind energy continues to grow rapidly as the 

cost per kilowatt hour continues to decline (Figure 1.1). As the solar and wind industries have 

grown, the annual installations of these low-carbon energies have grown at an increasing rate 

while costs continue to decrease and are now competitive with fossil fuel sources of electricity.2 
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a. b. 

c.  d. 

Figure 1.1: Cost and installed capacity of renewable energy. a. Gigawatts of solar power installed 

internationally from 1996 to 2020.4 b. Installed wind capacity worldwide since 1995 including 

both onshore and offshore wind turbines.4 c. The worldwide average cost per kWh for 100 mW 

fixed tilt utility-scale solar installations from 2009-2020.5 d. Cost per kWh of onshore wind from 

1983 to 2016.6 Data for graphs a,b, and d originally compiled by “Our World in Data.”7  
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 However, while solar and wind energy are providing increasingly inexpensive electricity, 

both forms of renewable energy are challenged by their inherent intermittency. Unlike a fossil-

fuel-powered power plant, which can be rapidly turned on or off to meet electricity demand, 

solar and wind installations only produce electricity in the presence of sunlight or appropriate 

wind speeds. Figure 1.2 shows the power produced by a wind installation (blue top graph), solar 

(red, middle graph), and the power demand by consumers (green, bottom graph). 

 

 

Figure 1.2: Intermittency of energy production compared to energy demand. The top blue curve 

shows the normalized power produced by a 1.5 MV wind turbine in Wilhelminadorp, 

Netherlands. The middle red curve shows solar PV power produced by an installation in Boston, 

Massachusetts with periodic peaks and shifts occurring during day and night respectively, and 

periods of lower production occurring on cloudy or rainy days. The bottom green trace shows 

electricity demand over three weeks in the UK that follows a periodic pattern through each day 

and week.8 
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 As intermittent sources of energy become more abundant, energy storage can help match 

the supply to the demand. Today the energy storage landscape is dominated by pumped 

hydropower, which was estimated to make up about 93% of utility-scale energy storage in 2021.9  

However pumped hydroelectric storage is geographically limited to areas with appropriate 

elevation differences and is not a viable solution to meet the increasing needs of energy storage. 

 The use of electrochemical energy storage has been expanding. This is driven largely by 

the rapidly decreasing cost of lithium-ion batteries, which is projected to continue.10 While 

lithium-ion batteries boast impressive energy density, they also have significant drawbacks for 

grid-scale use. Despite ongoing research into new cathode materials, they’re reliant on metals 

that can be expensive, lacking in earth abundance, and plagued by sociopolitical challenges.11 

They are also at risk of thermal runaway processes that pose a danger due to the flammable 

electrolytes in the battery.12 Finally, the power and energy of a lithium-ion battery are coupled to 

each other – requiring multiple battery packs to be linked in parallel for high-energy projects. 

This leads to an increased cost for large lithium-ion installations. 

 While lithium-ion batteries are currently the predominant method of electrochemical 

energy storage for grid-scale applications, comprising over 90% of both power and energy 

installation over the last decade, alternative battery designs are generating increased interest. In 

the last few years, annual installations of flow batteries have begun to increase, although they 

still make up a small total amount of new storage installations with 33 MWh being installed 

between 2017 and 2020 in the United States (Figure 1.3).13  
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Figure 1.3: Cumulative installed capacity of battery technologies. However, flow batteries have 

begun to see commercial installations in recent years. Image credit to the Department of 

Energy.14  

 

1.2 Introduction to redox flow batteries  
 

 Redox flow batteries function by separating the electroactive material into two separate 

tanks. The electroactive components are dissolved either in water or an organic solvent, although 

water is often used to take advantage of its high conductivity with dissolved salts, low cost, and 

excellent safety profile. To charge the battery, the liquid in these tanks can be pumped through to 

an electrode where the negolyte (the electrolyte with a more negative potential) is reduced and 

the posolyte (the electrolyte with a more positive potential) is oxidized before being pumped 

back to their tanks. When it is necessary to extract energy from the battery, the material can then 

be pumped from the tanks to the electrode where the negolyte is oxidized and the posolyte 

reduced. To keep the electroactive species separated from each other, a membrane or other 

separator is used. Often, this will be an ion exchange membrane to slow the rate at which 
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charged species in the electrolyte can cross to the other side of the battery. The basic structure of 

a redox flow battery is shown in Figure 1.4. 

 

 

Figure 1.4: Diagram of a redox flow battery. Image modified from Wikimedia user Earth-Rare.15 

 
 Because the architecture of redox flow batteries stores the electroactive materials in 

reservoirs separate from the battery stack containing the electrodes, membranes, and current 

collectors, it is possible to decouple power and energy. Energy can be increased by increasing 

the tank size without re-engineering and increasing the cost of the battery stack itself. This leads 

to redox flow batteries becoming potentially less expensive than solid-electrode batteries for 

larger installations as the cell stack becomes a smaller component of the cost of the flow battery 

relative to the cost of the electrolyte (Figure 1.5) 
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Figure 1.5: Cost of flow vs. solid electrode batteries as a function of discharge duration.16 

 

 The most common electrolytes in redox flow batteries are vanadium compounds. 

Vanadium has the advantageous property of having four reasonably accessible redox states: +2, 

+3, +4, and +5. This allows vanadium to be dissolved in sulfuric acid and serve as an 

electroactive material on both the posolyte and the negolyte side of a battery. This decreases the 

challenge of electrolytes passing through the membrane to the wrong side of the battery. The 

half-reactions involved are shown in Equation 1.1 below: 

 

Equation 1.1 

 While vanadium is a promising electrolyte and has engendered several large-scale 

installations17, 18, it does face a few challenges. Batteries compete with, steel, high-strength 
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aerospace materials, and chemical catalysts for vanadium resources. Additionally, vanadium 

flow batteries are limited to operating temperatures of less than 40oC, above which VO2
+ is prone 

to precipitating out as V2O5 and removing itself from the redox reaction.19 Vanadium also is an 

expensive and highly variable cost component of the batteries (Figure 1.6).  

 

a.  b. 

 

  

Figure 1.6: Cost of vanadium for flow battery applications. a. Total cost of a flow battery broken 

down by component in a model of a 1 MW battery.20 b. The cost of vanadium pentoxide, a 

common precursor for the vanadium used in flow batteries since 1981.21 

 

 Figure 1.6 shows a 2015 estimate of the cost of each component of a 1 MW 8-hour 

vanadium redox flow battery, for which the vanadium electrolyte constitutes an estimated 53% 

of the total cost. In addition to making up a significant chunk of the total price of the battery, 

vanadium prices move quickly from as low as $2/lb. to as high as $28/lb of vanadium pentoxide. 

This volatility is in part due to its limited applications with over 90% of worldwide vanadium 

production being used in steel production and a limited number of producers, with most 

vanadium coming from China, Russia, and South Africa.22 Less expensive electroactive 
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alternatives are attractive to help bring redox flow batteries below the Department of Energy’s 

goal to decrease long-duration energy storage costs by 90% over the decade starting in 2020.23 

 Organic molecules are an attractive alternative to vanadium. They are composed 

principally of carbon, hydrogen, and oxygen with nitrogen, phosphorus, and sulfur occasionally 

also being used. These elements are generally abundantly and cheaply available in the form of 

commercially available feedstock chemicals. Organic synthesis can be used to modify molecules 

for desirable reduction potentials, high solubility, and good stability under cell cycling 

conditions. At this point, a wide variety of redox-active organics have been synthesized and 

demonstrated in redox flow batteries. Particularly promising molecules include quinones and 

quinone derivatives24-46, phenazines47-50 and other azo-aromatic compounds51, and viologens52-55 

for low-potential negolytes. These are often paired with benzoquinones, TEMPO derivatives50, 56-

60, and iron inorganic or organometallic61-64 complexes as posolytes.  

 

1.3 Prior work on anthraquinone electrolytes for redox flow batteries  
 

 Benzoquinones, as well as their derivatives, have attracted particular interest as redox-

active materials for flow batteries. Various quinone compounds have been used for their 

accessible redox chemistry by both humans and nature for applications as varied as hydrogen 

peroxide production, electron transport in cellular respiration, and photosynthesis.65, 66 

 Quinones, as well as the related naphthoquinones (with one aromatic ring attached to the 

quinone core) and anthraquinones (with aromatic rings attached to both sides of the quinone 

core), undergo redox chemistry through a two-electron process. Under acidic conditions, where 

the pH in the solution is lower than the pKa of the phenolic oxygens in the reduced quinone, this 

electron transfer is paired with the transfer of two protons (Figure 1.7) 
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Figure 1.7: Quinone and quinone derivative electrochemistry. In acidic conditions, the quinone 

ring undergoes an electrochemical two-electron reduction to create the structures shown on the 

right.  

 
Anthraquinones have proved particularly useful as negolytes for redox flow 

batteries. This is in part due to their already abundant use in the dye industry which provides 

several different scaffolds with interesting properties to be used in batteries themselves or to be 

synthetically modified using methods that have been developed for the synthesis of dyes.67, 68 

Additionally, the electron-donating effect of the two aromatic rings abutting the quinone central 

ring in anthraquinones tends to drive the reduction potential down toward the lower end of the 

water splitting window, allowing a high battery voltage when paired with a suitable posolyte. To 

improve water solubility, anthraquinones are often designed with solubilizing groups attached 

(see Table 1). Often carboxylate, phosphonate, sulfonate, or ammonium groups will be used so 

that the charge on the functional group at the appropriate pH will increase the water solubility. 

To improve stability, molecules often have aliphatic chains linking the solubilizing group to the 
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main aromatic system.29 Table 1 shows a list of quinone flow battery molecule candidates 

reported in the literature.  

 

Table 1.1: Quinone, Naphthoquinone, and Anthraquinone Chemistries Reported For Flow 

Battery Use 

 
Molecule 
name 

Molecule Structure Reduction 
Potential 

Maximum 
reported 
solubility  

Best reported 
capacity fade 
(%/day)  

2,6-DHAQ25, 

69, 70  

 

-680  
(pH 14) 

>0.6  
(pH 14) 

8 (without 
electrochemical 
regeneration) 
 
.29 (with 
electrochemical 
regeneration) 

2,6-
DBEAQ29  

-515  
(pH 14) 

0.6 M 
(pH 12) 
  
1.1 M  
(pH 14) 
 

0.04 

2,6-
DPPEAQ33  

 

0.47 V  
(pH 9 
unbuffered)  
−0.49 V 
(pH 12 
unbuffered ) 
 
-390  
(pH 9 
buffered)  
 
-470  
(pH 12 
buffered)  
 

0.75 
(pH 9)  

0.014 

1,8-
PEGAQ30  

 

−430  
(pH 7)  
−520  
(pH 14)  

miscible 0.5 
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2-AQS26  

 

0.187  
(pH NL) 

> 1 M in 
acid form 

19 

AQDS32 26, 

71-74 

 
(multiple cations reported) 

-186  
(pH 7) 
 

1.9 0 

Lawsone37  

 

-424  
(pH NL) 

NL 0.06 

2,3-DHAQ45  

 

-629 0.7 
(pH 13.5) 

0.45 

2,3-HCNQ36 

 

-509  
(pH 14) 

1.2 M  
(pH 14) 

3.4 
 

Bislawsone75  

 

-551  
(pH 14) 

0.56  
(pH 14) 

0.74/0.55  
(.5/.1 M cell) 
 

DHBQ27  

 

-720 
 (pH 14) 

1.4 9 

1,8-
BDFAQ46  

 

-534 
(pH 7) 

1.07 
(neutral 
water)  
0.52  
(2 M KCl) 

0.88 

DMOBQ76  

 

-700  
(pH 14) 

NL 35 

DMBQ76 

 

-730  
(pH 14) 

NL 22 

AQDP29 -456  
(pH 14) 

1  
(pH 12) 

0.128 

ARS77  

 

0.082  
(1 M H2SO4) 

3.12  
(pH 6-10) 

16 
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2,6-N-
TSAQ44  

 

-620  
(pH 12+) 

0.45 
(pH 14) 

.025 

AMA78  

 

-670 mV  
(pH 14) 

0.46  
(pH 14) 

.81 

 
  

O

O

OH

OH

N

O

OH

OHO



14 
 

Chapter 2 Increasing the solubility and 
stability of electroactive compounds  
 

Abstract 
 

Previous reports have found that anthraquinone negolytes can be stabilized by connecting 

solubilizing groups to the anthraquinone core through an ether linkage and an aromatic 

chain. However, this strategy opened up the possibility of decomposition by side chain 

loss. In this chapter, I describe a strategy for preventing this decomposition mechanism 

and dramatically improving the solubility of anthraquinones by using chiral branched 

aliphatic chains to connect a carboxylate solubilizing group through an ether linkage. The 

resulting molecule displayed extremely slow capacity fade and high energy density.  

 

2.2 Background and motivation 
 

In 2016, 2,6-DBEAQ (2,6-dibutyrate ether anthraquinone) was published and 

demonstrated the ability to significantly stabilize anthraquinones by attaching solubilizing groups 

through ether-linked side chains.29 This molecule, however, was found to experience capacity 

fade at a rate of about 0.04%/day in cell cycling tests. Analysis of molecular decomposition 

showed that one decomposition route was the loss of the ether-linked side chains through either 

an Sn2 or SNAr reaction (Figure 2.1). The resulting decomposition product is still likely 

electroactive; however, the increased electron density in the aromatic ring system from the 

electron-donating phenoxide is likely to create a lower potential molecule. Previous work has 
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shown that anthraquinones with more negative potentials tend to decompose more rapidly.70 The 

monoalkylated molecule is therefore likely to decompose more quickly than the parent molecule. 

 

Figure 2.1: Possible decomposition routes of 2,6-DBEAQ. The proposed decomposition by side-

chain loss of DBEAQ. Decomposition may occur by either Sn2 or SnAr routes and the 

nucleophile may be either hydroxide ion (at high pH) or carboxylate from the solubilizing group 

(at more moderate pH). Image credit: Ji, 201433 

 

A variety of techniques have since been reported to prevent side chain loss. These 

techniques include replacing the carboxylate solubilizing group with a phosphate solubilizing 

group, allowing both acceptable solubility at lower pH (where the concentration of hydroxide is 

lower) and removing a weak nucleophile (carboxylate) from any intermolecular reactions.33 

Another approach involved replacing the ether-linkage with nonhydrolyzable carbon linkages.43 

However, no approach had focused on limiting side chain hydrolysis through modification of the 

straight-carbon chain linking the ether to the carboxylate group. 

  

2.3 Synthesis and solubility studies of 2,6-di-2-propionateanthraquinone   
 

To slow side-chain loss as a decomposition mechanism, an anthraquinone was designed 

using a one-carbon long side chain with a methyl branch. The rationale for this design was to 

increase the steric hindrance at the aliphatic carbon adjacent to the ether group to slow any 
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substitution reaction at that carbon. The shorter side chain was also designed to pose a barrier to 

intramolecular attack by the carboxylate group by removing flexibility from the side chain and 

forcing strained configurations to reach the susceptible carbons. While not the primary goal in 

the molecular design, this synthesis is also able to utilize a starting material (methyl 2-

bromopropionate) that is cheaper than the original 2,6-DBEAQ molecule (which used methyl 4-

bromobutyrate). 

This molecule, named 2,6-D2PEAQ (2,6-di-2-propionate ether anthraquinone) was 

synthesized using alkylation with a secondary alkyl bromide which resulted in an ester that easily 

precipitated out of solution and was filtered and hydrolyzed into the final product without further 

purification (Figure 2.2). The resulting carboxylic acid was then precipitated with hydrochloric 

acid, dried, and used for cell testing. A complete account of the synthetic procedure is in 

Appendix 1. 

 

Figure 2.2: Synthetic procedure for the synthesis of 2,6-D2PEAQ 

 

 2,6-D2PEAQ was subjected to solubility tests using sodium, potassium, and ammonium 

counterions. While it showed a solubility of <0.1 M when ammonium was used as the cation, the 

solubility in both sodium and potassium counterion was extremely high; between 1.5 and 2.1 M 

when measured at both pH 7 and pH 12. While the solubility was not measured quantitatively at 
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other pH ranges, no precipitation was seen at a concentration of 1.5 M at any pH between 7 and 

12 with either potassium or sodium counterion, leading to the conclusion that this is the lower 

bound on solubility. Notably, this is a considerable improvement over the solubility of 2,6-

DBEAQ, which had a solubility of <0.1 M in pH ranges lower than 12 or when sodium instead 

of potassium counterion was used. In conditions where it was soluble, it showed only 0.6 M 

solubility at pH 12 with potassium counterion and 1.1 M at pH 14.29 The high solubility at lower 

pH is an attractive feature of 2,6-D2PEAQ because ferrocyanide, a common and inexpensive 

posolyte in alkaline organic flow batteries, is more soluble when the pH is closer to 7, allowing a 

greater energy density in the battery overall. 

 To understand better the dramatic solubility improvements of 2,6-D2PEAQ an analog 

without the methyl branch was synthesized (appendix A) by a similar method. This molecule, 

2,6-DEEAQ (2,6-diethanoic ether anthraquinone) showed a much lower solubility (Figure 2.3), 

leading to the conclusion that adding the branching functionality to 2,6-D2PEAQ aided in 

improved solubility. While the reason for this is unknown, it may be related to the 3D structure 

created at the branched carbon making crystallization more unfavorable and improving 

solubility. Alternatively, the methyl group creates chiral centers on each of the two branches. 

Because racemic starting material was used to synthesize 2,6-D2PEAQ the resulting product is a 

mixture of two enantiomers and a diastereomer. It has been reported that chirality can impact the 
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favorability of crystallization, and this may contribute to the high solubility of 2,6-D2PEAQ.79, 80  

 

Figure 2.3: Solubility of 2,6-D2PEAQ and 2,6-DEEAQ. The solubility of both 2,6-D2PEAQ and 

2,6-DEEAQ was measured in both sodium and potassium counterions at both pH 7 and 12 in 

their oxidized form. The reduced form was not tested due to experimental challenges posed by its 

oxidation by ambient oxygen, but it is expected to be similar or more soluble due to the two 

additional negative charges on each molecule. UV-Vis calibration curves and spectra for 

saturated solutions were collected by Thomas George. 
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2.4 Thermal and photostability studies of 2,6-D2PEAQ 
 
 To analyze the efficacy of the branched side chain at preventing side chain loss, 2,6-

D2PEAQ was subjected to thermal decomposition analysis. This analysis is done before cell 

testing of potential flow battery compounds to facilitate an understanding of molecular stability 

with a minimal amount of synthesized electrolyte and to separate decomposition routes that are 

caused by thermal decomposition from those that are caused by changes in the molecule on 

electrochemical charging and discharging. 

 To test decomposition, 0.1 M solutions of 2,6-D2PEAQ were heated in a laboratory oven 

for 1 week at 95 oC at a variety of pH values. This high temperature was chosen to maximize the 

decomposition of 2,6-D2PEAQ without boiling the water it was dissolved in. Figure 10 shows 

the results of the oxidized form decomposition studies at pH 7, 12, and 14. While some NMRs 

show a small peak at 1.78 ppm, this peak is generally small. No new aromatic peaks were seen 

that would indicate a monoalkylated product had formed.  
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a. 

b. 
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c. 

Figure 2.4 Thermal decomposition study of D2PEAQ. NMR spectra before and after 0.1 M 2,6-

D2PEAQ stored in a. pH 7, b. pH 12, and c. pH 14 solutions at 95 oC for one week.100 μL of the 

cooked solution was then diluted with 500 μL of D2O. NMR spectra were obtained on a 500 

MHz Varian Unity Inova500 NMR.  

 

 Anthraquinones have been known to decompose by different routes in both the oxidized 

and the reduced forms, often by different mechanisms.81 In order to probe decomposition 

pathways that may be affecting the reduced form of 2,6-D2PEAQ a 0.1 M solution was charged 

in a glovebox and stored at pH 12 for 1 week at 95 oC. To prevent oxygen penetration, which 

would revert the reduced form to oxidized anthraquinone, the FEP vial containing the solution 

was enclosed in a mason jar that was inverted and placed in a small pool of water in a larger 

mason jar. After the heating period was completed, the material was re-oxidized by agitating the 
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solution with ambient air for 30 minutes. This was done to ensure good shimming for a clear 

NMR spectrum because reduced anthraquinones often show peak broadening due to 

semiquinone radical formation even when efforts are made to protect them from oxygen 

exposure. No new peaks were found on the NMR after heating, leading to the conclusion that 

2,6-D2PEAQ does not experience rapid thermal decomposition in the reduced form (Figure 2.5).  

 

 

 

Figure 2.5: Thermal decomposition of 2,6-D2PEAQ in the reduced form. 1H NMR of 2,6-

D2PEAQ in the oxidized form before and after being heated at 95 oC for a week in the reduced 

form. 

 

While minimal decomposition was seen when 2,6-D2PEAQ was exposed to heat, the 

molecule was also tested when exposed to light. To accelerate any photochemical decomposition 
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reactions, 0.1 M solutions of 2,6-D2PEAQ were sealed in vials and floated in a large tub of water 

to maintain a near-constant temperature. The vials and the water bath were exposed to a 500 W 

lightbulb for one week. As a control, identical vials of 2,6-D2PEAQ were prepared and wrapped 

in aluminum foil. This experiment showed significant decomposition under light, leading to the 

recommendation that this material be tested in low-light conditions or protected from light. 

(Figure 2.6) 

 

Figure 2.6: Photochemical decomposition of 2,6-D2PEAQ. 0.1 M solutions were exposed to a 

100W light for 1 week either protected by an aluminum foil wrapping (green) or exposed to the 

light (red).  
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2.5 Electrochemical characterization 
 

To assess the feasibility of 2,6-D2PEAQ as a flow battery electrolyte candidate, a cyclic 

voltammogram was obtained to determine the voltage and provide some preliminary information 

on the electrochemical kinetics of the molecule. At pH 14 the reduction potential of 2,6-

D2PEAQ was determined to be -445 mV v. SHE (Figure 2.7). When paired against potassium 

ferrocyanide, a common posolyte for alkaline organic flow batteries, a total cell voltage of 951 

mV is achievable. 

 

Figure 2.7: Cyclic Voltammetry of 2,6-D2PEAQ (red) paired with potassium ferrocyanide (blue) 

at pH 14. 
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 Because 2,6-D2PEAQ is soluble at moderate pH ranges, the initial reduction reactions at 

moderate pH ranges are proton-coupled. As the reduction process increases the hydroxide ion 

concentration in the solution, the pH in the solution swings up until it reaches a pH where the 

reduction becomes a 2-electron 0-proton process. To probe how the redox reaction affected the 

pH of the solution, a Pourbaix diagram was prepared to determine the effect of pH on the 

reduction potential. Because the potential is dependent on the reaction quotient according to the 

Nernst equation and because anthraquinone reduction uses up protons at low to moderate pH 

ranges, the reduction potential is expected to be dependent on pH. In a theoretical system, the 

slope of the reduction potential v pH curve is -59 mV/pH unit when the two-electron reaction is 

coupled with two protons and -29 mV/pH where the reaction is coupled with one proton. The 

Pourbaix diagram showed that 2,6-D2PEAQ undergoes 2-electron 1-proton reduction from about 

pH 7.5 to pH 11, above which range it is proton decoupled and below which two protons 

participate in the reduction (Figure 2.8a). 

 The pH-swing behavior was studied in a cell setup containing 0.1 M 2,6-D2PEAQ and a 

ferrocyanide posolyte was prepared by Dr. Shijian Jin. This cell used a pH meter to measure the 

pH of the negolyte reservoir as the cell was charged and discharged. The pH in the discharged 

form quickly increased from 7 to 9, reflecting the very small increase in hydroxide ion 

concentration required to increase the pH by one unit at moderate pH values. After that initial 

shift, the pH cycled reversibly between pH 9 and 12. Because ferrocyanide solubility is higher at 

lower pH, it is beneficial that the pH does not increase over the course of cell cycling (Figure 

2.8b).82, 83  
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a. b. 

Figure 2.8: Pourbiax diagram and pH-swing cell of 2,6-D2PEAQ. a. Pourbaix diagram of 2,6-

D2PEAQ. All reduction potentials between pH 2 and pH 12 are measured in an appropriate 

buffered solution to prevent local pH swings near the electrode. Reduction potentials are 

measured using cyclic voltammetry in 1 mM 2,6-D2PEAQ b. pH swing cell of 2,6-D2PEAQ. 

pH-swing cell run and graph prepared by Dr. Shijian Jin. 

 
 Rotating disk electrode measurements performed by Dr. Kiana Amini were used to 

determine the diffusion coefficient and rate constant of 2,6-D2PEAQ. To determine the diffusion 

coefficient, the limiting current at different rotation rates was obtained from linear sweep 

voltammograms and plotted against the square root of the rotation according to the Randles-

Sevich equation (Equation 2)84 The slope was used to extract the diffusion coefficient, 2.75 * 

10−6 cm2/s. 

 

 

 

0 2 4 6 8 1 0 1 2 1 4 1 6
-6 0 0

-4 0 0

-2 0 0

0

R
e

du
ct

io
n

 P
o

te
n

tia
l v

 S
H

E
 (

m
V

)

p H

-5 3  m V /p H

 -2 4  m V /p H

1 .0  m V /p H



27 
 

𝑖௣ = 2.69 ∗ 10ହ ∗ 𝑛
ଷ
ଶ ∗ 𝐴 ∗ 𝐷

ଵ
ଶ ∗  𝐶௜ ∗ 𝑣

ଵ
ଶ  

Equation 2.1: The Randles-Sevcik equation. 𝑖௣ is the limiting current (A), n is the number of 

electrons transferred, A is the electrode area (cm2), D is the diffusion coefficient (cm2/s), C is the 

concentration (mol/mL), and v is the scan rate (Figure 2.9a and 2.9b).  

 

 The rate constant was constructed by plotting the rotating disk electrode on a Koutecký-

Levich plot and performing a Tafel analysis (Equation 2.2)84. The kinetic rate constant was found 

to be 3.40×10-3 cm s–1 (Figures 2.9c and 2.9d) 

𝑖 = 𝑛𝑘଴𝐹𝐶𝑒(
ఈிఎ
ோ்

) 

Equation 2.2: The Tafel equation where i is current, n the number of electrons, 𝑘଴ the rate 

constant (s-1), F is the Faraday constant, C is the concentration (M), R is the gas constant, and T 

is the temperature.   
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a. 

 

b. 

c. d. 

 

  

Figure 2.9: Rotating Disk Voltammetry of 2,6-D2PEAQ. a. Current at different rotation rates v 

Potential. b. Linear graph of limiting current vs. the square root of rotation rate used to calculate 

the diffusion coefficient. c. Plot of square root against the reciprocal current. d. Tafel analysis 

was used to produce the kinetic rate constant of the 2,6-D2PEAQ reduction reaction. Graphs and 

data were produced by Dr. Kiana Amini. 

 



29 
 

2.6 Cell cycling studies of 2,6-D2PEAQ 
 
 2,6-D2PEAQ was initially tested at pH 7 at a 0.1 M concentration. The posolyte 

comprised 0.2 M of potassium ferrocyanide. 7 mL of 2,6-D2PEAQ was used against 30 mL of 

posolyte. The excess of posolyte ensured that any changes in the cell capacity during cycling 

were caused by changes to the negolyte by having several equivalents of potassium ferrocyanide. 

An E-620K membrane was used. To minimize potassium ferrocyanide crossover through the 

membrane, 0.15 M potassium ferrocyanide was added to the negolyte. 

  The cell was cycled at a constant current until it reached a pre-set potential on both 

charge and discharge. This was followed by a constant potential hold to avoid changes in internal 

resistance affecting the capacity accessed by the cell. When the potential holds were initially set 

at 0.6 V on discharge and 1.5 V on charge, the capacity faded at about 0.11%/day. However, 

when the voltage cutoffs were changed to 0.5 and 1.4 V on discharge and charge respectively the 

capacity fade decreased to 0.03%/day. A further decrease to 0.02%/day was seen when the upper 

voltage limit was lowered to 1.25 V. The coulombic efficiency of this cell was consistently high 

at 99.97% or higher (Figure 2.10).       
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Figure 2.10: 0.1 M cell of 2,6-D2PEAQ. 2,6-D2PEAQ cycled at 0.1 M. Black vertical lines 

indicate changes in current cutoffs. The cell was assembled and managed by Dr. Zhijiang Tang, 

with prepared electrolyte solutions. 

 

 Because 2,6-D2PEAQ showed good performance at 0.1 M, higher concentration cells 

were prepared. An initial 0.5 M cell showed erratic capacity access. While the exact cause of this 

is unknown, the capacity fluctuations were found to correlate well with the changing temperature 

in the lab. To alleviate this, the 0.5 M cell was run at 40 oC with an Omega CS8DBPT PID 

controller to allow control of the temperature. This cell continued to show extremely slow 

capacity fade, measuring 0.01%/day over a 13.5 day period and indicating that the capacity fade 
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of 2,6-D2PEAQ did not measurably increase when the temperature was increased from room 

temperature (Figure 2.11). This suggests that, at a larger scale, active cooling would not be 

necessary to maintain the stability of 2,6-D2PEAQ. 

 

 

Figure 2.11: 0.5 2,6-D2PEAQ cell. At 0.5 M 2,6-D2PEAQ faded at 0.01%/day over a 13.5 day 

period at 40 oC. Cell was prepared and managed by Dr. Zhijiang Tang with prepared electrolyte 

solutions. 

 
 The high solubility of 2,6-D2PEAQ makes it an attractive candidate for high-

concentration flow batteries where it can provide a high volumetric capacity and energy density. 
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1.1 M was chosen for the 2,6-D2PEAQ concentration in a high concentration cell. This 

concentration was chosen to maximize the number of electrons in the reservoir without 

encountering the challenges associated with accessing the full capacity by material becoming 

stuck on reservoir walls or clogging tubing at the high viscosities that occur at higher 2,6-

D2PEAQ concentrations.  

 A cell was prepared using a 1.1 M (5.3 mL) 2,6-D2PEAQ capacity-limiting negolyte and 

30 mL of 0.6 M sodium ferrocyanide, 0.4 M potassium ferrocyanide, and 0.2 M sodium 

ferricyanide posolyte at an initial pH of 7. This cell was cycled for 27 days and demonstrated a 

capacity fade rate of 0.018%/day from day 6 to the end of cycling on day 27 (Figure 2.12), 

extrapolating to a loss of capacity of only 6.6%/year. The coulombic efficiency remained high at 

99.8%  
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Figure 2.12: 1.1 M cell of 2,6-D2PEAQ. The dip on day 5 is attributed to a disruption in nitrogen 

flow to the glove bag. The cell was assembled and managed by Dr. Zhijiang Tang, with prepared 

electrolyte solutions. 

 
 The same cell set-up was used to collect polarization curves and determine the power 

density of the cell (Figure 12.13a). The maximum power density of the cell was found to be 0.16 

W/cm2 at a current density of 300 mW/cm2
 and 100% state of charge. This cell was further used 

to determine if the open-circuit voltage varied with the state of charge (Figure 12.13b). Charge-

discharge voltage profiles were used to compare the accessed capacity to the theoretical capacity 

(1124 C) and to determine whether any unexpected redox activity might be occurring (Figure 

2.13c) the curves show all the capacity is accessed at 150 mW/cm2 and higher current densities, 
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with less than full capacity being accessed at lower current densities. A single plateau is 

observed on all voltage profiles, corresponding to the oxidation and reduction of 2,6-D2PEAQ. 

No additional plateaus that may indicate other redox reactions occurring are seen. Finally, the 

coulombic efficiency, round-trip energy efficiency, and round-trip voltage efficiency were 

measured at increasing current densities (Figure 2.13d). The round-trip efficiencies generally 

decreased at increasing current densities. At 20 mA/cm2 round-trip voltage efficiency was 92.9% 

and round-trip energy efficiency was 92.1%. At 200 mA/cm2 the round-trip voltage efficiency 

was 48.8% and the round-trip energy efficiency was 48.7%. Coulombic efficiencies were over 

99% for all measurements.  
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a.  b.  

c. 

 

d. 

 

 

Figure 2.13: Cell performance of 2,6-D2PEAQ. Cell performance studies of 2,6-D2PEAQ at 1.1 

M and 40 oC. a. Polarization curves and power densities.  b. Open Circuit voltage with increasing 

state of charge. c. Charge and discharge voltage profiles. d. Efficiencies at differing states of 

charge. Cell prepared and managed by Dr. Zhijiang Tang. 

 

The high-energy density of 2,6-D2PEAQ, facilitated by its high solubility, is a major 

strength of the molecule. To demonstrate this, a “nearly-balanced” cell was prepared by Thomas 

George using a minimal excess of posolyte to maximize the energy density of the cells (Figure 

2.14). For electrolytes, this cell used 4.5 mL of 1.1 M 2,6-D2PEAQ and 14 mL of 1.0 M 
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ferrocyanide. Because 1.0 M is near the upper solubility limit of potassium ferrocyanide, a 

mixture of sodium and potassium counterions was used in a ratio of 3:7 sodium: potassium to 

ensure no precipitation of the posolyte.82, 83 This cell demonstrated 0.02%/day capacity fade 

(7.3%/year) over a period of 14 days. It demonstrated an energy density of 13.63 Wh/L and a 

volumetric capacity of 14.34 Ah/L. 

 

Figure 2.14: Nearly balanced cell of 2,6-D2PEAQ. Cell was run by Thomas George. 

 
 To compare the performance of 2,6-D2PEAQ to previously reported organic molecules in 

aqueous flow batteries, Figure 2.15 compares the demonstrated volumetric capacity of the 

negolyte and the capacity fade for each negolyte candidate reported in the aqueous organic flow 

battery literature. 2,6-D2PEAQ showed the slowest capacity fade for any molecule with a 



37 
 

volumetric capacity over 55 Ah/L and the highest volumetric capacity for any molecule fading 

more slowly than 0.5%/day, with the exception of the fluorenone compound named 4C7FL. 

However, that fluorenone was cycled without potentiostatic holds, which are used to ensure 

capacity fade measurements are accurate and not affected by internal changes in cell resistance. 

When the fluorenone was run with potentiostatic holds, a fade rate higher than 2,6-D2PEAQ was 

reported.  
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Figure 2.15: Comparison of energy density and capacity fade of flow battery negolytes. 

Demonstrated volumetric capacity of the negolyte and capacity fade rate for reported organic 

redox flow batteries are plotted. Cells that were cycled without capacity holds are depicted with 

hollow circles. In cases where the original paper did not report capacity fade in time-

denominated terms, an estimate was made using the reported current density and electrode size. 

When the same negolyte was reported by multiple papers, the lowest reported fade rate was used. 

When multiple cells utilizing the same chemistry were reported in a single paper, the highest 

concentration cell was included (There were no cases in which the highest reported concentration 

had a significantly higher fade rate than lower-concentration cells). Cells that ran with less than 

0.1 M electrons in the negolyte or for fewer than 10 cycles were excluded. Cells that used 

electrochemical capacity recovery strategies are marked with an asterisk. Data from24, 26, 27, 29, 30, 

33, 36-38, 43, 45-49, 51, 55, 64, 70, 75-78, 85-99 
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2.7 Conclusion 
 
 2,6-D2PEAQ achieves high solubility through the use of a branched side chain that 

hinders precipitation and results in a solubility 10X higher than the unbranched analog. The 

branched side chain also improves the stability of the molecule, allowing cell cycling to be 

performed at high concentrations with fade rates of 0.02%/day.  

 When compared to other reported flow battery negolytes, 2,6-D2PEAQ has demonstrated 

the highest energy density of extremely slow-fading molecules. Additionally, it also 

demonstrates the slowest fade rate of any molecule that has been tested at negolyte densities 

of >55 Ah/L. 
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Chapter 3: 2-BEAQ – A hydrogel-forming 
anthraquinone 
 

Abstract: 
 
2-BEAQ was synthesized with the goal of creating a molecule that was cheaper than 

2,6-DBEAQ with similar high stability. The single-side chain results in a molecule that shows 

gel-like properties. Characterization of the gel was carried out and it was utilized in a gel battery 

to achieve a maximum power density of 11.2 μW/μL in a hard-sided battery. 

 

3.2 Motivation and synthesis of 2-BEAQ 
 
 For anthraquinones to be commercially viable flow battery electrolytes, they must be able 

to be synthesized at an adequately low cost.100 Although making molecules more stable increases 

the maximum possible synthetic cost by decreasing the frequency with which degraded 

electrolyte needs to be replaced, 2,6-DBEAQ is still estimated to be too expensive for redox flow 

batteries. This is partly due to the high cost of the starting material 2,6-dihydroxyanthraquinone.  

An attempt to prepare a less-expensive molecule was made by replacing 

2,6-dihydroxyanthraquinone with 2-hydroxyanthraquinone. While it’s challenging the estimate 

the cost of chemicals at large scales due to changes in the cost of production at scale and high 

levels of variation between suppliers and across time, 2-hydroxyanthraquinone is generally 

cheaper and available at larger scales than 2,6-dihydroxyanthraquinone from most suppliers 

(Table 3.1). There have also been reported syntheses of 2-hydroxyanthraquinone using phenol 

and phthalic anhydride as starting materials, which are both inexpensive feedstock chemicals.101, 
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102 This route also has the benefit of halving the stoichiometric amount of side chain needed. The 

resulting anthraquinone was named 2-BEAQ (butyric ether anthraquinone). 

 

Table 3.1: Comparison of lab-scale costs of 2-hydroxyanthraquinone and 2,6-

dihydroxyanthraquinone 

 2-hydroxyanthraquinone cost 2,6-dihydroxyanthraquinone cost 

Millipore 

Sigma 

$96.80 for 25g $234.00 for 5g 

AK Scientific $543 for 100g $798 for 25g 

 

Astatech $464 for 100g 

 

$557 for 100g 

 

Biosynth/Carbo

synth 

$577.50 for 100g 

 

$346.50 for 10g 

 

Ambeed $88 for 25g 

 

$546 for 100g 

 

Prices as of June 11, 2022. Because equivalent sizes of different chemicals are often not 

available, the largest available size from each supplier was chosen. Suppliers were chosen based 

on having publicly available pricing for each chemical. 

 

  2-BEAQ was prepared by reacting 2-hydroxyanthraquinone with ethyl 4-bromobutyrate, 

using potassium carbonate as a base. This was followed by vacuum filtration and hydrolysis and 
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potassium hydroxide to produce the final product (Figure 3.1. full synthetic details in Appendix 

A). 

 

Figure 3.1: Synthesis of 2-BEAQ. 2-BEAQ was synthesized by the addition of an ethyl 4-

bromobutyrate to 2-hydroxyanthraquinone followed by hydrolysis and precipitation with 

hydrochloric acid. 

 

3.3 Gel-behavior and characterization of 2-BEAQ 
 

 Upon preparing a 0.1 M solution of BEAQ at pH 14, it was found that the material 

dissolves to form a gel. This gel persisted when the pH was lowered by the addition of acid. 

Further studies showed that 2-BEAQ was able to form a gel at concentrations ranging from 0.5% 

to 6% by mass in pH 14 solution (Figure 3.2). Gels at 0.5% and 1% 2-BEAQ by mass showed 

delayed gelation, while gels at higher concentrations formed instantly. At 0.25% 2-BEAQ 

concentration no gel formed, and a seemingly Newtonian solution was observed. The solutions 

exhibited shear-thinning behavior and a transition to solution-like behavior at increased 

temperatures.  
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Figure 3.2: Gelation of 2-BEAQ. BEAQ solutions at 0.25 to 6% BEAQ by mass. All solutions 

over 0.25% show gelation behavior. Solutions over 3 % by mass are rigid enough to adhere to 

the top of the glass scintillation vials.  

 

 Prior research has demonstrated that select anthraquinones act as small molecule gelators 

in either organic solvents103-109 or water110, 111.  Supramolecular hydrogelators in general have 

been used in sensors, biomaterials and display technologies.112 Anthraquinones have been used 

as chromophores and in display technologies, particularly when covalently linked to steroid 

motifs.103, 110 They have also been demonstrated as sensors106, 108 and proposed as herbal 

medications111. 

 To test the stability of 2-BEAQ as a gel, thermal decomposition studies were performed. 

Because 0.1 M BEAQ solution reverts to a solution phase at elevated temperatures, the thermal 

decomposition studies were carried out both at room temperature (in gel form) and 65 oC (at 

which temperature a solution was formed) for one week. Both samples were shielded from light. 

The elevated temperature sample was seen to reform a gel upon cooling. NMR samples were 
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taken before and after the heating period in D2O (Figure 3.3). No new peaks were seen to form 

during this time period at room temperature, but at 65 oC new peaks consistent with side chain 

loss were observed.  

 

 

Figure 3.3: Thermal decomposition study of 2-BEAQ. NMRs of BEAQ before and after thermal 

decomposition studies. Samples were briefly heated until a solution was formed to allow 

pipetting. Each NMR sample comprises 0.1 mL of 0.1 M BEAQ solution at pH 14 and 0.5 mL of 

D2O. The slight shifting of peaks in this sample is attributed to minor fluctuations in pH.  

 
 Rheology studies were performed to characterize the BEAQ gel. A 0.1 M pH 14 gel was 

used. Rheology measurements were collected using a Bard Discovery RH3 rheometer. 

Measurements of both the storage and loss moduli at different strains and frequencies were 

collected (Figure 3.4). Both moduli were relatively flat across the range of frequencies studied. 
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These measurements showed a decrease in both the storage moduli (G’) and loss moduli (G’’) 

with increasing temperature. Both values remained relatively constant with frequency but 

decreased at high oscillation stress values. The storage moduli were higher than the loss moduli 

at a given temperature at all frequencies and at low oscillation stresses. At oscillation stresses 

above a certain threshold, which decreases as temperature increases, the loss moduli become 

higher than the storage moduli as 2-BEAQ transitions into a solution-like state. In gels, the 

storage modulus exceeds the loss modulus by at least an order of magnitude, which is not the 

case for 2-BEAQ.113 Therefore 2-BEAQ can be classified as a weak gel.  

Figure 3.4: Rheology measurements of 2-BEAQ. The storage modulus, represented with hollow 

circles is larger than the loss modulus, represented by filled circles at each temperature range. 

Measurements produced in collaboration with Dr. Andrew Wong and Harvard University’s 

Weitzlab Rheology Center 

 

 The temperature at which the gel-to-solution transition happened was characterized using 

differential scanning calorimetry (DSC). A 0.5% by mass sample of BEAQ by mass was placed 

in an aluminum pan and sealed followed by holding the temperature at 10oC for 10 minutes, 
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ramping the temperature to 60 oC at 4 oC per minute. The temperature was then held for 10 

minutes before being ramped back to 10 oC at 4 oC/minute. The results are shown in Figure 3.5. 

 

 

Figure 3.5: Differential Scanning Calorimeter results of 2-BEAQ.  

 
 The DSC shows an exothermic peak at 44 oC upon heating where less heat was needed to 

flow into the sample to maintain a temperature equal to the control plate. This can be attributed 

to the heat released when 2-BEAQ transitions to the gel form.  

 Scanning electron microscopy was used to image a sample of 6% by mass 2-BEAQ that 

was prepared as a gel in potassium hydroxide at pH 14. The gel was vacuum dried followed by a 

layer of 10 nm platinum being sputtered on the dried surface. Surface imaging revealed a rough 

and porous surface with some ribbon-like features at the micrometer scale. Areas of crystallinity 
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were also observed, which may be attributed to either potassium hydroxide or crystalized 

anthraquinone (Figure 3.6). 

  

  

  

Figure 3.6: SEM of 2-BEAQ. SEM images of 6%/mass2- BEAQ vacuum dried and sputtered 

with 10 nm of platinum show a rough surface with ribbon-like structures on the micrometer 

scale. Images acquired with help from Harvard University Center for Nanoscale Systems. 

 

 The electrochemical behavior of 2-BEAQ was explored using cyclic voltammetry. A scan 

rate of 0.1 V/s was applied to a 1 mM solution at pH 14 in KOH. 2-BEAQ behaves like a 

Newtonian solution at this concentration with no signs of gel-like behavior. The CV showed a 

reduction potential of -422 mV vs. SHE, which is similar to other ether-linked anthraquinones 
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including the disubstituted 2,6-DBEAQ.29 The curve showed a peak separation of 52 mV, 

indicating quasi-reversible redox kinetics (Figure 3.7). Further rotating disk electrode studies 

done by collaborators in the lab of Dr. Frank Crespilho found the diffusion coefficient of 2-

BEAQ was 3.04 *10-6 at pH 14. 

 

Figure 3.7: CV of 2-BEAQ at pH 14. 

 

 In further studies in Dr. Crespilho’s lab, 2-BEAQ was observed to change color from a 

green gel to a more free-flowing red liquid upon charging. spectroelectrochemical studies were 

done on 2-BEAQ held at different potentials to obtain spectra of the molecule at voltages 

between -0.4 and -0.9 V (Figure 3.7). At -0.4 V most 2-BEAQ molecules are in their oxidized 
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form while at -0.9 V most are in the reduced form. The peaks at 425 nm and 474 nm disappear or 

decrease in size while the two peaks at 251 and 291 begin to merge as the molecules are 

oxidized. The peaks shift most dramatically between 0.65 V and 0.6 0V against a silver/silver 

chloride electrode, which is consistent with the reduction potential demonstrated by cyclic 

voltammetry.  

  

 

Figure 3.8: Spectroelectrochemistry of 2-BEAQ. UV-Vis spectra of 2-BEAQ were taken at -0.90 

to -0.40 V v Ag/AgCl using a homemade flexible carbon fiber working electrode. Increasing 

potentials show 2-BEAQ as it is converted from the reduced to the oxidized form. Data were 

collected, processed, and graphed in Dr. Frank Crespilho’s lab. 

 

3.4 2-BEAQ as a gel battery electrolyte. 
 

2-BEAQ behaves as a Newtonian fluid only at low concentrations, which makes it an 

unsuitable candidate for flow batteries at ambient temperatures. However, its gelation properties 

make it a better fit for flexible battery designs, which have been proposed for wearable devices, 
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portable devices that are subject to bending and folding, and biomedical applications.114, 115 Gels 

have been used to create a variety of components in flexible batteries.115-121  

 To determine the suitability of 2-BEAQ for battery applications, Dr. Andrew Wong 

tested the resistivity and conductivity of 2-BEAQ. In the absence of heating, a 0.1 M solution of 

BEAQ in 1 M KOH solution had a resistivity of 5.58 ± 0.33 Ω/cm and a conductivity of 0.180 ± 

0.011 S/cm. When 2-BEAQ was heated to its solution form the values were not significantly 

different, with a resistivity of 5.64 ± 0.29 Ω/cm and a conductivity of 0.177 ± 0.008 S/cm. In 

addition, 2-BEAQ as a gel exhibits similar conductivities to traditional flow battery electrolytes, 

including 2-2PEAQ (see Chapter 4) which has a conductivity of 0.163 S/c, at 0.1 M at room 

temperature (2-2PEAQ conductivity measurement taken by Dr. Kiana Amini).  

 A preliminary assessment of 2-BEAQ cycling performance was done by cycling a 0.1 M 

solution of 2-BEAQ (200 μL) at pH 14 in a static cell against 0.5 M potassium ferrocyanide and 

0.05 M potassium ferricyanide (900 μL) with a Sigracell GFA-3EA electrode and Nafion 212 

membrane. Because static cells do not require the electrolytes to be pumped, this allowed an 

initial assessment of cell behavior of 2-BEAQ without being hindered by the gel properties of the 

solution (Figure 3.9). The static cell of 2-BEAQ initially showed a high although volatile 

efficiency. 2-BEAQ was able to cycle reversibly from 20 hours before the experiment was 

ended. In that time capacity dropped from 3.2 to 2.8 C, but it is unclear to what extent this is due 

to electrolyte decomposition as opposed to cell leakage. Over 400 cycles the time the cell spent 

in each cycle at constant current before hitting the current cutoff and switching to potentiostatic 

cycling decreased, indicating an increasing cell resistance. The cause of the increased resistance 

is unknown. 
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a. 

 

 

b. 

 

Figure 3.9: Static cell cycling of 2-BEAQ. a. Charge capacity, discharge capacity, and efficiency 

of 2-BEAQ static cell. b. Voltage vs. time curves at representative cycles. The static cell was run 

by Dr. Drew Wong.  

 

 2-BEAQ was then tested in a gel battery. Because both potassium ferrocyanide and 

potassium ferricyanide dissolve in water and do not form gels, xanthan gum was used to create a 

gel for the posolyte side of the battery. 40 mg/mL xanthan gum in 1 M KOH solution with 0.2 M 

potassium ferrocyanide was used as the posolyte. 100 μL of this gel along with 100 μL of 0.05 M 

BEAQ in 1 M KOH were separated by a Nafion 212 membrane and flexible carbon fiber array 

electrodes. Leakage was prevented by the use of Viton gaskets followed by encasing the battery 

in silicone resin (Figure 3.9). This was encased in a hard acrylic container. 

 The resulting battery was able to discharge 1.38 * 10-3 mAh/μL (4.99 mC/μL), of which 

8.4 * 10-4 mAh/μL (3.05 mC/μL) was discharged. This represents access of 52% of the 
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theoretical capacity on charging and a coulombic efficiency of 61% (Figure 3.10b). The cell was 

cycled at 40 mA/cm2 for 200 cycles. An initial rapid loss in capacity was observed followed by 

more stable cycling from cycle 50 to 200. Polarization curves demonstrated a maximum power 

density of 11.2 μW/μL at 50% SOC (Figure 3.10c). This is a large enough power to supply 

energy to wearable sensors including cuffless blood pressure sensors, pressure sensors, and 

temperature sensors, although the longer-term cycling of the battery would have to be 

optimized.122-126 Ten charge and discharge cycles are provided in Figure 3.10d. 
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a. 

 

b. 

 

c. 

 

 

d. 

 

 

Figure 3.10: 2-BEAQ hard-sided cell cycling performance. a. Photograph of the hard-sided 2-

BEAQ/ferrocyanide gel battery. b. Charge and discharge capacity of 2-BEAQ/ferrocyanide gel 

battery. c. Polarization curves show a maximum power density of 1.12 μW or 11.2 μW/μL at 

50% SOC. d. Current and voltage measurements for ten cycles. The battery was designed, 

prepared, and run and figures were prepared in the lab of Dr. Frank Crespilho. The original axes 

have been replotted for clarity. 
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 To test the gel-electrolytes in a flexible, rather than hard-sided, battery a second cell was 

prepared. Instead of a hard acrylic casing, this battery used two rectangular pieces of 

commercially available waterproof textile and sealed the battery with hydrophobic double-sided 

tape and silicone resin. An image of this battery is shown in Figure 3.11a. Polarization curves 

revealed a peak power density of 1.3 μW/μL, much lower than the hard-backed battery (Figure 

3.11b). 

a. 

 

b. 

 

Figure 3.11: Flexible battery performance of 2-BEAQ. a. Photograph of a wearable gel battery 

containing 2-BEAQ negolyte and ferrocyanide in xantham gum posolyte at pH 14. b. 

Polarization curves of the flexible gel battery demonstrated a maximum power density of 1.3 

μW/μL. The cell was designed and run, and the images are from the lab of Dr. Frank Crespilho. 

The axes have been replotted for clarity. 
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3.5 Conclusions 
 
 2-BEAQ exhibits unusual solution properties, possibly because of the intermolecular 

interactions caused by the negatively charged carboxylate on the single side chain interacting in 

an ordered manner with water molecules and other anthraquinones in alkaline aqueous solutions. 

This results in a gel-like behavior that makes the molecule unsuitable for traditional flow battery 

applications because it cannot be pumped. However, it makes the molecule a good fit for flexible 

batteries. Both a hard-sided and a flexible battery were fabricated. The hard-sided battery was 

cycled reversibly and demonstrated a maximum power density of 11.2 μW/μL. Further 

optimization is ongoing to improve the performance of 2-BEAQ when used as an electrolyte in a 

flexible battery enclosure.  
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Chapter 4: Search for a cheaper quinone and 
an understanding of substitution-based 
stability effects 
 

Abstract 
 
2-2PEAQ, a singly substituted anthraquinone containing a branched side chain, was designed 
and synthesized to match the strong performance of 2,6-D2PEAQ in a simpler molecular 
structure. This structure was used to systematically study the decomposition pathways, which 
were found to be a mix of side chain loss and anthrone formation and to systematically compare 
the capacity losses of alpha and beta substituted anthraquinones.  
 

4.2 Synthesis and chemical characterization of 2,2PEAQ and 1,2PEAQ 
 

The extremely high solubility demonstrated by 2,6-D2PEAQ (Chapter 2) suggested that 

the use of a branched side chain might allow singly substituted anthraquinones to maintain a high 

enough solubility and appropriate solution behavior to be practical electroactive materials in flow 

batteries. To this end, 2-2-propionate ether anthraquinone (2-2PEAQ) (Figure 4.1) was 

synthesized. Synthetic details can be found in Appendix A. While this material did not 

demonstrate solubility as high as the disubstituted analog, it was found to have a solubility of 

about 1 M at pH 14 compared to less than 0.1 M for 2-hydroxyanthraquinone with no side chain 

attached.127 
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Figure 4.1: Synthesis of 2-2PEAQ. 2-2PEAQ is synthesized in an analogous process to 2,6-

D2PEAQ that substitutes the expensive 2,6-dihydroxyanthraquinone starting material with the 

much cheaper 2-hydroxyanthraquinone. 

 
 The stability of 2-2PEAQ was determined by taking NMR spectra before and after 

heating the sample for 1 week at 65 oC in both the oxidized and the reduced form. Following 

heating, the reduced form was oxidized by agitating the solution in room air for thirty minutes. 

100 μL of each sample was separately diluted with 500 μL of D2O. The resulting NMRs are 

shown in Figure 4.2. No new peaks are observed in either post-heating NMR, indicating the 2-

2PEAQ is resistant to thermal decomposition on the timescale studied. 
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Figure 4.2: Thermal Decomposition of 2-2PEAQ. The blue trace shows a 0.1 M 2-2PEAQ 

solution at pH 14. The second, green, spectrum shows a 0.1 M sample heated at 65 oC for 1 week 

and the bottom, red, spectrum shows a 0.1 M sample that was stored in the reduced form at 65 oC 

for 1 week followed by reoxidation by agitating the solution to expose it to air.  

 

The electrochemical properties of 2-2PEAQ were investigated using cyclic voltammetry, 

A single reversible set of redox peaks was observed. The redox event was centered at -424 mV 

and had a peak separation of 51 mV. When paired with potassium ferrocyanide (Figure 4.3a) a 

maximum OCV of 954 mV is estimated. To determine the number of protons involved in the 

oxidation and reduction of 2-2PEAQ, a Pourbaix diagram was prepared. This indicated a 2-
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proton 2-electron process between pH 7 and 10.8. It then transitions to a 1-proton 2-electron 

process from pH 10.8 to pH 12.5 before becoming proton decoupled above pH 12.5  

 

a. 

 

b. 

 

Figure 4.3: Initial Electrochemical characterization of 2-2PEAQ. a. A cyclic voltammogram of 

2-2PEAQ (blue) and potassium ferrocyanide (red) Scans were performed at 0.1 V/s in degassed 

solution at pH 14. A blank scan is subtracted to give the final figure. b. Pourbaix diagram of the 

reduction potential of 2-2PEAQ against pH. Measurements were taken by Abdulrahman 

Alfaraidi. All cyclic voltammograms were prepared at 5 mM. All measurements below pH 12 are 

taken in a buffered solution to prevent pH swings. 

 

 The diffusion coefficient and kinetic rate constant for the 2-2PEAQ and its electron 

transfer reaction were measured using rotating-disk voltammetry as described in Chapter 2, 

performed by Dr. Kiana Amini. 2-2PEAQ was found to have a diffusion coefficient of 2.23 × 

10‑6 cm2 s–1 and a kinetic rate constant of 1.75 × 10−3 cm s–1, comparable to other reported 

anthraquinones (Figure 4.4). 
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Figure 4.4: Rotating disk electrode studies of 2-2PEAQ. a. Linear-sweep voltammograms at 

different scan rates. b. The limiting current plotted against the square root of the rotation rate. c. 

At different overpotentials, the reciprocal of the current is plotted against the reciprocal square of 

the rotation rate. d. The base-10 log of the kinetic current, which is the inverse of the intercept at 

each overpotential in plot c, is plotted against the overpotential. Experiments were run and 

graphs were prepared by Dr. Kiana Amini. 

 

4.3 2-2PEAQ Cell Cycling Performance 
 

To test the performance of 2-2PEAQ in a flow cell 4.7 mL of 0.1 M 2-2PEAQ in 1 M 

potassium hydroxide was prepared with 50 mL of 0.1 M potassium ferrocyanide in 1 M 

potassium hydroxide as a posolyte. A Nafion 212 membrane and SGL AA electrodes were used 

in the battery (Figure 4.5). The open circuit voltage of the cell increases to 1.0 V at 90% SOC 
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while the polarization area specific resistance is, on average, 5.7 Ω cm-2, most of which is 

attributed to the resistance of the Nafion 212 membrane as observed in the high-frequency 

resistance of 4.47 Ω cm-2 (Figure 4.5a). A peak power density of 42 mW/cm2 at 90% SOC at a 

current density of 82 mA/cm2 was measured (Figure 4.6b). The coulombic efficiency decreased 

from 100% to 95.7% as the current density was increased from 10 to 60 mA/cm2. The voltage 

and energy efficiency decreased from 73% and 73% to 34.0% and 32.5% respectively (Figure 

4.5d).   
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Figure 4.5: Cell performance of 0.1 M 2-2PEAQ cell in 1 M KOH. a. ASR measurement of 2-

2PEAQ 0.1 M cell. b. Polarization studies of 0.1 M 2-2PEAQ cell. C. Representative charge and 

discharge curves at various current densities. d. Coulombic, voltage, and energy efficiencies of 

0.1 M 2-2PEAQ cell. The cell run was set up and run and graphs were constructed by Dr. Kiana 

Amini. 

 

 The stability of 2-2PEAQ in a cell was measured at both pH 7 and pH 14 (Figure 4.6). 

The cells were cycled at 40 mA/cm2 followed by potentiostatic holds at 1.3 V on charge and 0.5 

V on discharge until the current dropped to 1 mA/cm2. The negolytes contained 0.1 M of 2-

2PEAQ and the posolyte 0.1 M of potassium ferrocyanide and 0.02 M of potassium ferricyanide 

in an excess volume to ensure the negolyte was capacity limiting. For the pH 7 cell, an additional 

1 M KCl was added to both reservoirs to ensure adequate electrical conductivity.  
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For the pH 7 cell, 4.45 Ah/L, or 83%, of the total theoretical capacity was initially 

accessed. The remaining 17% is attributed to small errors in the electrolyte volume transferred to 

the reservoir and inorganic salts or water present in the 2-2PEAQ powder. The cell exhibited a 

capacity fade rate of 0.09%/day over a period of 10 days (Figure 4.6a). No new plateau in the 

voltage curves was observed, indicating the lack of observable new redox activity from any 

decomposition products (Figure 4.6b).  Charge-Discharge voltage profiles showed a decrease in 

capacity access and an increase in resistance (the cell reaches the voltage cutoff faster) during 

cell cycling. 

The pH 14 cell was prepared in a manner analogous to the pH 7 cell, except that the KCl 

was replaced with a 1 M KOH solution. Both cells used Nafion 212 membranes. The alkaline 

cell demonstrated a slower fade rate of 0.05%/day (Figure 4.6c). No new features were seen on 

the charge-discharge voltage profiles (Figure 4.6d). 
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Figure 4.6: Long-term cell cycling of 2-2PEAQ at neutral and alkaline conditions. a. Capacity 

fade of a 0.1 M 2-2PEAQ cell at pH 7. b. Charge-discharge voltage profiles for pH 7 cell. c. 

Capacity fade of 0.1 M 2-2PEAQ cell at pH 14. d. Charge-discharge voltage profiles for pH 14 

cell. Cell run and graphs prepared by Dr. Kiana Amini. 

 

To evaluate the causes of capacity fade, post cycling analysis was performed on the pH 

14 cell. Cyclic voltammogram of both the negolyte and the posolyte reservoirs were performed 

without dilution (Figure 4.7). In the posolyte reservoir only the expected potassium 

ferro/ferricyanide redox reaction was observed. No electrochemistry was seen at negative 

potentials where 2-2PEAQ would be expected and no unexpected redox chemistry was seen. 

Similarly, the negolyte reservoir showed only the expected peaks associated with the oxidation 
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and reduction of 2-2PEAQ. No peaks are seen at positive potentials, where potassium 

ferrocyanide and ferricyanide would be expected. Based on this data, it was concluded that 

crossover was too low during cell cycling to be detected using cyclic voltammetry. 

a.  b.

Figure 4.7: Post cycling cyclic voltammetry analysis of 2-2PEAQ 0.1 M pH 14 cell. CV 

measurements of both the posolyte and negolytes reservoir were taken at 0.1 V/s over the range 

of -0.78 to 1.22 V vs. SHE. The second cycle of each is plotted. a. Cyclic voltammogram of the 

posolyte reservoir. b. Cyclic voltammogram of the negolyte reservoir. 

 

 NMR was used for an initial study of molecular decomposition. proton and carbon-13 

NMRs were obtained on a Bruker AVANCE NEO400 MHz instrument. No unexpected peaks 

were seen on either carbon NMR (Figure 4.8) or the proton NMR of the ferrocyanide reservoir 

(Figure 4.9). This is consistent with the lack of observable crossover seen in cyclic voltammetry 

studies.  
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Figure 4.8: Post-Cycling 13C-NMR spectra of pH 14 2-2PEAQ cell. The negolytes reservoir 

(blue, top plot) has peaks at 134.7, 134.3, 75.1, and 18.04. The carbon NMR of the posolyte 

reservoir (red, bottom plot) shows a single peak at 177.2.  

 

Figure 4.9: 1H NMR of posolyte reservoir of pH 14 0.1 M 2-2PEAQ cell.  
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1H NMR of the negolyte did reveal new peaks in the aromatic region immediately upfield 

(right) of the original 2-2PEAQ peaks (Figure 4.10). The 2-2PEAQ spectrum developed 3 new 

peaks at 7.30, 6.45, and 1.85 ppm. The peak at 1.85 ppm may correspond to a decomposition 

peak of potassium pyruvate. The new aromatic peaks were identified as belonging to 2-

hydroxyanthraquinone, which would be consistent with a decomposition mechanism of side-

chain loss. A new peak is observed in the aliphatic region as a singlet at 1.87 that may belong to 

the lost side chain or a decomposition product of the side chain, however, it does not correspond 

to the peaks expected of potassium lactate or potassium acrylate at the same pH. Potassium 

pyruvate, which could form if lactate was oxidized in the solution, forms several additional peaks 

in alkaline solution due to reactions with itself and water, one of which aligns with the new peak 

in the post-cycling NMR of 2-2PEAQ.  
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Figure 4.10: 1H NMR of 2-2PEAQ after cycling in pH 14 cell (top) and comparison species. 

Comparison peaks not to scale. 

   

NMR was followed up using LCMS studies. LCMS verified the presence of 2-

hydroxyanthraquinone in the solution after cycling. Lactate and acrylate were not detected, 

however, the mass-to-charge ratio of pyruvate was detected, though the small molecule did not 

interact strongly enough with the column to form a discrete peak on the chromatograph. 

Anthrone formation or formation of anthrone dimer, a further product of the decomposition 

pathway shared by many anthraquinones, was not observed (Table 4.1)70. 

2‑hydroxyanthraquinone was observed in the posolyte, but no intact 2-2PEAQ was observed – 

indicating the side chain slows the crossover of this molecule through the membrane.  
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Table 4.1: LCMS results for 2-2PEAQ pH 14 cell 

Compound Negolyte Reservoir Posolyte Reservoir Pre-cycling 2-
2PEAQ sample 

 

Detected Not Detected Detected 

 

Detected Detected at low 
concentrations 

Detected 

 

Not detected Not detected Not tested 

 

Not detected Not Detected Not tested 

 

Not detected Not detected Not tested 

 

Not detected Not tested Detected 

 

Detected Not tested Not tested 

 

Not detected Not tested Detected 
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Table 4.1: LCMS results of the posolyte reservoir and the negolytes reservoir were prepared at 

10µM in water and run by the Small Molecule Mass Spectrometry Facility at Harvard 

University. The pre-cycled solution was prepared at 20 µM in water. The ESI mass spectrum was 

recorded in negative ionization mode.  

 

4.4 Capacity recovery of 2-2PEAQ and high concentration cell cycling 
 
 Anthraquinones have previously been reported to decompose through overreduction 

resulting in the formation of anthrone. Prior work has demonstrated that the original 

anthraquinone can be regenerated and capacity recovered by exposing this anthrone to ambient 

oxygen or by holding the cell at low voltages in a “deep discharge” process.70 Because 2-2PEAQ 

is singly substituted, the anthraquinone core can potentially be generated from inexpensive 

feedstock chemicals as starting material (see Chapter 3). If this potentially low cost can be 

combined with an extended lifetime through capacity recovery processes, the suitability of 2-

2PEAQ for large-scale batteries increases.  

 To test the efficacy of capacity recovery methods on 2-2PEAQ a cell was prepared and 

cycled as described previously, except every three days a deep discharge step was performed. 

The cell faded at a rate of 0.03% - 0.05% per day when actively cycling between 0.5 and 1.3 V. 

On days 3, 6, and 10 the cell was held at -0.05 V in a deep discharge step, resulting in some 

capacity being recovered, likely indicating that some anthrone formation had occurred and was 

reversed. Over the period of 13 days, an overall capacity fade of 0.01%/day was achieved 

(Figure 4.11). 
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Figure 4.11: Capacity recovery cell of a 0.1 M cell 2-2PEAQ. Cell run and graph prepared by Dr. 

Kiana Amini. 

 
 To test the cell under more realistic conditions, a high concentration cell was prepared 

with 5 mL of 1.0 M of 2-2PEAQ in KOH solution at pH 14 as the negolyte and 100 mL of 0.3 M 

potassium ferrocyanide, 0.2 M sodium ferrocyanide, and 0.3 M of potassium ferricyanide as the 

posolyte. The capacity-limiting negolyte had a theoretical capacity of 964 C or 53.6 Ah/L. The 

membrane was Nafion 212 and the electrodes were SGL AA. The cell was cycled at 40 mA/cm2 

with potentiostatic holds at 0.5 and 1.3 V on discharge and charge respectively. Over a period of 

9 days, an average fade rate of 0.03%/day was observed (Figure 4.12a). The capacity v. voltage 

curves for representative cycles are shown in Figure 4.12b. 
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Figure 4.12: High concentration cell cycling of 2-2PEAQ. a. 2-2PEAQ capacity over the course 

of cell cycling. b. Charge-discharge voltage profiles of the high concentration 2-2PEAQ cell at 

cycles 20, 40, and 60. The cell was run and figures prepared by Dr. Kiana Amini. 

 

4.5 Comparison of 1-2PEAQ and 2-2PEAQ 
 

Previous studies of ether-linked anthraquinones in flow batteries have generally found 

that anthraquinones with ether linkages only on the carbon adjacent to the central quinone ring 

(the alpha carbon) experienced higher fade rates than anthraquinones with the linkage attached 

on carbons non-adjacent to the central ring (the beta position). Figures 4.13a and 4.13b show 

previously published symmetric cell runs of 1,2-DBEAQ and 1,8-DBEAQ had capacity fade 

rates of >0.1%/day and >10%/day compared to <0.01%/day for the solely beta-substituted 2,6-

DBEAQ isomer in a symmetric cell (Synthetic information for 1,2-DBEAQ and 1,8-DBEAQ in 

appendix A). Similarly, the. 1,8-D2PEAQ and 1,4-D2PEAQ isomers showed fade rates 

of >1.1%/day and 2.4%/day respectively, depending on the cell cycling conditions, particularly 

the voltage cutoffs for 1,8-D2PEAQ (Figure 4.13c-d, synthetic information for 1,8-D2PEAQ and 

1,4-D2PEAQ can be found in appendix A). 
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a. 

 

b. 

 

c.

 

 

d. 

 

Figure 4.13: Capacity fade of ether-linked anthraquinone isomers. a. symmetric cell of 1,2-

DBEAQ. Cell run by Dr. David Kwabi and image previously published in reference 29 .b. A 

symmetric cell of 1,8-DBEAQ. Cell run by Dr. David Kwabi and image previously published in 

reference 29 c. A full cell of 1,4-D2PEAQ. Cell run by Dr. Zhijiang Tang. d. A full cell of 1,8-

D2PEAQ. Cell run by Dr. Zhijiang Tang. 

 

It has not previously been possible to systematically study the differences between alpha-

substituted and beta-substituted ether-linked anthraquinones in flow batteries without adding the 
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complexity of two separate side chains due to the limited solubility of previously reported 

monosubstituted anthraquinones. The highly solubilizing nature of the branched side chain, 

however, allows both 2-2PEAQ and its isomer 1-2PEAQ (Figure 4.14) to dissolve at >0.1M in 

pH 14 solution. 

 

Figure 4.14: Synthesis of 1-2PEAQ. Synthesis developed in collaboration with Abdulrahman 

Alfaraidi. 

 
 A cyclic voltammogram of 1,2-PEAQ was obtained at a 0.1 V/s scan rate. This showed a 

reduction potential of -0.465 V vs. SHE and a potential total OCV of 0.96 V against a potassium 

ferrocyanide posolyte. The peak separation was 51 mV (Figure 4.15). 
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Figure 4.15: Cyclic voltammogram of 1-2PEAQ. The cyclic voltammogram of 1-2PEAQ was 

obtained from a solution at pH 14 containing both 1 mM 1-2PEAQ (blue) and 1 mM potassium 

ferrocyanide (red). The second complete cycle is shown. A background current of a pH 14 KOH 

solution scanned under the same conditions has been subtracted. 

 

To study the thermal stability, 1,2-PEAQ was heated at 65 oC in an oven for 1 week in 

both the oxidized and the reduced form. The reduced form was then re-oxidized by agitating the 

solution in air and both solutions were diluted by a factor of 6 with D2O and 1H NMRs obtained 

(Figure 4.16). No new aromatic peaks appear; however, shifts are observed in the aromatic 

peaks. A singlet at 1.90 ppm is observed for the sample heated in the oxidized form. This singlet 

is likely the result of side chain loss, as discussed in the post-cycling analysis of 2-2PEAQ but is 

much larger than the 1.90 ppm peak observed for that molecule.  
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Figure 4.16: Thermal decomposition of 1-2PEAQ. Samples were obtained by mixing 100 µL of 

the heated sample with 500 µL of D2O and taking 1H-NMR spectra before and after heating. The 

sample heated in the reduced form was re-oxidized before analysis. 

 

 Cell cycling of 1,2-PEAQ was performed using 5.9 mL of 0.1 M 1,2-PEAQ in 1 M KOH 

as the negolyte and an excess of 50 mL of 0.1 M potassium ferrocyanide and 0.02 M of 

potassium ferricyanide as the posolyte. The cell was constructed using SGL AA electrodes and a 

Nafion 212 membrane and cycled at 40 mA/cm2 between 0.5 and 1.3 V followed by a 

potentiostatic hold until the current fell to 1 mA/cm2. This cell experienced a capacity fading rate 

of 0.16%/day (Figure 4.16a).  Charge-discharge voltage profiles taken at cycles 50, 200, and 400 
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are shown in Figure 4.16b. This confirmed the hypothesis that singly alpha-substituted 

anthraquinone using this side chain fades faster than the beta-substituted analog.  

 
 

Figure 4.17: Cell cycling and capacity fade of 0.1 1-2PEAQ cell. Cell prepared and operated by 

Dr. Kiana Amini. Graphs prepared by Dr. Kiana Amini 

 

NMR of the posolyte and negolyte reservoirs was used to assess crossover and 

decomposition after cycling was completed. 13C NMR showed no unexpected peaks for either 

the potassium ferrocyanide reservoir or the 1-2PEAQ negolyte reservoir, although a red color 

was observed in the potassium ferrocyanide solution, indicating the possibility of some 

anthraquinone crossover (Figure 4.18a). Likewise, no peaks indicating 1-2PEAQ crossover were 

detected on the 1H NMR of the positive electrolyte (Figure 4.18b). 
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a. b.

 

Figure 4.4: NMR crossover analysis of 1-2PEAQ cell. a. 13C NMR of posolyte (blue) and 

negolyte (red) reservoirs. b. 1H NMR of the posolyte reservoir. 

 

 Cyclic voltammograms were obtained of both reservoirs without dilution (Figure 4.19). 

10 cycles from -0.78 to 1.22 V vs. SHE were completed at a scan rate of 0.1 V/s. The principal 

component of the negolyte reservoir is 1,2-PEAQ and the principal component of the negolyte 

reservoir was potassium ferro/ferricyanide. A small peak at the potential expected for 1,2-PEAQ 

was observed when the posolyte reservoir was scanned at only negative potentials (Figure 

4.19c). No signs of crossover were otherwise observed. 

 

 

 

 

 

Posolyte 

Negolyte 
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a. 

 

b. 

 

c. 

 

 

d. 

 

Figure 4.19: Cyclic voltammetry of 1-2PEAQ post-cycling reservoirs. a. Cyclic voltammogram 

of the negolyte reservoir scanned from -0.78 to 1.2 V vs. SHE. b. Cyclic voltammogram of the 

posolyte reservoir scanned from -0.78 to 1.2 V vs. SHE. c. Cyclic voltammogram of the negolyte 

reservoir scanned from 0.22 to 0.92 V vs. SHE only. d. Cyclic voltammogram of the posolyte 

reservoir scanned from -.78 to -0.08 V vs. SHE only. 

 
 Proton NMR of the negolyte was used to evaluate potential molecular decomposition. 

New singlets were observed at 1.86 ppm and 8.43 ppm and a new doublet was observed at 1.29. 
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Small peaks from 1-hydroxyanthraquinone also grow relative to the 1-2PEAQ aromatic peaks 

during the course of cell cycling. (Figure 4.20).  

  

Figure 4.20: 1H NMR of cycled 1-2PEAQ negolyte. New peaks are observed at 8.43 (s), 1.89 (s), 

and 1.29 (d). 

 
 To attempt to identify the new singlet at 1.86 the post-cycling solution was spiked with 

first one and then two drops of new commercial pyruvic acid. This resulted in the growth of the 

peak at 1.86 ppm and 1.27 ppm relative to the 1-2PEAQ peak at 1.64 ppm. The other peaks 

associated with pyruvic acid at pH 14 were not present in the post-cycling solution (Figure 4.21). 
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Figure 4.21: Pyruvic acid spike in post-cycling 1-2PEAQ.  

 
 LCMS analysis of 1-2PEAQ after cycling was performed by the Small Molecule Mass 

Spectrometry Facility at Harvard University. LCMS detected the mass-to-charge ratios of lactate, 

acrylate, and pyruvate as well as 1-hydroxyanthraquinone. No anthrone or anthrone dimer were 

detected, although this may be due to the reoxidation of anthrone derivatives to their 

anthraquinone precursors in oxygen. The side-chain molecules were also detected in a pre-cycled 

sample of 1-2PEAQ, indicating that some side-chain loss may occur in the presence of the base 

used in the synthesis of the molecule. No 1-2PEAQ was detected in the posolyte reservoir, 

indicating that the side chain prevents crossover through the Nafion 212 membrane during 

cycling (Table 4.2).  
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Table 4.2: LCMS analysis of 1-2PEAQ reservoirs after cycling 

Compound Negolyte Reservoir Posolyte Reservoir Pre-cycling 2-
2PEAQ sample 

 

Detected Not Detected Detected 

 

Detected Detected at low 
concentrations 

Detected 

 

Not detected Not detected Not tested 

 

Not detected Not detected Not tested 

 

Detected Detected Detected 

 

Detected Detected Not tested 

 

Detected Detected Detected 
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4.6 Conclusion 
 
 2-2PEAQ builds on the high stability of 2,6-D2PEAQ while retaining a high solubility 

of >2.0 M electrons. Decomposition seems to occur through both loss of the side chain, 

demonstrated by the appearance of new NMR peaks in post-cycling studies, as well as through 

the formation of anthrone in the cell, demonstrated by the recovery of capacity in a 2-2PEAQ 

cell when deep discharges are performed.  

As with prior ether-linked anthraquinones, the decomposition seems more rapid on alpha-

substituted isomers than beta-substituted isomers, although it remains unclear whether that is 

because of the relative susceptibility to anthrone formation or side chain loss. The high stability 

of the molecule can be further improved by using deep discharge steps to regenerate 2-2PEAQ 

from anthrone decomposition products, leading to an extremely low decomposition rate of 

0.01%/day.  
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Chapter 5: Characterization of commercially 
available anthraquinones 
 

Abstract: 
 
Commercially available anthraquinones are interesting for exploration as flow battery candidates 
because of their easy accessibility and frequent low cost. However, commercially produced 
anthraquinones used as dyes are not designed for optimal redox potential, water solubility, or 
stability under cycling conditions. Because of this, the investigation of ultimately unpromising 
commercial anthraquinones can easily be unknowingly duplicated by multiple researchers. This 
chapter describes an initial characterization of four commercially available anthraquinones and 
an assessment of their feasibility for further flow battery applications. 
 

5.2 Motivations for exploring commercially available anthraquinones 
 
 Anthraquinones have historically been used heavily by the dye industry because of their 

vibrant coloration and potential for lightfastness.128 While the dye industry does not select for 

molecules with low reduction potentials, high solubilities, or long lifetimes under cycling 

conditions, some of the large number of anthraquinone derivatives tested as dyes appear as 

potentially promising flow battery candidates. Because of their ease of access and often low cost, 

the performance of commercially available anthraquinones that have not been synthetically 

modified is regularly published in the aqueous redox flow battery literature. 

 However, because molecules designed for use as dyes often don’t ultimately demonstrate 

promising behavior in batteries upon further investigation, the easily accessible nature of these 

molecules can result in multiple researchers running preliminary tests on the same molecules due 

to a lack of knowledge that a molecule has previously been investigated and found wanting. In 

order to avoid this duplication of effort in the future, this chapter details the preliminary 
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investigation of several anthraquinone dyes for use in flow batteries, their shortcomings, and 

potential avenues of exploration in the future. 

 

5.3 Carminic Acid 
 

Carminic acid is a red dye commonly produced as the aluminum lake pigment 

derived from the cochineal insect that has historically been used to give fabrics, foods, and 

paints a red color.129 Its structure is shown in Figure 5.1. This structure initially seemed 

promising because of the presence of both a carboxylic acid group and a monosaccharide that 

could aid in solubilizing the molecule in an aqueous solution. While it’s common to find 

anthraquinones bonded to sugars in nature, this has not previously been reported in an 

anthraquinone used for cell cycling despite the potential for achieving high solubilities at a 

range of pH values. 

 

 

Figure 5.1: Chemical structure of carminic acid  

 

 An initial thermal decomposition study was performed of carminic acid in a pH 14 

solution of KOH at 65 oC for 8 days. The H1 NMR of carminic acid before and after heating was 

obtained after diluting the sample with 500 µL of deuterium oxide. The resulting NMRs are 

shown in Figure 5.2. No changes in the peak in the aromatic region are seen. The aliphatic region 
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is largely stable, although new peaks are observed at 4.06 (quadruplet) and 1.26 ppm  (doublet). 

The source of these peaks has not been identified, but their integration is 0.65 and 1.15 relative to 

the aromatic peak respectively 

 

Figure 5.2: Thermal decomposition of carminic acid. 1H NMR of 0.1 M carminic acid before 

(red) and after (blue) being held at 65 oC for eight days in the oxidized form.   

 
 To test the electrochemical behavior of carminic acid, cyclic voltammetry was performed 

at both pH 0 in 1 M HCl and pH 14 in 1 M KOH using 1 mM of carminic acid and a scan rate of 

0.1 V/s. No clear peaks were identified at pH 14, which is consistent with previous work 

showing that carminic acid shows increasingly less reversible redox activity at high pH (Figure 

5.3)130. It is possible this is caused by the high number of negative charges accumulated on the 

molecule from the 4 phenolic groups attached to the ring and the carboxylate at high pH limiting 

Before heating Before heating Before heating 

After heating  
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the reduction of the molecule, which would add further negative charge. The acidic CV showed a 

small peak at -95 mV v. SHE with a peak separation of 80 mV. 

 
a. 

 

b. 

 
  

Figure 5.3: Cyclic voltammetry of carminic acid. a. CV of 1 mM carminic acid in pH 14 

solution. Both the pH 14 blank solution containing only a 1 M KOH solution and the pH 14 

solution containing 1 mM carminic acid was degassed with nitrogen prior to CV. b. CV of 

carminic acid at pH 0. Both the 1 M HCl solution blank and the pH 0 solution of carminic acid 

were degassed with nitrogen. The grey dotted line indicates the center of the peak. Both CVs 

used an Ag/AgCl reference electrode, glassy carbon working electrode, and graphite counter 

electrode. 

 

 While the cyclic voltammetry of carminic acid showed minimal reversible redox 

chemistry, molecules with poor redox kinetics on glassy carbon can demonstrate improved redox 

kinetics on the porous carbon electrodes used in flow batteries.131 Because of the good thermal 

stability observed, carminic acid was tested at 0.1 M (5.5 mL) against potassium ferrocyanide 

(40 mL) at pH 14. A Nafion 212 membrane was used with SGL 39AA carbon felt electrodes. 
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88% of the total theoretical capacity was accessed. However, the capacity retention was poor, 

with the 1.2%/day being lost (Figure 5.4). Further studies of the decomposition pathway for this 

cell should be undertaken before further cell testing or investigation as a flow battery candidate 

is merited.  

 

Figure 5.4: Cell testing of carminic acid. A 0.1 M Carminic acid cell at pH 14 was prepared 

using 5.5 mL of 0.1 M carminic acid in KOH at pH 14 against 40 mL of potassium ferrocyanide 

posolyte. A Nafion 212 membrane was used with SGL carbon fiber electrodes. A current cutoff 

of 20 mA/cm2 was used from the start of cycling until 1 day (Cycle 0 to 31) then increased to 40 

mA/cm2 from day 1 to day 2.9 (Cycle 31 to 104). The final current density was 30 mA/cm2 from 

day 2.9 until the end of cycling (Cycle 104 to 168).  Cell prepared and run by Abdulrahman 

Alfaraidi. 
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5.4 Laccaic Acid 
 

 Laccaic Acid is a group of compounds originally derived from the resin produced by lac 

insects (Figure 5.5) and is sold as Natural Red 25.132, 133 The laccaic acids have been used as 

fabric dyes.134, 135 Lacaaic Acid consists of a variety of anthraquinones. The four most abundant 

are shown in Figure 5.5. These dyes were studied for stability and electrochemical properties 

without purification of the commercial mixture obtained from TCI.  

  

 

Figure 5.5: Chemical structure of Laccaic Acid A-D. 

 

 Thermal decomposition studies of laccaic acid were performed at 0.1 M in pH 14 

solution at 65 oC for one week in the oxidized form (Figure 5.6). 1H NMR was used before and 

after heating to detect the formation of new compounds. While a substantial amount of the 

original compound remained, several new peaks appeared, including in the aromatic region. New 
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peaks were observed at 7.20 (s), 7.16 (s), 7.12 (s), and 7.08 (m) ppm, as well as multiple 

overlapping peaks in the range of 6.72-6.82 ppm and 6.45-6.60 ppm. Additionally, new aliphatic 

peaks were observed between 3.01 and 3.11, 2.33 (m), and 2.11 ppm. This may indicate these 

molecules are prone to significant levels of thermal decomposition which make them poor flow 

battery candidates. 

  

Figure 5.6: Thermal decomposition study of Laccaic Acid. 1H-NMR was obtained before and 

after heating 0.1 M Laccaic Acid in pH 14 KOH solution.  

 

The cyclic voltammogram of Laccaic Acid. was obtained on a glassy carbon electrode 

against a silver/silver chloride electrode in pH 14 KOH solution after degassing with nitrogen. 

No significant differences were seen between the sample containing 1 mM Laccaic acid D and 

Before heating 

After heating 
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the blank containing only 1 M KOH. Because of the combination of likely thermal 

decomposition and poor electrochemical kinetics, Laccaic Acid was not carried forward to cell 

testing.  

 

 
Figure 5.7: Cyclic voltammogram of 1 mM Laccaic acid at pH 14 in KOH solution compared to 

a 1 M KOH blank.  

 

5.5 Alizarin Blue Black B 
 
 
 Alizarin Blue Black B is an anthraquinone linked to two sulfonated aromatic rings 

through nitrogen atoms (Figure 5.8). While the addition of two aromatic rings would tend to 

make a structure too insoluble for preliminary stability investigations or cell cycling, the 
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presence of two sulfonate groups and a phenolic oxygen suggested potentially acceptable 

solubility. On preparing a 0.1 M pH 14 solution for thermal decomposition studies, however, 

some precipitate was observed, indicating a solubility of <0.1 M at pH 14.  

 

 

Figure 5.8: Chemical structure of Alizarin Blue Black B. 

 

Thermal decomposition studies were still carried out at a saturated concentration. A 

sample was stored at 65 oC for 8 days in the oxidized form. The commercial sample has 

significant peak overlap and broadening in the aromatic region, but two large doublets are seen 

to form at 7.54 and 6.82 after heating (Figure 5.9). 
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Figure 5.9: 1H NMR of Alizarin Blue Black B before and after heating, 

 

Because sulfonate groups can be solubilizing in both acidic and basic conditions, cyclic 

voltammetry of Alizarin Blue Black B was performed at both pH 0 and pH 14. 1 mM Alizarin 

Blue Black B showed an oxidation peak at -544 mV vs. SHE and two reduction peaks at -541 

mV vs. SHE and -694 mV vs. SHE at pH 14 (Figure 15.10a). No electrochemical behavior was 

observed at pH 0 (Figure 5.10b). 

 

 

 

 

 Before Heating 

After Heating 
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a. 

 

b. 

 
 

 
Figure 5.10: Cyclic voltammetry of Alizarin Blue Black B. a. In pH 14 KOH solution. b. Scan of 

Alizarin Blue Black B at pH 0. 

 
 Due to the poor aqueous solubility of the molecule as well as poor initial stability, cell 

testing was not done on Alizarin Blue Black B and this molecule does not appear to be a strong 

candidate for future flow battery research. 

 

5.6 Acid Blue 25 
 

 Acid Blue 25 (Figure 5.11) is an anthraquinone dye that was interesting for potential flow 

battery applications because of its solubilizing sulfonate functionalizing group and two amine 

groups which would be expected to lower reduction potential by donating electron density into 

the anthraquinone core. However, this molecule demonstrated extremely low solubility in both 

acidic and basic aqueous solutions and was excluded from further analysis. 
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Figure 5.11: Chemical Structure of Acid Blue 25. 

 

5.7 Conclusion  
 
 Flow battery research to date has identified a number of promising core structures that 

show reliable redox activity and potential stability. Commercially available compounds are 

particularly interesting, particularly if they are already produced at large scales, because of their 

easy accessibility, lack of synthetic requirements, and potential low costs. 

 To minimize time and resources spent on studying ultimately poorly-performing 

molecules, it is advisable to first do tests that require less time and material. Thermal 

decomposition studies, determining whether an acceptable solubility is obtainable, and cyclic 

voltammetry for an initial sense of electrochemical behavior are reasonable initial tests.  

 The molecules presented in this chapter do not seem initially promising for further study 

in flow batteries. If further study of these molecules is attempted, it should attempt to understand 

the causes of molecular decomposition and determine whether they affect battery performance 

and whether that effect can be ameliorated. In their current state, further use of these four 

molecules in battery testing is unlikely to result in strong battery performance. 
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Appendix 1: Synthetic Procedures and NMRs 
 

2,6-D2PEAQ (2,2'-((9,10-dioxo-9,10-dihydroanthracene-2,6- diyl)bis(oxy))dipropionic 
acid) 
 

10 g of 2,6-dihydroxyanthraquinone (41.6 mmol) was mixed with 15 g of potassium carbonate 

(108 mmol, 2.6 eq), 15 mL of methyl 2-bromopropionate (22.45 g, 134.4 mmol, 3.23 eq), and 30 

mL of dimethylformamide and stirred at 80 oC for 1 hour. This resulted in the formation of a sandy 

yellow precipitate. 20 mL of water was added and used to wash the flask followed by vacuum 

filtration. 

Without further purification, the solid was suspended in a solution containing 150 mL of 2-

propanol and 150 mL of water along with 15 g of potassium hydroxide (267 mmol. 6.43 eq). This 

solution was stirred at 80 oC for 3 hours followed by the addition of 1.5 M hydrochloric acid until 

a yellow precipitate was seen to form. This was then vacuum filtered to give a yellow solid. 9.15 

g yield (57%). 1H NMR peaks: 8.15 (d, 2H), 7.50 (s, 2H), 7.38 (d, 2H), 5.17 (t, 1H), 1.58 (s, 3H). 

Unintegrated peaks are water and DMSO-d5. 
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Figure A.1: 1H NMR of 2,6-D2PEAQ in d6-DMSO 

 

2,6-DEEAQ (2,2'-((9,10-dioxo-9,10-dihydroanthracene-2,6-diyl)bis(oxy))diacetic acid) 
 

1 g (4.17 mmol) of 2,6-dihydroxyanthraquinone was mixed with 4 mL of dimethylformamide, 

0.98 mL of methyl bromoacetate (1.58 g, 10.4 mmol, 2.49 eq), and 1.43 g potassium carbonate 

(10.3 mmol, 2.48 eq) was stirred at 85 oC overnight, resulting in the precipitation of a brown solid. 

5 mL of water we added, rinsing out the sides of the vial followed by vacuum filtration. 

Without further purification, the reaction product (about 2.63 g of wet solid) was suspended in a 

mixture of 15 mL 2-propanol, 15 mL water, and 3.0 g potassium hydroxide (53.6 mmol, 12.8 eq) 

and stirred at 85 ˚C overnight. The reaction was then cooled to room temperature followed by the 

addition of 50 mL of acetic acid, resulting in the formation of a sandy yellow precipitate that was 
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then vacuum filtered to give 1.49 g of yellow powder (1H NMR peaks: 7.97 (d, 2H), 7.37 (s, 2H), 

7.22 (d, 2H) 4.44. Integrated peaks belong to d5-DMSO-d5, water, and acetic acid residues. 

   

 

Figure A.2: 2,6-DEEAQ 1H NMR in d6-DMSO 

 

2-BEAQ (4-((9,10-dioxo-9,10-dihydroanthracen-2-yl)oxy)butanoic acid) 
 

1gram of 2,6-dihydroxyanthraquinone (4.45mmoles) was mixed with1.5 g potassium carbonate 

(10.9mmol, 2.45eq) in 4mL of anhydrous dimethylformamide.1.5 mL of ethyl 2-

bromopropionate (2.08g, 11.5mmol, 2.44eq). The mixture was stirred at 85 oC for 80 minutes 

during which time a sandy solid precipitated out. 5 mL of water was added to the solution 

followed by vacuum filtration. The solid was added without purification to a flask containing 4.5 

g potassium hydroxide (80.3 mmol18eq), 4 5 mL of water, and 45 mL of 2-propanol and stirred 



100 
 

at 85 oC for three hours, resulting in a dark solution. Glacial acetic acid was then added until the 

solution formed a green precipitate which was vacuum filtered. 0.83 g of a yellow-green solid 

was obtained (63% yield). H1 NMR: 8.19 (3H, m), 7.92 (2H, quint), (7.60, 1H, d), 7.45 (1H, dd), 

4.24 (2H, t), 2.24 (2H, t), 2.01 (2H, quint). Unintegrated peaks belong to DMSO-d5 and water. 

 

 

Figure A.3: 1H NMR of 2-BEAQ in d6-DMSO 

 

2-2PEAQ (2-((9,10-dioxo-9,10-dihydroanthracen-2-yl)oxy)propanoic acid) 
 
 
5 grams of 2-hydroxyanthraquinone (22.3 mmol) was added to a 100 mL pear-bottomed flask. 15 

mL of ethyl 2-bromopropionate (116 mmol, 5.2 eq) and 7.5 g 0f potassium carbonate (54 mmol, 

2.4 eq). This solution was stored at 80 oC for 3 hours and then vacuum filtered to give the ester. 
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Without further purification, the ester was suspended in 75 mL of water and 75 mL of 

isopropanol with 7.5 g of potassium hydroxide (13.3 mmol 1.6 eq). This solution was stirred at 

80 oC for three hours before being precipitated out using 1 M HCl as a green solid. Yield: 2.4g 

(36.7%). H1 NMR: 8.19 (3H, m), 7.92 (2H, m), 7.53 (1H d), 7.42 (1H, dd), 5.18 (1H, q), 1.59 

(3H, d). Unlabeled peaks are attributed to water and d5-DMSO. 

 

 

Figure A.4: 1H NMR of 2-2PEAQ in d6-DMSO 
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1-2PEAQ (2-((9,10-dioxo-9,10-dihydroanthracen-1- yl)oxy)propanoic acid) 
 
2 grams of 1-hydroxyanthraquinone (8.09 mmol) were mixed with 6 mL of ethyl 2-

bromopropionate (46.2 mmol, 5.7 eq) and 3 g potassium carbonate (was heated at 90 oC 

overnight followed by the addition of water to precipitate out the ester. This was followed 

without further purification by hydrolysis with 5 g KOH (89.3 mmol, 11.03 eq) in 30 mL of each 

water and isopropanol. This stirred for 3 hours at 80 oC followed by precipitation with 1 M HCl 

to give a sandy orange solid. The yield was 2g (75.8%). H1 NMR: 8.14 (2H, td), 7.86 (4H m), 

7.39 (1H dd), 5.09 (1H, q), 1.63 (3H, d). Unintegrated peaks are attributed to water and d5-

DMSO 
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Figure A.5: 1H NMR of 1-2PEAQ in d6-DMSO. 

 
 
 

1,4-D2PEAQ (2,2'-((9,10-dioxo-9,10-dihydroanthracene-1,4-diyl)bis(oxy))dipropionic acid) 
 
2g (8.33 mol) of 1,4-dihydroxyanthraquinone was placed in a 50 mL round-bottomed flask with 

3 mL of ethyl 2-bromopropionate (23.1 mmol, 2.8 eq) and 3 g of potassium carbonate (21.7 

mmol, 2.6 eq) and 12 mL of DMF and stirred for 3 hours at 80 oC. Water was added until a light 

brown suspension formed in the solution which was then vacuum filtered. Without further 

purification or extensive drying, this solid and 3 g of potassium hydroxide was then placed into a 

250 mL flask with 30 mL of water and 30 mL of isopropanol and stirred at 80 oC for 3 hours, at 

which point a dark solution was observed. 1.3 M HCl was added until an orange precipitate 
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formed that was then isolated by vacuum filtration. 1.4 g of solid was obtained (43.7% yield). H1 

NMR: 12.99 (b) 8.03 (2H, m), 7.82 (2H, m), 7.36 (2H, b) 4.90 (q, 2H), 1.57 (m, 6H) 

 

Figure A.6: Synthesis of 1,4-D2PEAQ 

 

Figure A.7: 1H NMR of 1,4-D2PEAQ in d6-DMSO 
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1,8-DBEAQ (4,4'-((9,10-dioxo-9,10-dihydroanthracene-1,8-diyl)bis(oxy))dibutyric acid) 
 

2g of 1,8-dihydroxyanthraquinone (8.33 mmol) was mixed with 3 mL of ethyl 4-bromobutyrate 

(21.0 mmol, 2.5 eq) and 3 g of potassium carbonate (21.7 mmol, 2.6 eq) and stirred at 80 oC for 5 

hours followed by allowing the solution to cool while stirring for 2 hours. Water was added until 

a sandy suspension formed, which was then separated by vacuum filtration. Without further 

purification, this was then suspended in a solution with 3 g KOH (53.5 mmol, 6.43 eq) with 30 

mL of each water and isopropanol for three hours followed by the addition of acetic acid until a 

yellow precipitate formed and was isolated by vacuum filtration. 1.27 g of a bright yellow solid 

was obtained (37% yield). H1 NMR: 12.01 (2H, b) 7.72 (2H, m), 7.67 (2H, dd), 7.52 (2H, dd), 

4.15 (4H, t), 2.51 (2, 4H), 1.98 (t, 4H) 

Figure A.8: Synthesis of 1,8-DBEAQ 
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Figure A.9: 1H NMR of 1,8-DBEAQ in d6-DMSO 

 

1,8-D2PEAQ (2,2'-((9,10-dioxo-9,10-dihydroanthracene-1,8- diyl)bis(oxy))dipropionic 
acid) 
 

 1 gram of 1,8-dihydroxyanthraquinone (4.17 mmol) was mixed with 2.3 mL of methyl 2-

bromopropionate (20.6 mmol, 4.94 eq) and 1.5  of K2CO3 (10.8 mmol, 2.60 eq) in 4 mL of DMF 

and stirred at 85oC in a 100 mL round-bottomed flask overnight. A dark precipitate was seen to 

form and was recovered by vacuum filtration. Without further purification, this compound was 

mixed with 1.5 g of KOH (26.7 mmol, 6.42 eq) in a 30 mL 50/50 water isopropanol solution and 

stirred for 5 hours at 85 oC. After an hour the brown starting material disappeared and was 

replaced by a dark solution. 1.3 M hydrochloric acid was added to precipitate out a yellow/brown 
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solid that was isolated by vacuum filtration. 1.5g yield (47% yield). H1 NMR: 13.13 (2H, b), 

7.71 (4H, m), 7.34 (2H, m), 5,00 (2H, m), 1.60 (2H, dd). 

 

Figure A.10: Synthesis of 1,8-D2PEAQ 

 

Figure A.11: 1H NMR of 1,8-D2PEAQ in d6-DMSO 
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1,2-DBEAQ (4,4'-((9,10-dioxo-9,10-dihydroanthracene-1,2-diyl)bis(oxy))dibutyric acid) 
 

1 g of 2,6-dihydroxyanthraquinone (4.2 mmol) was mixed with 2 g of potassium tert-butoxide 

(17.8 mmol, 4.2 eq) and 3 mL of ethyl 4-bromobutyrate (20.9 mmol, 5 eq) in 4 mL of DMF in a 

50 mL round-bottomed flask. This solution was stirred at 100 0C overnight. The solvent was 

removed and the solids were washed with ~1 M potassium hydroxide solution to remove 

unreacted starting material. The solid ester was then placed in a round bottom flask with 15 mL 

of water and 15 mL of isopropanol. 1.5 g KOH (26.8 mmol, 6.5 eq) was added. The solution was 

stirred at 80 oC for one hour. 1.3 M HCl solution was added until a bright yellow precipitate 

formed. The solid was separated by vacuum filtration and 0.3 g were recovered (17.5% yield).  

H1 NMR: 8.22 (2H, m), 7.95 (2H, p), 7.74 (1H, d), 7.46 (1H, d), 4.19 (4H, t), 2.44 (4H, t), 2.01 

(4H, p) 

 

Figure A.12: Synthesis of 1,2-DBEAQ 
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Figure A.13: 1H NMR of 1,2-DBEAQ in d6-DMSO 
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