
A Water-Miscible Quinone Flow Battery with
High Volumetric Capacity and Energy Density
Shijian Jin,†,∇ Yan Jing,‡,∇ David G. Kwabi,†,§ Yunlong Ji,‡ Liuchuan Tong,‡ Diana De Porcellinis,†

Marc-Antoni Goulet,† Daniel A. Pollack,# Roy G. Gordon,*,†,‡ and Michael J. Aziz*,†

†John A. Paulson School of Engineering and Applied Sciences, Harvard University, Cambridge, Massachusetts 02138, United States
‡Department of Chemistry and Chemical Biology, Harvard University, Cambridge, Massachusetts 02138, United States
#Department of Physics, Harvard University, Cambridge, Massachusetts 02138, United States

*S Supporting Information

ABSTRACT: A water-miscible anthraquinone with polyethylene
glycol (PEG)-based solubilizing groups is introduced as the redox-
active molecule in a negative electrolyte (negolyte) for aqueous redox
flow batteries, exhibiting the highest volumetric capacity among
aqueous organic negolytes. We synthesized and screened a series of
PEG-substituted anthraquinones (PEGAQs) and carefully studied one
of its isomers, namely, 1,8-bis(2-(2-(2-hydroxyethoxy)ethoxy)-
ethoxy)anthracene-9,10-dione (AQ-1,8-3E-OH), which has high
electrochemical reversibility and is completely miscible in water of
any pH. A negolyte containing 1.5 M AQ-1,8-3E-OH, when paired
with a ferrocyanide-based positive electrolyte across an inexpensive,
nonfluorinated permselective polymer membrane at pH 7, exhibits an
open-circuit potential of 1.0 V, a volumetric capacity of 80.4 Ah/L,
and an energy density of 25.2 Wh/L.

Renewable energy resources such as solar and wind
energy are expected to replace fossil fuels for
generating electricity.1 However, the intermittent

availability of renewable energy hampers its deep penetration
into the electrical grid.2 Safe, low-cost, grid-scale energy
storage could solve this problem.3 Aqueous redox flow
batteries (ARFBs) featuring low-cost and nonflammable
electrolytes, as well as decoupled energy/power scaling, are
particularly suitable for storing massive amounts of electricity
generated from renewables.4,5 The vanadium redox flow
battery has been the most developed ARFB, but the high
price and low abundance of vanadium limits its widespread
deployment.6,7 Redox-active organic molecules comprising
earth abundant elements such as C, H, O, and N are
potentially more cost-effective8 and scalable. Moreover, the
structural diversity and tunability of organics allows chemists
to design molecules with important properties, such as high
solubility, fast kinetics, appropriate redox potentials, and high
stability.
The potential cost of organic redox molecules has been

projected to be extremely low.9,10 Recently, organic molecules
with very long projected lifetimes have been developed as
negative electrolyte (negolyte) molecules in ARFBs.11−14

However, these organic molecules tend to have lower
solubilities than vanadium species, resulting in considerably
lower volumetric capacities for the resulting electrolytes.15

Although the energy capacity can be scaled up by increasing
the volume of electrolyte reservoirs, the size of electrolyte
reservoirs may be constrained by available space and cost.
Therefore, besides safety, low material cost, and long lifetime,
storing as many electrons as possible per unit volume, i.e.,
having a high volumetric capacity, is another valuable attribute
for electrolytes, particularly where ARFBs are deployed in high
population-density areas. In such cases, the physical space used
for accommodating electrolyte tanks may contribute signifi-
cantly to the total capital cost of ARFBs.16 One strategy is to
increase the aqueous solubility of redox active materials
(RAMs). Ionic groups such as −SO3

−,13,15,17,18 −O−,9,19

−COO−,11,15,20,21 −PO3
2−,14 and −NR3

+12,20 have been
tethered to RAMs such as quinones, viologen, phenazine,
ferrocene, and (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO) to increase solubility; and molecules bearing
these functional groups can demonstrate >1 M electron-
storing capability. Frequently the solubility is heavily depend-
ent on the electrolyte pH, and corresponding flow cells must
be operated within certain pH ranges to achieve adequate
capacity; otherwise, RAMs precipitate because of changes in
the protonation state or decomposition of ionic groups.
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Figure 1. Schematic flow battery with three different negative electrolytes (negolytes): PEGAQ, AQDS,18 and DHAQ.22 The pH and volume
required to store the same number of electrons are highlighted for each.

Figure 2. Electrons stored per unit/volumetric capacity of negolytes and comparisons of demonstrated cell capacity/energy densities. (a)
From left to right: in strong acid (pH ≤ 0): vanadium,7 AQDS;18 neutral (pH ∼7): BTMAP-Vi,12 Methyl-Vi,20 (SPr)2-Vi;

17 near neutral (7 ≤
pH ≤ 13): DBEAQ,11 DPPEAQ,14 PEGAQ (AQ-1,8-3E-OH); in strong base (pH ≥ 14): 2,3-HCNQ,21 DHAQ,19 alloxazine,23 and DHPS.15

The orange bars represent demonstrated values in flow cells; the green bars represent maximum values calculated from measured
solubilities. (b) The redox couples are listed as negolyte/posolyte. 1, V(acac)3/V(acac)3;

24 2, FL/DMPZ;25 3, methyl-ViTFSI/FcNTFSI;26 4,
DPPEAQ/K4Fe(CN)6;

14 5, DBEAQ/K4Fe(CN)6;
11 6, AQS/BQDS;27 7, MePh/DBMMB;28 8, DHPS/K4Fe(CN)6;

15 9, DHAQ/
K4Fe(CN)6;

22 10, DHBQ/K4Fe(CN)6;
9 11, alloxazine/K4Fe(CN)6;

23 12, Methyl-Vi/FcNCl;29 13, FL/DBMMB;30 14, (SPr)2-Vi/
(NH4)4Fe(CN)6;

13 15, BTMAP-Vi/BTMAP-Fc;12 16, AQDS/HBr;31 17, vanadium/vanadium (supporting electrolyte: H2SO4);
32 18,

methyl-Vi/TEMPTMA;20 19, PEGAQ/K4Fe(CN)6:Na4Fe(CN)6 (1:1); 20, vanadium/vanadium (supporting electrolyte: H2SO4/HCl
mixture).7

Scheme 1. Synthetic Conditions of PEGylated Anthraquinone Isomers through One-Step Williamson Etherification
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In this work, we incorporate a nonionic but water-miscible
motif, i.e., triethylene glycol, into an anthraquinone through
the well-developed one-step Williamson ether synthesis and
report a water-miscible RAM, 1,8-bis(2-(2-(2-hydroxyethoxy)-
ethoxy)ethoxy)anthracene-9,10-dione (AQ-1,8-3E-OH), as a
negolyte (Figure 1). Its pH-independent water miscibility
enables us to prepare 1.5 M AQ-1,8-3E-OH at pH 7 and
demonstrate a volumetric capacity of 80.4 Ah/L, which is the
highest volumetric capacity reported to date among all aqueous
organic negolytes (Figure 2). Pairing the negolyte with a 1.5 M
ferrocyanide positive electrolyte (posolyte) at pH 7, our flow
cell exhibits an open-circuit voltage of 1.0 V and an energy
density of 25.2 Wh/L, which is one of the highest energy
densities among all organic aqueous or nonaqueous flow
batteries and is even comparable with most vanadium flow
batteries.
Samples of 1,2-, 1,4-, 1,5-, 1,8-, 2,6-, 2,7-bis(2-(2-(2-

hydroxyethoxy)ethoxy)ethoxy)anthracene-9,10-dione (AQ-
n,m-3E-OH) and 1,8-bis(2-(2-(2-methoxyethoxy)ethoxy)-
ethoxy)anthracene-9,10-dione (AQ-1,8-3E-OCH3) were ob-
tained through one-step Williamson etherification33 (Scheme
1) (1H and 13C NMR spetra in Figures S1 and S2). After
measuring their solubilities (Figure S3) and evaluating reaction
kinetics via cyclic voltammetry (CV) (see the Supporting
Information, Solubility Measurements, pp 11−13, and
Electochemical Characterization, pp 13−15, for more details),
we set out to further investigate the electrochemical properties
of AQ-1,8-3E-OH for use as the RAM in a negolyte because of
its high solubility and rapid kinetics (Figures S6−S8).
On the basis of the CV results, the reduction potential (E1/2)

of AQ-1,8-3E-OH is −0.43 V versus SHE at pH 7 and −0.52
V at pH 14 (Figure S6). The Pourbaix diagram in Figure 3b
shows the pH dependence of its reduction potential; it is
consistent with a transfer of 2 H+/2 e− from pH 5 to 10.8, 1

H+/2 e− from pH 10.8 to 12.6, and 0 H+/2 e− from pH 12.6 to
14. Similar pH-dependent behavior of the reduction potential
has been observed for other anthraquinone derivatives in
aqueous media (Figure S9).18,34 Therefore, when starting at
pH 7, the reduced AQ-1,8-3E-OH will exist in three different
forms, as shown in Figure 3a. As its electrochemical reaction is
pH-dependent and reversible, upon charging (reducing) the
negolyte, a process that takes protons up from water, the pH of
the initially neutral solution is expected to increase until it
reaches approximately pKa2. After discharging, a process that
releases protons into the negolyte, the neutral pH is expected
to be fully recovered.
Given the redox-activity and water-miscibility of AQ-1,8-3E-

OH at pH 7, we investigated the performance of a PEGAQ-
based flow cell with neutral electrolytes. To better understand
the pH evolution during charge−discharge, we built a cell with
0.1 M electrolytes and tracked the pH of the negolyte during
charge−discharge by immersing a pH probe in the negolyte
(Figure 3c). To exclude the influence of oxygen dissolved in
electrolytes on pH increase during charge, the electrolytes were
first deaerated and then transferred to a glovebox filled with
N2.

14 In a full cycle with close to 100% Coulombic efficiency,
the pH increased from 7 to 12.8 during charging and returned
from pH 12.8 to 7 during discharging, confirming the pH
reversibility. Compared to strongly acidic or basic electrolytes,
such less-corrosive electrolytes (pH 7−13) are preferable in
terms of less expensive electrolyte-contacting materials and
structural stability of redox-active species.6,11,14,35 On the basis
of the Pourbaix diagram in Figure 3b, the absence of a visible
signature of pH swing in the charge−discharge curves in Figure
3c seems surprising. This may occur because the local pH at
the electrode surface can shift immediately upon the
commencement of charging and discharging, while the bulk

Figure 3. pH-related properties of AQ-1,8-3E-OH. (a) Scheme of the three different reduction products of the anthraquinone. (b) Pourbaix
diagram of AQ-1,8-3E-OH with a line of constrained slope of −59 mV/pH fit to the data for pH 6−10 and a constrained slope of −29 mV/
pH for pH 10−12.5. Above pH ∼12.6, the potential is pH-independent, indicating that the reduced form of AQ-1,8-3E-OH is deprotonated.
The lines of slope 59, 29, and 0 mV/pH are simply guides to the eye. All of the potentials were determined by cyclic voltammograms of 10
mM AQ-1,8-3E-OH in buffered solutions. (c) Charging of AQ-1,8-3E-OH increases the pH of the solution, and discharging reverses the pH
change. Electrolytes comprised 7 mL of 0.1 M AQ-1,8-3E-OH (negolyte) in 1 M KCl and 40 mL of 0.1 M potassium ferrocyanide and 0.04 M
potassium ferricyanide (posolyte) in 1 M KCl. The applied current density was 50 mA/cm2.
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pH changes over the longer time scale of the reservoir SOC
tracked in Figure 3c.
Polarization experiments were conducted at different SOC

of the negolyte, and a peak power density of 0.18 W cm−2 was
achieved at ∼100% SOC (Figure 4a). The open-circuit voltage
(OCV) increases from 0.94 to 1.01 V as the SOC increases
from 10% to 90%, and the OCV at 50% SOC was 0.98 V
(Figure 4b). The alternating current area-specific resistance
(AC-ASR) of the cell was determined via high-frequency
electrochemical impedance spectroscopy (EIS), and the value
was slightly lower than 1 Ω cm2 across all SOCs (Figure 4b).
The polarization ASR was determined using the linear region
within the voltage range 0.9−1.1 V and the current range −50
to 50 mA (Figure 4a,b). The membrane resistance contributes
more than 70% of the AC-ASR of the entire cell. The capacity
utilization decreased from 95% at 50 mA/cm2 to 84 and 56%
at 150 and 250 mA/cm2, respectively (Figure 4c,d).
To exploit the water-miscibility of AQ-1,8-3E-OH, we

constructed a full cell with a concentrated negolyte comprising
7 mL of 1.5 M AQ-1,8-3E-OH in 1 M KCl as the capacity-
limiting side and posolyte comprising 150 mL of 0.31 M
K4Fe(CN)6 with 0.31 M K3Fe(CN)6 in 1 M KCl as the
noncapacity-limiting side. In Figure 5, we demonstrate a
negolyte with the record volumetric capacity of 80.4 Ah/L.
Furthermore, AQ-1,8-3E-OH becomes a liquid when the
temperature exceeds 35 °C, in which case the theoretical limit
of the volumetric capacity is 120.1 Ah/L, corresponding to
pure AQ-1,8-3E-OH (molarity: 2.24 M); in practice, however,
the capacity of a real cell would be limited by the addition of

water and salt for conductivity. Polarization experiments were
further conducted, and the cell showed a higher OCV across all
SOCs than with the previous 0.1 M-negolyte cell (1.06 V at
50% SOC, Figure 5a,b); this difference is explained in the
Supporting Information (p 16). The high-frequency ASR in
the high-concentration cell (Figure 5b) is approximately 1.3
times that of the low-concentration cell; we attribute this to the
increased negolyte viscosity. AQ-1,8-3E-OH at 1.5 M
possesses a viscosity of ∼90 mPa·s at 37 °C, whereas the
viscosity of a 0.1 M solution is only ∼1 mPa·s (Figures S4 and
S5). The higher viscosity slows the mass-transfer rate.
Interestingly, an increase in viscosity of nearly 2 orders of
magnitude does not incur proportional increases in either
resistance or peak power density because of the countervailing
influence of a 20-fold increase in negolyte reactant
concentration. The peak power density of 0.17 W/cm2

achieved at ∼100% SOC in the high-concentration cell (Figure
5a) is only slightly lower than that in the low-concentration
cell. In contrast, lower capacity utilization was observed when
the high-concentration cell was charged and discharged at
varying current densities. The accessible capacity at 50 mA/
cm2 was only 84.7% in the high-concentration cell (Figure
S10), as a result of high-viscosity induced mass-transport
limitations,36,37 as opposed to 96% in the low-concentration
(0.1 M) cell. A higher viscosity would lead to increased
pumping power losses for a given flow channel configuration
and electrode porosity and thickness, but these parameters
would be chosen differently for low- and high-viscosity
electrolytes.38,39

Figure 4. Low-concentration flow battery performance. (a) Cell voltage and power density versus current density at room temperature at
10%, 30%, 50%, and ∼100% SOC. Electrolytes comprised 7.4 mL of 0.1 M AQ-1,8-3E-OH (negolyte) in 1 M KCl and 40 mL of 0.1 M
potassium ferrocyanide and 0.04 M potassium ferricyanide (posolyte) in 1 M KCl. Current oscillations arise from peristaltic pumping. (b)
OCV, high frequency, and polarization AC-ASR versus SOC. (c) Galvanostatic charge and discharge curves from 50 to 250 mA/cm2 with 1.5
and 0.4 V cutoffs. The theoretical capacity is indicated by the vertical dashed line. (d) Coulombic efficiency, round-trip energy efficiency, and
capacity utilization as a percentage of theoretical capacity versus current density.
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Continuing to use the aforementioned cell setup and
electrolytes, we performed a cycling experiment to evaluate
the capacity fade rate by utilizing a sequential potential step
method (Supporting Information, Full Cell Measurements, p
14). With this method, we accessed 95.7% of the theoretical
capacity; the unutilized capacity might have been caused by a
droplet electrolyte sticking on the wall of the electrolyte Falcon
tube container or by a small amount of impurity in the sample.
The achieved capacity utilization is comparable with that of
prior work.12,15 The cell was run for 220 cycles over 18 days
with an average current efficiency of 99.90% (Figure 5c). The
current efficiency decreased to 97% from the 105th to the
120th cycle because of depletion of nitrogen gas in the
glovebag but then increased to >99.95% when the nitrogen
supply was refilled. Apparently, such a disturbance does not
influence the capacity fade rate, as the reaction with
atmospheric oxygen is apparently self-discharge and not
decomposition. We then fitted the capacity fade rate by
using a first-order exponential decay model to obtain a
temporal fade rate constant of 0.5%/day or 0.043%/cycle. As
the capacity of the posolyte is 2.2 times that of the negolyte,
and the negolyte crossover rate is negligible according to our
permeability measurements,11 we attribute the capacity fade
exclusively to the decomposition of the active material in the
negolyte. The decomposition product was identified, and
possible decomposition pathways are proposed in the
Supporting Information (Decomposition Analysis, pp 17−27,
Figures S11−S18).
We investigated increasing the energy density by pairing the

1.5 M negolyte with a more concentrated posolyte. Mixing
potassium and sodium ferrocyanides in a 1:1 molar ratio,40 we
were able to construct a capacity-balanced flow cell with 12 mL

1.51 M 1:1 mixed potassium/sodium ferrocyanide and 0.01 M
potassium ferricyanide as the posolyte, and 6 mL 1.5 M AQ-
1,8-3E-OH in 0.5 M KCl solution as the negolyte. The
electrolyte reservoirs were immersed in a water bath and
heated to 45 °C to prevent ferrocyanide precipitation.
Polarization shows that the OCV at 50% SOC for this cell is
1.01 V (Figure 5e). Under elevated temperature, both high-
frequency and polarization resistance are reduced significantly
because of increased ion conductivity and reduced electrolyte
viscosity. The peak power density of 0.22 W/cm2, achieved at
∼100% SOC, represents an approximately 30% increase
compared to room-temperature performance. Using potentio-
static methods, charging at 1.5 V and discharging at 0 V, the
cell accessed 94% of the theoretical capacity, which implies an
energy density of 25.2 Wh/Lone of the highest among all
organic aqueous and nonaqueous flow batteries. Theoretically,
if 2.2 M AQ-1,8-3E-OH were paired with capacity-balanced
1.5 M ferrocyanide,13,40 an energy density of 30.0 Wh/L would
be expected.
In summary, we introduce AQ-1,8-3E-OH as the first water-

miscible negolyte molecule for ARFBs. We demonstrate the
highest volumetric capacity (80.4 Ah/L) ever reported among
all aqueous organic electrolytes. The theoretical capacity limit
is 120.1 Ah/L for the neat 2.2 M liquid quinone. An energy
density of 25.2 Wh/L was demonstrated when 1.5 M AQ-1,8-
3E-OH was paired with 1.5 M ferrocyanide. The theoretical
energy density is 30.0 Wh/L for a full cell with a 2.2 M
negolyte and a capacity-balanced 1.5 M ferrocyanide posolyte.
As a first step toward developing lifetime extension strategies,
post-mortem chemical analysis enabled us to identify the
structure of a decomposition product and to propose four
plausible degradation pathways. Further systematic exploration

Figure 5. High-concentration flow cell performance. (a) Cell voltage and power density versus current density at room temperature at 10%,
30%, 50%, and ∼100% SOC. Electrolytes comprised 7 mL of 1.5 M AQ-1,8-3E-OH (negolyte) in 1 M KCl and 150 mL of 0.31 M potassium
ferrocyanide and 0.31 M potassium ferricyanide (posolyte) in 1 M KCl. (b) OCV, high frequency, and polarization ASR versus SOC. (c)
Current efficiency and charge−discharge capacities versus time and cycle number. (d) Cell voltage and power density versus current density
at 45 °C at 10%, 30%, 50%, and ∼100% SOC. Electrolytes comprised 6 mL of 1.5 M AQ-1,8-3E-OH (negolyte) in 0.5 M KCl and 12 mL of
1.51 M 1:1 mixed potassium/sodium ferrocyanide and 0.01 M potassium ferricyanide (posolyte) in DI water. (e) OCV, high frequency, and
polarization ASR versus SOC. (f) Charge−discharge under potentiostatic conditions.
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of PEG functionalizations may shed light on the development
of low-cost, high-capacity, and high-stability RAMs for ARFBs.
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Table S1. Summary of demonstrated cell capacity and energy density of existing flow batteries in Figure 2b. 
No./ 
Ref. 
in 
the 
plot 

Negolyte/ 
electrons 

Conc. of 
negolyte 

(M) 

Posolyte/ 
electrons 

Conc. of 
posolyte 

(M) 

Volt. 
at 50% 
SOC 
(V) 

Demonstrated 
cell capacity 

(Ah/L)* 

Demonstrated 
cell energy 

density 
(Wh/L) 

1/1 V(acac)3/1 0.1 V(acac)3/1 0.1 2.1 1.34 2.81 
2/2 FL/1 0.1 DMPZ/2 0.05 1.6 1.34 2.14 
3/3 MVTFSI/2 0.1 FcNTFSI/1 0.2 1.2 2.68 3.22 
4/4 DPPEAQ/2 0.5 K4Fe(CN)6/1 0.4 1.0 1.58 1.58 
5/5 DBEAQ/2 0.5 K4Fe(CN)6/1 0.3 1.05 2.49 2.61 
6/6 AQS/2 0.2 BQDS/2 0.2 0.76 5.36 4.07 
7/7 MePh/1 0.3 DBMMB/1 0.3 2.3 3.2 7.36 
8/8 DHPS/2 1.4 K4Fe(CN)6/1 0.31 1.4 6.75 9.46 
9/9 DHAQ/2 0.5 K4Fe(CN)6/1 0.4 1.2 6.7 8.04 

10/10 DHBQ/2 0.5 K4Fe(CN)6/1 0.4 1.21 4.85 5.87 
11/11 ACA/2 1 K4Fe(CN)6/1 0.4 1.15 6.31 7.25 
12/12 methyl-Vi/1 0.5 FcNCl/1 0.5 1.05 6.70 7.04 
13/13 FL/1 0.5 DBMMB/1 0.5 2.37 5.80 11.41 
14/14 (SPr)2Vi/1 0.9 NH4Fe(CN)6/1 0.9 0.82 12.06 9.89 

15/15 BTMAP-
Vi/1 1.3 BTMAP-Fc/1 1.3 0.7 15.20 10.64 

16/16 AQDS/2 1 HBr/1 3 0.8 24.36 19.49 
17/17 vanadium/1 1.5† Vanadium/1 1.5 1.25 20.10 25.13 
18/18 methyl -Vi/1 2 TEMPTMA/1 2 1.2 22.5 27.00 
19 PEGAQ/2 1.5 Na4/K4Fe(CN)6/1 1.51 1.05 25.20 25.45 

20/19 vanadium/1 2.5† Vanadium/1 2.5† 1.25 33.50 41.88 
*Demonstrated cell capacity is calculated by (CCLS/Vtot)´Φ , where CCLS is the capacity of the capacity 
limiting side, Vtot is the volume of posolyte plus the volume of negolyte, and Φ is the utilized capacity as a 
percentage. † 1.5 M solubility of vanadium species was achieved by using 2.5 M H2SO4 as the supporting 
electrolyte, while 2.5 M solubility of vanadium species was achieved by using a mixture of 2.5 M H2SO4 and 
6 M HCl as the supporting electrolyte. 
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Table S2. List of chemicals and their abbreviations. 

Abbreviation Full name 

(SPr)2V 1,10-bis(3-sulfonatopropyl)-4,40-bipyridinium 

AQDS 9,10-dioxo-9,10-dihydroanthracene-2,6-disulfonic acid 
AQS anthraquinone-2-sulfonic acid 

BQDS 1,2-benzoquinone- 3,5-disulfonic acid 

BTMAP-Fc 
bis((3-trimethylammonio)propyl)- 

ferrocene dichloride 

BTMAP-Vi bis(3-trimethylammonio)propyl viologen tetrachloride 

DBEAQ 4,40-((9,10-Anthraquinone-2,6-diyl)dioxy)dibutyric Acid 
DBMMB ,5-di-tert-butyl-1-methoxy-4-[2�-methoxyethoxy]benzene 
DHAQ 2,6-dihydroxy anthraquinone 
DHBQ 2,5-dihydroxycyclohexa-2,5-diene-1,4-dione 
DHPS 7,8-dihydroxyphenazine-2-sulfonic acid 
DMPZ 5,10-dihydro-5,10-dimethyl phenazine 
FcNCl ((ferrocenylmethyl)trimethylammonium choride 

FcNTFSI (ferrocenylmethyl)trimethylammonium bis(trifluoromethanesulfonyl)imide 
FL 9-fluorenone 

MePh N-methylphthalimide 
MV methyl viologen 

MViTFSI methyl viologen bis(trifluoromethane)sulfonamide 
TEMPTMA N,N,N-2,2,6,6-heptamethylpiperidinyl oxy-4-ammonium chloride 

V(acac)3 vanadium (III) acetylacetonate 
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General Information 
 
LC-MS was conducted on a Bruker microTOF-Q II mass spectrometer. All chemicals were 
purchased from Sigma-Aldrich unless specified otherwise. All dihydroxyanthraquinone (DHAQ) 
isomers, except the 2,6- and 2,7- isomers, were purchased from Alfa Aesar; 2,6-DHAQ was 
purchased from AK Scientific; and 2,7-DHAQ was synthesized from anthraquinone-2,7-disulfonic 
acid disodium salt20, which was purchased from TCI America. All chemicals were used as received 
unless specified otherwise. Viscosity measurements were conducted on a Cambridge Viscosity 
VISCOlab3000 viscometer.  
 
Synthesis and Chemical Characterization 
 
The procedure is a modification of the method described in Giguere et al.21: n, m-dihydroxy-
anthraquinone (DHAQ) (1 equiv.) was mixed with anhydrous K2CO3 (4 equiv.), NaI (0.15 equiv.), 
and 2-(2-(2-chloroethoxy)ethoxy)ethan-1-ol (3 equiv.) in DMF to achieve a 0.4 M DHAQ 
suspension in a pressure vessel. The reaction mixture was heated to 135 °C and stirred overnight. 
Water (2´DMF volume) was then added to the reaction mixture, which was subsequently extracted 
with DCM (2´DMF volume) three times. The organic layer was dried over Na2SO4 and then 
condensed under vacuum to achieve crude product. Silica gel column chromatography (eluent: 97 
v/v% dichloromethane + 3 v/v% Methanol) was used to obtain the n, m-di-Pegylated-
Anthraquinone. 
 
 
(a) 1,2-bis(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)anthracene-9,10-dione 

 
A purple solid was obtained after column chromatography. Final yield: 30.1%. 1H NMR (500 MHz, 
CDCl3) δ 8.22-8.26 (m, 2H), 8.13(d, J = 8.6 Hz, 1H), 7.73-7.76 (m, 2H), 7.26 (d, J = 8.6 Hz, 1H) , 
4.27-4.35 (m, 4H), 4.02-4.07 (m, 2H), 3.94-3.98 (m, 2H), 3.79-3.83 (m, 2H), 3.75-3.79 (m, 2H), 
3.66-3.75 (m, 8H), 3.57-3.64 (m, 4H). 13C NMR (125 MHz, CDCl3) δ 182.77, 182.46, 158.38, 
148.97, 135.22, 133.99, 133.65, 133.06, 127.70, 127.25, 127.21, 126.80, 125.26, 117.45, 72.99, 
72.83, 72.81, 71.03, 70.79, 70.69, 70.54, 70.52, 69.43, 68.79, 61.82, 61.78. MS (ESI m/z) calcd. 
for [C26H32O10+Na]+ 527.19, found 527.19. 
 
(b) 1,4-bis(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)anthracene-9,10-dione  

 
A yellow-brown mud was obtained after column chromatography. Final yield: 47.6%. 1H NMR 
(500 MHz, CDCl3) δ 8.09 (m, 2H), 7.66 (m, 2H), 7.34 (s, 2H), 4.23 (t, J = 4.9 Hz, 4H), 3.94 (t, J 
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= 3.9 Hz, 4H), 3.77-3.80 (m, 4H), 3.65-3.70 (m, 8H), 3.56-3.60 (m, 4H). 13C NMR (125 MHz, 
CDCl3) δ 183.18, 154.05, 134.30, 133.40, 126.50, 123.93, 123.39, 72.63, 71.14, 70.58, 70.56, 
69.89, 61.88. MS (ESI m/z) calcd. for [C26H32O10+Na]+ 527.19, found 527.19. 
 
(c) 1,5-bis(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)anthracene-9,10-dione  

 
A golden solid was obtained after column chromatography. Final yield: 48.0%. 1H NMR (500 
MHz, CDCl3) δ 7.89 (dd, J = 1.0, 7.8 Hz , 2H), 7.67 (t, J = 8.4, 2H) , 7.28 (dd, J = 1.0, 8.4 Hz, 2H), 
4.32 (t, J = 4.7 Hz, 4H), 4.03 (t, J = 4.7 Hz, 4H), 3.85-3.90 (m, 4H), 3.70-3.75 (m, 8H), 3.61-3.66 
(m, 4H), 2.00 (broad s, 2H). 13C NMR (125 MHz, CDCl3) δ 182.55, 159.12, 137.51, 135.05, 121.47, 
120.19, 118.60, 72.63, 71.29, 70.62, 69.59, 69.57, 61.95. MS (ESI m/z) calcd. for [C26H32O10+Na]+ 
527.19, found 527.19. 
 
(d) 1,8-bis(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)anthracene-9,10-dione  

 
A brown-red mud was obtained after column chromatography. Final yield: 66.1%. 1H NMR (500 
MHz, CDCl3) δ 7.85 (d, J = 7.7 Hz, 2H), 7.61 (t, J = 8.4 Hz, 2H), 7.32 (d, J = 8.4 Hz, 2H),  4.30 
(t, J = 5.0 Hz, 4H), 4.01 (t, J =5.0 Hz, 4H), 3.85-3.90 (m, 4H), 3.69-3.74 (m, 8H), 3.60-3.54 (m, 
4H), 2.52 (broad s, 2H). 13C NMR (125 MHz, CDCl3) δ 183.93, 182.42, 158.59, 134.87, 124.79, 
120.23, 119.63, 72.77, 71.26, 70.59, 69.91, 69.62, 61.80. MS (ESI m/z) calcd. for [C26H32O10+Na]+ 
527.19, found 527.19. 
 
(e) 2,6-bis(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)anthracene-9,10-dione  

 
A yellow solid was obtained after column chromatography. Final yield: 75.0%. 1H NMR (500 
MHz, CDCl3) δ 8.23 (d, J = 8.6 Hz, 2H), 7.73 (d, J = 2.7 Hz, 2H), 7.28 (dd, J = 2.7, 8.6 Hz, 2H), 
4.33 (t, J = 4.75 Hz, 4H), 3.93 (t, J = 4.75 Hz, 4H), 3.70-3.78 (m, 16H), 3.41-3.61 (m, 4H). 13C 
NMR (125 MHz, CDCl3) δ 182.23, 163.71, 135.87, 129.81, 127.41, 121.29, 110.70, 72.63, 71.06, 
70.52, 69.57, 68.18, 61.90. MS (ESI m/z) calcd. for [C26H32O10+Na]+ 527.19, found 527.19. 
 
(f) 2,7-bis(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)anthracene-9,10-dione  
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A yellow solid was obtained after column chromatography. Final yield: 60.3%. 1H NMR (500 
MHz, CDCl3) δ 8.23 (d, J = 8.4 Hz, 2H), 7.71 (d, J = 3.0 Hz, 2H), 7.29 (dd, J = 3.0, 8.4 Hz, 2H), 
4.33 (t, J = 4.8 Hz, 4H), 3.93 (t, 4.8Hz, 4H), 3.69-3.78 (m, 16H), 3.61-3.65(m, 16H), 2.33 (broad 
s, 2H). 13C NMR (125 MHz, CDCl3) δ 183.24, 181.29, 163.20, 135.54, 129.68, 127.38, 121.60, 
110.70, 72.65, 71.00, 70.43, 69.51, 68.11, 61.81. MS (ESI m/z) calcd. for [C26H32O10+Na]+ 527.19, 
found 527.19. 
 
(g) 1,8-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)anthracene-9,10-dione 

 
An orange oil was obtained after column chromatography. Final yield: 80.5%. 1H NMR (600 MHz, 
CDCl3) δ 7.82 (dd, J = 0.9, 7.7 Hz, 2H), 7.59 (d, J = 8.4 Hz, 2H), 7.34 (dd, J = 0.9, 8.4 Hz, 2H), 
4.29 (t, J = 4.9 Hz, 4H), 3.96-3.99 (m, 4H), 3.81-3.84 (m, 4H), 3.66-3.68(m, 4H), 3.62-3.64(m, 
4H), 3.51-3.53(m, 4H), 3.34 (s, 6H). 13C NMR (150 MHz, CDCl3) δ 184.06, 182.38, 158.72, 
134.85, 133.84, 124.84, 120.56, 119.64, 72.00, 71.13, 70.82, 50.58, 69.81, 69.67, 59.10. MS (ESI 
m/z) calcd. for [C28H36O10+Na]+ 555.22, found 555.22. 
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Figure S1. 1H NMR spectra of 1,2-, 1,4-, 1,5-, 1,8-, 2,6-, 2,7-bis(2-(2-(2-
hydroxyethoxy)ethoxy)ethoxy)anthracene-9,10-dione (AQ-n,m-3E-OH) and AQ-1,8-3E-OCH3 in 
CDCl3. The peak labeled with * is from a trace amount of CHCl3 in CDCl3 solvent at 7.26 ppm. 
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Figure S2. 13C NMR spectra of 1,2-, 1,4-, 1,5-, 1,8-, 2,6-, 2,7-bis(2-(2-(2-
hydroxyethoxy)ethoxy)ethoxy)anthracene-9,10-dione (AQ-n,m-3E-OH) and AQ-1,8-3E-OCH3 in 
CDCl3. 
 
Solubility Measurements 
 
The solubilities of the PEG-AQ isomers were measured by adding solids/liquids of pure AQ 
species into 1 M KCl solution until precipitate was observed, and the solubility was calculated 
using the mass of compound added and the final volume of the solution. Since the 1,8- and 1,4- 
isomers are miscible with water, the maximum concentration is obtained by calculating the density 
(ρ = 1.13 g/mL) divided by the molecular weight (504.53 g/mol), which gives 2.24 M as the 
maximum concentration. The theoretical maximal volumetric capacity (Ah/L) can be calculated 
by n´F´C/3600 (Ah/L), where n represents the number of electrons stored per AQ, F is Faraday’s 
constant with units of Coulomb/mol, and C is the maximum concentration of AQ-1,8-3E-OH with 
units of M or mol/L (e.g., 2.24 M). Theoretically, the maximal volumetric capacity is thus 120.1 
Ah/L. Figure S4 depicts AQ-1,8-3E-OH at different concentrations.  
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Figure S3. Measured solubility of PEGAQ isomers in 1 M KCl solution at neutral pH. The 
position of PEG chains tethered to AQ can influence final solubility by orders of magnitude. The 
1,4- and 1,8- isomers are water-miscible; thus the bars indicate the concentrations of pure liquid 
PEG-AQ. The solubilities of the 1,5- and 2,7- isomers are ~0.1 M; and the solubilities of the 1,2- 
and 2,6- isomers are less than 1 mM. 
 

Figure S4. (a) Aqueous solutions with AQ-1,8-3E-OH at concentrations of (from left to right) 0, 
0.01, 0.1, 0.25, 0.5, 0.75, 1.0, 1.5, and (pure compound) 2.24 M. Pure AQ-1,8-3E-OH melts above 
35 °C. The viscosity of these solutions were measured. (b) Comparison of 0.1 M AQ-1,8-3E-OCH3 
(left) and AQ-1,8-3E-OH (right) in 1 M KCl solution at 45 °C. The AQ-1,8-3E-OCH3 solution 
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becomes cloudy and phase-separated, while the AQ-1,8-3E-OH solution remains homogeneous 
and transparent. 

 
Figure S5. (a) Viscosity of AQ-1,8-3E-OH at concentrations of 0, 0.01, 0.1, 0.25, 0.5, 0.75, 1.0, 
and 1.5 M at 37.5±0.2 °C. (b) Viscosity of 1.5 M and pure AQ-1,8-3E-OH at different temperatures. 
 
Electrochemical Characterization 
 
Glassy carbon was used as the working electrode for all three-electrode CV tests. Rotating Disk 
Electrode experiments were conducted using a Pine Instruments Modulated Speed Rotator 
AFMSRCE equipped with a 5 mm diameter glassy carbon working electrode, a Ag/AgCl reference 
electrode (BASi, pre-soaked in 3 M NaCl solution), and a graphite counter electrode. The diffusion 
coefficient of the oxidized form of AQ-1,8-3E-OH was calculated using the Levich equation, 
which relates the mass-transport-limited current to the number of electrons transferred (n), the area 
of the electrode (A), and the concentration of redox-active species in the electrolyte (C), by plotting 
the mass-transport-limited current against the square root of the rotation rate (Figure S7) with the 
following parameters: n = 2, F = 96,485 Coulombs/mol, A = 0.196 cm2, C = 5 mM, ν = 1.08 × 
10-6 m2/s (the kinematic viscosity of 1 M KCl)22.The resulting value of the diffusion coefficient 
of AQ-1,8-3E-OH is 2.94 × 10-6 cm2/s. Koutecký–Levich analysis at low overpotentials can be 
extrapolated to infinite rotation rate and fitted to the Butler-Volmer equation to give the kinetic 
reduction rate constant k0 = 6.1(4) × 10-3 cm/s. 
 

a b 
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Figure S6. (a) CV of AQ- 1,4-, 1,5-, 1,8-, 2,7- 3E-OH and AQ-1,8-3E-OCH3 in 1 M KCl measured 
with 50 mV/s scan rate and normalized to the height of the oxidative peak near 0.4 V. The 1,2- 
and 2,6- isomers were not soluble enough for CV measurements. The 1,8- and 2,7- isomers show 
reversible electrochemical behavior, while the 1,4- and 1,5- are irreversible. (b) CV of AQ- 1,2-, 
1,4-, 1,5-, 1,8-, 2,7- 3E-OH and AQ-1,8-3E-OCH3 in 1 M KOH measured with 50 mV/s scan rate 
and normalized to the height of the oxidative peak near 0.5 V. The 2,6- isomer is not soluble 
enough for CV measurements. All isomers except 1,5- showed reversible electrochemical behavior. 
 

 
  
Figure S7. (a) RDE study of the reduction of 5 mM AQ-1,8-3E-OH in 1 M KCl on a glassy carbon 
electrode at rotation rates between 400 and 2000 rpm. (b) Levich plot (limiting current vs. square 
root of rotation rate in rad/s) of 5 mM AQ-1,8-3E-OH in 1 M KCl. Limiting current is taken as the 
current in the range -0.7 to -0.8 V in (a). The slope yields a diffusion coefficient for the oxidized 
form of AQ-1,8-3E-OH of 2.94 × 10-6 cm2/s. 
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Figure S8. Koutecký-Levich analysis gives the values of mass-transport-independent currents, 
which result in a standard rate constant k0 of AQ-1,8-3E-OH 6.1(4) × 10-3 cm s-1. 

 
Figure S9. Pourbaix diagram of AQ-1,8-3E-OCH3 with a slope of -59 mV/pH fit to the data from 
pH 6-10 and a slope of -29 mV/pH from pH 10-12.5. Above pH ~ 12.5, the potential is pH-
independent, indicating that the reduced form of AQ-1,8-3E-OCH3 is fully deprotonated. All of 
the potentials were determined by cyclic voltammograms of 10 mM AQ-1,8-3E-OCH3 in buffered 
solutions.  
 
Full Cell Measurements 
 
Flow battery experiments were constructed with cell hardware from Fuel Cell Tech. (Albuquerque, 
NM), assembled into a zero-gap flow cell configuration, similar to a previous report9. Pyrosealed 
POCO graphite flow plates with serpentine flow patterns were used for both electrodes. Each 
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electrode comprised a 5 cm2 geometric surface area covered by a stack of four sheets of Sigracet 
SGL 39AA porous carbon paper pre-baked in air for 24 h at 400 °C.  
 
Full cell cycling was performed with a Fumasep E-620(K) membrane due to its low permeability 
of AQ-1,8-3E-OH and ferro/ferricyanide. To obtain the polarization curves, the cell was first 
charged to the desired state of charge and then polarized via linear sweep voltammetry at a rate of 
100 mV/s. This method was found to yield polarization curves very close to point-by-point 
galvanostatic holds, yet to impose minimal perturbation to the SOC of the small-electrolyte-
volume cell. Electrochemical impedance spectroscopy (EIS) was performed at SOCs between 10 
and 100% at open-circuit potential with a 10 mV perturbation and with frequency ranging from 1 
to 300,000 Hz. Three cells with varying negolyte and posolyte concentrations were studied. 
 

1. The negolyte of the 0.1 M cell was prepared by dissolving 0.4 g AQ-1,8-3E-OH (0.79 
mmol) into 7.4 mL 1 M KCl solution. The volume of the solution expanded to achieve a 
0.1 M AQ solution. The posolyte of the 0.1 M cell was prepared by dissolving 1.69 g 
K4[Fe(CN)6]·3H2O (4 mmol) and 0.53 g K3[Fe(CN)6]·6H₂O (1.6 mmol) into 40 mL 1 M 
KCl to make a 0.1 M ferrocyanide 0.04 M ferricyanide solution. 

 
2. The negolyte of the 1.5 M cell was prepared by dissolving 5.30 g AQ-1,8-3E-OH (0.0105 

mol) into 2.4 mL 3 M KCl solution. The volume of the solution expanded to 7 mL to 
achieve a 1.5 M AQ solution. The posolyte of the 1.5 M cell was prepared by dissolving 
19.64 g K4[Fe(CN)6]·3H2O (0.0465 mol) and 15.31 g K3[Fe(CN)6]·6H2O (0.0465 mol) into 
150 mL 1 M KCl to make a 0.31 M ferrocyanide 0.31 M ferricyanide solution. 
 

3. A negolyte comprising 6 mL 1.5 M AQ-1,8-3E-OH in 0.5 M KCl was paired with 12 mL 
of a 1.51 M ferrocyanide posolyte comprising 3.81 g K4[Fe(CN)6]·3H2O  (9.03 mmol), 
4.37 g Na4[Fe(CN)6]·10H2O  (9.03 mmol) and 0.04 g K3[Fe(CN)6]·6H2O (0.12 mmol). No 
additional KCl was added to this solution. 
 

Using the aforementioned cell compositions, we cycled the battery using a sequential potential 
step method. During charging, voltage limits were set at 1.0, 1.1, and 1.3 V with 160, 100, and 16 
mA/cm2 cutoff current densities, respectively. During discharging, voltage limits were set at 0.8, 
0.6, and 0 V with 100, 40, and 4 mA/cm2 cutoff current densities, respectively. This method was 
applied to counter the resistance influence of the membranes, electrolytes, electrodes, etc. on 
capacity utilization; because the major purpose is to evaluate the stability of negolyte, the 
prerequisite is achieving almost full capacity, which was unachievable using the conventional 
galvanostatic cycling method in this case (Figure S10). If >90% of capacity cannot be accessed, 
the measured capacity fade rate may be underestimated.  
 
Polarization experiments (1.06 V at 50% SOC, Figure 5a and 5b) on the 1.5 M-negolyte cell 
showed a higher OCV across all SOCs (0.98 V at 50% SOC, Figure 4a and 4b) than with the 
previous 0.1 M-negolyte cell. This observation may be explained by the following considerations: 
1. the higher concentration of negolyte drives the pH of the negolyte to a higher value even at a 
low SOC, which lowers the reduction potential of AQ-1,8-3E-OH, as a result, increasing the 
overall voltage of the cell; 2. the ferricyanide/ferrocyanide ratio is 1:1 in the high concentration 
cell as opposed to 0.4:1 in the low concentration cell, thus giving relatively higher voltage in the 
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1.5 M-negolyte cell at 0% SOC; 3. The capacity ratio of posolyte to negolyte is different, so that 
when the negolyte is at 50% SOC, the posolyte is at a higher SOC in the 1.5 M-negolyte cell than 
in the 0.1 M-negolyte cell.  

 
Figure S10. (a) Galvanostatic cycling of 6 mL of a 1.5 M negolyte in 1 M KCl and 40 mL of 1 M 
ferro/ferricyanide solution (0.5 M K4Fe(CN)6 + 0.5 M Na4Fe(CN)6) under 50-150 mA/cm2 current 
densities at room temperature. (b) Coulombic efficiency, round trip energy efficiency, and capacity 
utilization of the 1.5 M negolyte cycling under current densities in (a). (c) Galvanostatic cycling 
of 6 mL of a 1.5 M negolyte in 0.5 M KCl and 12 mL of 1.51 M ferro/ferricyanide solution (0.755 
M K4Fe(CN)6 + 0.755 M Na4Fe(CN)6) under 50-150 mA/cm2 current densities at 45 °C. (d) 
Current efficiency, energy efficiency, and capacity utilization of the 1.5 M negolyte cycling under 
current densities in (c). 
 
Decomposition Analysis of AQ-1,8-3E-OH 

Although AQ-1,8-3E-OH demonstrates the highest reported capacity, the temporal fade rate is ~50 
times higher than that of state-of-the-art molecules4, 5. It has been demonstrated that structural 
stability can be significantly improved with proper molecular modification4, 24. Apparently, 
judicious molecular design relies on a deep understanding of molecular decomposition 
mechanisms. We analyzed the cycled negolyte for decomposed species. Nuclear magnetic 
resonance (NMR) spectra of a pristine sample and cycled sample were compared (Figure S12-13). 
A D2O sample was prepared by diluting 100 µL of a cycled 0.1 M negolyte (Figure S11) solution 
after 18% capacity loss with 700 µL D2O solvent. A set of three new peaks with chemical shifts δ 
7.14 (t), 6.91 (d) and 6.83 (d) ppm with a 1:1:1 integration ratio was observed in the aromatic 
region, indicating that the new species possesses similar geometry to AQ-1,8-3E-OH (Figure S13). 
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Dividing the integration of the new peaks by the total integration of the aromatic peaks (the sum 
of AQ-1,8-3E-OH peaks and new peaks), the new peaks correspond to 19% decomposition of AQ-
1,8-3E-OH, which coincides with the amount of capacity loss observed after cycling (Figure S11). 
To determine whether any peaks were concealed by the broad water peak centered at 4.79 ppm, 
we also performed 1H NMR in CDCl3 by extracting the D2O NMR sample with the same volume 
of CDCl3. The ratio of the integrals of the peaks corresponding to the decomposition product to 
those corresponding to AQ-1,8-3E-OH did not change after extraction, indicating that both AQ-
1,8-3E-OH and the decomposition product have similar solubility in either solvent (Figure S14). 
A singlet peak with chemical shift δ 5.49 ppm in CDCl3 appeared with an integration value equal 
to half the integral of each new peak in the aromatic region (i.e., new peaks not present in the NMR 
spectrum of pristine AQ-1,8-3E-OH). Using this CDCl3 sample, we further performed diffusion 
ordered spectroscopy (DOSY) and found two well-separated species in the diffusion dimension, 
except for CHCl3 and H2O, suggesting that the singlet peak with chemical shift δ 5.49 ppm 
originated from the same compound that has the three aromatic peaks with chemical shifts δ 7.46 
(d), 7.26 (t), and 6.80 (d) ppm (Figure S16). DOSY also revealed that the new compound has a 
smaller diffusion coefficient and hence a larger hydrodynamic radius compared to AQ-1,8-3E-OH. 
High-resolution LC-MS corroborated the DOSY result by indicating that the only two species in 
the post-cycling sample are AQ-1,8-3E-OH with m/z 549.1979 (anion of AQ-1,8-3E-OH + formic 
acid adduct) and a dimer structure with m/z 1023.4233 (anion of a dimer + formic acid 
adduct).(Figure S17) The mass of the decomposition product is twice the mass that would result 
from subtracting one oxygen from and adding one hydrogen to the mass of AQ-1,8-3E-OH, which 
suggests that the dimer is a tetra-triethylene glycol-substituted dianthrone. Previous work has 
identified the crystal structures of two types of dianthrone formed from 1,8-dimethoxy substituted 
anthraquinones in a reductive environment: 1,1’,8,8’-tetramethoxy dianthrone, where the methoxy 
substituents on the two anthrones are pointing toward each other25 and 4,4’,5,5’-tetramethoxy 
dianthrone, where the methoxy substituents on the two anthrones are pointing away from each 
other24. The NMR peak chemical shifts in CDCl3 solvent of the aromatic region of the 4,4’,5,5’-
dimer are identified as ranging from δ 8.0 to 7.16 ppm, and the methine protons have chemical 
shift δ 6.2 ppm. The chemical shifts of neither of these two regions match what we observed. The 
aromatic peaks in our case have chemical shifts δ 7.46, 7.26, and 6.80 ppm and the methine peak 
has chemical shift δ 5.49 ppm. On the other hand, the reported NMR peak chemical shifts for the 
1,1’,8,8’-tetramethoxy dianthrone have chemical shifts δ 7.42, 7.31, and 6.88 ppm for the aromatic 
protons and δ 5.85 ppm for the methine protons, both of which comport well with the observed 
peaks23. Hence, we infer that the decomposition product is likely 1,1',8,8'-tetrakis(2-(2-(2-
hydroxyethoxy)ethoxy)ethoxy)-[9,9'-bianthracene]-10,10'(9H,9'H)-dione. 

 We then sought to determine whether the oxidized or the reduced form of AQ-1,8-3E-OH 
contributed more to the decomposition. Two solutions of 0.1 M AQ-1,8-3E-OH in 1 M KCl, one 
uncharged and the other charged, were stored in a glovebox at room temperature for two weeks. 
The charged sample was discharged in air after the two-week period, and both samples were 
extracted with CDCl3. The 1H NMR spectrum of the uncharged sample showed no evidence of 
decomposition, whereas the spectrum of the charged sample included peaks corresponding to the 
dimer in the aromatic region with integration 18% that of the AQ-1,8-3E-OH aromatic peaks, 
representing a decomposition rate of 1.1%/day (Figure S15). This temporal fade rate is ~2 times 
the rate of 0.5%/day observed in long-term flow cell cycling, which is reasonable, as reduced AQ-
1,8-3E-OH accounts for 50% of the total time during cycling. Therefore, we conclude that the 
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decomposition of the charged form of AQ-1,8-3E-OH is responsible for the observed capacity fade 
in flow cells. 
 Four decomposition pathways were proposed as described in Scheme S1. Structural 
optimization and energy calculations of the optimized structures were performed using Gaussian 
16, M06/3-21G method/basis-set with Solvation Model based on Density (SMD). The 
computational results suggest that the dimerization is a thermodynamically favorable process. The 
intermediate species of routes I and III have lower energy, suggesting more favorable kinetics of 
these two routes (assuming that the relatively lower energies of the intermediates reflect relatively 
lower energy transition states as well).  

 
Figure S11. The discharge capacity of a full cell comprising 0.1 M AQ-1,8-3E-OH in 1 M KCl vs. 
0.1 M ferrocyanide for 1500 cycles shows 18% capacity fade. The capacity drop from cycle 
number 600-800 was caused by depletion of nitrogen gas. 
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Figure S12. 1H NMR of pristine AQ-1,8-3E-OH in D2O. The integration of the aromatic protons 
of AQ-1,8-3E-OH is shown. 
 

 
Figure S13. 1H NMR of cycled AQ-1,8-3E-OH in D2O. The integration of the aromatic protons 
of AQ-1,8-3E-OH and the decomposition product are shown, indicating 19% decomposition. The 
large peak corresponding to H2O conceals some peaks corresponding to the decomposition product. 
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Figure S14. The 1H NMR spectrum of cycled AQ-1,8-3E-OH in CDCl3. The integration and 
corresponding ratio are the same as the one in D2O, suggesting that all the pristine and 
decomposition compounds are extracted successfully. The integration of the peak at a chemical 
shift of 5.49 ppm (methine proton peak) is half of the integration of one of the aromatic peaks in 
the decomposition compound. 
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Figure S15. Comparison of 1H NMR spectra (in CDCl3) of pristine, discharged-held, charged-
held, and cycled AQ-1,8-3E-OH. The spectrum of the charged-held sample is identical to the 
spectrum of the cycled sample, while the spectra from both pristine and the discharged-held 
samples are exactly the same, indicating the decomposition of the charged AQ-1,8-3E-OH is the 
major reason for capacity fading. 
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Figure S16. 1H DOSY NMR (in CDCl3) of cycled AQ-1,8-3E-OH. The x-axis represents the 1H 
chemical shift, and the y-axis represents the relative diffusion rate. The spectrum shows two 
species with different diffusion coefficients. The decomposition product has a smaller diffusion 
coefficient compared to AQ-1,8-3E-OH, which suggests that the decomposition product has a 
larger hydrodynamic radius. 
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Figure S17. (a) High resolution LC-MS (negative mode) spectrum of the cycled sample shows 
the presence of two species eluted from the LC column with retention times of 9.6 and 9.4 minutes, 
respectively. (b) The former has a mass/charge ratio of 549.1979, corresponding to the mass of 
AQ-1,8-3E-OH plus a formic acid adduct, and (c) the latter has a mass/charge ratio of 1023.4233, 
corresponding to the mass of 1,1',8,8'-tetrakis(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)-[9,9'-
bianthracene]-10,10'(9H,9'H)-dione plus a formic acid adduct. The existence of isotopes generates 
a cluster of peaks (isotope peaks); all peaks in a cluster are of the same molecular formula. 
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Scheme S1. Proposed decomposition pathways. In pathways I and II, the reduced AQ is protonated, 
and in pathways III and IV, it is not. In pathways I and III, the reduced AQ is directly dimerized. 
In pathways II and IV, PEG-anthrone forms first and then dimerizes in a second step. 
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Table S3. Calculated energy, using Gaussian 16, M06/3-21G method/basis-set with SMD, for each 
species in the decomposition pathway as shown in Scheme S1. *Energy refers to electronic energy. 

Name Energy* (Hartree) 
a. 1,8-bis(2-(2-(2-

hydroxyethoxy)ethoxy)ethoxy)anthracene-9,10-dione -1751.915 
b. 1,8-bis(2-(2-(2-

hydroxyethoxy)ethoxy)ethoxy)anthracene-9,10-diol -1753.115 
c. 1,1',8,8'-tetrakis(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)-

10H,10'H-[9,9'-bianthracenylidene]-10,10'-dione -3354.245 
d. 4,5-bis(2-(2-(2-

hydroxyethoxy)ethoxy)ethoxy)anthracen-9(10H)-one -1678.298 
e.1,1',8,8'-tetrakis(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)-

[9,9'-bianthracene]-10,10'(9H,9'H)-dione -3355.499 
H2O -75.968 

 
Table S4. Calculated energy, using Gaussian 16, M06/3-21G method/basis-set with SMD, for the 
initial, intermediate, and final states. The differences in electronic energy, ΔE, compared with the 
initial state are listed in column 3. 

State Energy (Hartree) ΔE (kcal/mol) 
Initial: 3*b -5259.346 0 

Path A intermediate: c+b+2*H2O -5259.298 30.642 
Path B intermediate: a+b+d+H2O -5259.297 31.101 

Final: a+e+2*H2O -5259.351 -2.573 
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Figure S18. Irreversible pH change during long term cycling in a glovebox is explained by the 
hydroxide generation associated with the decomposition of charged AQ-1,8-3E-OH. Electrolytes 
comprised 7 mL of 0.1 M AQ-1,8-3E-OH (negolyte) in 1 M KCl and 40 mL of 0.1 M potassium 
ferrocyanide and 0.04 M ferricyanide (posolyte) in 1 M KCl. The applied current density was 50 
mA/cm2. 
 
Cost Considerations 
 
The mass production cost of AQ-1,8-3E-OH is presently unknown, but the expected price is 
similar to that of 1,8-DHAQ since the synthesis is a facile one-step Williamson etherification with 
cheap halogenated-ethylene-oxide as a reagent. In addition, at industrial scale, purification through 
column chromatography is likely unnecessary when reaction temperature and time are optimized 
to produce purer products in a one-pot reaction. Therefore, the cost of 1,8-DHAQ should be the 
dominant component in the production of AQ-1,8-3E-OH. Danthron, or 1,8-DHAQ, is found in 
green vegetables and widely used as precursor for dye molecules. Although the market price for 
mass-produced 1,8-DHAQ is unknown, current prices for lab-scale 1,8-DHAQ from Sigma 
Aldrich, AK Scientific, and TCI America are $0.274/g, $0.226/g, and $0.814/g, respectively, 
which are, on average, more than fifty times cheaper than corresponding values for 2,6-DHAQ. 
Therefore, we expect the mass-production price for 1,8-DHAQ also to be lower than that for 2,6-
DHAQ, which was projected to be $0.92/kg-$3.92/kg10, 5� Yuan et al.25 reported the cost of 
sodium ferrocyanide as $1.07/kg; therefore, the large-scale cost of material is expected to be quite 
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low. Costs should be further reduced by the use of a non-fluorinated membrane and by the absence 
of strong base or acid in the electrolyte, enabling the use of less corrosion-resistant electrolyte-
contacting materials. 
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