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Development of High Energy Density Diaminocyclopropenium-
Phenothiazine Hybrid Catholytes for Non-Aqueous Redox Flow

Batteries

Yichao Yan, David B. Vogt, Thomas P. Vaid, Matthew S. Sigman, and Melanie S. Sanford*

Abstract: This report describes the design of
diaminocyclopropenium-phenothiazine  hybrid
catholytes for non-aqueous redox flow batteries.
The molecules are synthesized in a rapid and
modular fashion by appending a diaminocyclo-
propenium (DAC) substituent to the nitrogen of a
the phenothiazine. Combining a versatile C-N slow;solu
coupling protocol (which provides access to
diverse derivatives) with computation and struc-
ture-property analysis enabled the identification of
a catholyte that displays stable two-electron cy-
cling at potentials of 0.64 and 1.00 V vs. Fc/Fc* as
well as high solubility in all oxidation states (>
0.45 M in TBAPF/MeCN). This catholyte was
deployed in a high energy density two-electron
RFB, exhibiting >90 % capacity retention over
266 hours of flow cell cycling at > 0.5 M electron
concentration.
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Introduction

Nonaqueous redox flow batteries (RFBs)
offer opportunities for achieving high energy
density storage due to the large electrochemical
potential window of organic solvents."?! To take
complete advantage of this large potential win-
dow, it is critical to develop storage materials
(catholytes and anolytes) that undergo multiple
reversible redox reactions at extreme potentials, exhibit high
solubility in all oxidation states, and possess high calendar and
cycling stability.?" Over the past decade, a variety of
anolytes that fit these criteria have been identified.'*?'*] In
marked contrast, their multi-electron catholyte counterparts
remain extremely limited.®>") Phenothiazine is a rare exam-
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Figure 1. Evolution of phenothiazine-based catholytes.

ple of a catholyte that undergoes two reversible electron
transfers in organic solvents."!:12028 However, as depicted
in Figure 1, existing phenothiazine derivatives suffer from
some combination of modest solubility, modest oxidation
potential, and/or poor electrochemical stability for the second
couple. 11152

Several research teams have made progress in the
molecular engineering of next-generation phenothiazine de-
rivatives (Figure 1).2%22 Odom and co-workers conduct-
ed early investigations of the parent N-ethyl phenothiazine
(1) and disclosed that it suffers from low solubility (0.1 M for
the neutral molecule and 0.1 M for the radical cation in
TEABF,/MeCN) and an unstable second oxidation.” As
shown in Figure 1A, their team initially used molecular
engineering to address each of these individual properties. For
instance, they showed that replacing the N-ethyl substituent
with an N-oligoethylene oxide (OEOQO) chain (1-OEO)
resulted in dramatically enhanced solubility for both the
neutral (miscible) and radical cation (0.5M) in TEABF,/
MeCN. However, the second oxidative couple of 1-OEO
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remained unstable, so only single-electron cycling could be
achieved.”™ In a separate study, Odom and co-workers
demonstrated that stable two-electron cycling could be
realized by installing electron-donating methoxy (MeO-)
substituents at the 3- and 7- sites of the phenothiazine core (1-
OMe). However, this resulted in a significant (~300 mV)
decrease in the redox potential for each couple."*! In
addition, the solubility of 1-OMe is poor (0.05M in 0.5 M
TEATFSI/MeCN).

Second-generation approaches have leveraged these early
insights to simultaneously optimize two properties of pheno-
thiazines (Figure 1B). For instance, Odom and co-workers
demonstrated that integrating oligoethylene oxide groups at
the 3- and 7-sites (2-OEQO) results in enhanced solubility
(miscible) as well as stable two-electron cycling, albeit at low
potentials (0.06 and 0.65 V vs. Fc/Fct).”¥ Additionally, our
group recently showed that installing resonance electron-
withdrawing diaminocyclopropenium substituents at the 3-
and 7- positions (2-DAC) results in both stabilization of the
second redox couple and an ~600 mV increase in redox
potential relative to 1-OMe (to 0.6 and 1.2 V).** However, 2-
DAC remains limited by extremely poor solubility in the
electrolyte solution (0.09 M in MeCN). Additionally, 2-DAC
derivatives bearing different substituents are not readily
accessible due to challenges associated with the C—C bond-
forming step that couples the DAC to the phenothiazine core.

In this report, we identify next generation diaminocyclo-
propenium-phenothiazine hybrid catholytes of the general
structure 3 that can be synthesized in a rapid and modular
fashion, thus expediting molecular engineering of all three
key properties simultaneously (Figure 1C). We demonstrate
that attaching the DAC to phenothiazine via a C—N bond
(rather than a C—C bond) circumvents the
synthetic challenges associated with 2-DAC.

Combining this modular C-N coupling protocol
with computation and structure-property analy-
sis enabled the identification of a derivative that

displays stable two-electron cycling at high
potentials (0.64 and 1.00 V vs. Fc/Fct) as well /©: D\ —> /C[ D\

as high solubility (> 0.45 M in TBAPF¢/MeCN in
all relevant redox states). This catholyte was
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for enhancing solubility.”>**! However, many analogues of 2-
DAC bearing different R groups were not synthetically
available because the C—C coupling of the phenothiazine
with the cyclopropenium requires bulky diisopropylamino
groups in order to limit side reactions. Additionally, the
original scaffold design and synthetic approach does not
accommodate diverse substituents on the phenothiazine core.

We reasoned that these challenges could be addressed by
changing the attachment linkage between the two compo-
nents. Specifically, we hypothesized that diverse DAC and
phenothiazine derivatives could be coupled in a single
synthetic step via a carbon-nitrogen bond-forming reaction
between the parent phenothiazine and 1-chloro-2,3-bis(dial-
kylamino)cyclopropenium chlorides.’”* Diverse substitu-
tion can be incorporated on both reaction partners, enabling
the one-step synthesis of 10 derivatives (Scheme 1, series 3
and 4). All products were characterized via 'H and *C NMR
spectroscopy as well as high resolution mass spectrometry.

The redox properties of the catholyte candidates in series
3 and 4 were initially interrogated using cyclic voltammetry
(CV). CV experiments were conducted using 5 mM solutions
of the redox active molecules in 0.5 M TBAPF,/MeCN with
a glassy carbon working electrode (0.071 cm?, BASi) and
a scan rate of 100 mVs™'. Representative CVs are shown in
Figure 2, and the redox potential (vs. Fc/Fc*) and peak height
ratio for each couple are summarized in Table 1.

The phenothiazine-derived compound 3-Pr undergoes
two single-electron oxidations at 0.70 and ~1.40 V vs. Fc/Fc™.
Notably, these oxidation potentials are 100-200 mV higher
than those of 2-DAC (0.60 and 1.20 V vs. F¢/Fc*), despite the
presence of a single DAC moiety on 3-Pr. However, unlike 2-
DAC, the second oxidation is not reversible, as indicated by
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Figure 2. Left: CV of 3-Pr. Right: CVs of 4-'Pr (black) and 4-"Pr (red). CVs conducted with 5 mM solutions of
the redox active molecules in 0.5 M TBAPF; in MeCN at 100 mVs ™' scan rate.

Table 1: CV data of all compounds.

compound 1% E, iper/1part™ 2" E, ipca/par"™

3-pr 0.70V 0.93 1.40V irreversible
3-"Pr 0.72V 0.90 130V 0.83
4-pr 0.47V 1.00 1.04V 0.97
4-"pr 0.67V 0.99 1.00V 1.02
4-Me 0.65V 0.97 1.01V 1.02
4-Et 0.65V 0.92 1.00V 1.01
4-EtBu 0.65V 0.92 1.00V 1.07
4-py 0.65V 0.96 0.95V 1.07
4-Pip 0.63V 0.97 1.00V 1.03
4-DMPP 0.64V 0.93 1.00V 1.05

[a] 2.5 mM substrate in 0.5 M TBAPF6/MeCN and referenced to Fc/Fc™.
[b] Calculated at a scan rate of 20 mVs ™.

the lack of a significant return wave for this peak (Fig-
ure 2 left). In addition, 3-'Pr exhibits only modest (0.15 M)
solubility in 0.5 M TBAPF;/MeCN. The n-propyl derivative 3-
"Pr undergoes oxidation at slightly higher potentials (0.72 and
1.30 V vs. Fc/Fc™) but also exhibits low stability in the second
redox couple (i,./i,» =0.83, see Figure S2 for multiple CV
scans of 3-"Pr). However, the solubility of 3-"Pr is more than
five-fold higher than that of 3-Pr (0.86 in 0.5 M TBAPF/
MeCN), indicating that modification of the DAC substituents
is an effective approach to tuning solubility in these systems.

On the basis of Odom’s previous work,”” we reasoned
that the reversibility of the second redox couple could be
enhanced by introducing methoxy (MeO-) substituents at the
3- and 7-positions of the phenothiazine core. To test this
hypothesis, we synthesized and evaluated 4-iPr. As illustrated
in Figure 2 right, the CV of 4-iPr displays two single-electron
oxidations at 047V and 1.04 vs. Fc/Fc'. While these
potentials are 200400 mV lower than those of 3-iPr, the
second oxidation exhibits significantly enhanced reversibility
versus that of 3-iPr (i,./i,,, = 0.97 at a scan rate of 100 mV st
for the oxidation at 1.04 V in 4-iPr).

We next changed the amine substituent from isopropyl to
n-propyl with the goal of improving the solubility of 4-Pr
(which is just 0.08 M in 0.5 M TBAPF,/MeCN). Indeed, 4-"Pr
exhibits > 15-fold higher solubility than 4-Pr (1.42 M in 0.5 M
TBAPF,/MeCN). Unexpectedly, the oxidation potential also
changes significantly between the iso-propyl and n-propyl
derivatives. While the second oxidation occurs at comparable
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atives bearing methyl (4-
Me), ethyl (4-Et), ecthyl
butyl (4-EtBu), pyrroli-
dine (4-Py), piperidine (4-
Pip), and 2,6-dimethylpi-
peridine (4-DMPP) sub-
stituents. As summarized in Table 1 and Figure 2, these
derivatives all show two reversible oxidations with peak
height ratios close to 1. Furthermore, their oxidation poten-
tials are all nearly identical to those of 4-"Pr. Thus, rather than
a trend of potential as a function of nitrogen substituent, we
see that 4-'Pr is the only molecule with a lower first redox
potential.

To investigate the origin of this outcome, we turned to
computational analysis via density-functional theory (DFT;
see Supporting Information for complete details). We hy-
pothesized that oxidation potential in these systems is
influenced by overlap between the electron-poor cyclopro-
penium and electron-rich phenothiazine orbitals, which
affects the overall charge distribution in the molecule. To
evaluate this proposal, we collected Boltzmann-averaged data
from a conformational ensemble of each molecule in series 4
(Table 1). We collected these data for both the unoxidized
molecule (+ 1 charge, 4) and the two oxidation products [+ 2
charge (4") and + 3 charge (4™)].

These studies reveal that the steric bulk of 4-Pr imposes
a drastic geometric change that accompanies removal of the
first electron (ADAC™ twist ., =71°, Figure 3A) and ulti-
mately results in nearly perpendicular (DAC™* twist =87°),
and thus unconjugated, ring systems in the first oxidation
product 4-"Pr'*. In contrast, this geometric change is much less
pronounced in the other series 4 electrolytes (average
ADAC™ twist(,,=29+0.6° for all series 4 compounds
excluding 4-'Pr, Figure 3A, 4-Me shown as representative
example), thus yielding a more conjugated first oxidation
product (DAC™" twist =46° for 4-Me'"). This effect can also
be seen in Figure 3B when comparing the singly occupied
molecular orbital (SOMO) of the first oxidation products, 4-
Pr' and 4-Me"".

Opverall, this analysis indicates that the first oxidation of 4-
Pris effectively isolated to the dimethoxyphenothiazine core,
with the DAC substituent serving as an inductive electron
withdrawing group. This results in a positive shift in potential
relative to that of the parent 1-OMe (from 0.06 V t0 0.47 V vs.
Fc/Fc*). In contrast, the first oxidation of 4-Me occurs across
both rings, and thus can be viewed as a mixture of the two
component redox potentials, resulting in a significantly more
positive first oxidation potential (at 0.65 V vs. Fc/Fc*).

E (V vs Fc/Fc*)
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Figure 3. A) Geometry changes accompanying the first oxidation of 4-
Me (used as a representative example of the series 4 compounds; data
for the other series 4 molecules is in the Supporting Information) and
4-Pr. “DAC " twist” is visualized by the dihedral angle highlighted in
pink. B) HOMO and SOMO of 4-Me and 4-Pr before (41 charge) and
after the first oxidation (42 charge).

While the first oxidation of 4-Pr occurs at lower potential
than that of the other series 4 derivatives in Table 1, the
second oxidation is at nearly the same potential (~ 1.0 V) for
all eight compounds. We evaluated the geometries and
frontier molecular orbitals of the second oxidation products
(4") and found a uniformly insignificant amount of geo-
metric reorganization accompanying the removal of the
second electron (average ADAC™ twist(,, =12 £8° for all
series 4 compounds). Additionally, for both 4-Pr" and 4-
Me", the majority of SOMO electron density is concentrated
on the phenothiazine portion of the molecule despite 4-Pr
having less conjugation between the rings (Figure 3B, 4-Pr"
and 4-Me* SOMO). This suggests that conjugation between
the two rings plays a minimal role in the second oxidation.
Thus, the large difference in DAC™" twist angle between the
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two structures (which is maintained in 4-Pr'" and 4-Me ",
see Supporting information for complete details) does not
manifest in significantly different potentials for this second
oxidation.

We next compared capacity retention in series 4 deriva-
tives during charge-discharge cycling in a static H-cell. These
experiments were conducted in a three-electrode H-cell
separated with an ultrafine glass frit, using reticulated
vitreous carbon (RVC) working and counter electrodes.
Two-electron cycling was conducted with a 2.5 mM solution of
4 in 0.5 M TBAPFy/acetonitrile on both the working and
counter electrode sides of the cell. After the initial charge, the
solution on the counter electrode side was exchanged for
a fresh solution of 4 in 0.5 M TBAPF/acetonitrile to enable
symmetrical two-electron cycling. The solution on the work-
ing side of the cell was charged at a rate of 2.5 C using voltaic
cutoffs to achieve the maximum state-of-charge (SOC). The
discharged capacity was then monitored versus cycle number
to assess capacity retention. As summarized in Table 2, over
100 cycles all eight of these derivatives show comparable
capacity fade (14-31%) and coulombic efficiency (98-99 %)
while charging similar amounts of catholyte during cycling
(achieving 78-87 % of theoretical capacity).

Table 2: Capacity retention data for the two-electron cycling of 4 in an H-
cell.

compound accessed capac- coulombic effi-  capacity fade in

ity [%] ciency [%] 100 cycles [%)]
4-Me 77.7 >98 28.7
4-Et 80.0 >98 21.2
4-"Pr 81.7 >98 31.7
4-Pr 78.3 >99 14.9
4-EtBu 84.8 >99 13.8
4-Py 86.5 >99 17.5
4-Pip 85.8 >99 15.2
4-DMPP 81.9 >99 14.5

[a] 2.5 mM substrate in 0.5 M TBAPFs/MeCN.

Based on the similar charge-discharge cycling data for the
compounds in series 4, we moved forward with the most
soluble of these derivatives for flow cell cycling. While 4-Me,
4-Et, 4-"Pr, 4-'Pr, 4-pip, and 4-py are solids at room temper-
ature, 4-EtBu and 4-DMPP are viscous oils that are fully
miscible in 0.5 M TBAPF/MeCN. Thus, each of these two-
electron catholytes was next cycled in a flow cell, using
viologen 5 (see Figure 4) as a two-electron anolyte.”2%34]
The flow cell contains graphite charge collecting plates with
an interdigitated flow field in combination with 400 pm thick
carbon-felt electrodes. The electrolyte solutions were flowed
through the cell at 10 mLmin~' and were subjected to
galvanostatic cycling at 40 mA cm 2 The cell was separated
by a Celgard 4560 membrane. For initial cycling studies, the
catholyte and anolyte reservoirs were loaded with identical
solutions containing 50 mM of 4-EtBu or 4-DMPP and
50 mM of 5 in 0.50 M MeCN/TBAPF. In these systems, the
electron concentration is 0.1 M, with a battery potential up to
2.2'V, and a theoretical capacity of 2.68 AhL™".

Angew. Chem. Int. Ed. 2021, 60, 27039 —27045
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Figure 4. a) Flow cell cycling of 50 mM 4-DMPP or 4-EtBu as catholyte and 50 mM 5 as anolyte. b) CVs after flow cell cycling of 4-EtBu
(black=anolyte side of cell; red = catholyte side of cell). c) CVs after flow cell cycling of 4-DMPP (black =anolyte side of cell; red = catholyte side
of cell); d) Electrochemical impedance spectroscopy (EIS) on cells for before and after 100 cycles.

Figure 4 shows the capacity retention data (panel a), pre-
and post-cycling CVs (panels b and c), and pre- and post-
cycling electrochemical impedance spectroscopy (EIS) meas-
urements for the two flow cell experiments. The flow cells
with 4-EtBu/5 and 4-DMPP/5 exhibit dramatically different
performances, despite similar levels of material utilization
(78 % and 85 %, respectively) and coulombic efficiency (91 %
and 92 %, respectively) during cycling.[*!! The 4-EtBu/5 flow
cell shows much lower capacity retention over 100 cycles
(20% versus 91 % for 4-DMPP/5). The post-cycling CV from
the catholyte side of the 4-EtBu/5 cell (Figure 4b, red) shows
that the reduction of § is no longer reversible. In addition, the
post-cycling electrochemical impedance spectroscopy (EIS)
of the 4-EtBu/S cell shows an approximately 20-fold increase
in the impedance. Collectively, these data suggest that
decomposition of 4-EtBu and 5 is occurring during flow cell
cycling, likely depositing insoluble material on the electrodes
and/or the membrane. The post-run CVs indicate that this is
particularly problematic for the catholyte side of the cell,
suggesting decomposition/side reactions between either 4-
EtBu" or 4-EtBu*" and the anolyte 5. We also note that the
cycling performance of 4-EtBu is moderately improved when
the experiment is conducted in the dark vs. in ambient light
(34% vs. 20 % capacity retention), suggesting that light plays
a role in capacity fade in this system. This result is consistent
with a recent report suggesting that n-alkyl substituted
aminocyclopropenium derivatives are susceptible to light-
mediated decomposition due to the accessibility of the a-
protons.*l

Based on the initial flow cell results, the 4-DMPP/5
system was selected for high concentration cycling. To assess
the maximum feasible concentration for this battery, we
evaluated solubility in the two limiting oxidation states: 4-

Angew. Chem. Int. Ed. 2021, 60, 27039 — 27045
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DMPP and 4-DMPP** (the product of two-electron oxida-
tion). 4-DMPP*" was prepared by bulk electrolysis (see
Supporting Information for complete details).”** The max-
imum solubilities of 4-DMPP and 4-DMPP'* were then
determined to be miscible and 0.45 M, respectively, in 0.5 M
TBAPF/MeCN. Importantly, because 4-DMPP undergoes
two electron transfers, the limiting 0.45 M concentration of 4-
DMPP " corresponds to a 0.90 M electron concentration.

The mass transport and electrokinetics of 4-DMPP were
also evaluated. These properties are important for flow
battery applications because fast diffusional and electron-
transfer processes are critical for achieving high current
densities and low overpotentials.[*¥! The diffusion coefficient
was determined by varying the CV scan rate from 20 to
300 mVs™' and then applying the Randles-Sevcik equation
(Figure S4). The observed values for 4-DMPP (first couple:
5.77x10°cm?s™!; second couple: 4.51x10°cm?s™") are
comparable to those for other organic catholyte materials,
including ferrocene derivative FcIN112-TFSI  (4.25x
1077 em?*s™)™ and dialkoxybenzene derivative DBMMB
(5.77x107° cm?s™"),™! as well as the related pheonthiazine
derivatives 2-OEO (0.8x107°cm?s )1 and 2-DAC (first
couple:  529x10°cm?s™'; second couple:  4.99x
10 cm?s™!).% The heterogeneous electron-transfer rates
were determined to be 4.84 x 1073 cms™" (first couple) and
4.62x 107 cms™! (second couple) using the Nicholson meth-
od (Figure S5).1l Again, these are comparable to those for
other catholyte materials, including 5,10-dihydro-5,10-dime-
thylphenazine  (5.53x10%cms ™), V(acac);  (6.5x
10~ ems™),® and 2-DAC (first couple: 2.53x 107 cm?®s™!;
second couple: 3.47 x 107> cm?s ™).

A high concentration flow cell was assembled using
a mixture of 4-DMPP (0.30 M in 0.50 M MeCN/TBAPF) and
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5 (0.60 M in 0.50 M MeCN/TBAPF;) as both the catholyte
and anolyte.[*"] For this experiment only the first reduction of
5 was accessed due to the modest solubility and stability of the
doubly reduced viologen at high concentration. As such, the
maximum cell potential in this system is 1.8 V. The charging
and discharging rates were set to 60 mA cm 2. These relatively
fast rates are possible despite the high concentration due to
the low resistance of the Daramic-175 membrane. The
theoretical capacity of this system is 16.08 AhL™', and the
initial material utilization is 84 %. As shown in Figure Sa,
over 300 cycles (266 hours) 92.5% capacity retention was
achieved with 89 % coulombic efficiency and ~70% energy
efficiency, demonstrating the long-term cycling stability of 4-
DMPP.*l Moreover, CVs of the diluted solution after cycling
show no change in concentration of active species (Fig-
ure 5b). Instead, the observed capacity fade appears to be due
to pressure/viscosity differences that result in preferential
diffusion of the electrolyte solution to create a volume
discrepancy in the reservoirs at the end of the experiment.

Conclusion
In summary, a novel soluble, high potential two-electron

catholyte for non-aqueous RFBs has been developed. The
discovery was enabled by linking phenothiazine to diamino-
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Figure 5. a) Flow cell cycling of 0.3 M of 4-DMPP as catholyte and
0.6 M of 5 as anolyte. b) CV after cycling on both sides.
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cyclopropenium scaffolds via a C—N bond. The formation of
this C—N bond is synthetically straightforward, thus facilitat-
ing the rapid, one-step synthesis of diverse derivatives and
evaluation of the relationship between chemical structure and
electrochemical and solubility properties. This enabled the
simultaneous optimization of three key properties (solubility,
two electron redox, and redox potential), resulting in
a catholyte, 4-DMPP, with one of the best combination of
properties reported to date for this application (see Table S2
for a comparison of the redox potential, cycling stability, and
discharge energy density of related systems). For instance, this
molecule exhibits dramatically enhanced solubility and en-
ergy density relative to our previous generation of pheno-
thiazine/diaminocyclopropenium hybrid catholyte 2-DAC. In
addition, the electrochemical cycling stability of 4-DMPP far
exceeds that of related high potential single electron cath-
olytes, such as thiocyclopropenium derivatives (for compar-
ison data, see Figure S9 and S10). Ultimately, we anticipate
that this approach could prove generalizable to other
catholyte candidates bearing amine and/or N-heterocyclic
cores.
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