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ABSTRACT: Developing multicharge and spin stabilization strat-
egies is fundamental to enhancing the lifetime of functional organic
materials, particularly for long-term energy storage in multiredox
organic redox flow batteries. Current approaches are limited to the
incorporation of electronic substituents to increase or decrease the
overall electron density or bulky substituents to sterically shield
reactive sites. With the aim to further expand the molecular toolbox
for charge and spin stabilization, we introduce regioisomerism as a
scaffold-diversifying design element that considers the collective and
cumulative electronic and steric contributions from all of the
substituents based on their relative regioisomeric arrangements.
Through a systematic study of regioisomers of near-planar aromatic
cyclic triindoles and nonplanar nonaromatic cyclic tetraindoles, we
demonstrate that this regioisomeric engineering strategy significantly enhances the H-cell cycling stability in the above two new
classes of 2e− catholytes, even when current strategies failed to stabilize the multicharged species. Density functional theory
calculations reveal that the strategy operates by redistributing the charge and spin densities while highlighting the role of aromaticity
in charge stabilization. The most stable 2e− catholyte candidate was paired with a viologen derivative anolyte to achieve a proof-of-
concept all-organic flow battery with 1.26−1.49 V, 98% capacity retention, and only 0.0117% fade/h and 0.00563% fade/cycle over
400 cycles (192 h), which is the highest capacity retention ever reported over 400 cycles in a multielectron all-organic flow battery
setup. We anticipate regioisomeric engineering to be a promising strategy complementary to conventional electronic and steric
approaches for multicharge and spin stabilization in other functional organic materials.

■ INTRODUCTION
Charge and spin stabilization is crucial to enhancing the
performance and lifetime of functional organic materials,
particularly in applications like long-term data and energy
storage.1−3 Among the various types of energy storage systems,
redox flow batteries (RFBs) are a promising class of technology
that enable long-term grid-scale interconversion of electrical and
chemical energy. This is achieved using flowable catholytes and
anolytes circulating between electrochemical cells and separated
storage reservoirs.4−7 With their capacity decoupled from
power, RFBs offer engineering flexibility and economic
advantages for large-scale energy storage.7,8 Numerous single-
electron (n = 1) organic catholytes9−16 and anolytes17−23 with
high cycling stability in nonaqueous systems have been reported
over the past decade. To further push the energy density limits,
designing multielectron (n > 1) organic electrolytes with high
cycling stability is an appealing strategy.24−28 However, this has
been a challenge from a theoretical and experimental aspect as
radical and multicharged organic species are highly reactive and
susceptible to decomposition.24,27,29−32 Therefore, deconvolut-
ing the fundamental principles of charge and spin stabilization
and developing multicharge and spin stabilization strategies are
imperative in guiding the design of future RFBs.

The classical strategy for thermodynamic charge and spin
stabilization in π-extended systems typically involves the
incorporation of electron-donating substituents or heterocycles
to stabilize cationic and oxidized species1,2,29−31,33−35 and
electron-withdrawing substituents or heterocycles to stabilize
anionic and reduced species (Figure 1a).1,2,26,27,32,34,35 Alter-
natively, another classical strategy involves kinetic stabilization
by incorporating sterically bulky groups that block reactive sites
from interacting with external species that facilitate decom-
position (Figure 1a).1,2,26,27,34−36 Since most multielectron
redox-active scaffolds usually consist of multiple substituents or
heterocycles,24,26,28−32 the charge and spin stabilization ability
of a molecule depends on the collective and cumulative
electronic and steric contributions from all the substituents
based on their regioisomeric arrangements and relative
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orientations in a π-system. Therefore, despite being mainly
studied to improve solubility in a battery context,37−40

regioisomerism could also be engineered to achieve charge
and spin stabilization and cycling stability enhancement of
RBFs.

Previous structure−property studies on redox-active mole-
cules showed that derivatives with different symmetry point
groups constructed by shuffling functional groups around a π-
core display drastic differences in the electrochemical stability of
charged states.41−43 However, the actual role and significance of

Figure 1. (a) Classical strategies for multicharge and spin stabilization in a representative 2e− catholyte and 2e− anolyte employed in previous studies.
(b) Regioisomeric engineering for multicharge and spin stabilization in two new classes of 2e− catholytes reported in this work.
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Figure 2. (a) CVs of SCT (1a) and ACT (2a). (b) Normalized discharge capacity and Coulombic efficiency versus the cycle number of 1e− H-cell
cycling (pink) and 2e− H-cell cycling (red) of SCT (1a) and 2e− H-cell cycling (blue) ofACT (2a). (c) Precycling (solid line) and postcycling (dotted
line) CVs of 1e− H-cell cycling of SCT (1a). (d) Potential versus capacity plots for cycles 1, 2, 3, 25, 50, 75, and 100 of 1e− H-cell cycling of SCT (1a).
(e) Precycling (solid line) and postcycling (dotted line) CVs of 2e− H-cell cycling of SCT (1a). (f) Potential versus capacity plots for cycles 1, 2, 3, 25,
50, 75, and 100 of 2e− H-cell cycling of SCT (1a). (g) Precycling (solid line) and postcycling (dotted line) CVs of 2e− H-cell cycling of ACT (2a). (h)
Potential versus capacity plots for cycles 1, 25, 50, 75, and 100 of 2e− H-cell cycling of ACT (2a). [CV: 5 mM catholyte, 0.5 M TBAPF6/MeCN
solution, scan rate = 100 mV/s, glassy carbon working electrode, Pt counter, Ag/Ag+ (10 mM AgBF4), and N2 glovebox] H-cell cycling: 5 mM
catholyte, 0.5 M TBAPF6/MeCN, RVC electrodes, Ag/Ag+ reference (10 mM AgBF4/0.5 M TBAPF6), 5 mA charge and discharge, for 1e− cycling:
voltage cutoff = (E1/2

ox1 ± 0.35) V; for 2e− cycling: lower voltage cutoff = (E1/2
ox1 −0.35) V, and upper voltage cutoff = (E1/2

ox2 + 0.35) V.
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regioisomerism on the electronic structure as well as charge and
spin stabilization remain either unexplored43 or debatable,
primarily due to the lack of in-depth systematic studies and the
presence of multiple variables that are critical to charge and spin
stabilization, such as molecular planarity41 or charged states
solubilities.42 Therefore, deconvolution of the effect of
regioisomerism on the stability of charged or radical species is
essential for leveraging regioisomerism as a rational design
element for spin and charge stabilization. Based on the well-
known resonance effect, where ortho- or para-positions
experience stronger π-donating or withdrawing effects via
resonance compared to meta-positions, we hypothesize that
increasing ortho- and para-resonance interactions among spin
and charge stabilizing substituents increases spin and charge
stabilization and hence cycling stability. This fundamental
concept of charge stabilization via resonance effect has
previously been used to rationalize observations such as the
regioselectivities of aromatic substitution patterns,44,45 excep-
tional stabilities of isolable Meisenheimer complexes,45 and pKa
of organic acids.46,47 Therefore, we envisioned that applying this
concept, which is largely unexplored in the flow battery context,
could introduce regioisomerism as a novel platform for
electrolyte optimization (Figure 1b). To test this hypothesis, a
systematic and comparative study of regioisomers would
interrogate the differences regarding experimental galvanostatic
charge−discharge cycling stabilities and provide computational
descriptors that could be employed in electrolyte engineering.
Aromatic near-planar cyclic triindoles48,49 and nonaromatic
nonplanar cyclic tetraindoles50 were selected as model plat-
forms. Both compound classes feature regioisomerism with
alterable orientations of indoles, and thus, N-donor atoms
around a core ring as well as synthetically accessible
regioisomers51−53 that display two well-defined oxidation
peaks.48−51 Utilizing the considerable differences in aromatic-
ity50,51 and conformation50,51,53,54 between the two classes of
compounds, the sensitivity of the regioisomeric engineering
strategy to variations in aromaticity and geometrical distortions
will also be discussed.
Herein, we report that rational regioisomeric engineering

effectively enhances the experimental galvanostatic 2e− cycling
stability of both the aromatic near-planar cyclic triindoles and
nonaromatic nonplanar cyclic tetraindoles by increasing the
ortho- (or 1,2-) and para- (or 1,4-) arrangements among charge-
stabilizing indole-N donor substituents (Figure 1b). Computa-
tional insights from density functional theory (DFT) calcu-
lations revealed that the regioisomeric engineering strategy
alters the charge and spin distributions in the radical cationic and
dicationic states, confirming the importance of regioisomerism
for charge and spin stabilization. Lastly, the asymmetrical cyclic
tetraindole catholyte candidate that displays the highest H-cell
cycling stability is paired with a viologen derivative and deployed
in a proof-of-principle all-organic flow battery with 1.26−1.49 V,
98% capacity retention, and only 0.0117% fade/h and 0.00563%
fade/cycle over 400 cycles (192 h), which is the highest capacity
retention ever reported over 400 cycles in a multielectron all-
organic flow battery setup.

■ RESULTS AND DISCUSSION
Multicharge and Spin Stabilization in Near-Planar

Aromatic Cyclic Triindoles. Cyclic triindole has two
regioisomers: high-symmetry SCT and low-symmetry ACT
(Figure 1b).48,49 In SCT, the indoles establish a head-to-tail
linkage, resulting in a configuration where all three indole-N

atoms are symmetrically distributed around the core ring in an
all-meta-fashion. In contrast, in ACT, the orientation of one of
the indoles is reversed with respect to SCT, yielding asym-
metrically distributed indole-N atoms with ortho-, para-, and
meta-arrangements. We began our studies by synthesizing SCT
and ACT (see Section II of the Supporting Information), with
polyethylene glycol (PEG) chains incorporated to ensure high
miscibility in MeCN. The electrochemical properties of SCT
andACTwere initially evaluated using cyclic voltammetry (CV)
(see Section IV of Supporting Information). According to the
CV data shown in Figure 2a, SCT showed two quasi-reversible
oxidation peaks at +0.40 and +0.89 V vs the ferrocene/
ferrocenium redox couple (Fc/Fc+), whereas ACT showed two
reversible oxidation peaks at +0.25 and +0.65 V vs Fc/Fc+ at a
scan rate of 100 mV/s. Compared to SCT, ACT exhibits a 150
and 240 mV decrease in the first and second oxidation
potentials, respectively. This observation can be ascribed to
the fact that symmetry lowering breaks orbital degeneracies,
thereby increasing the energy of the highest occupied molecular
orbital55 (cf., Figure S37), which consequently results in slightly
lower oxidation potentials in ACT.49

The CV data showed that both compounds were moderately
stable on a relatively short CV time scale. However, for
successful deployment in RFBs, the catholytes must exhibit
long-term stability across all oxidation states. Galvanostatic H-
cell 2e− charge−discharge cycling of SCT and ACT provided
insights into how regioisomerism affects the long-term stability
of the charged species, wherein the relative capacity fade per
hour is monitored over 100 cycles (Figure 2b). Despite being
electron-rich, SCT unexpectedly exhibited significant decom-
position during the first charging event [Figure 2b (red trace)].
As shown in Figure 2d, the first oxidation during the first
charging event of SCT occurred at around +0.40 V vs Fc/Fc+
with a charging time in good agreement with the electron
stoichiometry of a 1e− oxidation, indicating the formation of the
radical cation SCT•+. However, the charging time of the second
oxidation in the first charging event significantly exceeded the
time required for a 1e− oxidation by more than two times. The
subsequent discharge curve in the first cycle dropped rapidly
with the disappearance of a two-step rereduction of the oxidized
species, showing that no active material is left for discharge. This
observation suggests the irreversible formation of redox-active
decomposition products upon formation of the radical cation.
Postcycling CV data also showed multiple new oxidation peaks
at higher potentials than the second oxidation, confirming that
any remaining capacity retention in the subsequent cycles is
likely due to the charging and discharging of the redox-active
decomposition products instead of SCT (Figure 2c). Data from
the 1e− cycling of SCT showed a similar capacity fade profile
[Figure 2b (pink trace) and Figure 2f] and postcycling CV
features (Figure 2e), further confirming that decomposition
occurred at the radical cationic state. Decomposition studies
(see the Supporting Information) involving a 1e− bulk
electrolysis followed by aqueous workup were conducted, and
the reaction mixture was analyzed by ESI-MS. The major
decomposition product was identified as arising from dimeriza-
tion of two SCT•+ radical cations followed by deprotonation
upon basic workup (Figure S1). Such a decomposition pathway
is analogous to that of the related carbazole radical cations.56,57

In stark contrast, ACT displays a much higher electrochemical
cycling stability [Figure 2b (blue trace)] with only 1.01%
capacity fade/h over 100 cycles (∼33.6 h) while cycling at
approximately 62% of the theoretical capacity with ∼99%
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Coulombic efficiency, whereas SCT shows complete decom-
position in the first charging event. Moreover, no new peak was
observed in the postcycling CV of ACT (Figure 2g). Both
plateaus in the charge−discharge curves of ACT (Figure 2h)
occurred at the same potential over the course of the cycling
experiment, resulting in the retention of around 66% of the
active materials after 100 cycles. The experiments presented

above provided solid experimental evidence affirming drastically
enhanced stability of the radical cations and dications upon
regioisomeric engineering. As the origin of this charge and spin
stabilization remained elusive, we turned to DFT-based
calculations, using XTB,58 ORCA,59 and Q-Chem,60 for further
insights.

Figure 3. (a) Comparison of the excess spin density plots for the radical cations SCT-NMe•+ and ACT-NMe•+. Please note that SCT-NMe•+ is not
perfectly symmetric due to slightly varying out-of-plane distortions (see Section IX of the Supporting Information). (b) Partition of molecular subunits
for subsequent charge and spin distribution analysis. (c) Comparison of the varying CHELPG charge and NBO spin distributions of SCT-NMe•+ and
ACT-NMe•+.Δ charge represents the cumulative change in atomic CHELPG charges upon oxidation to the radical cation for the respective molecular
subunit. All values result from summing over all indole units. (d) Application of the topological charge stabilization (TCS) rule to the truncated model
URFs of ACT2+ and SCT2+. Atomic CHELPG charges of the heavy atoms are provided for the URFs corresponding to the dicationic parent species.
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Computational Investigation of the Origin of Multi-
charge and Spin Stabilization. To arrive at an accurate
computational protocol for assessing the charge-stabilizing
properties of the cyclic indole species, we initially conducted
extensive benchmarking using the experimentally available CV
data of the 12 investigated tri- and tetraindoles (see Section VIII
of the Supporting Information), from which PBE0-D4 including
MeCN continuum solvation emerged as the most accurate
approximate density functional for this class of compounds. In
addition, we established that the calculated electrochemical
properties of interest were nearly invariant to the choice of PEG
side-chain conformation; thus, truncated model systems with
Me instead of PEG substituents were employed in all the
following calculations (see the Supporting Information for a
detailed discussion).
We first analyzed the charge and spin density distribution data

for all species participating in the first oxidation. The spin
density plots of both SCT-NMe•+ and ACT-NMe•+ (Figure 3a)
reveal a substantial presence of spin density within the core
benzene ring and on all nitrogen atoms. Additionally, a distinct
localization pattern of excess spin on certain carbon atoms of the
outer benzene rings appears for both radical cations. Please note
that due to varying out-of-plane distortions, SCT-NMe•+ is not
perfectly symmetric, which is evidently also reflected in the spin
density distribution. Further, the latter is more pronounced for
SCT-NMe•+, motivating the partition of the spin density and
charge distribution into contributions from molecular subunits
to quantify such apparent differences (Figure 3b,c). Going from
SCT-NMe•+ to ACT-NMe•+, a significant shift of the spin
density from the outer and middle carbon atoms of the
peripheral benzene rings to the NMe subunits can be observed.
This redistribution is also observed in the charge densities as
fractional positive charge shifts from the middle carbon atoms to
the NMe moieties. Additionally, the changes in atomic charges
from neutral to cationic species indicate an almost entirely
delocalized electron loss in both SCT-NMe and ACT-NMe.
These observations are consistent for all investigated cyclic
indoles (see Section X of the Supporting Information),
highlighting the profound impact of regioisomeric engineering
on the electronic properties of the extended π-system, notably
increasing both the charge and spin density on the nitrogen
atoms, which is accompanied by a stark increase in the cycling
stability.
This observation of molecular stability variation based on the

placement of heteroatoms within a π-conjugated system closely
resembles Gimarc’s rule of topological charge stabilization
(TCS),61,62 which has also recently been used by Haley and co-
workers to rationalize the pronounced antiaromaticity of s-
indacene core derivates.63 According to the TCS rule, the
thermodynamic stability of a heterocyclic system is increased
when electronegative heteroatoms occupy positions charac-
terized by sizable negative charge densities, as obtained from
population analysis on iso-π-electronic hydrocarbon uniform
reference frames without said heteroatoms.61,62 Two truncated
URFs of interest, corresponding to the dicationic triindoles, are
shown in Figure 3d, where the total charge of the reference
systems has been reduced by one for each nitrogen atom
substituted with a carbon atom in order to preserve the total
number of π-electrons. In both cases, the computed atomic
charges indicate a clear preference for the asymmetric placement
of electronegative nitrogen atoms (blue). However, caution is
warranted for a general, straightforward application of the TCS
rule due to difficulties arising from significant deviations from

ideal planarity of the extended molecules; thus, truncated URFs
with greater planarity were employed herein. We also note that
the influence of molecular topology on charge stabilization is
most prominent in highly charged species, as confirmed by our
calculations on URFs with varying reference oxidation states
(please refer to Section XIII of the Supporting Information for a
detailed discussion of these results and more details on applying
the TCS rule). Despite minor inconsistencies, our TCS analysis
reinforced previous findings on the charge and spin distributions
by suggesting that the arrangement of heteroatoms in ACT-
NMe, leading to enhanced charge stabilization, is also favored
based on the molecular topology of the system, thus facilitating
improved conjugation.
We now proceeded to computationally investigate the

potential decomposition pathways inherent to the radical
cationic species. N-substituted carbazoles are known to undergo
radical dimerization para to the N-donor group (C5, Figure
3b).56,57 However, the spin density localization patterns from
Figure 3a imply an electronic preference for radical dimerization
at the C4 and C6 positions using the peripheral numbering of
indole (Figure 3b). This is further supported by radical Fukui
function calculations64 (Figure S50). Evidently, positions C4
and C7 are more sterically hindered (Table S39); thus, only the
5,5′- and 6,6′-dimers that result from connecting the
corresponding carbon atoms with maximal local spin density
were investigated. Figure S53 shows the free-energy profile for
the proposed radical recombination of SCT-NMe•+ and ACT-
NMe•+, followed by deprotonation-facilitated rearomatization
to the corresponding σ-dimers. In line with the electronic
positional preference, the calculated dimerization barriers are
consistently higher for the 5,5′-dimers. Most interestingly, the
6,6′-dimerization barrier for SCT-NMe•+ was the lowest
calculated. Combined with the calculated energetics of the 4F-
ACT-NMe•+ dimer (see Table S40), the barriers for the 6,6′-
dimerization thus align qualitatively with the electrochemical
stabilities observed experimentally, suggesting 6,6′-dimerization
to be a critical initial step of the decomposition mechanism.
Nevertheless, a quantitative relationship between the local spin
densities as well as other tested molecular descriptors with the
experimental fade rates could not be established (see Section
XVI of the Supporting Information for details).
In summary, the DFT calculations suggest the origin of charge

and spin stabilization through regioisomeric engineering to be a
significant redistribution of the charge and spin density.
Increased heteroatom participation reduces the availability of
spin density on peripheral carbon atoms of the asymmetric
trimers, consequently raising dimerization barriers, with the
6,6′-barrier still being the most favorable.

Comparison with Classical Strategies. To compare the
effectiveness of regioisomeric engineering with classical
strategies of incorporation of electron-donating groups and
sterically bulky groups in multispin and charge stabilization,
5OMe-SCT and 5Me-SCT were synthesized and electrochemi-
cally evaluated, respectively [Figure S2(1,2)]. The CV of
5OMe-SCT displayed two quasi-reversible oxidations peaks at
+0.30 and +0.72 V vs Fc/Fc+, while 5Me-SCT displayed two
reversible oxidations peaks at +0.33 and +0.82 V vs Fc/Fc+ at a
scan rate of 100 mV/s. For the H-cell cycling experiments, both
5OMe-SCT and 5Me-SCT displayed decomposition after the
first charge in the 2e− H-cell cycling studies. Charge−discharge
curves and postcycling CVs also confirmed the complete
decomposition of the active species after 100 cycles. Therefore,
these results highlight that redistributing electron densities upon
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regioisomeric engineering is equally or even more effective in
multispin and charge stabilization than simply increasing (or
decreasing) or shielding electron densities enabled by classical
strategies.

Multicharge and Spin Stabilization in Nonplanar
Nonaromatic Cyclic Tetraindoles. Since regioisomeric
engineering is based on π-resonance stabilization interactions,
the strategy is expected to be sensitive to geometrical distortions
of the conjugated system.Hence, the effectiveness of the strategy
was further probed by application to nonplanar species. Cyclic
tetraindoles (Figure 1b), a class of compounds with one
additional indole unit compared to the cyclic triindoles, are good
candidates for this study as they feature an 8π nonaromatic tub-

shaped cyclooctatetraene (COT) core, tunable regioisomerism
around the core ring, and two oxidation waves in MeCN.50

Utilizing the considerable differences in aromaticity between the
aromatic cyclic triindoles and nonaromatic cyclic tetrain-
doles,50,51 the effect of aromaticity on the electrochemistry
and its interplay with regioisomerism on charge and spin
stabilization can also be studied. Among the four regioisomers of
cyclic tetraindoles formed upon altering the orientations of the
indole units (Figure S32), sCOT and aCOT (PEG chains were
incorporated to ensure high miscibility in MeCN) are the two
most synthetically accessible ones based on previous liter-
ature.50,51,53,54

Figure 4. (a) CVs of sCOT (3a) and aCOT (4a). (b) Normalized discharge capacity and Coulombic efficiency versus the cycle number of 2e− H-cell
cyclings of sCOT (3a) (yellow) and aCOT (4a) (green). (c) Precycling (solid line) and postcycling (dotted line) CVs of 2e− H-cell cycling of sCOT
(3a). (d) Potential versus capacity plots for cycles 1, 25, 50, 75, and 100 of 2e− H-cell cycling of sCOT (3a). (e) Precycling (solid line) and postcycling
(dotted line) CVs of 2e− H-cell cycling of aCOT (4a). (f) Potential versus capacity for cycles 1, 25, 50, 75, and 100 of 2e− H-cell cycling of aCOT (4a)
(CV: 5 mM catholyte, 0.5 M TBAPF6/MeCN solution, scan rate = 100 mV/s, glassy carbon working electrode, Pt counter, Ag/Ag+ (10 mM AgBF4),
andN2 glovebox) (H-cell cycling: 5 mM catholyte, 0.5MTBAPF6/MeCN, RVC electrodes, Ag/Ag+ reference (10mMAgBF4/0.5MTBAPF6), 5 mA
charge and discharge, lower voltage cutoff = (E1/2

ox1 −0.35) V, and upper voltage cutoff = (E1/2
ox2 + 0.35) V).
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Compounds sCOT and aCOT were first synthesized (see
Section II of the Supporting Information) and electrochemically
assessed using experiments similar to those employed for SCT
and ACT (see Section IV of the Supporting Information). At a
scan rate of 100 mV/s, the CV of sCOT [Figure 4a (yellow
trace)] showed two reversible oxidation peaks at +0.40 and
+0.65 V vs Fc/Fc+, while the CV of aCOT [Figure 4a (green
trace)] featured two reversible oxidation peaks at +0.32 and
+0.59 V vs Fc/Fc+. Compared to sCOT, aCOT has an 80 and 60
mV decrease in the first and second oxidation potentials,
respectively, as is again expected for breaking orbital
degeneracies.55

Moreover, the differences between the first and second
oxidation potentials in the triindoles (490 mV for SCT and 400
mV for ACT) are more significant compared to that of the

tetraindoles (250 mV for sCOT and 270 mV for aCOT). The
proposed reason is a drastic decrease in aromaticity upon
oxidation in the triindoles, which necessitates a more significant
thermodynamic driving force in the form of higher oxidation
potentials to access the dicationic states. In comparison, the
reduction in aromaticity upon oxidation is less pronounced for
the tetraindoles,50,51 thus requiring a smaller thermodynamic
driving force with lower oxidation potentials to access the
dicationic states. These changes in aromatic character upon
oxidation were deduced from magnetic (nucleus-independent
chemical shieldings65−68), geometric (harmonic oscillator
model of aromaticity),69,70 and electron delocalization-based
(aromatic fluctuation index71,72) aromaticity descriptors, as
detailed in Section XII of the Supporting Information. In
summary, the calculations suggest negligible changes in

Figure 5. (a) Comparison of the excess spin density plots for the radical cations sCOT-NMe•+ and aCOT-NMe•+. (b) Comparison of the varying
CHELPG charge and NBO spin distributions of sCOT-NMe•+ and aCOT-NMe•+. Δ charge represents the cumulative change in atomic CHELPG
charges upon oxidation to the radical cation for the respective molecular subunit. All values result from summing over all indole units. (c) Application
of the TCS rule to the truncated model URFs of sCOT2+ and aCOT2+. Atomic CHELPG charges of the heavy atoms are provided for the URFs
corresponding to the dicationic parent species, indicating a smaller influence of molecular topology on charge stabilization for the tetraindoles
compared to the triindoles.
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aromaticity for all outer benzene units, while a consistent
decrease in aromaticity is observed for the pyrrole rings of the
investigated species. As expected, the aromaticity of the core ring
in the triindoles significantly decreases upon oxidation, which is
also reflected in the greater deviation from the ideal planarity in
the oxidized states (Table S25). In contrast, no change in
electron delocalization was detected for the oxidized COT core
of the tetramers, most likely due to the persistent nonplanarity of
these systems. Nevertheless, formally, a planar COT2+ ring
should exhibit aromaticity, which manifests in the tendency
toward greater planarization upon oxidation as was reproduced
by the calculatedmolecular planarity parameters.73 Hence, these
findings suggest a qualitatively less decrease in aromaticity in the
tetraindoles due to the nature of the COT core, as yet another
key distinction between the trimeric and tetrameric model
species.
In the galvanostatic H-cell cycling shown in Figure 4b, both

sCOT (yellow) and aCOT (green) underwent 2e− charge−
discharge cycling at potentials consistent with the first and
second oxidation potentials observed in the CV data.
Compound sCOT displayed a 0.724% fade/h over 100 cycles
(∼37.6 h), indicating a moderately high stability for both
sCOT•+ and sCOT2+ on a long-term cycling time scale.
Moreover, cycling occurred at around 70% of the theoretical
capacity with ∼99% Coulombic efficiency throughout the
experiment. Postcycling CV (Figure 4c) and charge−discharge
curves (Figure 4d) showed a retention of around 73% of the
original capacity after 100 cycles. Despite possessing a high
symmetry with only 1,3-arrangements of the indole-N atoms as
is disfavored by the regioisomeric engineering strategy, the
exceptional cycling stability can again be attributed to the
reduced loss in aromaticity upon 2e− oxidation as an additional
charge stabilization mechanism. This aromaticity effect is also
reflected in the calculated spin density distributions (Figure 5a),
indicating greater spin localization in the inner 8π core ring of
the tetraindoles compared to the triindoles, thereby better
shielding the excess spin from degradative intermolecular
interactions (Figure 5b and Table S29). Although the concept
of utilizing relief of antiaromaticity or reduced loss of global
aromaticity in nonaromatic or antiaromatic compounds has
previously been leveraged to design multielectron solid
batteries74−77 and other functional organic materials78−80 or
even control reactivity,81−83 it has not yet been explored in a
static H-cell or flow battery context in the literature.
Compared to sCOT, aCOT displayed an even higher

electrochemical cycling stability with only 0.125% capacity
fade/h over 100 cycles (∼39.4 h) [Figure 4b (green trace)]. This
was achieved while cycling at approximately 73% of the
theoretical capacity with ∼99% Coulombic efficiency and a
remarkable capacity retention of around 95% of the original
capacity.
Postcycling CV [Figure 4e (dotted line)] only displayed slight

decomposition of aCOT, and the charge−discharge curves
(Figure 4f) showed almost no change in discharge capacity over
100 cycles, further confirming the exceptionally high stability of
both aCOT•+ and aCOT2+. Similar to the effect of regioisomeric
engineering on the triindoles, DFT calculations revealed that
upon engineering the regioisomerism of the tetraindoles from
sCOT-NMe•+ to aCOT-NMe•+, the spin density shifted from
the outer and middle carbon atoms to the NMe moieties,
resulting in a lower peripheral-to-core ratio for spin localization.
This is again accompanied by a transfer of fractional positive
charge from the middle carbon atoms to the NMe subunit, for

both the mono and dications (see Section X of the Supporting
Information for all charge and spin distribution data). Although
π-resonance stabilization interactions, fundamental to the
regioisomeric engineering strategy, are sensitive to geometric
distortions within the conjugated system, the experimental and
computational findings above demonstrate the effectiveness of
this strategy in stabilizing charged radicals and multicharged
species and improving cycling stability also in nonplanar
systems. Therefore, the combination of charge and spin
stabilization from regioisomeric engineering and reduced loss
of aromaticity upon oxidation engenders aCOT with excep-
tionally high cycling stability, ranking at the top among the
tested SCT, ACT, sCOT, and aCOT.

Comparing Multicharge and Spin Stabilization in the
Triindole and Tetraindole Systems. The order of cycling
stability for the four compounds is as follows: aCOT (0.125%
fade/h) > sCOT (0.724% fade/h) > ACT (1.01% fade/h) >
SCT (decomposition). Therefore, the more operative the
stabilization mechanisms (e.g., regioisomeric engineering and
reduced aromaticity loss), the higher the stability of the charged
species and thus cycling stability. The additive effect of the
charge and spin stabilization mechanisms is also evident in the
stepwise redistribution of spin density as calculated by DFT.
Building upon the increased spin localization in the core ring due
to the influence of aromaticity, spin density is subsequentially
further shifted to the NMe moieties upon regioisomeric
engineering, eventually resulting in an even lower peripheral-
to-core ratio for spin localization in aCOT-NMe•+ (Figures 5b
and S29).
Tetraindoles generally exhibit much higher cycling stabilities

than triindoles with analogous symmetry (e.g., the stability of
aCOT > ACT and sCOT > SCT). This observation highlights
the role of the change in aromaticity upon 2e− oxidation as an
additional charge stabilization mechanism. Nevertheless,
regioisomeric engineering remains effective in both near-planar
triindoles and nonplanar tetraindoles; however, the impact of
this strategy is more pronounced in near-planar triindoles where
π-conjugation is more efficient compared to the nonplanar
tetraindoles, for which π-conjugation is less efficient due to the
tub-shaped geometry. This trend is also reflected in the results of
the TCS analysis for the tetraindoles (see Figures 5c and S47),
which only revealed minor differences between the high- and
low-symmetry forms and are less consistent overall as the TCS
analysis appears to be affected by the nonplanarity of the
tetraindoles (see Supporting Information for a detailed
discussion). Nevertheless, we believe that evaluating the TCS
rule61,62 in combination with a charge and spin density
redistribution analysis offers a computationally simple yet
qualitatively insightful methodology for assessing the relative
stabilities of regioisomers in near-planar π-systems for optimal
battery design, albeit quantitative predictions are not possible.
For instance, DFT calculations for the remaining positional
isomers of sCOT and aCOT with more 1,2- and 1,4-
arrangements of the indole-N donors suggest similar or even
better peripheral-to-core spin density ratios and heteroatom
charge stabilization (Tables S26 and S29), rendering these
molecules promising candidates for future performance studies.

Deployment in Flow Battery. Mass transport and
electrokinetics of the triindoles and tetraindoles catholytes, as
measured by diffusion coefficients and electron transfer rates,
respectively (see the Supporting Information for complete
details), were all in the range of reported 2e− organic
catholytes.24,33,84−87 Therefore, the flow battery performance
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of these molecules was set to be further examined. Compared to
charge−discharge cycling in a static H-cell, full-flow battery
cycling is more challenging since it opens up new decomposition
pathways in various aspects.24 Among the tested compounds,
aCOT emerged as the best 2e− catholyte, demonstrating
remarkable H-cell cycling stability with a minimal capacity
fade of 0.125% fade/h. Consequently, it was chosen for further
optimization and investigation in the flow battery setup. Upon
changing the side chains from the neutral PEG chain to alkyl-
tethered cationic ammonium salts, aCOT-C3N displayed two
reversible oxidation waves at +0.46 V and +0.69 V vs Fc/Fc+ at
higher potentials than aCOT (E1/2

ox: +0.32 and +0.59 V vs Fc/

Fc+), while displaying 0.288% fade/h [Figure S11(2)]. With the
aim of optimizing the Vcell of the flow battery, aCOT-C3N was
selected as the 2e− catholyte. As for the anolyte, the 1e− anolyte
PEG-tethered viologen 2OPEGV(PF6)2 (E1/2

red1: −0.80 V vs
Fc/Fc+) was selected due to its proven stability in single-electron
flow battery cycling in organic solvents and its high compatibility
with various multielectron organic catholytes.14,16,28

The flow battery was constructed with a mixed solution of 50
mM aCOT-C3N as the 2e− catholyte and 100 mM 2OPEGV-
(PF6)2 as the 1e− anolyte in 0.5 M TBAPF6/MeCN, which were
added in equal volumes (7.0 mL) to the catholyte and anolyte
reservoirs. This constitutes a theoretical Vcell of 1.26 V for the

Figure 6. (a) Catholyte and anolyte electrochemical reactions in the flow battery of 50 mM aCOT-C3N (4b) and 100 mM 2OPEGV(PF6)2 (5). (b)
Charge capacity, discharge capacity, Coulombic efficiency, and energy efficiency versus the cycle number of flow battery cycling of mixed solution of 50
mM aCOT-C3N (4b) and 100mM 2OPEGV(PF6)2 (5). (c) Potential versus capacity for cycles 1, 100, 200, 300, and 400 of flow battery cycling of 50
mM aCOT-C3N (4b) and 100 mM 2OPEGV(PF6)2 (5). (d) Electrochemical impedance spectroscopy on the flow battery cell before and after 400
cycles. Precycling (solid line) and postcycling (dotted line) CVs of the (e) catholyte and (f) anolyte in the flow battery cycling of mixed solution of 50
mM aCOT-C3N (4b) and 100 mM 2OPEGV(PF6)2 (5) [CV: 5 mM catholyte, 0.5M TBAPF6/MeCN solution, scan rate = 100 mV/s, glassy carbon
working electrode, Pt counter, Ag/Ag+ (10 mM AgBF4), and N2 glovebox] (flow battery cycling: 0.5 M TBAPF6/MeCN, carbon felt electrodes,
FAPQ-330 anionic-exchangemembrane, 20mA/cm2, flow rate = 20mL/min, upper voltage cutoff = 1.83 V, and lower voltage cutoff = 0.75 V) (see the
Supporting Information for details of the flow battery setup).
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inner redox couple and 1.49 V for the outer redox couple. The
electrolyte solutions were charged and discharged at a constant
current density of 20 mA/cm2 until cutoff voltages of 1.83 V
(+340 mV from the outer redox couple for charging) and 0.75 V
(−510 mV from the inner redox couple for discharging) were
reached at a 20 mL/min flow rate. The cell was separated by a
FAPQ-330 anionic-exchange membrane. The electrochemical
reaction during the charge−discharge process for the flow
battery system is depicted in Figure 6a (Supporting Information
Sections IV and VII for complete details of the flow battery
setup), and the flow battery was tested for 400 cycles (∼192 h;
∼8 d) (Figure 6b).
The initial capacity utilization reached ∼65%, while the

average energy efficiency was ∼81% with an average Coulombic
efficiency of 98%. After the first 100 cycles (∼48 h), the capacity
fade was 0.0224% and 0.0108% fade/cycle, with 99% of the
original capacity retained. After 200 cycles (∼96 h), the capacity
fade was 0.00945% fade/h and 0.00455% fade/cycle, with 99%
of the original capacity retained. After 300 cycles, the capacity
fade was 0.0103% fade/h and 0.00498% fade/cycle, still with
99% of the original capacity retained. Finally after 400 cycles, the
capacity fade was 0.0117% fade/h and 0.00563% fade/cycle,
with 98% of the original capacity retained. The minimal capacity
loss over the course of 400 cycles of flow battery operation is
consistent with the almost identical charge−discharge curves
after the first charging event (Figure 6c) and the absence of new
peaks or significant amplitude decrease in the postcycling CVs of
both the catholyte (Figure 6e) and anolyte (Figure 6f). This flow
battery exhibits the highest capacity retention ever reported over
400 cycles in a multielectron all-organic flow battery setup.
Consequently, this shows the effectiveness of the two charge
stabilization mechanisms in cycling stability enhancement in a
proof-of-principle flow battery setup.

■ CONCLUSIONS
In this work, we report that regioisomeric engineering enhances
the stability of the charged species and hence the cycling stability
of two new classes of 2e− catholytes, including aromatic near-
planar cyclic triindoles and nonaromatic nonplanar cyclic
tetraindoles, by increasing the number of ortho- (or 1,2) or
para- (or 1,4) arrangements and thus resonance stabilization
interactions of the indole nitrogen atoms around the core ring.
This charge and spin stabilization mechanism complements the
classical donor-incorporation strategy by redistributing the
charge and spin densities, thereby also circumventing sub-
stituent-induced decomposition pathways. Reduced loss of
aromaticity in COTs upon 2e− oxidation serves as an additional
charge stabilization mechanism, as shown in the generally higher
stability of cyclic tetraindoles compared to the cyclic triindoles.
DFT calculations further revealed that the enhanced cycling
stability arising from symmetry breaking and reduced
aromaticity loss upon oxidation is accompanied by a spin
density shift from the peripheral benzene-C atoms to the indole-
N atoms and the inner core ring, respectively, which is
generalized by a lower peripheral-to-core ratio for spin
localization. Lastly, aCOT-C3N, an asymmetrical nonaromatic
2e− catholyte candidate with an optimized oxidation potential,
was paired with PEG-viologen and deployed in a proof-of-
principle all-organic flow battery with 1.26−1.49 V, 98% average
Coulombic efficiency, 81% average energy efficiency, and only
0.0117% fade/h and 0.00563% fade/cycle over 400 cycles (192
h, ∼8 d), which is the highest capacity retention ever recorded
over 400 cycles in a multielectron all-organic flow battery setup.

In summary, we anticipate that regioisomeric engineering, which
may be charge-independent and is complementary to conven-
tional electronic and steric approaches, may also be applicable in
multicharge and spin stabilization in other functional organic
materials.
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