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/Abstract: Organic electrode materials could revolutionize batteries because of their high energy densities, the use of\
Earth-abundant elements, and structural diversity which allows fine-tuning of electrochemical properties. However,
small organic molecules and intermediates formed during their redox cycling in lithium-ion batteries (LIBs) have high
solubility in organic electrolytes, leading to rapid decay of cycling performance. We report the use of three
cyclotetrabenzil octaketone macrocycles as cathode materials for LIBs. The rigid and insoluble naphthalene-based
cyclotetrabenzil reversibly accepts eight electrons in a two-step process with a specific capacity of 279 mAhg™ and a
stable cycling performance with ~65 % capacity retention after 135 cycles. DFT calculations indicate that its reduction
increases both ring strain and ring rigidity, as demonstrated by computed high distortion energies, repulsive regions in
NCI plots, and close [C--C] contacts between the naphthalenes. This work highlights the importance of shape-persistency

\and ring strain in the design of redox-active macrocycles that maintain very low solubility in various redox states. )

Electrochemical energy storage systems such as recharge-
able batteries have been regarded as one of the most
efficient methods to regulate the output of electricity.?
Among these systems, state-of-the-art lithium-ion batteries
(LIBs) are widely used as power sources for a plethora of
mobile electronic devices and electric vehicles.”! Traditional
LIBs based on transition metal oxide cathodes and graphite
anodes are approaching their performance limits,” and
present concerns about the environmental and social
impacts of mining materials such as cobalt.!’! It is therefore
crucial to develop new, environmentally friendly battery
materials with tunable properties.”® Organic rechargeable
batteries utilize redox-active organic molecules to store and
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release charges on demand, offering the promise of sustain-
able energy storage.” !l

Over the past two decades, organic small molecules with
various redox characteristics have been investigated as
electrode materials for LIBs.'> While these materials are
easy to synthesize and have tunable electronic properties,
they are often highly soluble in common battery electrolyte
solvents, such as organic carbonates and ethers. This
solubility leads to rapid capacity decay during cycling
tests.') To address this issue, researchers have turned to
shape-persistent, symmetric, macrocyclic compounds. They
combine the benefits of facile synthesis and purification
typical of small molecules with the low solubility character-
istic of polymers, caused by their efficient packing in
crystals.'!8] Shape-persistent macrocycles have pre-engi-
neered cavities in their structures and a severely limited
conformational space.” Their solid-state structures are
often porous, allowing the diffusion and transport of
complex carrier ions.’”?! In combination with electroactive
groups in their structures, such porosity facilitates electro-
chemical kinetic processes in these materials.”

In this Communication, we report the synthesis and
electrochemical investigations of tetrameric cyclotetraben-
zil-based macrocycles 1-3 with eight carbonyl functional
groups (Figure 1, see also Supporting Information), as well
as compound 4: the acyclic counterpart of 2 with only two
carbonyl groups. The electrochemical results show that,
despite structural similarity, compounds 1-3 behave very
differently when included into organic battery electrodes.
The naphthalene-based macrocycle 2 stands out as the only
one to reversibly store up to eight electrons. The key to its
superior performance is the shape-persistent structure,
which ensures low solubility in the electrolyte throughout
the redox cycling. This study offers important insights into
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Figure 1. Cyclotetrabenzil octaketone macrocycles 1-3 (with ring
numbering schemes used in the text) and compound 4, the acyclic
monomeric counterpart of 2.

the potential of shape-persistent, redox-active macrocyclic
compounds®! as privileged small-molecule motifs for the
construction of organic electrode materials.

Macrocycle 1 has been previously reported,”*"! while 2
and 3 have been prepared by the oxidation of expanded
cyclotetrabenzoins.”® The acyclic monomeric 1,2-bis(2-
naphthyl)ethan-1,2-dione (4) was prepared by the oxidation
of the corresponding benzoin, which was in turn produced
by the benzoin condensation® of 2-formylnaphthalene.
Compounds 1-4 are air-stable and contain either one or four
pairs of redox-active carbonyl groups. Their spectroscopic
characterization data are consistent with their symmetry; for
all compounds, a single *C NMR signal for their carbonyl
groups is observed, indicating their equivalence. From the
crystal structures of analogs of 1-3, central cavities with
approximate dimensions of 6.8x6.8 A (1), 8.6x8.6 A (2),
and 10.1x11.9 A (3) are expected. Details of syntheses and
spectroscopic properties of 24 are given in the Supporting
Information.

With compounds 1-4 in hand, we evaluated their electro-
chemical redox behavior as the active components within
the organic electrodes. Figure 2A-D show the charge/
discharge profiles during typical cycling for compounds 1-4
under the current density of 100 mAg~', and using lithium
bis-trifluoromethanesulfonimide (LiTFSI) in dioxolane/
dimethoxyethane (DOL/DME) as the electrolyte. Assuming
the transfer of eight electrons to their carbonyl groups, the
theoretical specific capacities of compounds 1-3 are 406.02,
294.46, and 257.44 mAhg™', respectively. However, com-
pound 1 showed a notably lower specific capacity of
171 mAhg™'. Compound 3 displayed an irreversible dis-
charging tail near the cut-off voltage. In contrast, the
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Figure 2. Charging/discharging profiles of compounds 1 (A), 2 (B), 3
(C) and 4 (D). dQ/dV profiles of compounds 2 (E) and 4 (F) in the
solution of LiTFSI in DME/DOL as the electrolyte.

discharge capacity for 2 in a typical cycle was found to be
279 mAhg ' in a 3 M electrolyte solution (Figure 2B), which
is 295 % of the theoretical capacity. This capacity confirmed
that a molecule of 2 can reversibly store up to eight
electrons during the electrochemical cycling; compounds 1
could store only up to four electrons. Similarly, compound 4
with two carbonyl groups exhibited the discharging capacity
of 148.7mAhg' (Figure 2D), which also approached its
predicted specific capacity of 172.7 mAhg™, confirming that
all the carbonyl groups within the molecule are electro-
chemically active.

We ascribed the poorer performance of 3 to its higher
solubility in the electrolyte, either in its neutral and/or
partially reduced states. Macrocycle 3 has a large cavity
space and thus free rotation of the biphenyl linkers can
increase solubility, as suggested by a low computed rota-
tional barrier (1.7 kcalmol™, cf. 12.0 kcalmol™ for 2 and
11.4 kcalmol ™ for 1). The reasons for the inferior perform-
ance of 1 are discussed below in the computational section.
We therefore focused our further investigation on the best-
performing macrocycle 2, as well as its model compound 4.
The solubility of 2 in the 0.5 M solution of LiTFSI in DME/
DOL electrolyte is 3.640.1 mmolL"', while that of 4 is
16441 mmol L™ (Figure S11). The much lower solubility of
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2 is tentatively ascribed to its symmetric structure which
facilitates crystal packing and the free rotation of
naphthalene moieties in the acyclic 4.

For these two compounds, dQ/dV vs. potential depend-
encies are plotted in Figures 2E, F, and S7 based on the
charging/discharging profiles. Two pairs of redox peaks are
observed for compound 2 (Figure 2E) at 2.37 and 2.08 V
(for lithiation), suggesting that eight electrons are trans-
ferred in two separate steps; different shapes of these two
pairs of peaks also indicate different electron transfer
kinetics. In contrast, compound 4 only shows one pair of
peaks in its dQ/dV plot (2.17 V for lithiation, Figure 2F),
indicating that it achieves all its capacity in an apparent one-
step reaction.

To better understand the difference in the reaction
mechanism between compounds 2 and 4, we performed
computational studies. DFT calculations for 2 and 4 and
their reduced, Li*-bound complexes were performed to
provide insights into structural factors that influence the
reduction behavior of the macrocycle versus its truncated
acyclic model. Cyclotetrabenzoin macrocycle 2 undergoes a
two-step eight-electron reduction process (Figure 3A). In
the first step, four electrons add to 2 and four Li* ions bind
to the four pairs of neighboring carbonyl groups, forming 2-
Li,. In the second step, four more electrons are added to 2-
Li, and four more Li* ions bind to the four pairs of
neighboring partially reduced carbonyl groups, forming a
near-tetrahedral arrangement between the two Li and two
O atoms in 2-Lig. In agreement with the experiment, vertical
attachment of four electrons onto 2 is endothermic (E,=

A
4e”
—_—
+4 Lit

2(S=1) 2-Li, (S=5)

B
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6.2 eV, 2—2%), but the addition of the next four electrons to
2-Li, is even more so (E,=8.6 eV, 2-Li,—2-Li*"; Figure 3C).

Computations show that reduction of 2 is localized at the
four dicarbonyl sites. Notably, aromaticity of the
naphthalene linkers remains intact throughout the reduction
process (see computed nucleus independent chemical shifts,
NICS, results in Figure S15). In 2, all of the carbonyl-linking
C—C bonds are formal single bonds (C—C=1.538 A, Wiberg
bond index, WBI=0.91, Figure 3C). Upon four-fold reduc-
tion to 2-Li,, four of the carbonyl groups (C=0O) are
converted to ketyl radical anions (*C—O~), and the resulting
allylic conjugation shortens the carbonyl-linking C—C bonds
(C—-C=1.452 A, WBI=1.24). Complex 2-Li, is a quintuplet
ground state with spins localized on the carbonyl sites. In 2-
Lig, the addition of the next four electrons reduces all of the
carbonyl groups, forming eight C—O~ anions, and the
carbonyl-linking C—C bonds shorten even further, gaining
pronounced n-bond character (C—C:1.389A and WBI=
1.58). Eight electron reduction introduces a notable amount
of strain into the macrocycle. In 2-Lig, the edge C—C bonds
of each neighboring naphthalene linker are within the
combined van der Waals radii of two C’s (close contact
[C--C] distances ranging from 3.071 to 3.373 A, see geo-
metries in the Figure S16), and increased rigidity of the
carbonyl-linking C—C bonds precludes possible conforma-
tional changes that may relieve this repulsive interaction.
The computed distortion energy (AEg,) for 2-Li, is
14.0 kcalmol™!, while that for 2-Lig is 142.0 kcalmol™,
showing significantly greater energetic penalty for reorient-
ing the naphthalene linkers in 2-Lig (Figure 3C). Values for
AE4, were estimated based on the single point total

2-Lig (S=1)
c

Compound | E, (eV)  AEyq (kcal-mol')  C-C lengths (A)  WBI
6.2 1.538 0.91
2-Liy 8.6 14.0 1.452 1.24
2-Lig 142.0 1.389 1.58
4 2.3 - 1.538 0.93
4-Liy 22.9 1.391 1.56

Figure 3. Proposed two-step 8¢~ reduction for 2 (A) and one-step 2¢™ reduction for 4 (B). Multiplicities (S) are show in parenthesis. C: Computed
vertical 4¢~ and 2e” reduction energies (E,) for the two-step reduction of 2, 2-Li,, 2-Lig and one-step reduction for 4, 4-Li,. Computed distortion
energies (AEgy), C—C bond lengths, and Wiberg bond indices (WBI) of the carbonyl-linking C—C bonds are also listed.
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electronic energies of 2-Li, and 2-Lig with Li* ions removed
minus the total electronic energies of 2*~ and 2%, respec-
tively. Computed noncovalent interaction (NCI) plots for 2,
2-Li,, and 2-Lig are given in the Supporting Information
(Figure S17). Even though macrocycle 1 is structurally
similar to 2, the energetic penalty for 4e” reduction is
noticeably higher (E,=8.7 ¢V for 1—1*" and 12.0 eV for 1-
Li,—1-Li,*, cf. data in Figure 3C), possibly due to a smaller
cavity space.

Acyclic compound 4 is a truncated fragment of 2 and
undergoes a one-step two-electron reduction (Figure 3B). In
4, the carbonyl groups form a 123.2° O—C—C-O dihedral
angle. Upon twofold reduction, Li* ions bind to the two
carbonyl groups forming a near-tetrahedral arrangement
between the two Li and two O atoms. The reduced carbonyl
groups are now in a cisoid conformation with a 6.2°
O—C—C—0O dihedral angle. Notably, vertical 2¢~ attachment
to 4 is less endothermic (E,=2.3 eV, 4—4*") than half of the
vertical 4e” attachment of 2 (1/2 E,=3.1¢V, Figure 3C).
The carbonyl-linking C—C bond is a formal single bond in 4
(C—C=1.538 A, WBI=0.93) but shortens significantly in 4-
Li, (C—C=1.391 A, WBI=1.56). In 4-Li,, the edge C—C
bonds of each neighboring naphthalene linkers are within
the combined van der Waals radii of two C’s (close contact
[C-C] distances ranging from 3.220 to 3.253 A, see geo-
metries in the Figure S16). However, the estimated distor-
tion energy for 4-Li, (AE;,=22.9 kcalmol™) is less than a
quarter of the distortion energy of 2-Liy (1/4AEg4.=
35.5 kcalmol ). These results explain the observed two-step
reduction of macrocycle 2. The addition of the first four
electrons creates ketyl radical anions, which retain most of
the conformational flexibility of the neutral 2. Subsequent
reductions are more difficult as they create strained and
rigid dianions. We speculate that this progressive rigid-
ification in the 2—2-Li,—2-Lig series also results in desirable
lowered solubility of the reduced species relative to 2.

Figure 4 demonstrates the galvanostatic cycling of com-
pounds 2 and 4 in 3 M LiTFSI electrolyte at 1 C. Cathodes

¢ Compound 2 Discharging L
i 4 Compound 4 Discharging 180
< Compound 2 CE
& Compound 4 CE

Specific capacity (mAh g™)
1
3
Coulombic efficiency (%)

200 4,
- 40
100
- 20
Currnent Density: 1C
0 ¥ T T T ¥ T " T * T v T — 0

0 20 40 60 80 100 120
Cycle number

Figure 4. Galvanostatic cycling of compounds 2 and 4 in a 3 M LiTFSI

in DME/DOL electrolyte. 1 C equals 294.5 mAg ™' for compound 2 and
172.7 mAg™' for compound 4, respectively.
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made with macrocycle 2 exhibit stable cycling with columbic
efficiency ~99 %. After 135 cycles, the discharge capacity
retention of compound 2 is 65 %. It can be more clearly seen
from Figure S7 that the capacity of compound 4 decays
quickly due to its faster dissolution even in the 3 M electro-
lyte. In situ infrared spectra of 2 (Figure S14) show the C=0
signal at wavenumbers between 1700 and 1600 cm ™' disap-
pearing during discharging and reappearing during charging,
indicating good cycling reversibility of 2 as the organic
cathode for lithium-ion storage.

In conclusion, we have compared three cyclotetrabenzil
octaketone macrocycles as organic cathode materials for
lithium-ion storage. Among them, macrocycle 2 exhibits a
desirable balance of electronic and rigid structural proper-
ties that support efficient electrode reactions. Compound 2
has a specific capacity of 279 mAhg™' from a reversible
eight-electron reduction, and displays a good cycling
performance with 65 % of the initial capacity retained after
135 cycles.  Compared to  other rigid carbonyl
compounds,’>* the naphthalene-based cyclotetrabenzil oc-
taketone 2 reported here demonstrated a low-capacity decay
at a current density of 1 C, while maintaining a high-capacity
higher than 150 mAhg ™' over 120 cycles. Investigation of the
fundamental electron transfer processes for 2 and 4 revealed
that compound 2 undergoes an eight-electron reduction in
two discrete steps, while 4 achieves full reduction in a single
step. Computational studies suggest that macrocycle 2
experiences moderate macrocyclic strain in the first step of
the reduction process, but significant strain in the second
step. These results highlight the importance of modulating
macrocyclic strain in the design of small molecule organic
cathode materials. This study provides new insights into the
role of ring strain, noncovalent interactions, and multi-
electron transfer energies of organic electrode material
design, and offers a kinetic understanding for well-designed
macrocycles in electrochemical process.
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Naphthalene-based cyclotetrabenzil oc-
taketone is an excellent cathode material
for lithium-ion batteries. It reversibly
accepts eight electrons per molecule,
has a specific capacity of 279 mAhg™',
and shows stable cycling performance
with /65 % retention after 135 cycles.
Its shape-persistent, symmetric struc-
ture rigidifies during an eight-electron
reduction, ensuring that this macrocycle
remains insoluble in various redox
states.
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