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Abstract: Organic electrode materials possess many advantages such as low toxicity,
sustainability, and chemical/structural tunability toward high energy density. However, to
compete with inorganic-based compounds, crucial aspects such as redox potential, capacity,
cycling stability, and electronic conductivity need to be improved. Herein, we report a
comprehensive strategy on the molecular design of small organic electron-acceptor-molecule

— hexaazatrianthranylene (HATA) embedded quinone (HATAQ). By introducing conjugated
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quinone moieties into the electron-deficient hexaazatriphenylene-derivative core, HATAQ
with highly extended n-conjugation can yield extra-high capacity for lithium storage,
delivering a capacity of 426 mAh g~! at 200 mA g! (0.4C). At an extremely high rate of 10 A
g71 (19C), a reversible capacity of 209 mAh g~! corresponding to nearly 85% retention is
obtained after 1000 cycles. A unique network of unconventional lock-and-key hydrogen
bonds in the solid state facilitates favorable supramolecular 2D layered arrangement,
enhancing cycling stability. To the best of our knowledge, the capacity and rate capability of
HATAQ are found to be the best ever reported for organic small-molecule-based cathodes.
These results together with density functional theory (DFT) studies provide proof-of-concept
that our design strategy is promising for the development of organic electrodes with

exceptionally high energy density, rate capability, and cycling stability.

1. Introduction

An ever-increasing demand for grid energy storage due to the advent of intermittently
available renewable energy sources and the global desire to avoid the most destructive
consequences of the climate change led to an exponential growth of research into
alternative and sustainable battery technologies.l!~#] While transition-metal-based
inorganic compounds have been primarily used as cathodes, especially in Li-ion
batteries (LIBs), the pace of the development of organic electrode materials continues
to accelerate.?) Organic compounds are considered to be more environment-friendly
compared to their inorganic counterparts. They are also composed of light and
naturally abundant elements (C, H, N, O, and S) eliminating the need for expensive and
toxic metals, and can be prepared directly from renewable resources or synthesized from
readily available small molecules. As a result, organic electrode materials could reduce

the energy consumption and CO; release during mass production, unlike materials
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containing transition metals which come from exhaustible mineral resources and
require intensive mining, processing, and disposal.

Small-molecule organic compounds can be rationally designed and synthesized with
high precision to contain well-defined redox-active functional groups. Due to this
unparalleled chemical and structural tunability, a large number of redox active sites
can be incorporated in a single molecule, potentially leading to high practical
capacity.! The redox potential of organic electrode materials can be fine-tuned at the
molecular level by introducing electron-withdrawing or electron-donating functional
groups into the conjugated structure in order to increase or decrease the potential,
respectively. Therefore, organic compounds can be engineered to act as either cathode
or anode materials, depending on the desired application.[®] Furthermore, the majority
of organic compounds are able to offer fast reaction kinetics as well as facile
processing due to relatively flexible structures compared to the inorganic counterparts.

So far, a number of diverse structural motifs have been investigated as organic
cathode materials in rechargeable LIBs, namely, conjugated polycarbonyl
compounds,’~'!] conducting polymers,!'?] persistent radical derivatives,[!3-1]
organosulfur derivatives,!!®1°l and redox-active heterocycles,?°22 which have
particularly shown great promise. However, in most organic electrodes, issues
associated with low electronic conductivity and material dissolution in typical organic
solvents, used in electrolytes alongside lithium salt, generally result in poor cycling
performance, rapid capacity fading as well as low Coulombic efficiency.[??]

Several strategies have been devised to address the dissolution problem of small
molecule-based materials, such as anchoring electroactive species onto polymericl?!l or
other conductive materials (i.e., carbon nanotubes) via polymerization or post-synthetic
functionalization.[?’] Salting is another strategy that has been utilized for this

purpose.?¢l Additional strategies such as increasing the size of aromatic systems has
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been attempted to both decrease the solubility of the material via enhanced n-n
stacking as well as to improve electronic conductivity.l?” Oftentimes, however, these
strategies result in an increase in the molecular weight of the electroactive materials
leading to low energy density, due to an increase in the unit weight per electron uptake.
Additionally, this leads to creating densely packed crystalline solids with poor lithium
transport. Therefore, novel structural design strategies toward the development of
small molecule-based organic electrode materials capable of providing high energy

density, high rate capability, and outstanding stability are needed.

Figure 1. (a) Chemical structure of HATAQ with plotted electrostatic potential map
(0.005 e/a,® isovalue) and charges on O and N atoms obtained from natural population
analysis. (b) Single-crystal structure of the 2D layer of HATAQ molecules stitched
together by lock-key C—H---O bonds. Solvent molecules and adjacent HATAQ layers
along the c-direction are not shown for clarity. (c¢) s-type, n/@, and p-type, n™, lone
pairs of HATAQ revealed by natural bond orbital analysis.

Inspired by the recent progress on multi-electron-acceptor small-molecule
triquinoxalinylene (3Q),[?8] also known as 5,6,11,12,17,18-hexaazatrinaphthyl-ene
(HAT),?°1 with multiple electroactive pyrazine units capable of high-capacity lithium
storage, we envisioned that a holistic 3-prong (supra)molecular design strategy could

be effective in increasing the number of functional groups and facilitating favorable

solid state organization that enhances electrode cycling stability and performance. As a



WILEY-VCH

starting point, we used hexaazatrianthranylene (HATA) moiety (SI, Scheme S2) as an
electron-deficient core structure, mainly due to its highly reversible electrochemical
behavior and n-extended structure containing heteroatoms with lone pair electrons,
which is believed to allow more efficient electron transfer processes, thus promoting
conductivity.[3% Various carbonyl-containing structures due to their electron-
withdrawing properties have been shown to enable the tailoring of materials with high
redox potential, which is one of the important criteria in the design of high-
performance cathodes. Therefore, we considered that by introducing a conjugated
quinone moiety into the structure of HATA to yield HATAQ (shown in Figure 1a),
the electrochemical reduction potential of HATAQ could be increased in combination
with the electron withdrawing nature of the HATA azacycle.[3! This, as a
consequence, results in better orbital overlap and additional coordination sites for
lithium ions upon reduction.

Herein we report a design strategy and comprehensive study on the performance of the
new addition to the family of high-performance small-molecule organic cathode materials—
HATAQ. This peculiar material is found to behave excellently as cathode in rechargeable
organic batteries with more extended m-conjugation and larger number of redox active sites,
facilitating charge transport and yielding extra-high capacity for lithium storage. Additionally,
rigid, relatively flat and trigonal geometry decorated with strong hydrogen-acceptor oxygen
atoms present in HATAQ structure, together with the polarized C—H bonds leads to multiple
unconventional C—H---O interactions, thus stabilizing the supramolecular superstructure in
the solid state (Figure 1b). Several experimental characterization techniques in combination
with density functional theory (DFT) studies shed light on the mechanism of HATAQ redox
behavior during lithiation process, confirming the highly reversible nature of multi-electron

reaction.
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2. Results and Discussion

2.1. Molecular Design of HATAQ

Based on our retrosynthetic analysis, we have devised a straightforward synthesis scheme to
obtain the desired HATAQ heterocycle, starting from cheap and readily available starting
materials (SI, Scheme S2). Triple condensation between cyclohexane hexaketone and 2,3-
diamino-1,4-naphthaquinone in acetic acid at 60 °C for 12 h afforded the desired compound
in excellent yield. The ease of synthesis was exemplified by scaling up the reaction to produce
more than 50 g of HATAQ material in a single reaction. The as-synthesized HATAQ
contained some residual water as indicated by thermogravimetric analysis (TGA) of the
sample after vacuum drying at room temperature (Figure S3). In order to obtain the solvent-
free material, it had to be heated at 120 °C for 24 h under high vacuum. Chemical
composition of the HATAQ was confirmed using a variety of spectroscopic methods (see SI
for details).

To gain insight into the redox properties of the synthesized compound, we performed
quantum chemical calculations using density functional theory (DFT). As expected, the
presence of additional electron-withdrawing carbonyl groups in the HATAQ structure
substantially lowered the energy level (-3.92 eV) of the lowest unoccupied molecular orbital
(LUMO) as compared to the LUMO of 3Q (-2.97 ¢V) [28] calculated at the same level of
theory. This indicates that HATAQ should possess superior electron affinity and thus higher
reduction potential. In addition, the HOMO-LUMO energy gap, E,, was calculated to be 3.74
eV (Figure S15), which is on par with E, (3.66 eV) for 3Q molecule, (28 suggesting sufficient
intrinsic electronic conductivity of HATAQ. Furthermore, the electrostatic potential map of
the HATAQ molecule in Figure 1a clearly shows the highly electronegative regions formed
by the carbonyl oxygen and imine nitrogen groups constituting the ideal chelating sites
suitable for lithium binding and storage. Lone pair natural bond orbitals (NBO) on the

corresponding oxygen and nitrogen donors that may interact with Li via dative bonds are
7
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illustrated in Figure 1c. The NBO analysis!*>33] identified one s-type lone pair, n®, for N
atoms formed from a hybrid orbital that mixes 2s and 2p characters (29.9% s and 70.1% p),
while two geometrically and energetically distinct lone pairs were found for O atoms: one s-
type (59.4% s and 40.6% p) and the other p-type, n™, consisting of 100% p character. It is
worth noting that the lone pairs show some degree of delocalization over the aromatic rings,
exhibiting partial electron occupancies ranging from 1.88 to 1.98 |e| due to the highly
conjugated HATAQ system.

Single-crystal X-ray diffraction (SXRD) analysis of HATAQ revealed the unique
molecular arrangement (Figure 1b and S4) not seen previously in organic small-molecule
cathode materials. Suitable quality crystals were obtained by dissolving a small amount of
HATAQ in hot dimethyl sulfoxide (DMSO) solvent and allowing the solution to slowly cool
down to room temperature. The compound crystallizes in a trigonal space group (R -3 ¢, SI
Table S1) in what can be described as a supramolecular analog of graphite. The interlayer
space between the sheets of HATAQ molecules is filled with DMSO molecules, which are the
solvent used during crystallization. The unique trigonal geometrical shape of HATAQ
molecule and the presence of multiple weak hydrogen bond donor groups (C—H) and strong
hydrogen bond acceptor groups (O) lead to a highly structured 2D arrangement seen in
Figure 1b. In each HATAQ molecule, a total of six hydrogen atoms from the C—H bonds on
the far ends of the molecule interact with a total of six oxygen atoms, two from each of the
neighboring three HATAQ molecules. Each protruding diazaanthraquinone arm of one
molecule perfectly fits inside a cleft formed in between two arms of the neighboring molecule
via peculiar lock-key hydrogen bonding interactions.l3433] This arrangement is repeated for
every HATAQ molecule resulting in a supramolecular graphene-like 2D sheet structure. The
distance between the hydrogen atom in C—H bond and the closest carbonyl oxygen atom
from the adjacent molecule is quite long, 2.48 A. Nevertheless, this bond length is less than

2.61 A, which is the sum of the van der Waals radii for oxygen and hydrogen,3¢! suggesting
8
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that orbital overlap might still occur. To investigate whether relevant geometries enable these
hydrogen bonds which are some of the longest found in nature, 7! we performed NBO
analysis for the DFT optimized structure of HATAQ dimer. The results indicate that 2.02 kcal
mol~! is released by the mixing of the carbonyl n® lone pair with the C—H o* orbital
(Figure S16). Although relatively weak, these hydrogen bonds could make a significant
contribution to the stability of HATAQ 2D layer arrangement. Akin to the molecular forces
governing protein folding, the high number of noncovalent interactions between the
neighboring HATAQ molecules as well as synergistic interaction between 6 hydrogen bond
donors and 6 hydrogen bond acceptors, essentially stitch the molecules together forming a

stable supramolecular 2D polymer.[38]

2.2. Electrochemical Performance

Electrochemical performance of HATAQ as cathode material was tested in coin cells with Li
metal as the counter electrode and 1 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
in 1,3-dioxolane (DOL)/1,2-dimethoxyethane (DME) (1:2 v/v) with 0.3 wt% LiNOj as the
electrolyte. Figure 2a shows the discharge (lithiation)/charge (delithiation) profiles of
HATAQ at 200 mA g~! (C/2.5, reaction with 12 Li in 2.5 h). During discharge, a short plateau
is observed at 2.85 V vs. Li/Li*, followed by a very short one at 2.18 V with a discharge
capacity of 426 mAh g~!. During charge, two plateaus can be observed at 2.30 and 3.05 V.
These plateaus are consistent with the main peak positions in the cyclic voltammogram (CV)
of the HATAQ in Figure 2b. The CV characteristics suggest that the compound has multiple
reversible redox reactions during cell cycling.!?83%] The discharge/charge profiles of the
compound at current densities of 400 and 800 mA g~! are also given in Figure 2a. At a higher
rate, the voltages of the plateaus decrease due to kinetic effects.[*?) However, there is only a

slight decrease in capacities with 416 and 379 mAh g~! for 400 and 800 mA g~!, respectively.
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Figure 2¢ shows the capacity retention of the three current rates. It is apparent that the
HATAAQ coin cells have excellent capacity retention at these rates, delivering reversible
capacities of 376, 373, and 367 mAh g~! with a retention of 86.4, 88.9, and 94.8 % after 100

cycles for 200, 400, and 800 mA g~!, respectively.
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Figure 2. Electrochemical properties of HATAQ. (a, b, ¢) Voltage profiles of HATAQ
electrodes at current densities ranging from 200 mA g=! (0.4C) to 800 mA g~! (1.6C) together
with the cyclic voltammogram at a scan rate of 0.1 mV s~! and capacity retention. (d, €) The

capacity retention of HATAQ at high rates from 2 A g~! (4C) to 10 A g! (19C) and rate
capability at various current densities.

In addition to these relatively low rates, even higher current densities up to 10 A g~!
(~19C) were tested on HATAQ as shown in Figure 2d. It has been found that this redox-
active molecule is remarkably stable for over 1000 cycles delivering reversible specific
capacities of 310, 297, 285, 242, and 209 mAh g~!, resulting in retention values of 91.6, 87.9,
91.5,74.0, and 84.6 % for 2, 3.2, 4, 8, and 10 A g!, respectively. The electrochemical
performance was also investigated in terms of the rate capabilities (Figure 2e). When the
loading current is varied from 0.4 to 8 A g~!, a highly reversible rate capability curve is

obtained. Moreover, a capacity retention of 96.4 % was observed when the rate of 0.4 A g!
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was reapplied to the cell. This is attributed to the facile charge transfer kinetics of the
extended m-conjugated molecules and Li ions. The electrochemical performance with such
high capacity and excellent rate capability as seen in HATAQ has rarely been observed in
small-molecule-based organic batteries.!?®!

The energy density of HATAQ has also been calculated. Based on the discharge capacity
of 426 mAh g! at 200 mA g! (0.4C) and the average discharge potential of 2.1 V, the
gravimetric energy density is estimated to 894 Wh kg~! with respect to the cathode material or
298 Wh kg~! with respect to the battery weight, when the mass of the electrode is normally
considered to be approximately 1/3 of the total weight of the cell.[?8] This energy density is
found to be significantly higher than the value reported for 3Q which is ~250 Wh kg~! (whole
cell).?® In addition, electronic conductivity of HATAQ is expected to improve compared to
the parent compound due to extended aromatic structure and conjugation.[*!] These results
indicate that our design strategy to introduce conjugated electron-withdrawing quinone
moieties to extend the m-conjugation and increase the number of redox active sites is highly
effective at enhancing the specific capacity, cell voltage, charge transfer as well as cycling
stability in organic electrolytes.

2.3. Lithiation Mechanism

To understand the underlying mechanism of the Li-ion storage in HATAQ, in-situ Raman
spectroscopy was performed. Figure 3 shows the Raman spectra at different discharge and
charge states when HATAQ electrode was cycled at 200 mA g~!. The bands at 1570 and 1665
cm™! can be assigned to the C=N and C=0 groups, respectively.[*>44 As the HATAQ is
discharged from OCV to 1.2 V, it is clear that both the C=N and C=0 bands become
gradually weaker suggesting the interactions of the O and N atoms with the Li ions during the
reduction. When the cell is recharged up to 3.9 V, the intensities of the two bands appear

higher and become comparable to those seen at the pristine state, indicating a highly

11
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reversible lithiation/delithiation process. Figure S8 shows ex-situ Raman spectra of the
electrodes with higher resolution confirming the same result for the redox activity of the two
electroactive functional groups. A similar trend is seen in the Fourier-transform infrared (FT-
IR) spectra. As shown in Figure S9 and S10, the FT-IR results of the HATAQ electrodes
exhibit two distinct absorption peaks at 1687 and 1582 cm™!, which can be assigned to the
stretching vibration modes of carbonyl (C=0) and imine (C=N) groups, respectively.l*>*] The
two characteristic peaks apparently weaken during discharge, coinciding with the
coordination of Li ions with the redox active sites. Likewise, during the charge process, the
C=0 and C=N peaks reemerge further supporting highly reversible nature of the overall

electrochemical cycle.
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Figure 3. In-situ Raman spectra of HATAQ electrodes at different states of charge, together
with the corresponding discharge and charge profile at 200 mA g! in the voltage range of 1.2-
3.9V, clearly indicating the changes of the redox centers in HATAQ, C=N and C=0, during
cell cycling.

To further elucidate the redox mechanism during the lithiation/delithiation process, the ex-
situ X-ray photoelectron spectroscopy (XPS) spectra were collected on the discharged and
charged electrodes. As demonstrated in Figure S12, the C 1s spectrum of the pristine
HATAQ electrode can be deconvoluted into five peaks, which are centered approximately at

284.7, 285.0, 286.3, 288.1, and 290.7 eV corresponding to C=C, C—-C, C=N, C=0, and C-F,

respectively.[424546] The binding energy of C=N was found to be close to that of C=0 in the
12
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HATAQ molecule due to the lone pair electrons of the N and O atoms which are able to
delocalize into the m-conjugated system as shown in our NBO analysis. As the cell is
discharged from the pristine state down to 2.1 and 1.2 V, the two major peaks of C=N and
C=0 are gradually weakened, while two new peaks C—N (285.0 eV) and C-O (285.6 eV)
emerge and become stronger, suggesting lithiation process at the two redox centers of
HATAQ.[*47] When the cell is charged back to 2.1 V, the C-N and C-O peaks appear weaker
and become much smaller at 3.9 V, whereas the population of C=0 and C=N increases as the
cell potential increases. The O 1s XPS spectra (Figure S12) also indicate a similar
phenomenon during cell cycling. The HATAQ in the pristine state shows the C=0 peak
(532.1 eV) which becomes smaller during discharge, while C-O (532.6 eV) emerges when
the compound is discharged to 2.1 and 1.2 V1464381 This behavior is found to be almost entirely
reversible during charge. The incomplete transformation of C—-O to C=0 may be due to the
kinetic limitations in the solid-state electrochemical reaction.

In addition, the involvement of the HATAQ N atoms in coordination with Li during the
redox reaction is confirmed by the N 1s XPS results as shown in Figure S12. The pristine
electrode exhibits a C=N peak at 400.0 eV which appears to be smaller as the redox-active
molecule HATAQ undergoes a reduction reaction in the presence of Li ions (Figure S12,
discharge spectra).[49-°% At the same time, two new peaks appear at 400.6 and 398.5 eV which
correspond to C—N and N-Li, respectively.[**=2] During the charge process, a reverse trend
can be observed, with C=N peak growing stronger as well as C—N and N-Li becoming
weaker.

The results from XPS, the Raman, and FT-IR spectra are all in a good agreement, strongly
suggesting the highly reversible nature of the HATAQ redox activity with Li. Based on these
mechanistic studies, it is clear that both carbonyl and imine groups of HATAQ are redox-
active and both groups can interact with Li ions during discharge/charge processes. This may

well be explained by the very small difference in the atomic charges and electronegativity
13
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between O and N atoms in the extended n-conjugated HATAQ structure (Figure 1a).
Furthermore, our NBO analysis for a singly lithiated HATAQ molecule (HATAQ-L1i)

indicates almost equal contribution of N and O lone pairs to the Li binding (Figure S17).
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Figure 4. Ex-situ EPR spectra of the HATAQ electrodes during discharge and charge.

To gain additional insight into the Li storage mechanism of HATAQ, ex-situ electron
paramagnetic resonance (EPR) spectroscopy study was performed to investigate the evolution
of the electronic structure during the cell cycling. As illustrated in Figure 4, starting from
OCV (3.0 V), the pristine HATAQ shows negative EPR signal, indicating no radical species
present in HATAQ molecule. Once the discharge process is initiated, the EPR signal becomes
stronger until it reaches 2.5 V, implying radical species being generated. The signal then
dissipates and gets strongest at 1.8 V, followed by a decrease down to 1.2 V which is the cell
cutoff voltage. The increase in EPR signal intensity can be ascribed to the increase of radical
species concentration, which presumably corresponds to the transformations of the carbonyl
and imine groups due to the interaction with Li ions and the acceptance of electrons.l33-4 As

the potential rises during charge, the EPR signal becomes strongest at 1.8 V and gradually

14
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decreases with increasing potential up to 3.9 V. To locate the delocalization of the unpaired
electron in the HATAQ-Li complexes with an odd number of Li ions (doublet state), we
performed the Mulliken spin density calculations. The results show that the spin densities are
primarily delocalized over O and N atoms participating in Li chelation with some spin density
residing on the aromatic rings due to n-conjugation (Figure S18). The simultaneous spin
distribution over carbonyl and imine groups further confirms their active role in the
interactions with Li ions during charge/discharge processes.

The structural stability of the HATAQ material was investigated by powder X-ray
diffraction (PXRD, Figure S13). The PXRD data of the solvent-free HATAQ, obtained by
heating in vacuum at 120 °C, match well with the simulated PXRD pattern of the DFT
optimized HATAQ structure. Ex-situ PXRD experiments were also conducted on the
HATAAQ electrodes at different states during cycling. As shown in Figure S13, when HATAQ
is discharged down to 1.2 V and charged up to 3.9 V, the peak at ~27° corresponding to
diffraction from the (006) plane remains visible suggesting that during lithiation process, the
HATAQ is still crystalline with n-stacking being intact. This indicates that the 2D layered
structure of HATAQ is stable throughout the lithiation/delithiation processes likely due to the
in-plane supramolecular interactions, thus enhancing the cycling stability of HATAQ cathode.
Additionally, ab initio molecular dynamics (MD) simulations at elevated temperature
(127 °C) show similar 2D stacking in the initial and final structure (Figure S19), confirming
the exceptional stability of the HATAQ supramolecular arrangement.

To further shed light on the HATAQ structural evolution during the lithiation process, we
performed DFT calculations of the reduced HATAQ molecule in its corresponding lithiated
states. Potentially, a single HATAQ molecule is capable of accepting of up to 12 Li ions and
12 electrons, which makes it, to the best of our knowledge, one of the only few examples of
small-molecule organic cathode materials capable of accepting more than 10 electrons.[33-36]

The global minimum structures of HATAQ-nLi (n=1,2,3,4,5,6,7,8,9, 10, 11, 12) are
15
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shown in Figure S20. According to our results in Figure 5a, electrochemical reduction of
HATAQ with Li can be formally divided into two distinct processes: a formal reduction of
quinone moieties is taking place upon reduction with up to 6 Li (n = 1—6); and further
reduction of hexaazatriphenylene core with Li (n = 7—12). The first three lithiation steps lead
to the formation of HATAQ-3L1i, where each lithium forms a 5-membered chelate with one

oxygen and one nitrogen atom within different clefts in the HATAQ molecule (Figure Sb).

Discharge

HATAQ-12Li

Potential (V) vs. LilLi*

HATAQ-3Li HATAQ-6Li HATAQ-12Li
Figure 5. HATAAQ lithiation steps obtained from DFT simulations. (a) Comparison of the
calculated redox potentials (dotted red lines) with the experimental discharge curve (black
solid line). Inset shows the DFT optimized periodic structures of the pristine and fully
lithiated HATAQ. (b) Top and side views of the representative HATAQ-nLi (n =3, 6, 12)
complexes.

The energies of these three redox processes are within 0.17 V establishing the first
plateau. The next lithiation step results in the HATAQ-4Li complex, in which 2 Li ions are
sharing the same cleft (Figure S20). This leads to a significant decrease in the redox potential
0f 0.82 V, which is caused by ~20% drop in the Li binding energy (Table S2). Consequent
two lithiation processes form the Ds;-symmetric HATAQ-6Li structure, where every cleft

accommodates 2 Li ions in a 5S-membered chelate arrangement (Figure Sb). Therefore, at

least two main redox potential levels related to the two-step three-electron transfer mechanism

16
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can be established in agreement with the experimental discharge profile and the CV curve in
Figure 2a. Next lithiation step leads to HATAQ-7Li, where the formation of the first oxygen-
nitrogen chelate that is shared between 2 Li ions results in further decrease in the redox
potential. Subsequent two lithiation processes follow the same pattern as before by forming
HATAQ-9Li, where 3 Li ions are accommodated by each of the three HATAQ clefts. The
final three lithiation processes lead to the formation of the highly symmetric HATAQ-12Li
structure, which is prototypical to the HATAQ-6Li complex, but with 6 oxygen-nitrogen
chelates sharing 6 pairs of Li ions. Notably, the HATAQ scaffold in the fully lithiated
HATAQ-12Li complex is almost completely planar, suggesting that Li intercalation should
not significantly perturb the 2D supramolecular arrangement in the synthesized HATAQ
material. The periodic DFT calculations indeed confirm that Li ions readily intercalate
between the HATAQ layers as shown in Figure Sa. Interestingly, this leads to only marginal
volumetric expansion (~18%) in the fully lithiated structure, similar to that observed in
graphite upon lithium intercalation (~13%).57] Hence, the small volume expansion of
HATAQ during lithiation might be responsible for the high cycling stability as was
demonstrated in our electrochemical studies.

3. Conclusions

We have demonstrated the molecular design of small electroactive molecule HATAQ that
organizes into a 2D supramolecular polymer via a unique network of unconventional lock-
and-key hydrogen bonds in the solid state. The fine-tuning of the redox potential of this
organic cathode material is further accomplished by manipulating its HOMO and LUMO
energy levels. By introducing quinone moieties into the HATA molecule, the conjugation of
the resulting HATAQ is thus extended, allowing electrons to delocalize through the n—n
orbital interactions by resonance effect. As a consequence, the LUMO energy level of the
molecule is lowered with higher electron affinity. The presence of the electron-withdrawing

carbonyl groups in HATAQ also helps lower the LUMO level, thus leading to higher
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reduction potential (~2.9 V vs Li/Li* compared to ~2.4 V for 3Q).[?838 The HOMO-LUMO

gap is reduced due to the extended n-electron orbital overlap in the conjugated system of
HATAQ. This primarily leads to better electronic mobility, redox reversibility, and excellent
rate capability as observed in HATAQ electrodes.[’33°1 Moreover, the discharge product
becomes more stabilized as the conjugation increases due to the resonance effect. Therefore,
the possibilities of side reactions of the compound in the battery system are to be reduced,
leading to superior cycle life.l’®! Additionally, nitrogen and oxygen atoms form a near ideal
arrangement that facilitates 5-membered chelate formation with Li ions during charge. Our
computational analysis clearly shows that every fourth lithiation process (i.e. HATAQ-
3LI/HATAQ-4Li, HATAQ-6Li/HATAQ-7Li, and HATAQ-9Li/HATAQ-10L1i) is
accompanied by a decrease in redox energy due to the introduction of shared Li ions, whether
within the same cleft or same chelate. We thus conjecture that further increase in the number
of appropriately positioned chelating groups could mitigate this behavior and potentially lead
to small-molecule organic electroactive materials with significantly enhanced redox potential
and superior discharge profile. Our molecular design strategy combined with mechanistic and
structural insights is expected to result in many more members being added to the family of
high-performance small-molecule-based organic cathode materials with markedly improved
properties and electrochemical performance.

4. Experimental Section/Methods

HATAQ Synthesis

2,3-Diamino-1,4-naphtaquinone (61.2 g, 325 mmol) was dissolved in degassed glacial acetic
acid (1500 mL). To this solution, cyclohexane hexaketone as an octahydrate (31.2 g, 100
mmol) was added in one portion. The reaction mixture was heated at reflux at 120 °C over 24
h period under the argon atmosphere. Upon reaction completion, the reaction mixture was

cooled to 60 °C and the solid residue was recovered by filtration. The obtained dark brown
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solid was successively washed with fresh glacial acetic acid (200 mL), ethanol (200 mL),
acetone (200 mL), and water (4 x 250 mL), and dried under vacuum over 24 h. The resulting
black solid was suspended in 25 % nitric acid (250 mL). The obtained suspension was heated
at reflux with vigorous stirring at 100 °C for 2 h. The color of suspension turned from dark
brown to dark orange upon heating. The reaction mixture was cooled to room temperature and
the solid was separated by filtration on glass filter. Filter cake was washed with deionized
water (5 x 500 mL) followed by drying under dynamic vacuum overnight. Title product was
obtained as a yellow-orange powder (54.3 g, 87% yield). '"H NMR (500 MHz, TFA-d, 3):
8.73-8.65 (m, 6H), 8.20-8.10 (m, 6H); HRMS (+ mode) m/z: [M+H]" calcd for C34H{,N¢Og,
625.0891; found, 625.0878.

Characterization

PXRD patterns were collected on Bruker D8 Advance ECO. Single-crystal X-ray diffraction
experiments were performed by using Bruker D8 Venture dual X-ray single crystal

diffractometer. XPS measurements were performed on ULVAC PHI 5000 VersaProbe I

with Al Ka (1487 eV) as an X-ray source. Survey scans were collected with a pass energy of
100 eV, followed by high-resolution scans of the C 1s, N 1s, and O 1s regions with a pass
energy of 20 eV. All spectra were charge-corrected relative to the C 1s component at 284.5
eV binding energy and analyzed using CasaXPS software. The Raman spectra of the samples
were collected by UniDRON Raman microscope with an excitation laser beam wavelength of
633 nm. FT-IR spectra were recorded on Nicolet iS5 or Nicolet 6700, Thermo Scientific.
Scanning Electron Microscopy (SEM) images were collected on a SU8010 HR-FESEM
scanning electron microscope. The EPR spectra were recorded on a Bruker EMX System EPR
with X-band EPR spectrometer operating at 9.80 GHz. Microwave power was set to 2.002
mW. Sweep width was performed with 100G and a center field of 3510G. The field
modulation frequency was set to 100 kHz, and the modulation amplitude was 6G. TGA was

performed using TA Q50 instrument. High resolution mass spectrometric (HRMS) analysis
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results were acquired by the University of Texas at Austin Mass Spectrometry Facility. The
"H NMR spectrum was recorded on a Bruker AV-500.

Electrochemical Measurements

HATAQ was mixed and ground with Ketjen black conductive carbon and polyvinylidene
fluoride (PVDF) in a 3:6:1 weight ratio. The mixture was then stirred in N-methyl-2-
pyrrolidinone (NMP) and coated onto carbon paper which was used as current collector. The
electrodes were dried overnight at 80 °C in vacuum. CR2032 coin cells were assembled by
using Li metal as anode, 1 M LiTFSI in 1:2 v/v DOL/DME with 0.3 wt% LiNO; as
electrolyte, and Whatman glass microfiber (GF/A) membrane as separator. Cell fabrication
was done in argon-filled glovebox with O, and H,O levels below 0.3 ppm. The galvanostatic
charge/discharge and cyclic voltammetry measurements were carried out with a Neware
battery cycler and BCS-805 system (BioLogic).

Density Functional Theory Calculations

Electronic structure calculations of the HATAQ molecule and the respective lithiated
complexes were performed with the Gaussian 09 D.01 software.[®] We adopted the DFT
approach for our calculations using the B3LYP density functional with the 6-31+G(d,p) basis
set. Frequency calculations were performed at the B3LYP/6-31+G(d) level to ensure that
geometries (optimized at the same level of theory) were minima and to compute zero-point
energies and thermal corrections (T =298.15 K) to Gibbs free energy. DME solvent was
chosen in the polarizable continuum model using the integral equation formalism variant
(IEFPCM) with the solvent paraments taken from C. Peng et al.[?8] in order to provide a fair
comparison of the predicted HOMO-LUMO gaps and redox potentials for the 3Q[?8! and
HATAQ molecules. In particular, the static dielectric constant (¢) was set to 7.20, the
molecular radius of the solvent: 2.78255 A, the density of the solvent: 0.005804 particles/A,
and the molar volume of the solvent: 103.7911 cm™3. The redox calculations require the global

minimum geometries for each lithiated HATAQ species. We performed an unbiased
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quantum-chemical search for the most energetically stable HATAQ-Li complexes using the
Coalescence Kick (CK) program,[®!] which was successfully used previously to predict the
global minimum structures of lithiated phosphorus clusters.l%?! Briefly, the initial geometry of
the HATAQ molecular unit and the desired number of Li atoms were specified in the input
file. The CK generated ~200 random structures possessing reasonable connectivity: the two
units of the complex (HATAQ and Li species) are considered as connected in a fragment if
the distances between them are less than the sum of the corresponding van der Waals radii.
The generated structures were optimized at the B3LYP/3-21G level of theory and then ten
low-lying isomers found by this method were reoptimized using the 6-31+G(d,p) basis set to
establish the global minimum configuration for a given stoichiometry. The reduction potential
of redox active HATAQ molecule in the solution was calculated using the formula:

Eredox — _ (Gfinal _ ginitial _ GLY) /nF

where Gfinal, Ginitial and GU are the calculated Gibbs free energies (kcal mol™') of the final and
initial lithiated states of the HATAQ molecule, and Li atom, respectively; n is the number of
electrons transferred in the process and F is the Faraday constant.

Chemical bonding analysis was performed using the NBO methodology.l3?! The donor-
acceptor interaction energy (second-order stabilization energies, E?) in the NBOs was
estimated via second-order perturbation theory analysis of the Fock matrix.[?8]

Periodic DFT calculations were performed using the Vienna Ab-initio Simulation Package
(VASP).163-66] The valence electronic states were expanded in a basis of plane waves, while
the core valence interactions were described using the Projector Augmented Wave (PAW)
approach.°7:68] The plane wave kinetic energy cutoff was set to 600 eV and the PBE GGA
functionall®®! was employed to describe the exchange correlation interactions. The DFT-D3
approach of Grimme with zero damping!’! was used to account for the van der Waals
interactions. Cell optimizations of the HATAQ structure with DMSO solvent were carried out

starting from the single-crystal X-ray diffraction structure (see Table S3 for the full
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comparison of the DFT optimized lattice parameters and experimental data), while the solvent
free HATAQ structure was obtained by geometry optimization after removal of DMSO
molecules, from the experimental crystal structure. The SCF convergence threshold was set to
107 eV and a Pulay schemel”!! was used for charge density mixing during the SCF solution.
Molecular dynamics (MD) simulations in VASP utilized a plane wave energy cutoff of 500
eV, and the Brillouin zone was sampled using the Gamma point approximation. An MD time
step of 1 fs was used, and the temperature (400 K) was controlled using the Nose—Hoover
thermostat. The MD simulations lasted for a duration of 2 ps (2000 time steps in total).
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ion batteries.
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General methods and materials

The following starting materials and solvents were obtained from the respective
commercial sources and used without further purification: dimethyl sulfoxide (DMSO, Sigma-
Aldrich); glacial acetic acid (Sigma-Aldrich); octahydrate cyclohexane hexaketone (Sigma-
Aldrich); nitric acid (Sigma-Aldrich); trifluoroacetic acid (TFA-d, Sigma-Aldrich); lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI, Sigma-Aldrich); 1,2-dimethoxyethane (DME,
Sigma-Aldrich); 1,3-dioxolane (DOL, Acros-Organic); lithium nitrate (LiNO; Sigma-Aldrich);
Ketjen black (Lion Specialty Chemicals); poly(vinylidenedifluoride) (PVDF, Sigma-Aldrich);
poly(tetrafluoroethylene) (PTFE, Alfa Aesar); N-methyl-2-pyrrolidinone (NMP, Alfa Aesar);
1.0 M lithium hexafluorophosphate (LiPF¢) in 1:1 v/v ethylene carbonate (EC)/diethylene
carbonate (DEC) (Sigma-Aldrich); carbon paper (MGL280, Fuel Cell Earth); copper powder
(Sigma Aldrich). 2,3-Diamino-1,4-naphtaquinone was prepared from 2,3-dichloro-1,4-
naphthoquinone by reacting it with phthalimide potassium salt in refluxing acetonitrile,
followed by amine deprotection according to literature.!

Powder X-ray diffraction (PXRD) patterns were collected on Bruker D8 Advance ECO.
Single-crystal X-ray diffraction experiments were performed by using Bruker D8 Venture dual
X-ray single crystal diffractometer. X-ray photoelectron spectroscopy (XPS) measurements
were performed on ULVAC PHI 5000 VersaProbe Il with Al Ka (1487 eV) as an X-ray source.
Survey scans were collected with a pass energy of 100 eV, followed by high-resolution scans
of the C 1s, N 1s and O 1s regions with a pass energy of 20 eV. All spectra were charge-
corrected relative to the C 1s component at 284.5 eV binding energy, and analyzed using
CasaXPS software. The Raman spectra of the samples were collected by UniDRON Raman
microscope with an excitation laser beam wavelength of 633 nm. Fourier-transform infrared
(FT-IR) spectra were recorded on Nicolet iS5 or Nicolet 6700, Thermo Scientific. Scanning
Electron Microscopy (SEM) images were collected on a SU8010 HR-FESEM scanning electron
microscope. The electron paramagnetic resonance (EPR) spectra were recorded on a Bruker
EMX System EPR with X-band EPR spectrometer operating at 9.80 GHz. Microwave power
was set to 2.002 mW. Sweep width was performed with 100G and a center field of 3510G. The
field modulation frequency was set to 100 kHz, and the modulation amplitude was 6G.
Thermogravimetric analysis (TGA) was performed using TA Q50 instrument from 20 °C to
800 °C with a heating rate of 10 °C min~! under nitrogen flow of 10 ml min~!. High resolution
mass spectrometric (HRMS) analysis results were acquired by the University of Texas at Austin
Mass Spectrometry Facility. The 'H nuclear magnetic resonance (NMR) spectrum was recorded
on a Bruker AV-500.
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Scheme S1. Chemical structures of (a) HAT, also known as 3Q, (b) HATA and (c) HATAQ.
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Scheme S2. Synthesis of HATAQ (benzo[i]benzo[6,7]quinoxalino[2,3-
a]benzo[6,7]quinoxalino[2,3-c]phenazine-5,8,13,16,21,24-hexaone)

2,3-Diamino-1,4-naphtaquinone (61.2 g, 325 mmol) was dissolved in degassed glacial acetic
acid (1500 mL). To this solution, cyclohexane hexaketone as an octahydrate (31.2 g, 100 mmol)
was added in one portion. The reaction mixture was heated under reflux at 120 °C over 24 h
period under the argon atmosphere. Upon reaction completion, the reaction mixture was cooled
to 60 °C and the solid residue was recovered by filtration. The obtained dark brown solid was
successively washed with fresh glacial acetic acid (200 mL), ethanol (200 mL), acetone (200
mL) and water (4 x 250 mL), and dried under vacuum over 24 h. The resulting black solid was
suspended in 25 % nitric acid (250 mL). The obtained suspension was heated under reflux at
100 °C with vigorous stirring for 2 h. The color of suspension turned from dark brown to dark
orange upon heating. The reaction mixture was cooled to room temperature and the solid was
separated by filtration on glass filter. Filter cake was washed with deionized water (5 x 500 mL)
followed by drying under dynamic vacuum overnight. Title product was obtained as a yellow-
orange powder (54.3 g, 87% yield). 'H NMR (500 MHz, TFA-d): 8.73-8.65 (m, 6H), 8.20-8.10
(m, 6H). HRMS (+ mode): Calculated m/z for C;sH,N¢O¢ (M+H) 625.0891, observed
625.0878.
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Figure S1. 'H-NMR spectrum of HATAQ in TFA-d, solvent.
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Figure S2. FT-IR spectrum of HATAQ.
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Figure S3. TGA plot of as-synthesized HATAQ sample under N,. Rapid weight loss of around
5.94% corresponding to release of trapped water molecules is apparent with the onset of
temperature reaching a plateau at 200 °C. Further Rapid weight loss takes place above 550 °C.

Crystallization of HATAQ

HATAQ (1.5 mg) and dimethyl sulfoxide (DMSO, 0.4 mL) were mixed in a 4 mL vial,
and the suspension was sonicated for 5 min. The mixture was heated in a 140 °C oven for 2 h
to obtain a clear solution. The solution was cooled down to 30 °C with a rate of 5 °C h~! and
yellow prism crystals were obtained.
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Table S1. Crystallographic data of HATAQ.

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

o/°

pl°

y/°

Volume/A3

VA

Pcalc g/ cm?

w/mm!

F(000)

Radiation

26 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [/ > 20 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

HAT DMSO

Cus Hag N O12 S

1093.28

200(2)

Trigonal

R-3¢

15.8095(9)

15.8095(9)

44.424(3)

90.00

90.00

120

9615.7(10)

6

1.133

0.267

3420

Mo Ko (A = 0.71073)

2.36 t0 25.06
-18<h<l18,-18<k<16,-52<1<52
43300

1884 [Rin = 0.0781, Rgigma =0.0247]
1884/1/114

1.734

R, =0.1281, wR, = 0.3887
R, =0.1427, wR, = 0.4062
0.895/-0.532
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Figure S4. Single crystal (inset) and crystal structure of HATAQ (C, gray; N, blue; O, red; the
hydrogen atoms and intercalated DMSO molecules are omitted for clarity).
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Electrode mechanistic studies

The HATAQ electrodes for ex-situ and in-situ Raman measurements contained 40 wt%
active material, 50 wt% copper and 10 wt% PVDF.? Stainless steel was used as current collector.
CR2032 coin cells were assembled by using Li metal as anode, 1 M LiTFSI in DOL/DME (1:2
v/v) with 0.3 wt% LiNOs as electrolyte and Whatman glass microfiber membrane as separator.
The electrodes for ex-situ FT-IR contained 30 wt% active material, 60 wt% copper and 10 wt%
PTFE.? The self-standing electrodes (0.2 mm thick) were dried in vacuum overnight at 80 °C.
The coin cells were assembled by using Li metal anode, 1 M LiPF4 in EC/ DEC (1:1 v/v)
electrolyte and Celgard separator. The ex-situ XPS and EPR measurements were done on
HATAQ electrodes consisting of 40 wt% active material, 50 wt% Ketjen Black and 10 wt%
PVDF. The mixture was coated on stainless steel. The coin cells were assembled by using Li
metal, I M LiTFSI in DOL/DME (1:2 v/v) with 0.3 wt% LiNO; and Whatman glass microfiber
as anode, electrolyte and separator, respectively. The electrodes for ex-situ PXRD contained
80 wt% active material, 10 wt% Ketjen Black and 10 wt% PTFE. After hand mixing with
ethanol, the mixture was pressed by rolling machine (MTI, MSK-2150) to get 0.2 mm thick
electrodes, and the electrodes were dried overnight at 120 °C in vacuum. CR2032 coin cells
were assembled by using Li metal anode, 1 M LiTFSI DOL/DME (1:2 v/v) with 0.3 wt% LiNOs
electrolyte solution and glass fiber separator. For all the ex-situ measurements, the electrodes
were cycled to various states of charge and the cells were disassembled in an argon-filled
glovebox. All the samples were handled without any exposure to air.
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Figure S5. Capacity retention and coulombic efficiency of the HATAQ at 200 mA g! (0.4C)
with 1 M LiTFSI 0.3 wt% LiNOj; in 1:2 v/v DOL/DME as electrolyte (blue: discharge; red:
charge).
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Figure S6. Discharge/charge profiles of the HATAQ electrodes at different current densities
ranging from 2 A g! (4C) to 10 A g7! (19C).

38



WILEY-VCH

400
. ’_-—-_—.,-———-——41009
“.m : | | %
< 300- 10 3
= A S.
= | o
2 | -50 @
— =
§200- I Q.
T -25 5
8 2
10+————r+—— 0 =
0 20 40 60 80 100

Cycle number (N)

Figure S7. Cycling performance of the HATAQ electrode in a conventional Li-ion electrolyte,
1 M LiPF¢ in EC/DEC. The organic electrode material shows poor cycling performance due to
the dissolution problem in the electrolyte (blue: discharge; red: charge).
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Figure S8. Ex-situ Raman spectra of the HATAQ electrodes for the first cycle in the voltage
range of 1.2-3.9 V at 200 mA g'.
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Figure S9. Ex-situ FT-IR spectra of the HATAQ electrodes at different charge/discharge states.
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Figure S10. Ex-situ FT-IR spectra of the HATAQ electrodes at different states of charge
(wavenumber of 1000-2000 cm™).
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Figure S11. XPS low-resolution survey data of HATAQ electrodes at pristine state, discharged
state at 1.2 V and charged state at 3.9 V, all indicating no impurities.
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Figure S12. Deconvolution of the high-resolution XPS spectra of HATAQ electrodes at
different states of charge: (Left) C 1s; (Middle) O 1s; (Right) N 1s.
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Figure S13. Top to bottom: Simulated PXRD pattern of solvent-free HATAQ; Experimental
PXRD pattern of HATAQ powder after heating at 120 °C in vacuum; Ex-situ PXRD patterns
of HATAQ electrodes at open circuit voltage (OCV); discharge to 2.0 and 1.2 V; followed by
charge up to 2.0 and 3.9 V, respectively. The peak at approximately 18° belongs to PTFE
polymer binder.
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Figure S14. SEM images of HATAQ powder and electrodes: at OCV; after 50 cycles; and after
100 cycles (200 mA g™!), showing that the morphology of the active material primarily remains
unchanged after cycling.
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Figure S15. The lowest unoccupied (LUMO) and the highest occupied (HOMO) molecular
orbitals (0.003 e/a,® isovalue) and the corresponding HOMO-LUMO gap value (eV) for the
HATAQ molecule calculated at the B3LYP/6-31+G(d,p)//IEF level of theory.
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Figure S16. Lock-and-key C—H---O hydrogen bonds in the HATAQ dimer, characterized by
overlap of the s-type oxygen lone pair (no®) and C—H o* orbital.
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Figure S17. Comparison of principal NBO interactions in HATAQ-Li, associated with
donation of O and N electron lone pairs into the vacant valence orbitals of Li to form two-center
two-electron (2c-2e) Li «—:O and Li «—:N dative bonds. In this description the strength of
donor—acceptor interactions in HATAQ-Li would be defined by the Lewis basicity/acidity of
the components and can be estimated within the framework of second-order perturbation
theory.? The obtained second-order stabilization energies, E® (kcal mol™'), show almost equal
contribution of O and N lone pairs to the Li binding.
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Figure S18. Calculated Mulliken spin densities for the HATAQ-Li complexes with an odd
number of Li ions (one unpaired electron, doublet state). The spin density isosurfaces shown in
grey are plotted using 0.003 e/a,® isovalue. The spin densities are primarily delocalized over O
and N atoms participating in Li chelation with some spin density residing on the aromatic rings
due to m-conjugation.

Figure S19. Structural changes of the fully lithiated HATAQ-12Li before (top) and after
(bottom) 2 ps of ab initio molecular dynamics (MD) simulations at T =400 K.
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Figure S20. Top and side views of the DFT optimized global minimum structures for the
HATAQ-nLi (n = 1-12) complexes.

Table S2. Calculated binding energies (BEs) and redox potentials at the B3LYP/6-
31+G(d,p)//IEF level in DME solvent. BEs were calculated for the consecutive lithiation
processes according to the following equation: BE = Egatag-ni — (Bratag-o-1yLi + Evi), where
EnataqQ-iLi> Enataq-(-1yLi> and Ep; are the sum of electronic and zero-point energies (eV) of the
final and initial lithiated states of the HATAQ molecule, and lithium atom, respectively; # is
the number of Li/electrons transferred in the process.

Lithiation HATAQ— HATAQILi— | HATAQ2Li— | HATAQ3Li— | HATAQ4Li— | HATAQS5Li—
steps HATAQILI HATAQ2Li HATAQ3Li HATAQ4Li HATAQSLi HATAQS6Li
BE, eV -3.87 -3.69 -3.81 -2.99 -3.15 -2.77
Potential, V 3.51 3.36 3.41 2.60 2.79 2.35

(vs. Li/Li")

Lithiation HATAQ6Li — | HATAQ7Li— | HATAQSLi— | HATAQILi— | HATAQIOLi » | HATAQIILi —

steps HATAQ7Li HATAQSLi HATAQILi HATAQIOLi HATAQI1Li HATAQI2Li
BE, eV -2.39 -2.10 -1.93 -1.58 -1.59 -141
Potential, V 2.10 1.73 1.61 1.25 1.24 1.07

(vs. Li/Li")

Table S3. Lattice parameters of the HATAQ crystal structure obtained by X-ray diffraction and
periodic DFT calculations.

HATAQ
Method a(A) b(A) c(A)
Experiment (X-ray diffraction) 15.8095(9) 15.8095(9) 44.424(3)
PBE-DFT-D3 15.5695 15.5695 44.6010
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