Open Access Article. Published on 09 August 2024. Downloaded on 11/10/2025 4:28:57 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical
Science

W) Check for updates ‘

Cite this: Chem. Sci., 2024, 15, 14872

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

and Aurelio Mateo-Alonso

I ROYAL SOCIETY
PPN OF CHEMISTRY

A redox-active organic cage as a cathode material
with improved electrochemical performancet

Saibal Bera,? Nicolas Goujon,® Manuel Melle-Franco,” David Mecerreyes*2©

*ac

Organic cages offer numerous opportunities for creating novel materials suitable for a wide range of
applications. Among these, energy-related applications are beginning to attract attention. We report here
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Introduction

Organic cages (OCs) are discrete polyhedric molecular struc-
tures constituted by a rigid framework of covalently linked
monomeric subunits that act as nodes and linkers. Such
framework generates a well-defined internal cavity and windows
of different shapes and dimensions that allow the diffusion of
other species in and out of the cavity. Different types of OCs,
each with varying stoichiometries and windows of diverse
shapes and sizes, can be designed to control the diffusion of
various species within the framework.”® This modularity also
allows the introduction of monomers with different optical or
electronic properties that can be translated to the cage. In
contrast to extended porous frameworks, such as metal-organic
frameworks, covalent organic frameworks and porous organic
polymers, OCs are synthesized and characterized as other
organic molecules, which makes their characterization easier by
common NMR and MS techniques. In addition, OCs can be
dispersed and processed in solution. Furthermore, increasingly
complex OCs can be obtained using dynamic covalent chem-
istry that simplifies their synthesis. Owing to these unique
features, OCs present many opportunities as functional mate-
rials and their potential has been demonstrated for several
applications including encapsulation,>*” separation,®*** molec-
ular reaction vessels,’*** and porous liquids,'> among others;
among which, energy related applications are starting to attract
attention.'**
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performance compared to those formulated with the individual subunits, showing improvements in
terms of electrochemical stability, lithium-ion diffusivity, and cathode capacity.

In recent years, the development of organic electrode mate-
rials for lithium-ion batteries has received significant attention in
view of their sustainable and low-cost production, and their low
environmental impact.>*° Furthermore, the tunability of organic
molecules provide unique opportunities to design new electrode
materials with optimal properties. Yet, organic electrodes face
multiple challenges that are difficult to address since different
parameters, such as power density, energy density, ion diffusivity,
cycling stability, gravimetric density, conductivity, production
costs and recyclability have to be considered. For example, low
molecular weight molecules with high capacity can leach into the
electrolyte, which limits their cycling stability. Moreover, ion
diffusivity is constrained by factors such as the electrode density,
the degree of swelling of the electrode in the presence of the
electrolyte, and the size of the redox species. Collectively, these
factors impose limitations on a battery's capacity to fast charge
and discharge effectively. Therefore, the systematic investigation
of different classes of materials is crucial for the development of
high-performance organic electrodes. An important aspect to
enable such fundamental investigations is the synthetic accessi-
bility and availability (multigram scale) of materials at the early
research stages.

In this regard, OCs can meet many of the criteria for devel-
oping electrode materials for lithium-ion batteries. In principle,
they can be engineered to exhibit high specific capacities by the
introduction of redox modules, and an efficient diffusion of
lithium ions by a careful design of the framework. Furthermore,
the synthesis of OCs, once developed, often involves one-step
procedures from the monomers that can be potentially scaled
up. However, despite their potential, there is only one example
where OCs have been used as an organic cathode in lithium-ion
batteries to the best of our knowledge,' and most importantly,
the influence of OCs in electrode performance continues to
remain unclear. Herein, we demonstrate that the assembly of
organic redox units in a cage-like structure generate materials
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Fig. 1 General route for the synthesis of cage 1 and reference 4.

with a higher electrochemical performance than the individual
redox units. To do so, we have synthesized a new [3 + 6] trigonal
prismatic cage (1) constituted by three redox-active dibenzote-
traazahexacene walls. Cage 1 has been synthesized in a gram
scale by condensation between a tetratopic aldehyde, dibenzo-
tetraazahexacene 2, and a ditopic diamine, (1R,2R)-1,2-dia-
minocyclohexane (3) (Fig. 1). The gram scale availability of cage 1
has enabled the fabrication and characterization of organic
electrodes in lithium-ion batteries. Our results show how the
electrochemical performance of the cage-based cathodes is
superior in terms of electrolytic stability, lithium-ion diffusivity
and capacity to that of compound 4, a model individual subunit
that has been synthesised and investigated under the same
conditions as a reference material. The enhanced performance of
the cage-based electrodes is consistent with the lower solubility
of the cage in the electrolyte that results in an enhanced cycling
stability, and with an enhanced diffusivity of lithium ions in the
organic cage electrodes.

Results and discussion

To construct the cage, we selected dibenzotetrazahexacene
derivatives as redox subunits as they are constituted by fused

© 2024 The Author(s). Published by the Royal Society of Chemistry
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quinoxaline groups, which have shown a lot of promise as
organic cathodes, as a result of their redox properties and high
stability.****> Cage 1 has been synthesized in a gram-scale from
dibenzotetrazahexacene tetraaldehyde 2 and diamine 3 (Fig. 1
and Scheme S1t). Tetraaldehyde 2 (ref. 36) is available in
a gram-scale in only four steps from commercially available
products and has been synthesized following a slightly modified
procedure with a higher yield in the last step that increases from
22% to 78% (see ESIT for details procedure), whereas, diamine 3
is commercially available. Imine condensation between tet-
raaldehyde 2 and diamine 3 in a 1:2 equivalent ratio with
a catalytic amount of trifluoroacetic acid (TFA) yields the
trigonal prismatic [3 + 6] cage 1 in a 77% yield (Fig. 1).

To investigate the impact of the cage-like assembly on the
performance of the electrodes, we synthesized an individual
dibenzotetraazahexacene redox subunit condensed to four
cyclohexylimines (4) as a reference material. Reference 4 was
synthesized by condensing tetraldehyde 2 with an excess (10
eq.) of cyclohexylamine in chloroform with a catalytic amount of
TFA. Notably, we have observed how reference 4 can be con-
verted into cage 1 (68%) by a transimination reaction in the
presence of diamine 3. In addition, when cage 1 was exposed to
the same transimination conditions in the presence of

Chem. Sci., 2024, 15, 14872-14879 | 14873


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04295f

Open Access Article. Published on 09 August 2024. Downloaded on 11/10/2025 4:28:57 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

cyclohexylamine, no transformation was observed, indicating
that the cage is the most thermodynamically stable product in
these conditions.

Cage 1 is sparingly soluble in common organic solvents,
among which, the higher solubilities were observed for chlori-
nated solvents. Despite, the limited solubility we were able to
record both 'H and ®*C NMR in 1,1,2,2-tetrachloroethane-d,.
The 'H NMR signals of cage 1 are broadened in comparison to
those of the spectrum of the tetraldehyde precursor 2 (Fig. 2a).
This broadening of the "H NMR signals is consistent with the
limited solubility and signal splitting due to the presence of the
chiral diaminocyclohexane residues. The observed broadening
also indicates the formation of a conformationally-flexible
structure, in agreement with previous reports on similar
molecular cages.’”* The "H NMR spectrum of cage 1 at 25 °C
shows a signal that correspond to the imine protons (a”), which
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is also observed on reference 4 (a’), and lacks the aldehyde
protons signal (a) observed on spectrum of the tetraaldehyde
precursor 2 (Fig. 2a), which confirms that all aldehydes have
been transformed into imines. Moreover, the Fourier-
transformed infrared (FT-IR) spectrum of cage 1 shows the
imine C=N stretching signal at 1635 cm ™" (Fig. S11), whereas
the characteristic aldehyde C=0 and C-H stretching observed
in the spectrum of tetraldehyde 2 signals were not observed,
which is also consistent with the transformation of all alde-
hydes into imines. We were unable to record a "H NMR spec-
trum at higher temperatures, as heating the sample in 1,1,2,2-
tetrachloroethane resulted in the formation of a viscous mate-
rial at 60 °C that we attributed to the partial hydrolysis and
polymerization of the cage components in this solvent. This
behavior is consistent with the limited stability of imine cages.
To confirm that the broadening of the signals in the NMR
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Fig. 2 (a) 'H NMR spectra of cage 1, tetraaldehyde 2 and reference 4 in 1,1,2,2-tetrachloroethane-d.. (b) DOSY spectrum of cage 1 in 1,1,2,2-
tetrachloroethane-d,. Asterisk indicates solvent residual peaks. (c) Experimental (MALDI-TOF) and theoretical isotopic distributions of the [M +

Agl* ion peak of cage 1. (d) Calculated structure of cage 1.
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spectrum of cage 1 is not due to the formation of cages with
a different stoichiometry, a diffusion-ordered spectroscopy
(DOSY) NMR spectrum was recorded (Fig. 2b). The DOSY
spectrum of cage 1 shows how 'H NMR signals diffuse at the
same rate (5.5 x 1077 em® s™'), demonstrating that all signals
belong to a single cage species. Otherwise, if cages of different
stoichiometries had been present, additional sets of signals
diffusing at different rates would have been present. The '*C
NMR spectrum of cage 1 shows the same features observed by
'H NMR, namely shifts consistent with the formation of the
imine and signal broadening consistent with the low solubility
and flexibility of the cage (Fig. S21). The [3 + 6] stoichiometry of
cage 1 was confirmed by matrix-assisted laser desorption ioni-
zation time-of-flight mass spectrometry (MALDI-TOF MS). The
MS spectrum showed the [M + Ag]" molecular ion peak with an
isotopic pattern consistent with the theoretical molecular
weight and isotopic distribution of cage 1 (Fig. 2c). Further-
more, the peaks corresponding to cages with different stoichi-
ometries, e.g. [2 + 4] or [4 + 8] species (Fig. S31), were not
detected, which is consistent with the findings observed in the
DOSY spectrum of cage 1 that evidence the formation of a single
stoichiometry cage product. The UV-vis and fluorescence
spectra of cage 1 shows similar absorption and emission bands
observed in tetraaldehyde 2 and reference 4 (Fig. S4). Thermal
gravimetric analysis (TGA) stability under nitrogen shows that
cage 1 is thermally stable up to ~200 °C (Fig. S51).

The molecular structure of 1 was constructed from an anal-
ogous cage molecule,® since all our attempts to grow crystals
from the amorphous powders of cage 1 (Fig. S61) were unsuc-
cessful. In order to explore conformational space, a 2.5 ns
molecular dynamics simulation was performed with the
eXtended Tight Binding (xTB) methodology at 400 K in a solvent
continuum.**° From this, different conformations were
selected, optimized and energy ranked at the XTB-GFN2 level
first" to be further refined at the density functional theory
(DFT) M06-2X-6-31G(d,p)-chloroform level yielding different
conformers of which only one is populated at room temperature
(Fig. 2d and S77).*** The energy optimized molecular structure
of cage 1 shows a symmetrical triangular prismatic structure in
which three dibenzotetraazahexacene panels are clipped
through the imines of six diamine 3 units at the vertices. This
arrangement generates two large triangular windows with
a pore size of 1.37 nm (Fig. 2d) that should allow the diffusion of
lithium cations (ionic diameter = 0.15 nm) across the cage.

The redox activity of cage 1 has been investigated by cyclic
voltammetry in a three-electrode configuration using a tradi-
tional lithium-ion battery electrolyte (1 M LiPF, in ethylene
carbonate and diethyl carbonate, 50/50 v/v) and compared to
that of reference 4 (Fig. 3a and b). Both in the case of cage 1 and
reference 4, the reduction and oxidation peak potentials are
anodically shifted upon cycling. The anodic shifts are consis-
tent with the activation of the electrode after several cycles as
previously described for electrodes constituted by covalent
organic frameworks.*> After this activation, two clear redox
waves are observed at a formal potential of 3.00 and 2.84 V vs. Li/
Li" in the case of cage 1. These two processes are consistent with
two sequential reductions of each quinoxaline group that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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generate first the diradical dianion and then the tetraanion
(Fig. 3c and d), in analogy to other derivatives constituted by
quinoxaline groups such as phenazine and hexaaza-
trinaphtylene derivatives*»****> and with theoretical calculations
(see below). Notably, no decay in the peak current of both the
oxidation and reduction processes was observed for cage 1 upon
cycling. Whereas, in the case of reference 4, a significant
decrease in peak current was observed for both oxidation and
reduction peaks. In addition, while no colour change of the
electrolyte solution was observed during the voltametric
measurements on cage 1, a clear colour change of the electrolyte
solution, from transparent to yellow (same yellow colour as that
of reference 4), was observed during the measurements on
reference 4. This coloration indicates the leaching of reference 4
into the electrolyte, which compromises the long-term electrode
stability. Whereas, the lack of coloration during the measure-
ments on cage 1 illustrates the lower solubility of cage 1 and the
enhanced electrode stability.

The mechanism set out in Fig. 3c was further supported by
theoretical calculations (Fig. 3d). The frontier electronic levels
of both molecules 4 and 1, are very similar (Table S1 and
Fig. S8t). The cage shows the expected three-fold degeneration
with respect to 4 and, fundamentally, the same eigenvalues and
the same HOMO-LUMO gaps. This is consistent with the fact
that the dibenzotetraazahexacene units are electronically
uncoupled to each other due to geometrical constraints and the
lack of conjugation along the cyclohexanediimine linkers. In
the case of the reference compound 4, the electronic densities
corresponding to the LUMO+1 and the LUMO at ~2.3 eV are
located in the dibenzotetraazahexacene moieties, indicating
that each of these moieties can accommodate up to four elec-
trons. An analysis of the DFT-derived atomic charges in 1 and 4
reveals that the Ng, atoms in both molecules have similar
charges around —0.36 and —0.33 for imine and pyrazinic N
respectively, showing only very slight variations between both
molecules (Fig. S9-S127). These atoms function as electrostatic
hotspots attracting Li" as the molecular electrostatic potential
also shows, in line with previous reports.***'-** To shine addi-
tional light, we systematically explored the Li* adsorption and
reduction processes with extended tight-binding methodologies
refined by ab initio DFT calculations (complete details can be
found in the ESI{). This revealed that the most thermodynam-
ically likely Li* adsorption sites are in the vicinity of pyrazinic N
atoms during the two sequential two-electron reductions, with
potentials of 2.79 and 2.63 V (Fig. S137) that are consistent with
those of the experimental measurements.

To further understand the impact of the cage architecture on
the lithium transport properties, lithium-ion diffusion coeffi-
cients (Dy;+) of cage 1 and of reference 4 were estimated by
electrochemical impedance spectroscopy (Fig. 3e and S147).
Cage 1 exhibits a higher Dy;: than that of reference 4 (5.25 x
10 "% and 9.03 x 10~ em? s, respectively). This is consistent
with the presence of large windows in cage 1 that favour the
diffusion of lithium ions, as in the case of macrocyclic mate-
rials** and covalent organic frameworks.*

To have an additional insight the electrochemical perfor-
mance of cage 1, a cathode was formulated using cage 1 as the
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Fig. 3 Cyclic voltammograms of (a) cage 1 and (b) reference 4 in 1 M LiPFg in EC/DEC at a scan rate of 50 mV s~. Only 1st (black), 5th (red), 10th
(blue), 20th (green) and 50th (brown) scans are shown for clarity. (c) Schematic representation of the redox processes in cage 1 and reference 4.
(d) Reduced states of 4 screened with DFT, top and side views (e) Z’ (real part of impedance) vs. inverse square root of angular speed (w /) at
low-frequency regime of electrochemical impedance spectra. The Warburg factor (¢) was obtained from the slope to calculate the diffusion
coefficient for both the cage 1 (red) and reference molecule 4 (black). (f) Rate capability of a Li|l cell (red) and a Li|4 cell (black) when cycled
a various C-rate, ranging from 1C to 10C. Specific capacity as a function of cycle number.

active material, Super C65 and styrene-ethylene/butylene-
styrene as conductive carbon and binder (20:70:10 wt%,

C-rate = iapplicd/ilh

respectively) and its cycling performance was investigated in
a lithium metal battery at various C-rate (Fig. S15 and S16¥). C-
rate is defined as the rate of time required to fully charge or
discharge a battery, based on the theoretical capacity of the
electroactive material used in the electrode and can be defined
as follows:

14876 | Chem. Sci, 2024, 15, 14872-14879

where #;;, is the current (A) required to fully oxidize or reduce an
electroactive material in 1 hour. First, the Lijcage 1 cell was
conditioned for 10 cycles at a C-rate of 2C prior assessing its
performance at C-rates from 1C to 10C, due to the activation
phenomenon observed in the cyclic voltammetry. At 1C, the
Li|cage 1 cell exhibited two clear charge and discharge plateau
at a voltage of around 3.2 V and 2.0 V vs. Li/Li". These voltages

© 2024 The Author(s). Published by the Royal Society of Chemistry
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are slightly offset when compared to the ones obtained from
cyclic voltammetry, likely due to the higher loading of active
material in the electrode used in the lithium metal cell, which
would result in an increase of resistance and thus a slight shift
in the voltage of the (dis-) charge plateau. The Li|cage 1 cell
delivered a specific discharge capacity of 68 mA h g*
(normalized by gram of cage 1), which corresponds to 70% of its
theoretical capacity of 98 mA h g~ (Fig. S151). Although a slight
fading in terms of the capacity was observed upon the first five
cycle at 1C, no significant capacity fading is observed upon
increasing C-rate. The Li|cage 1 cell exhibited good rate capa-
bility, with a capacity retention of 39% at a C-rate of 10C when
compared to 1C. Additionally, a more stable specific discharge
of 47 mA h g~ " was obtained when cycling back to 1C (Fig. S167).
Most importantly, the Li|reference 4 cell shows a lower capacity
at all the C-rate when compared with the Li|cage 1 cell (Fig. 3f).
The enhanced rate capability of the cage 1 is in agreement with
the superior lithium-ion transport property of cage 1, high-
lighted by the lithium-ion diffusion coefficient measurements.
Long-term cycling stability of the cage 1 was also investigated at
a selected C-rate of 4C (Fig. S177). A specific discharge capacity
of 83 mA h g~' was initially reached, which rapidly faded to
51 mA h ¢! in the first three cycles. Upon further cycling,
a more moderate fading was observed with a remaining specific
discharge capacity of 28 mA h g~ after 100 cycles, suggesting
that some degradation is occurring. Long-term cycling of Li|-
cage 1 cell was also investigated at a much higher C-rate (10C).
Similarly, a rapid capacity fading was observed in the first three
cycles, however a more stable cycling stability is observed upon
further cycling, with a remaining specific discharge capacity of
28 mA h g " after 100 cycles (Fig. S187).

Conclusions

In summary, we have shown how the incorporation of redox
subunits into a cage-like structure leads to organic cathodes
with enhanced performance when compared with cathodes
fabricated from the individual subunits. This enhancement
manifests in terms of cycling stability, lithium-ion diffusivity,
and cathode capacity. The improvement in performance is
consistent with the reduced solubility of the cage, which
prevents leaching into the electrolyte, and with the presence of
large windows that favour the diffusion of lithium ions. Overall,
this work opens new possibilities for OCs and also for the
design and development of new organic electrode materials
with enhanced performance for energy applications, in which
cage stoichiometry might play an active role.
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