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Introduction

Investigating the potential of pyrazine dioxide
based-compounds as organic electrodes for
batteriest
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Understanding structure—property relationship in redox-active molecular species is of central importance
in various fields, including many medicinal and chemical applications. The quest for performant organic
electrodes in the context of energy storage calls for pioneering studies to develop new and possibly
optimal materials. Beyond modifying the molecular design of the existing compounds through
functionalization, expansion of the search enabling the advent of efficient new backbones can potentially
lead to breakthroughs in this research area. The number of already identified families able to constitute
negative organic electrodes is much lower than that of their positive counterparts, which calls for finding
ways to bridge this gap. To expand the dataset of known predicted redox potentials and in view of reach-
ing an educated guess about the abilities of some eventual new redox active electrodes, we examined the
properties of pyrazine N,N'-dioxide (PZDO) and its fully methylated functionalized derivative (TeMePzDO).
The aspects and mechanisms driving the various features characteristic of these compounds were unra-
veled through molecular and periodic DFT calculations combined with accurate electronic structure ana-
lysis. The predicted molecular redox/crystalline intercalation potentials lead to the classification of PZDO
and TeMePzDO systems within the class of negative electrodes, with features that are significantly appeal-
ing compared to those of some existing systems with backbones suited for such kind of application.

levels, modelling the searched materials as molecules/clus-
ters, polymers or crystals."'>* Recently, the possibility to

Within the context of search for new redox active materials
that are able to constitute organic electrodes for batteries,
various classes of compounds have been already identified
as promising candidates.® Nevertheless, this research area
remains active and the search space for materials of this
type is still extremely vast. In complement to experimental
works, computational studies may be undertaken at several
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employ C-nitroso compounds (i.e. molecules having the
nitroso group (R-NO), with NO attached to a carbon atom
within R) in the field of organic electrode materials (OEMs)
has been envisaged.>®?® Such studies involve a redox centre
(N=O0) that is distinct from the most thoroughly investi-
gated class of compounds based on the use of carbonyl
groups.

By considering a simplified electrochemical mechanism
between p-dinitrosobenzene (DNB) and di-lithium benzo-
quinone dioximate (Li,-BQDO), some relevant structure-prop-
erty features emerged.”® We notably demonstrated that the
classification of such moieties within positive OEMs relies on
the energy stabilization induced by the redox center moiety
upon lithiation of DNB that opposes and overcomes the energy
lowering caused by the loss of ring aromaticity during this
process. Such energy balance differs from the one characteriz-
ing the well-known p-benzoquinone systems, where the gain in
stability is instead attributed to the large enhancement in
n-conjugation. Indeed, by switching from the initial quinoid
form to the reduced enolate form through a two-electron
uptake, the system becomes aromatic during such an electro-
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chemical process,”™*’ thus resulting in high redox potential
vs. Li*/Li, which is advantageous for positive electrode
materials. The reverse situation, i.e. starting with an aromatic
compound that loses its aromaticity stabilization upon the
redox phenomenon, can be exploited to find possible negative
electrode compounds. As an example of such a situation,
injecting electrons within the pyrazine N,N’-dioxide compound
shall in principle lead to the evolution from an aromatic
moiety (with 4n + 2 = 6 electrons) towards a potentially anti-
aromatic compound (with 4n = 8 electrons). The aromaticity
loss or gain is similar in its incidence to the tuning that exploits
inductive/mesomeric effects®” to achieve energy stabilization/
destabilization. The only difference between both kinds of
molecular modulation acting on the electrochemical activity lies
in the fact that in the present case the ‘driving force’ only con-
cerns the backbone, even though this aspect can be still
additionally enhanced through appropriate substituent selec-
tion. As a matter of fact, fine-tuning through functionalization
of a given framework has been explored in more detail so far
than the quest for a strong loss of energy stabilization upon
electron uptake or release originating solely from the backbone.
Furthermore, the number of families discovered with the
purpose of serving as negative electrodes is far less compared to
that of positive ones, which are clearly prominent to date. This
holds true both for the so-called n- and p-type redox-active
classes (according to Hiinig’s classification)'® depending on the
intake/release of electrons and counterions.

As a first step towards examination of their possible interest
in this area, we report in this work a series of DFT modelling
studies focused on pyrazine N,N'-dioxide (C,H4N,O, tie.
PZDO>® (Fig. 1)) and its tetramethyl substituted counterpart,
2,3,5,6-tetramethylpyrazine-1,4-dioxide (CgH1,N,0, Le.
TeMePzDO).>> Among other applications, PZDO and some of
its derivatives have been considered as potential precursors of
functional materials and for possible use in the field of crystal
engineering,’® > whereas in the present investigation we aim
at examining their capabilities in case of use as n-type organic
electrodes of batteries. By constituting one of the smallest aro-
matic moieties belonging to the bis-N-oxide family, PZDO is
very attractive from the viewpoint of theoretical capacity, with
values equal to 239.1 mA h ¢™' and 478.2 mA h g™* for the
process of Single Reduction (SR)/Double Reduction (DR),
respectively. While lowering the impact of this feature with
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Fig. 1 Representation of the PZDO molecule and labels of the bonds in
the ring.
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respect to PZDO, the functionalization with methyl groups,
thus leading to TeMePzDO, is likely to have an impact on the
redox potential. The interest for this methylated version and
other potentially existing substituted forms is also ascribable
to their possibly more favourable stability features with respect
to some risks recently evidenced for PZDO,*® despite its
decomposition temperature (above 270 °C) which is similar to
that of many other organic compounds, including some of
those considered as suitable electrodes. Contrary to the case of
dioximate species, which were recently reported,>>° another
electrochemical versatility in incorporating the (N=0) redox
center directly into the ring, rather than attaching it to a six-
membered carbon ring (6-CMR), shall be reached. In this
investigation, from both fundamental and application points of
view, it is important to gain information not only on the redox
activity features but also on the HOMO-LUMO gaps of this
class of molecules (PZDO and TeMePzDO). Indeed, a different
frontier orbital behaviour with respect to other kinds of com-
pounds could be observed, with the eventuality of being ben-
eficial for the conductive properties of the materials. Another
relevant information to be gained is the degree of transferability
of molecular electrochemical features to those occurring in crys-
talline materials. While the flexible nature characterizing the
intermolecular packing in these redox-active organic electrode
materials has been recognized as being able to generate higher
rate capability compared to their inorganic counterparts,®’*®
this effect along with the specific relative orientations of mole-
cules may have an impact also on the intercalation potentials.
The latter deserves to be examined and confronted with the
results characterizing their molecular counterparts, considered
in implicit solvation treatment. Therefore, beyond molecular
DFT modelling intended to provide first access to features
accompanying the redox procedure in such compounds, the
lithiation of the corresponding crystalline phases of PZDO and
TeMePzDO, respectively determined by Nither et al*® and
Aakerdy et al.,*® has been undertaken as well.

Computational details

For results obtained at the level of molecular density func-
tional theory (DFT), geometry optimizations were achieved for
PZDO and TeMePzDO compounds as well as for their com-
plexes with Li* ions using the Gaussian®® package. These cal-
culations employed the M06-2X functional with the polarized
triple &-basis set 6-311+G(2d,2p) and were performed with
both a very tight criterion of convergence and a superfine inte-
gration grid. All calculated structures were proven to corres-
pond to well-defined local energy minima (no imaginary fre-
quency) thanks to the vibrational analysis. Solvent effects were
taken into account using a polarizable (continuum, ie., via a
dielectric medium) solvation model based on density (SMD)*"
for which the full solute electron density is used without defin-
ing partial atomic charges. Acetonitrile was selected as the
solvent (¢ = 37.5) and the redox potential was estimated
through the Nernst equation by following the procedure
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described in previous works,'*'#?1224243 gimijlarly to our pre-
ceding investigations,”"?* we considered in this work two dis-
tinct situations which can potentially be observed in experi-
ments for the reduction process of the investigated molecules.
They correspond either to a single reduction (SR) or to a
double reduction (DR). In the former case, a complex is
formed involving a singly reduced molecule (thus corres-
ponding to a monoanion), interacting with one monovalent
counter-ion, Li" (i.e. intermediate state), whereas in the DR
process the doubly reduced molecule interacts with two mono-
valent counter-ions, Li* (i.e. final state). The conformational
counter-ion locations around any of the two kinds of organic
molecules were systematically determined from the analysis of
the calculated potential energy surface (PES). By selecting the
most stable fully optimized structures using the above-men-
tioned methodology, the Electrostatic Surface Potential (ESP)
maps (ie., electron isodensity surfaces mapped with the
electrostatic potential energy felt by an electron moving over
this surface) were plotted. They display the potential that a
unit positive charge would experience at any point of the
surface due to the electron and nuclear distributions in the
molecule. Red areas of these maps indicating low electrostatic
potentials account for a relative abundance of electrons,
whereas blue areas (characterized by high potentials) are
linked to regions experiencing a relative depletion of electrons.
Therefore, the minima of the ESP maps should coincide with
the preferential location of alkali metal cations for the envi-
saged electrochemical processes. Regarding electronic struc-
ture analysis, we applied the Bader quantum theory of atoms
in molecules (QTAIM) approach,** which inter alia allows for
estimating the net atomic charges (NACs),***> the delocaliza-
tion indexes and the electron density Laplacian topology (see
infra). As typical integration grids, we used 96 phi and 64 theta
angular points and 200 points for the radial integration within
the so-called beta sphere. The accuracy of numerical integration
was monitored through the integrated Lagrangian value that
was typically below 1 x 107> a.u. for H atoms and lower than 1 x
1072 a.u. for heavier atoms. Electron delocalization indexes, (1,
J), ie. the number of electron pairs shared or delocalized
between two atomic basins I and J,*° hereafter labelled as DI,
and their standard deviation for the bonds within a ring were
calculated using the SF-ESI package.”” The evolution of these
quantities between the initial (unreduced) and the intermediate
(singly reduced, SR)/final (doubly reduced, DR) forms was
employed in order to estimate the associated evolution of elec-
tron delocalization within the various molecular moieties and
its correlation with the energy stabilization/destabilization
during the electrochemical process. Furthermore, the topology
of the Laplacian of the electron density, V2p(7), given by the
trace of the Hessian matrix of p(F), V?p(F) = 1y + A + A3 (where
A: (i = 1, 3) represents the eigenvalues of this Hessian matrix),
was also examined. Here, more precisely, the L(7¥) quantity,
corresponding to the negative value of the Laplacian, was also
considered to examine the L(7) maxima in the nitrogen Valence
Shell Charge Concentration (VSCC) in order to provide a further
probe of the envisaged redox mechanisms. Finally, we selected
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the hybrid functional Heyd-Scuseria-Ernzerhof (HSE06)*” to
estimate the HOMO (SOMO)-LUMO gaps of the various species
using the previously optimized geometry at the M06-2X/6-311+G
(2d,2p) level.

For periodical calculations, the VASP package®® was
employed in order to provide a benchmark of the tested meth-
odologies, with the objective of identifying the one that most
suitably accounts for the available structural features from
experiment (the delithiated phases of PZDO*® and
TeMePzDO*). Full-geometry optimizations were carried out at
several levels of theory by using various XC (exchange-corre-
lation) functionals associated with various dispersion correc-
tion treatments (involving the empirical dispersion of
Grimme®®?°), as described hereafter. More precisely, energy
minimizations were performed with several choices of XC
functionals including the Perdew-Burke-Ernzerhof (PBE)
variant of the GGA,”" along with the PBEsol.>> The latter®
corresponds to a revised version of the Perdew-Burke-
Ernzerhof functional. It was designed for solids and was con-
structed to restore the correct second-order expansion for the
exchange energy. PBEsol generally improves the equilibrium
properties of solids and their surfaces over PBE. In order to
estimate the incidence of dispersion interactions between the
molecules in the crystal, the results of dispersion corrected
PBE functionals (i.e. methodologies PBE-D, PBE-D*, PBE-D3
and corr-PBE-D*_0.XX defined hereafter) were compared to
those obtained by using the above-mentioned non-corrected
Kohn-Sham density functionals. For these benchmark studies,
we used more precisely the dispersion correction proposed by
Grimme (Grimme’06 scheme, ie. DFT-D2 method as well as
DFT-D3 model)***® introduced in the VASP package.*® By
employing the initially proposed parameters (with C;° and R,
values taken from the DFT-D2 Grimme’s model*®), hereafter
called PBE-D calculations, the van der Waals (vdW) forces
might, however, be overestimated, resulting in an underestima-
tion of the lattice constants. The results may thus be improved
upon modification of the semiempirical vdW correction. The
correction proposed by Civalleri et al.>*>* (hereafter denoted
as PBE-D*), corresponding to a modification of the vdW radii
that allows a softening of the dispersion interaction, was thus
investigated too. It corresponds to a scaling of the Grimme’s
R, values of hydrogen and heavy atoms by 1.30 and 1.05,
respectively. This adjustment was determined from a manual
fitting procedure, searching for the best agreement between
computed and experimental cohesive energies on a set of
14 molecular crystals.”® Additionally, these scaling factors were
validated through a comparative analysis of the intermolecular
energy for a data set including 60 molecular crystals with a
large variety of functional groups.” In the method labelled as
corr-PBED*_0.XX hereafter, another ss value equal to a certain
number, ie., 0.XX, distinct from the 0.75 value originally pro-
posed by Grimme - which is used for PBE-D or PBE-D* calcu-
lations - was also adopted while leaving the R, values fixed at
the PBE-D* values.’® This latter methodology was considered
as efficient even in other works, see e.g. ref. 11, 57 and 58.
Additionally, SCAN+rvV10 was also employed since it has been

This journal is © The Royal Society of Chemistry 2024
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demonstrated to be a versatile van der Waals (vdW) density
functional, which can potentially deliver good predictions of
both energetic and structural properties for many types of
bonding. After having identified the most suited methodology,
i.e. the one leading to the lowest relative errors with respect to
the experiment for delithiated phases (see Fig. SI1 and SI27),
the structure and relative stability of the various ‘lithiated’
models were studied for each of the two compounds by assum-
ing a certain number of initial positioning for lithium. In this
work, projector augmented wave (PAW) potentials were used to
describe the electron-ion interaction.*® The wave functions
were expanded in plane waves with the energy below 600 eV.
Brillouin zone sampling was performed by using the
Monkhorst-Pack scheme,®® with a k-point grid of 6 x 2 x 4/6 x
2 x 2 for PZDO/TeMePzDO, respectively. Minimizations were
considered complete when energies were converged to better
than 1 x 107 eV per atom and maximum residual forces were
lower in magnitude than 1 x 107 eV A™. Simulations of the
various lithiated and delithiated phases were performed by
simultaneously relaxing both the lattice geometry and atomic
positions starting from the experimental ones when available
(i.e. delithiated phases) and without imposing the symmetry
constraints of the space group. By assuming two biphasic-type
electrochemical systems, the energy resulting from subsequent
Single Point Energy (SPE) calculations was considered to esti-
mate the redox equilibrium potential.*®*' Final SPE calcu-
lations employed a cut-off of 800 eV and the following k-point
grids: 12 x 4 x 8 and 12 x 4 x 4 for PZDO and TeMePzDO,
respectively, while the threshold of 1 x 107° eV was adopted for
considering the minimizations as converged.

Results and discussion
Molecular investigation

Structural aspects and Electrostatic Surface Potential (ESP)
maps. The calculated structures of both PZDO and TeMePzDO
molecules (i.e. initial states, of D,, symmetry) are displayed in
Fig. 2, while their single and double Li-reduced counterparts
(i.e. intermediate and final states in two possible confor-
mations) are reported in Fig. 3 (along with the Gibbs energy
difference between distinct conformations). Additional struc-
tural information including bond/dihedral angles for unre-
duced (initial molecules) and SR/DR corresponding systems is
gathered in Part 2 of the ESLt In both oxidized and reduced
state cases, the corresponding mesomeric forms are also pre-
sented. For these PZDO and TeMePzDO compounds, singly
reduced structures exhibit two well-distinct and nearly iso-
energetic conformations (labelled, respectively, ¢fI and ¢f2), in
which Li" ions interact with the oxygen atom of the molecular
anion, with an interatomic distance of about 1.75 A (¢f. Fig. 3).
For singly Li-reduced PZDO and TeMePzDO structures in con-
formation ¢f2, the Li" ion is located within the plane of the
PZDO ring, whereas in the conformation ¢fI (Cs-symmetry), it
is situated slightly above the molecular plane and in the
median plane of the molecule crossed by both redox centres.

This journal is © The Royal Society of Chemistry 2024
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The Gibbs energy deviation between both conformations is
less than 0.2 mHa (0.18 mHa/0.05 mHa for PZDO/TeMePzDO,
respectively). For doubly Li-reduced PZDO and TeMePzDO
structures, both Li* ions are situated out of the molecular
PZDO plane and placed on one side or the other of the plane
in conformation ¢fI (C;-symmetry), while they are located on
the same side with respect to this plane in conformation cf2
(Cy-symmetry). In the case of TeMePzDO, due to steric effects
caused by the presence of methyl groups, interactions of Li"
ions with the O-atom of the redox centres are oriented almost
along the direction of the Cring~Cmetny1 chemical bond (confor-
mation ¢f2). Similar to the situation described above for singly
reduced species, the Gibbs energy deviation between both con-
formations is quite low: about 1.8 mHa/1.2 mHa for PZDO/
TeMePzDO, respectively (Fig. 3).

While the ESP maps (Fig. 4, left) of the initial (unreduced)
PZDO and TeMePzDO systems both exhibit red areas - indicat-
ing an abundance of electrons - nearby each of the redox
centres, it can be noticed that they are less extended in the
case of the methylated system. Within these regions, it is poss-
ible to identify the presence of either one minimum
(TeMePzDO) or several agglomerated minima (PZDO), which
are all nearly aligned with the NO group. The minimum of the
lowest value corresponds to —40.43 kcal mol™" and —42.84 kcal
mol ™" for PZDO and TeMePzDO, respectively. Owing to the
differentiation in colours in the core framework between the
two molecules, it is possible to appreciate the incidence of
such functionalization, which acts as a cumulative donating
effect, thus slightly decreasing the central lack in electrons for
TeMePzDO compared to PZDO. Furthermore, the less
expanded red area in the case of TeMePzDO is also linked to
such +I inductive effect that was already proven to have an
impact on the redox potential by decreasing its value, for
instance, in the case of carboxylate or p-benzoquinone
compounds.’®?” On the other hand, ESP maps for singly
reduced species, either in conformation c¢fI or c¢f2 (Fig. 4,
middle and right, respectively), clearly evidence the fact that
the presupposed site for the positioning of a further Li" lies in
the vicinity of the second redox centre (the other minima
having much lower absolute values than this one).

Molecular redox potentials. When focusing on the molecular
redox potential values (Fig. 5), it can first be noticed that the
lowest voltages are observed for TeMePzDO irrespective of the
intercalation type (1 electron/2 electron process). More pre-
cisely, for PZDO, it reaches 1.3 V vs. Li'/Li in both SR and DR,
while in the case of the methylated counterpart it is less than
1 Vs, Li'/Li (i.e. ~0.9 Vvs. Li'/Li) in SR, and it lies in between
0.9 and 1.1 V vs. Li'/Li concerning the DR process, depending
on the conformation.

Evolution of bond lengths, electron delocalization, and L(F)
distribution within the nitrogen Valence Shell Charge
Concentration (VSCC) upon electrochemical processes. Fig. 6
and 7 display the bond length or DI changes occurring upon
SR and DR steps of our systems. These variations are denoted
as AXinyfin = Xinyfin — Xini Where Xj; corresponds to the initial
bond length/DI before the reduction process, while X;,¢fin rep-

Dalton Trans., 2024, 53,17498-17517 | 17501
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Fig. 2 Molecular geometries of PZDO (top) and TMePzDO (bottom) in thei

relevant, point group symmetry is indicated in parentheses.

resents the bond length/DI in the intermediate or in the final
state involved either after SR or DR, respectively. Accordingly, a
positive (negative) bond length Ax value is linked to a bond
lengthening (shortening) upon one electron/two electron
uptake. When the CC bond length increases (decreases), it can
be noticed that the DI decreases (increases), as expected and
as observed in our previous work.*> Changes indicated in
Fig. 6 and 7 are reported for all unique bonds (a-f) of the
molecular intermediate (SR)/final (DR) states (see Fig. 1 indi-
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(TMePZDO)’

ir initial state, along with the corresponding mesomeric forms. Whenever

cating the bond labelling). The disruption of the initial aroma-
ticity (i.e. bond equalization of the oxidized compounds)
occurring during the electrochemical process is visible
through the positive/negative variation values observed,
respectively, for a, b, d or e bonds and the concomitant nega-
tive/positive values, which are observed for c and f values. The
length variations of PZDO upon the electrochemical process
are almost identical for the conformations ¢fI and ¢f2 in SR,
and the same trend is observed for the TeMePzDO compound.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Molecular geometries of PZDO (top) and TMePzDO (bottom) in their singly reduced (SR) and doubly reduced (DR) states, along with the
corresponding mesomeric forms. Whenever relevant, point group symmetry is indicated in parentheses. Gibbs energy differences between the
slightly most stable conformation cf1 and the second one cf2 are also reported.
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In SR, it can be observed that the bond length changes are
quite similar for each compound. In DR, the direction of bond
length changes mimics that observed for SR, but their magni-
tude roughly doubles for all compounds.

The Axinyfin values gathered in Fig. 6 and 7 concerning
bond length and DI, respectively can be easily rationalized in
terms of the resonance forms which characterize the SR and

17504 | Dalton Trans., 2024, 53,17498-17517

DR electronic structures of PZDO and TeMePzDO. The SR elec-
tronic structures are an intermediate between those of the
initial and of the DR states; hence, the Ax;,. values are also
lower than Axg, in magnitude (and roughly half of the latter
as just mentioned). The bond lengths in the initial state (C-C
= 1.368 A; C-N = 1.353 A; N-O = 1.296 A) denote the impor-
tance of the doubly charged aromatic structure. In fact, the CN
bond length lies in between that of single and double CN
bonds and the CC bond length is in between that of a double
CC bond and the CC bond length in benzene. Also geometri-
cally relevant are the two resonance structures implying a
partial double bond character of the NO bond, whose bond
length of 1.296 A is indeed in between that of a typical single
(1.36 A) and of a double (1.22 A) NO bond. In the DR state, the
aromatic structure becomes no longer available, and the only
reasonable structure corresponding to an uptake of two elec-
trons implies an obvious decrease of the CC bond length
(1.333 A) down to the value typical for a double CC bond and
an equally obvious lengthening of the CN bond (1.415 A) up to
the typical CN bond length between sp> C and sp® N atoms
(roughly 1.40 A). The NO bond is largely increased up to the
value of 1.434 A, in line with the fact that the O atom in DR
increases its negative charge relative to the initial state. We
recall here that the NO bond lengths are known to increase on
passing from NO' to NO* and NO™, because =* orbitals start to
be populated after NO'. Several resonance structures may be
hypothesized for the intermediate state (Fig. 8). They are dis-

This journal is © The Royal Society of Chemistry 2024
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species.

tinguished by the specific atom carrying the unpaired electron.
Hence, the Bader’s electron spin populations (SP) allow the
selection of the most relevant ones among them. Those having
the unpaired electron on N atoms appear as the most favour-
able (structures A and D, with SP on N equal to 0.321 and
0.252 e~, respectively), followed by those where the C atoms
bear the unpaired electron (structures C & C’ and F & F', with
SP amounting in total to 0.172 and 0.028 e™, respectively) and
finally by those having an unpaired electron on the O atoms (B
and E, with SP amounting to 0.165 and 0.001 e~, respectively).
The intermediate state may thus be described as a mixture of
A, D, C & C,; and B structures, listed according to their relative
weight. The populations of these representative structures
account for 91% of the total SP of 1. The relevance of C & C'
structures (and of F & F’ ones) along with the lack of a doubly
positive charge on the ring explain why the CC bond lengths
are shorter than in the initial state and, on the other hand,
longer than in the DR state. Conversely, the CN bonds are
longer than in the initial state since they are less deprived of
electrons, but largely shorter than in the DR state where there
are no relevant structures implying a double character for the
CN bond. The NO bond lengths are longer than in the initial
state and shorter than in the DR state given that many struc-
tures in SR imply NO* and NO~ and never NO', while the only
DR structure implies just NO™. In SR, the notably longer NO
distance for the NO group closer to Li" is rationalized by the
structure B being largely more favourable than structure
E. Indeed, in structure B, the NO group more distant from Li"
has a radical character, NO*, differently from that closer to Li"

This journal is © The Royal Society of Chemistry 2024

that has a NO™ character. All that was discussed above neatly
rationalizes the reason why the SR state, in terms of electronic
and geometric structures, represents just an intermediate step
along the initial state — DR state reaction coordinate.

In addition to previous comments and in view of further
probing the proposed mechanism for the case of the double
reduction, the L(F) distribution within the nitrogen VSCC was
examined (Table SI1t). Such distribution, as discussed below,
fully agrees with the hypothesized resonance structures for
PZDO and TeMePzDO. Indeed, by considering the bonded
maximum (b.m.) and lone pair (LP) maximum characterizing
the (3, —3) critical point (CP) of the L(F) = —V?p(7) distri-
bution, gathered in Table SI1,} it is straightforward to observe
that their occurrence and location mirror the resonance struc-
tures that have been conjectured for both the initial and the
double reduced forms of PZDO and TeMePzDO. Furthermore,
the L(7) distribution within the nitrogen VSCC is very much
alike in the PZDO and TeMePzDO systems, with their DR
forms similarly and neatly distinguished from their initial
forms. In the DR form of PZDO and TeMePzDO the N atom
pyramidalizes assuming an sp® hybridization, testified by the
presence of a LP (absent in the initial forms) almost equidi-
stant from the two C and the O atoms bonded to the N. As
expected, the LP is located closer to the N nucleus than are all
its bonded charge concentration CP maxima and it exhibits by
far the highest L(F) and p(F) values. Conversely, bonded
maxima have far higher L(7) and p(¥) values in the initial
forms because the N-C and N-O bonds lose their double bond
partial character in the DR forms.
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Molecular frontier HOMO (SOMO)/LUMO energy levels and
associated gaps. For both PZDO and TeMePzDO molecular
initial systems, the band gaps (E,) estimated at the HSE06 level
exceed the threshold value of 3.0 eV (i.e. ~3.6 eV and 3.8 eV,
respectively), therefore revealing their insulating character
(Fig. 9). Compared to PZDO, TeMePzDO exhibits a slightly
higher HOMO energy, while such functionalization also leads
to a raise of the LUMO level; these combined effects thus
account for the quite moderate differentiation in terms of E,
between both systems (of about ~0.2 eV). By focusing more
deeply on these molecular systems, one can indeed observe
that both HOMO and LUMO energies are affected by the sub-
stitution of PZDO with the methyl groups, this latter being
characterized by a donating character (+I), but the associated
raise effect on LUMO energy (+0.50 eV) is more consequent
than on HOMO energy (+0.28 eV).

While the SR in the case of PZDO leads to a large
reduction of the band gap (with values of 1.90/1.87 eV for
PZDO and 1.81/1.83 eV for its functionalized counterpart in

17506 | Dalton Trans., 2024, 53, 17498-17517

conformations ¢f1/cf2, respectively), the DR is accompanied,
instead, by an increase of the E, value (i.e. ~4.03/3.84 eV).
In contrast with this observation, the TeMePzDO compound
leads to a diminution of the band gap upon DR (and also
upon SR but to a much lower extent). Accordingly, the
methylated counterpart is characterized by a more advan-
tageous situation for DR, with lowered bandgap compared
to PZDO, reaching a value of ~3.0 eV/3.7 eV for the confor-
mations cfI/¢f2 of TeMePzDO, respectively. The distinction
of the two compounds in terms of E, at the DR state (occur-
ring for both conformations) is clearly linked to the much
higher energy levels of the HOMO for TeMePzDO compared
to PZDO, while LUMO levels are instead lower in energy for
TeMePzDO; these combined effects therefore tend to
shorten the gap of the methylated compound. Otherwise,
the large decrease in E, through SR in both compounds is
accompanied by a shift of HOMO energy towards much
higher values, while the corresponding LUMO level under-
goes only a moderate energy shift upward.

This journal is © The Royal Society of Chemistry 2024
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and TeMePzDO derivatives.

Investigation focused on crystalline materials

The crystal structures of PZDO and TeMePzDO are represented
in different projections in Fig. 10. The crystal structure of
PZDO?® - built up of (pyrazine N,N'-dioxide) molecules that are
located on the centres of inversion - is monoclinic, of space
group P2,/c with the following experimental features: a =
3.7376(6) A, b = 11.0011(18) A, ¢ = 5.7184(9) A, = 96.778(19), V
= 233.48(6) A®> and Z = 2. The molecules are stacked in the
direction of the crystallographic a axis and exhibit a connec-
tion between them, which occurs through CH::-O co-operative
hydrogen bonding (HB), each O atom acting as an acceptor
within such bonds. Similarly to the case of PZDO, TeMePzDO’s
crystalline structure®® is characterized by hydrogen bonding
networks, this time involving methyl groups. It is also of
monoclinic type, with Z = 2. Its space group is identical to that
of PZDO (P24/c), with the following experimental lattice/angle
parameters or lattice volume: a = 3.8328(9) A, b = 10.291(3) A, ¢
=10.396(3) A, g = 98.770(9)°, and V = 405.26(17) A®. The mole-
cules are stacked along the crystallographic axis a. The opti-
mized structures (Fig. 10) of the two bulk delithiated crystals
(PZDO and TeMePzDO) were obtained from the full relaxation
of the above-mentioned experimental ones.

Fig. SI1t displays the most representative results of relative
errors for the optimized crystals of PZDO relative to the corres-
ponding experimental structural values by using different XC
approximations as well as various dispersion corrections.
Strong discrepancies in the reproduction of experimental
values are often observed among all these various models,
while largest values of relative errors seem nonetheless to be
observed for a and c lattice parameters. By considering the
results for the whole set of lattice parameters along with that
of p angle, the corr-PBE-D*_0.52 methodology emerges as
largely superior to all others. It exhibits relative errors lower

This journal is © The Royal Society of Chemistry 2024

than 1% irrespective of the measured quantity. If only general-
ised gradient correction is considered using the XC functional
PBEsol, specifically designed for the treatment of solids, the a-
or b-axis length is overestimated by more than 2% and a
strong discrepancy with respect to the experiment is observed
for the g angle. PBEsol, D, D* and PBEsol-D3 all clearly fail in
describing the structural features of the system. D3 (i.e. the D3
dispersion model associated with the XC functional PBE) is
among the most performant models but it does not outper-
form corr-PBE-D*_0.52, because of noticeably larger relative
errors for the c lattice parameter. On the other hand, when
associated with PBEsol, the dispersion correction reached by
using D3 is clearly overestimated. With respect to the 0.XX
values of the corr-PBE-D*_0.XX methodology, a clear differen-
tiation emerges relative to the optimal 0.52 value results.
Relative errors for lattice parameters are much larger for both
0.36 and 0.62 cases. The RMSD value with respect to experi-
mental data for the intramolecular bond lengths and inter-
molecular distances for the corr-PBE-D*_0.52 is close to the
lowest value obtained among all calculations performed and
the calculated interplanar distance reproduces almost the
experimental value, with a relative error lower than 1%.

Similar observations are found in the case of the
TeMePzDO crystalline phase from Fig. SI2,f with again the
corr-PBE-D*_0.XX methodology outperforming other calcu-
lations, although the best value of 0.XX is now shifted up to
0.62, with an excellent reproduction of both local geometry (in
line especially with RMSD values) and lattice structural
features.

Following the benchmark investigations for both PZDO and
TeMePzDO, the study of lithiation was undertaken. The meth-
odologies having well described these two latter crystals (i.e.,
corr-PBE-D*_0.52 and corr-PBE-D*_0.62, respectively) are sup-
posed to provide sufficient degree of reliability also for the
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Fig. 10 Crystal structure of the PZDO (left) and TeMePzDO (right) compounds in different projections (oxygen positions are in red, carbon positions
in dark gray, and hydrogen positions in white). (a) View along the a axis; (b) view along the b axis; (c) molecule view along the a axis.

lithiated phases. Despite their additional ionic bonding nature,
no other treatment can be selected a priori. Therefore, by using
these selected treatments, several models of initial positioning
for lithium in these structures (labelled A, B, C, D, E and F and
presented in Fig. 11) were relaxed. They can be classified as
follows with respect to the carbonyl group positioning: (i)
‘aligned’ (A), (ii) ‘side C1-C6’ (B), and (iii) ‘side C2-C5’ (C), or as
belonging to other types: (iv) ‘interlayer O’ (D), (v) ‘interlayer N’
(E), and (vi) ‘interlayer ring’ (F). The resultant most stable
crystal phases obtained after geometry optimizations for PZDO
and TeMePzDO are presented in Fig. 12, while further details
for all models are gathered in Fig. 13 and 14.

As can be identified from both structural and energetical
aspects in Fig. 13, the relaxation of models B, C, D and E for
PZDO leads to almost the same most stable lithiated crystal
structure. The one originating from the geometry optimization
of the interlayer N positioning, labelled as model E, is the
most stable one and exhibits the following changes relative to
the corresponding delithiated phase (ie. the difference

17508 | Dalton Trans., 2024, 53, 17498-17517

between the calculated parameters after and before intercala-
tion divided by the parameter of the delithiated phase): Aa/a =
+1.34%; Ab/b = +9.10%; Ac/c = +13.82%; AB/B = +11.24%; AV/V
=+20.43%; Ad/d = —3.01%.

Regarding the same kind of results gathered for the
TeMePzDO phase in Fig. 14, the model E is also the one result-
ing in the most stable crystal structure, although models B, C
and D are very close to it. This most stable relaxed lithiated
TeMePzDO crystal presents the following structural modifi-
cations (relative to the delithiated one): Aa/a = —2.26%; Ab/b =
+6.35%; Ac/c = +4.13%; AB/f = +1.84%; AV/V = +7.61%; Ad/d =
—2.17%. This implies that the relative volume expansion
resulting from lithiation, AV/V, is much lower for TeMePzDO
compared to PZDO. It can be noticed that the F model rep-
resents, for both systems, a specific case since the number of
lithium atoms per unit formula is half that of other cases (2 vs.
4) and it thus accounts for another state of the electrochemical
process. As such, model F cannot be directly compared with
the other investigated models. Upon lithiation a distortion of

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4dt01144a

Published on 15 June 2024. Downloaded on 5/13/2025 9:53:08 AM.

Dalton Transactions

View Article Online

Paper

Fig. 11 Representation of various possibilities of Li positioning before relaxation within the crystalline phases (top: PZDO; bottom: TeMePzDO).
Their corresponding labelling is indicated relative to the carbonyl positioning for the first ones: ‘aligned’ (model A), 'side C;—C¢' (model B), ‘side C,—
Cs' (model C), other models corresponding to ‘interlayer O' (model D), ‘interlayer N’ (model E), and ‘interlayer ring’ (model F).

the molecular geometry can be noticed for both PZDO and
TeMePzDO. The molecules in the lithiated phases are no
longer flat because the oxygen atoms now point towards the
front or back of the plane, and the N-O distance takes about
+0.2 A compared to the relaxed delithiated crystal structure. By
considering the Single Point Energy (SPE) calculations per-
formed after geometry optimizations using the corr-
PBE-D*_0.52 and corr-PBE-D*_0.62 methodologies, the calcu-
lated intercalation potential is, respectively, equal to 1.39 V
and to 1.32 V vs. Li'/Li for PZDO and TeMePzDO crystalline
phases, respectively. These trends appear to be in line with the
order of magnitude previously estimated from molecular DFT
calculations. The decrease of the intercalation potential from
the PZDO phase to its methylated counterpart is, however,
smaller than at the molecular level.

Additional studies at the molecular DFT level on molecules
or molecular complexes extracted from the relaxed lithiated
and delithiated crystalline phases of PZDO and TeMePzDO
were performed to measure the geometry effect due to packing
on the interatomic distances, delocalization indices, electro-

This journal is © The Royal Society of Chemistry 2024

static interactions, Laplacian distribution, etc. These studies
allow for assessing the degree of predictability of molecular
DFT calculations with respect to periodical ones, the latter
having a great advantage to involve actual materials character-
ized by specific stacking motifs leading to intermolecular
interactions not available in the molecular case. The onset of
intermolecular interactions then has an effect also on the
intramolecular ones.

The bond lengths of the ring for the PZDO anion within the
crystalline phase of the intercalated matrix (i.e. double
reduction) are nearer to those of the DR conformation cf1
(Fig. SI3t). The loss of aromaticity is highlighted by the pres-
ence of two shortened double bonds (c and f, of bond length
equal to 1.35 A) and four other single ones (a, b, d and e, with
a bond length of 1.41 A). The N-O bond length significantly
increases in the crystal (1.490 A) relative to the molecular cf1
case (1.434 A) and a similar behaviour is found for the Li-O
interaction (with bond lengths equal to 1.750 A/1.885 A for
molecular conformation (c¢fI)/crystalline geometries, respect-
ively). As expected, trends of Abond length or ADI are fully
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Fig. 12 Representation of the crystalline phases before (left) and after (right) relaxation for PZDO (top) and TeMePzDO (bottom) (a few relevant

bond lengths are reported).

consistent in terms of signs with the loss of initial aromaticity
of the ring. Compared to the molecular features, AxXinyfin
values concerning the bond lengths of the intercalated crystal
(Fig. SI4t) are roughly diminished by —0.012 to —0.022 A.
Accordingly, ADI also exhibits a differentiation between the
two cases with a logic increase trend, which appears, however,
to be less homogeneous, being much larger for a, b, d and e
than for ¢ and f (therefore enhancing a differentiation effect

17510 | Dalton Trans., 2024, 53, 17498-17517

that may be noticed already by examining the Abond lengths).
When focusing on the TeMePzDO compound (Fig. SI37), while
the ring bond lengths of the crystalline intercalated phase are
marginally nearer those characterizing the conformation cf2,
the orientation of Li" ion is very similar to the one characteriz-
ing the molecular conformation ¢fZ. Similarly to the situation of
intercalated PZDO, the presence of two double bonds is clearly
evidenced, thanks to the differentiation between a, b, d and e

This journal is © The Royal Society of Chemistry 2024
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models for the PZDO phases considered after relaxation.

(1.417 A) on the one hand and c¢ and f (1.356 A) on the
other hand. As for PZDO, the N-O/Li-O bond lengths of the
intercalated TeMePzDO crystal phase are both largely
increased (1.487 A/1.929 A) relative to the molecular doubly
reduced molecular conformation ¢f (1.439 A/1.740 A) or ¢f2
(1.417 A/1.720 A). Abond length for the intercalated phase of
TeMePzDO is even lower for a, b, d and e bonds than in the
case of PZDO and the bond length decrease for the ¢ and f
bonds is also less relevant. On the other hand, the ADI

This journal is © The Royal Society of Chemistry 2024

values describing intercalated TeMePzDO are very close to
those of the molecular counterpart.

Otherwise, it is possible to estimate the point-charge
electrostatic interaction energy between Li" and O~
establishing a comparison between molecular and periodic
calculations. This latter is almost identical for the two confor-
mations of anions in the case of molecular doubly reduced
PZDO species, whereas a distinction exists between confor-
mations ¢f7 and ¢f2 (for the complex anion-Li"), in the case of

inview of
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DR TeMePzDO (Fig. SI51). The value of electrostatic attraction
for the conformation cf1 in the case of the molecular DR state
of the TeMePzDO compound is in fact almost identical to the
one characterizing the DR state of PZDO in either confor-
mation ¢fI or ¢f2, while a slightly higher stabilization occurs
through attraction in the case of the DR conformation ¢f2 of
the methylated compound comparatively to the three other
cases (i.e. DR ¢f1/cf2 of PZDO and DR ¢fI of TeMePzDO).

For the intercalated crystals, the comparison of the same
kind of pair electrostatic interactions at the DR state leads to

17512 | Dalton Trans., 2024, 53,17498-17517

the observation of a reversed trend since the Li*-O™ attraction
is stronger in the case of PZDO,compared to the functionalized
counterpart. The observed trend is consistent with the obser-
vation of a shorter Li'-O~ interatomic distance for PZDO
(1.885 A) compared to that in TeMePzDO (1.929 A).
Furthermore, the Li*-O~ distances for crystal phases are glob-
ally larger (thus explaining the associated lower attraction)
compared to the corresponding ones for molecular complexes
(Iying in between 1.72 and 1.74 A). This means that an overesti-
mation seems to occur in this aspect when focusing on mole-
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cular species, if one wish to anticipate the trends of crystalline
phases. These crude estimations based on a local point charge
model are solely intended to provide a rough assessment of the
bias of using molecular approaches to predict solid state beha-
viours. Clearly, besides the change of distance for the Li*-O~
interaction, many other electrostatic intermolecular inter-
actions, polarization effects, etc. become available and possibly
relevant in the case of the solid. This surely changes the deal
globally and the incidence of such effects on electrochemical
features (involving both lithiated and delithiated phases) could
be more thoroughly and more precisely scrutinized. Estimating
crystal lattice energies'® could otherwise provide some actual
clues for obtaining a rationalization of the intercalation poten-
tial trends in crystalline phases and it could be envisaged in
forthcoming studies. Furthermore, it is difficult to appreciate
such incidence in view of firmly generating a global trend,
which could account for the distinction between molecular and
crystalline features in a systematic manner. Therefore, a larger
set of compounds should be examined before concluding that
the molecular model overestimates the Li‘*-O~ attraction.

Concerning the nitrogen VSCC Laplacian distribution, the
analysis illustrated for the molecular case is confirmed for the
molecules in the crystal. While the results for these two data
sets are qualitatively the same, some interesting difference can
be evidenced. In particular, the L(7) values and the associated
p(7) values at the L(7) maxima are in general lowered relative
to the molecular case. This is especially noticeable for the per-
centage and absolute value related to the nitrogen bonded
maximum of the C-N bonds in the unreduced states and also
for those of the N-O bonds, particularly in the DR states.
While the general lowering of bonded and non bonded con-
centrations has been noticed previously,’”> in line with the
increased general sphericity of atoms induced by the crystal
packing driven by intermolecular H-bond formation, the
enhanced lowering of concentration for the above-mentioned
bonds reflects their significant bond lengthening in the solid
state relative to the molecular case.

Conclusion

The ever-increasing demand for energy supply as well as the
global climate change induces significant pressure on the
worldwide research. Major shifts underway in energy storage
are prone to be pursued and intensified during the next years
and decades. While numerous papers reporting organic elec-
trode materials for batteries have been published, so far, most
of the studies have been focused on the positive electrode can-
didates. As a whole, much less investigations concern their
negative counterparts, which nevertheless play a crucial role as
well and deserve research activities to discover optimal
systems. To this end, beyond modifying the already existing
molecular architectures known as redox-active species through
functionalization or other engineering aspects, the identifi-
cation of new families with interesting electrochemical activity
might be the prerequisite for developing performant electrodes

This journal is © The Royal Society of Chemistry 2024
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of this type. With the objective of probing this main property
along with the evaluation of the HOMO-LUMO gaps to get
some clues on their electronic conductivity features, some
compounds that have not been tested yet in the context of
energy storage applications were thoroughly studied through
computations. They belong to the heterocyclic N-oxide class of
compounds, which were considered with interest from the
therapeutic point of view or for their biological activities,®*™>
which notably include the derivatives of quinoxaline 1,4-di-N-
oxides and of phenazine N,N'-dioxides.®®®” More precisely, we
selected the system PZDO, which has been envisaged not only
as a potential precursor of functional materials or in the field
of crystal engineering but also very recently, in its 2,5-methyl-
ated version, as an electrocatalytic system when associated
with the presence of methanol in single-walled and multi-
walled carbon nanotube (CNT) paper electrodes.®®

In the present investigation, we hypothesized that the main
phenomenon related to the lithiation of PZDO shall corres-
pond to the ring aromaticity loss upon two electron uptake,
therefore enabling in principle to reach the low redox potential
that is targeted for the purpose of constituting a negative elec-
trode. Additionally, a further major aspect was provided by its
complete functionalization thanks to +I (methyl) groups
(TeMePzDO), supposed to magnify the redox potential lower-
ing effect. For both compounds, molecular redox potentials as
well as intercalation voltages were estimated, with the latter
obtained by examining the crystalline delithiated crystals and
by performing a relaxation of various lithiation models.
Expected low molecular/crystalline redox/intercalation poten-
tials were predicted for PZDO and even slightly lower for
TeMePzDO. Therefore, the present study fully demonstrates
the interest of selecting this kind of backbone for negative
OEMs, with performances that are quite appealing compared
to some existing systems. The predicted intercalation potential
in the case of PZDO (~1.4 V vs. Li'/Li) seems already lower
than that of the well-known inorganic counterpart Li TisO1,
(LTO) characterized by 1.55 V vs. Li'/Li. It also appears as
being noticeably lower than the one exhibited by the methyl-
viologen, characterized by an average value of 1.9 V vs. Li'/Li;
this compound being envisaged as negative electrode in anion
rocking-chair and corresponding to a dication, prone to be
doubly reduced thus forming neutral species, and classified as
a p-type redox active material in link with the involvement of
counter anions. In both comparisons, a further advantage
clearly appears for PZDO related to its very high theoretical
capacity. Switching to the fully methylated version of this
entity slightly reduces this last feature but it allows for decreas-
ing slightly the redox potential, which constitutes an advan-
tage for a negative electrode. Its possible risks for such electro-
chemical application might also be lower than those recently
observed for PZDO, therefore increasing its chances to be actu-
ally used for this purpose. Furthermore, volume expansion
observed during the intercalation process seems to be much
lower in the case of TeMePzDO, therefore giving the hope of
easier cyclability for a material that will also be less risky for
energy applications than PZDO. Otherwise, functionalization
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with electron-donating groups leads to an increase in the
energy levels of the frontier orbitals of the molecular entity
(TeMePzDO vs. PZDO). Upper/lower HOMO/LUMO levels are
observed for reduced species of TeMePzDO for both singly/
doubly reduced states compared to the unsubstituted com-
plexes. Except for the single reduction case for which the
observed value far below the threshold of 3 eV is clearly of
relevance from the viewpoint of electronic conductivity, the
band gaps (both at initial or doubly reduced states) are not
likewise favourable, with values in between ~3 and 4 eV. In
the case of PZDO, the band gap concerning the double
reduction is increased compared to the one characterizing
the initial state, while the reverse phenomenon is observed
for TeMePzDO, for which a decrease is instead observed. At
the singly reduced state, the distinction between both com-
pounds is marginal, with almost identical and low E, values
(all around 1.8 or 1.9 eV).

Apart from the direct information gained through DFT cal-
culations providing access to both electrochemical and frontier
orbital features, scrutinizing all aspects of the electronic struc-
ture was extremely instructive to confirm the various hypoth-
esized mechanisms/substitution effects. From the fundamen-
tal viewpoint, the main ‘driving force’ for the genesis of an
eventual new kind of negative electrode has been fully demon-
strated by making use of bond lengths/delocalization indexes
(DI) along with their changes occurring upon SR and DR.
These interpretations were also assisted by Bader’s electron
spin population considerations in the case of the SR. The
doubly charged aromatic structure was evidenced as being the
most reasonable mesomeric form. Its transformation occur-
ring upon electron uptake, accompanied by Li' chelation
effects of the reduced species, was also finely examined.
Notably, the phenomenon of aromaticity loss in the DR state
was highlighted through structural considerations (e.g. short-
ening/lengthening of C-C/C-N bond lengths) and further evi-
denced by examining the DI evolution, which proves the pres-
ence, at the DR state, of two non-conjugated C=C bonds.
Furthermore, the concomitant occurrence at the DR state of a
lone pair on each nitrogen atom has been clearly noticed
thanks to the analysis of L(7¥) topology features. Beyond the
fundamental knowledge aspects already gained in this work,
the methylated versions of PZDO could give rise to some
promise of novelty in the field of energy storage.
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