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In the search for bipolar organic materials as electrodes in rechargeable batteries, we report peri-
diselenolo-substituted 1,8-naphthalimides (NlIs). The molecular architecture consists of structural motifs
comprising a naphthalimide core, the peri-diselenide bridge, hydrogen or halogens at positions 3 and 6,
and an alkyl chain with a fixed length of 4 and 8. The resulting architecture is unprecedented in the
naphthalimide chemistry and quantum chemical modelling was employed to rationalize the new design
better. The NI-derivatives are prepared starting from tetra-halogenated naphthalic anhydride via
nucleophilic substitution at both peri-positions in the respective imide. Non-covalent interactions
facilitate the Nls self-organization into ordered nanostructures studied by SEM, PXRD, solid-state NMR
spectroscopy and molecular modelling. The electrochemical properties of Nl-derivatives are analysed in
half lithium-ion cells with ionic liquid electrolytes. By comparing the experimentally determined
potentials with the theoretically calculated ones, the mechanism of electrochemical oxidation and
reduction is deduced. It is shown that below 2.0 V, Nls interact with a maximum of 6Li* due to the
sequential reduction of the diselenide bridge and the carbonyl groups, whereas above 4.0 V, the
oxidation of Nls takes place with the participation of the electrolyte counterion TFSI™ as a result of the

Received 16th October 2024, involvement of Se atoms and carbons in the naphthalene unit. The hydrogen and halogen substituents

Accepted 16th December 2024 affect both the self-organization, reduction and oxidation of Nls. The structural, morphological and
compositional changes of the Nls after prolonged cycling are discussed based on ex situ XRD, SEM/EDS
and EPR analyses. The data demonstrate that a molecular architecture based on peri-diselenolo-1,8-

naphthalimide derivatives could be used to design new classes of organic bipolar electrodes.
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1. Introduction

Organic electrode materials (OEMs) caught the research interest
recently as they combine high-energy density with cost-
effectiveness and environmental compatibility."* The performance
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of OEMs relies on their specific redox reactions, which can be
divided into three categories: n-, p- and bipolar types, based on
their proclivity to be reduced or oxidized, along with the charge-
compensating counterions from the electrolyte.>” The n-type
OEMs interact reversibly with mono- or polyvalent ions (such as
alkali, alkaline earth ions, etc.) because of their ability initially to be
reduced, forming stable negatively charged species. The n-type
reactions enable to reach high capacities, but at the expense of slow
kinetics.® In contrast, the p-type OEMs undergo oxidation, forming
stable positively charged species that attract counter anions from
the electrolyte (such as TFSI ™, FSI™, PFy ). As a result, the p-type
reactions take place at higher redox potentials and are character-
ized with faster kinetics than that of the n-type reactions.” The
bipolar OEMs combine the n- and p-type moieties into one
molecule that undergoes reversible reduction and oxidation with
the participation of both cation and anion counterparts from the
electrolyte. Thus, bipolar OEMs demonstrate simultaneously high

© 2025 The Author(s). Published by the Royal Society of Chemistry
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capacity, broad working potential range, and fast kinetics.
Given the mechanism of the redox reactions, the n-type OEMs
are applied in rechargeable metal-ion batteries (such as
lithium, sodium, etc.),® while p-type OEMs are mainly designed
to be used in dual-ion batteries.”'® Combining the character-
istics of both n- and p-type materials, the bipolar OEMs are
directed towards utilization in the newly emerged symmetric
rechargeable batteries, where both the cathode and anode are
made of the same organic substance.'’ The advantage of
symmetric batteries over metal-ion and dual-ion batteries is
their lower manufacturing cost,’> but unlike n- and p-type
materials, the lack of reliable bipolar materials is hampering
the development of symmetric batteries.

In the quest for bipolar organic materials, recent research
has focused on the design of organic molecules with fusion of
n- and p-type redox units."**® In this case, both the n- and p-
type redox units will influence each other, allowing precise
tuning of the bipolar redox activity."” Thus, the binding of a n-
type naphthalene diimide unit to two p-type viologen units
leads to the formation of an organic compound that displays a
six-electron redox reaction, making it possible to achieve a high
specific capacity close to the theoretical one.'® This type of
molecular architecture prevents unwanted dimerization
decomposition of the molecules. In other recent examples,
the multi-electron reactions are facilitated on the porphyrin
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macrocycle after the introduction of a ferrocene redox-based
centre."®?° Through a synergistic coupling of two redox centres
of p-type dihydrophenazines and n-type anthraquinone in a
single molecule, a bipolar-type indanthrene is proposed for the
construction of a symmetric battery.>! In addition, the combi-
nation of n-type C—=O and p-type N-H redox centres in a
molecule, such as indanthrone, results in a multi-electron
electrode material with a significantly enhanced capacity.??
Among the different classes of bipolar OEMs, the 1,8-
naphthalimide (NI) derivatives occupy a special place due to
their intriguing redox-switchable properties.*>** Recently, we
have designed bipolar peri-dithiolo-1,8-naphthalimides and
have demonstrated that they participate in n- and p-type redox
reactions at around 2.0 V and above 4.0 V vs. Li/Li".>® The
organic architecture relies on several structural elements: (i) the
aromatic character of the naphthalene core provides the rever-
sibility of the process; (ii) the fixed dichalcogenide bridge offers
a high degree of recombination; (iii) the peri-position of an
imide acceptor motif to the disulfide bridge contributes to the
inter/intra molecular electron transfer; (iv) by varying the type
and length of the alkyl chain the physical and mechanical
properties (solubility, crystallization ability, thermo- and
chemo-stability, etc.) can be modified;*® (v) the inclusion of
halogen atoms in positions 3 and 6 allows the electron-
accepting properties of the naphthalimide core to be fine-
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Fig. 1 (A) Molecular architecture of the naphthalimide derivatives (C — grey, O — red, N — blue). The models with R = CHz are denoted as SeH, SeCl, and

SeBr; (B) energy (in eV) of the highest occupied (HOMO) and the lowest unoccupied (LUMO) molecular orbitals of the modelled peri-diselenolo-
naphthalimide derivatives.
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tuned. The promising results for the bipolar peri-dithiolo-NIs
encouraged us to further explore the synthesis-structure-redox
properties relationships.

Another feature of bipolar OEMs is their dependence on the
correct choice of electrolyte,”””*® which not only ensures the
transport of positively or negatively charged ions, but also must
suppress the dissolution and/or diffusion of the organic mole-
cules. For a non-aqueous electrolyte, ionic liquids (named
Pyr, ;TFSI or Pyr,;FSI) are the solvents-of-choice.” The
naphthalene diimide displays a better cycling stability in
ether-based electrolytes (such as 1 M LiTFSI or 1 M LiClO, in
dioxolane/dimethoxyethane, vol 1:1) than in the conventional
carbonate-based electrolytes (such as 1 M LiTFSI or 1 M LiPF,
in EC/DEC, vol 1:1),*° as a consequence of its interaction with
EC from the electrolyte, leading to the formation of C-OH
bonds. Solid-state electrolytes are also compatible with many
OEMs.*!

Herein, we examine the reversible redox properties of peri-
diselenolo-substituted 1,8-naphthalimide derivatives in a
lithium-ion cell with non-aqueous electrolytes. In these mole-
cules, sulphur is replaced by selenium driven by the fact that
the latter is a better nucleophile and readily participates in one-
and two-electron redox reactions due to its inability to form =
bonds of any kind.** Furthermore, the atoms at positions 3 and
6 vary from hydrogen to halogens (Cl and Br). The alkyl chain
length is fixed at 4 and 8, respectively (Fig. 1A). The resulting
architecture is unprecedented in the naphthalimide chemistry
and quantum chemical modelling was employed to better
rationalize the new design. The synthesis comprises an origin-
ally developed procedure starting from tetra-halogenated
naphthalic anhydride via nucleophilic substitution at both
peri-positions in the respective imide. The self-organization of
the resulting architectures is investigated by SEM, PXRD and
solid-state NMR spectroscopy. The NI-derivatives are used as
electrodes in half lithium-ion cells with ionic liquid electro-
lytes. The mechanism of the redox reaction is analysed by
comparing the experimentally determined potentials and the
theoretically calculated ones. The structural, morphological
and compositional changes of the naphthalimide derivatives
after the electrochemical reaction are monitored by ex situ XRD,
SEM/EDS and EPR analyses.

2. Experimental

2.1. Materials and methods

The model cells used for the testing were Swagelok-type two-
and three-electrode cells. The electrolyte was a 1 M solution of
(LiTFSI-Pyr, 3FSI (lithium bis(trifluoromethanesulfonyl)imide)
in N-methyl, propyl(pyrrolidinium bis(fluorosulfonyl)imide),
1:9 by ratio). The assembly of the cells was accomplished in
an MB-Unilab glovebox model Pro SP (1500/780). The electro-
chemical experiments were carried out in potentiostatic and
galvanostatic mode on a multi-channel potentiostat/galvano-
stat Biologic VMP-3e, including an impedance meter and eight-
channel system Arbin BT2000.
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The scanning electron microscopy and EDS analysis were
carried out on JEOL JSM 6390 (JEOL Ltd, Tokyo, Japan),
equipped with an AZtec Oxford Instruments 6.0 energy disper-
sive X-ray spectrometer to observe the morphology and deter-
mine the chemical composition of the peri-substituted
diselenides.

The EPR analyses was carried out in X band on a spectro-
meter Bruker EMX premium X working at frequency 9.4 GHz.
For the measurements at temperature 100 K was used variable
temperature unit VT ER 4141 VTM. Modulation amplitude (MA)
0.5 G and power attenuation (Att) 18 dB were applied when
measuring charged and discharged electrodes, while for record-
ing the EPR spectra of the electrolyte and soaked separator, the
measurement parameters were MA = 0.05 G and Att = 50 dB.

The X-ray powder diffraction patterns within the range from
5 to 50 degree 26 with a step of 0.02 degree 26 and a counting
time of 0.4 s per strip (total 70 s per step) were measured on a
Bruker D8 Advance (Bruker Corporation, Karlsruhe, Germany)
diffractometer with Cu Ka radiation and LynxEye detector.

The quantum chemical calculations are done with the
hybrid DFT functional B3LYP**?* utilizing the 6-31+G*
basis set.>?® The implicit solvent was simulated with the
PCM scheme®”° with ¢ = 15 for the ionic liquid. Dispersion
is accounted for implementing the D3-B] empirical
correction.*®*" The population analysis used the NBO atomic
charges.*>*? All calculations were carried out with the Gaussian
16 software package.**

All starting materials and solvents were commercially avail-
able and used without additional purification: Fluorochem
(Glossop, UK), Across (Antwerpen, Belgium) and Fisher Scien-
tific (Hampton, NH, USA).

Solution NMR spectra were recorded on a Bruker Avance
500 MHz instrument (Bruker, Karlsruhe, Germany) operating
at 500 and 126 MHz for 'H and *°C, respectively. 1,1,2,2-
Tetrachloroethane-d, was used as solvent. Chemical shifts are
reported in J units (ppm) and referenced to the residual solvent
signals (‘"H at 6.00 ppm and '*C at 73.78 ppm). Elemental
analyses were carried out on a Leco CHNS-932 (Leco Europe,
Geleen, The Netherlands). Thin layer chromatographic (TLC)
analysis was performed on silica gel plates (Macherey-Nagel F60
254 40 x 80; 0.2 mm, Macherey-Nagel, Duren, Germany).

All solid-state NMR (ssNMR) spectra were recorded using a
Bruker Avance DSX 400 MHz NMR spectrometer equipped with
a three-channel 4 mm probe head at magic angle spinning
(MAS) of 10 kHz. All "H spectra were recorded with background
suppression averaging 16 scans with 8 s recycle delay. The *C
cross-polarization (CP) NMR spectra were recorded with 20 ms
and 2 ms contact times averaging 20k scans with 3.5 s recycle
delay and TPPM proton decoupling scheme. The "’Se single
pulse excitation spectra were recorded averaging between 20k
and 40k scans with 20 s repetition time. Additional experiments
at 8 kHz MAS were conducted to reveal the isotropic 7’Se NMR
shifts. The 'H and *C NMR spectra were referenced to external
adamantane as a secondary reference at 1.63 ppm and 38.5 ppm
respectively. The 7’Se NMR spectra were referenced to external
aqueous H,SeO; at 1288.1 ppm as a secondary reference.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2. Synthesis of compounds SeH8, SeCl4 and SeBr4

2.2.1. General procedure. A mixture of the corresponding
1,8-naphthalimide (10.0 mmol) and selenium (2 eq., 40.0 mmol,
3.16 g) in 60 ml NMP was stirred at 175 °C for 4-7 h (TLC
monitoring). The mixture was cooled down to room tempera-
ture and poured into ice with 10 ml of hydrochloric acid. The
precipitate was filtered, washed with water and dried. The
crude products were purified by column chromatography using
hexane/dichloromethane as an eluent on silica (for SeH8) or
recrystallized from DMF (for SeCl4 and SeBr4).

2.2.2. 6-Octyl-5H1,2]diselenolo[3’,4,5':4,5[naphtho[1,8-cd]-
pyridine-5,7(6H)-dione (SeHS8)

Se-Se

Purified by column chromatography. Yield 3.68 g (90%).

'H-NMR (8 (ppm), 1,1,2,2-tetrachloroethane-d,): 0.88 (t, 3H,
*Jau = 6.9 Hz); 1.27-1.42 (m, 10H); 1.65-1.71 (m, 2H); 4.10 (t,
3H, *Jyn = 7.7 Hz); 7.64 (d, 2H, *Juy = 8.0 Hz); 8.29 (d, 2H, *Jyy =
8.0 Hz).

BC{'H}-NMR (5 (ppm), 1,1,2,2-tetrachloroethane-d,): 14.11;
22.57; 27.11; 27.97; 29.16; 29.27; 31.70; 40.42; 118.48; 121.57;
131.80; 132.05; 136.52; 152.31; 163.04.

77Se{'"H}-NMR (5 (ppm), 1,1,2,2-tetrachloroethane-d,):
512.55.

Elemental analysis: caled for C,0H,1NO,Se,: %C 51.63, %H
4.55, %N 3.01; found: %C 51.91, %H 4.45, %N 3.04.

DEI-MS: m/z = 465 [M]".

2.2.3. 6-Butyl-3,9-dichloro-5H-[1,2]diselenolo[3',4’,5':4,5]-
naphtho[1,8-cd]pyridine-5,7(6H)-dione (SeCl4)

Cl I I Cl

Se-Se

Purified by recrystallization from DMF. Yield 4.45 g (93%).

'"H-NMR (5 (ppm), 1,1,2,2-tetrachloroethane-d,): 0.98 (t, 3H,
*Jun = 7.3 Hz); 1.42 (sex, 2H, *Jyy = 7.5 Hz); 1.68 (quin, 2H,
*Jun = 7.6 Hz); 4.13 (t, 3H, *Jyy = 7.5 Hz); 8.29 (s, 2H).

BC{'H}-NMR (5 (ppm), 1,1,2,2-tetrachloroethane-d,): 14.84;
21.27; 30.89; 41.46; 121.77; 128.63; 128.90; 131.86; 137.86;
151.46; 163.11.

77Se{"H}-NMR (6 (ppm), 1,1,2,2-tetrachloroethane-d,):
544.47.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Elemental analysis: caled for C;6H;;Cl,NO,Se,: %C 40.20,
%H 2.32, %N 2.93; found: %C 40.45, %H 2.17, %N 3.17.

DEI-MS: m/z = 480.3 [MH]".

2.2.4. 3,9-Dibromo-6-butyl-5H-[1,2]diselenolo[3’,4',5":4,5]-
naphtho[1,8-cd]pyridine-5,7(6H)-dione (SeBr4)

BrllBr

Se-Se

Purified by recrystallization from DMF. Yield 4.99 g (88%).

"H-NMR (6 (ppm), 1,1,2,2-tetrachloroethane-d,): 1.01 (t, 3H,
*Juu = 7.3 Hz); 1.45 (sex, 2H, *Juy = 7.4 Hz); 1.72 (quin, 2H,
3Juu = 8.0 Hz); 4.17 (t, 3H, *Jyy = 7.5 Hz); 8.48 (s, 2H).

BC{'H}-NMR (6 (ppm), 1,1,2,2-tetrachloroethane-d,): 13.67;
20.18; 29.93; 40.40; 116.21; 118.53; 120.78; 128.87; 133.55;
153.80; 161.96.

7’Se{'H}-NMR (5 (ppm), 1,1,2,2-tetrachloroethane-d,):
548.62.

Elemental analysis: caled for C;¢H;,Br,NO,Se,;: %C 33.89,
%H 1.96, %N 2.47; found: %C 33.68, %H 2.11, %N 2.70.

3. Results and discussion

3.1. Design of bipolar derivatives

The ability of naphthalimide derivatives to participate in bipo-
lar reactions is analysed using DFT calculations. The molecular
architecture consists of structural motifs comprising the peri-
diselenide bridge, halogens, and hydrogen at positions 3 and 6
(Fig. 1A). Since the hydrocarbon chain (C4 or C8) does not
contribute to the redox properties,*” it was abridged to a CHj-
group. The molecular structures were subject to geometry
optimization, and their frontier molecular orbitals (MOs) were
compared. The optimized structures retain the skeleton pla-
narity and belong to the C,, symmetry group. In all cases
HOMO and LUMO are asymmetric with respect to the mirror
plane, lacking contributions from the atoms lying on the
symmetry axis. Particularly, the nitrogen and the alkyl group
bound to it are not involved in none of the frontier orbitals
(HOMO—1, HOMO, LUMO, LUMO+1), which justifies the sim-
plification of the side chain to a CH;-group in the models. The
energies of the frontier orbitals are listed in Table 1. HOMO—1
is comparatively far from HOMO (1.4-1.5 eV), indicating that
upon oxidation an electron from HOMO should be removed
first. HOMO has the largest contribution from the Se-Se bridge,
followed by the periphery of the naphthalene fragment, the
imide moiety being almost excluded, so one can make a
forecast of which part of the molecule will be the most affected
one by an electron abstraction. Unlike the HOMOs, LUMO and
LUMO+1 are fairly close (Table 1), particularly in the unsub-
stituted compound (SeH) where they are practically degenerate
and inverted - LUMO is the one localized on the diselenide

Mater. Adv,, 2025, 6, 788-804 | 791
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Table 1 Energies (in eV) of the frontier orbitals of the neutral models and differences between them

Compound ~ HOMO  HOMO-1  AE(HOMO — HOMO-1) LUMO  LUMO+1  AE(LUMO — LUMO+1)  AE(HOMO — LUMO)
SeH —5.87 ~7.40 1.53 -2.83 -2.79 0.04 3.04
SeCl —6.12 ~7.62 1.50 ~3.08 -2.83 0.28 3.04
SeBr —6.09 -7.51 1.41 —3.06 -2.79 0.27 3.03

bridge (Fig. 1), while in the halogenated derivatives (SeCl and
SeBr) this is LUMO+1. The degeneracy of LUMO and LUMO+1
in SeH infers that upon reduction, this compound may interact
with 4Li atoms concurrently as it can accommodate 4 electrons
simultaneously. The (quasi)degeneracy of LUMO and LUMO+1,
one of them fully localized on the Se-Se fragment, is an
indication that upon reduction, again, this moiety will be the
most active one and the minor share of the halogens prompts
that contrary to the expectations they will not be instrumental
upon reduction. Irrespective of the variation in the energies of
the HOMOs and LUMOs, the energy band gap is about 3.04 eV
and is insensitive to atomic substitution at positions 3 and 6.
These data indicate that the peri-diselenolo-NIs can participate
in both oxidation and reduction reactions and that the voltage
difference between them will be quite significant.

3.2. Synthesis of peri-diselenolo-1,8-naphthalimides

The synthesis of the target diselenolo derivatives SeH8, SeCl4,
and SeBr4, whose structures were based on the DFT calcula-
tions, is shown in Scheme 1. The imides 4-6 were synthesized
from the corresponding anhydrides by a procedure recently
reported by us.”® The imidization of tetrahaloanhydrides 2 and
3 with n-butylamine was carried out in a mixture of N-
methylpyrrolidone (NMP) and acetic acid at 100 °C for two
hours. After workup and purification by column chromatogra-
phy, we isolated imides 4-5 with a yield of 93% and 90%,
respectively. The imidization of dibromoanhydride 1 was also
performed in a mixture of NMP and acetic acid, but at a
significantly higher temperature (150 °C) for 1 hour. For the
synthesis of the diselenolo-derivatives, we applied the already
optimized conditions that we used for the preparation of

dithiolo-Nis.”®> The substitution reaction with elemental sele-
nium proceeded smoothly in NMP at 175 °C for several hours,
and the reaction was monitored by TLC. The yields were high
(88-93%), and the products were isolated on a gram scale.
Only imide SeH8 had sufficient solubility to allow purifica-
tion by column chromatography. The other target product
SeCl4 and SeBr4 were purified by recrystallization from DMF.
The final compounds have been characterized by means of 'H,
3C{"H}-NMR spectroscopic techniques as well as by elemental
analysis and mass spectrometry (see the Experimental section).

3.3. Self-organization of SeCl4, SeBr4 and SeH8

3.3.1. SEM analysis. This synthetic procedure yields
naphthalimide derivatives which, depending on the atomic
substitution at positions 3 and 6, are characterised by a
morphology that changes from nanowires via nanorods to
belt-like particles (Fig. 2). The morphology of SeBr4 consists
of flexible nanowires with a length of more than 5 ym and a
diameter varying between 0.05 and 0.15 pm, while nanorods
with a length of 15 to 80 pm and diameters up to 5 pm become
visible for SeCl4. The belt-like aggregates with a width of up to 5
pm and a thickness of 0.3-0.5 um dominate the morphology of
SeHS8. The different morphology signifies that organic mole-
cules tend to assemble into ordered nanostructures. Further-
more, the nanostructure assembling can be related to the n-n
interaction between naphthalimide-rings. This is not an unu-
sual phenomenon if we consider the self-assembling of organic
compounds characterized by strong m-n stacking proclivity,
such as perylene diimides, naphthalimides, and their
derivatives.”>*” For the studied samples, it appears that the
halogen substituents have an impact on the n-n interaction,

0._0__0 R R
O, &
—— —_——
ST, e O s OO0
X X Y Y Y Y
1-3 X X Se-Se
) 4-6

1X=Br,Y=H 4 X=Br, Y =H, R = n-octyl SeH8 Y =H, R = n-octyl

2X=ClY=CI 5 X =Cl, Y =Cl, R = n-butyl SeCl4 Y = ClI, R = n-butyl
3X=Br,Y=Br 6 X =Br, Y = Br, R = n-butyl SeBrd4 Y = Br, R = n-butyl

i) n-octylamine, NMP, AcOH, 150°C, 1 h or n-butylamine, NMP, AcOH, 100°C, 2 h

ii) Se powder, NMP, 175°C, 4-7 h
Scheme 1 Synthesis of the target diselenolo-NlIs SeH8, SeCl4 and SeBr4.
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Fig. 2 SEM images of pristine SeCl4, SeBr4 and SeH8 (A)-(C) and corresponding bare electrodes (D)-(F). The ex situ images of electrodes cycled for

50 times (G)-(1) in LiTFSI:Pyry sFSI electrolyte. The fibres correspond to the

resulting in different assembling into nanostructures. This
finding is in agreement with the previously established inter-
play between halogen bonds and n-r stacking interactions.*®

3.3.2. Powder X-ray diffraction. The manner of self-
organization is also manifested in the crystal structure of
naphthalimide derivatives. Fig. 3 compares the XRD patterns
of SeH8, SeCl4 and SeBr4. The comparison indicates that they
are all crystalline but crystalize in different structures. The
specific features of the XRD patterns for the three compounds
are the dominating low-angle diffraction peaks. For SeBr4, this
peak occurs at 6.71° (13.18 A), and it is concomitant with low-
intensity multiple order reflections at 13.4° (6.6 A, [ = 2), 26.8°
(3.3A,1=4).

GF/A separator.

The observation of multiple order reflections could be
assigned to (00/) peaks (i.e. [ = 1, 2 and 4), thus implying that
SeBr4 adopts a layered structure. In contrast, SeH8 displays a
splitting of the low-angle reflection into two components at
8.25° (10.70 A) and 8.37° (10.55 A), thus indicating the for-
mation of at least two structural modifications. The most
complex structure is observed for SeCl4 - there is a series of
low-angle peaks between 5 and 10°, the most intensive being at
6.8° (13.0 A) and 9.6° (9.2 A).

Another structural feature of the new NIs is the molecular
packing inside the unit cell lattice. This is a consequence of the
n-n stacking interaction between naphthalimide rings, which is
manifested by the reflection at around 25° in the XRD patterns

A

SeH8| _

5 3

© S,

= z

3 .

5 SeCl4a <

= £

*
SeBr4
5 10 15 20 25 30 5 10 15 20 25 30
20 [degree] 20 [degree]

Fig. 3
(*peaks of Al foil).
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(A) XRD patterns of SeH8, SeCl4 and SeBr4; (B) ex situ XRD patterns of electrodes SeH8, SeCl4 and SeBr4 cycled in a lithium-ion cell for 50 cycles
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(Fig. 3A).*>°° For SeBr4, the intense diffraction peak at 25.39°
reveals a n-n stacking of naphthalimide rings at a distance of
3.51 A. On the contrary, two different distances for n-r stacking
interaction are observed for SeH8 - 3.53 A and 3.51 A (i.e.,
reflections at 25.22° and 25.30°, respectively). This agrees with
the observation of two structural modifications having two
interlayer spacings. SeCl4 displays extended m-n stacking dis-
tances: two low-intensity peaks at 24.99° and 25.16° can be
distinguished, which correspond to distances of 3.56 A and
3.54 A. To rationalize the observed m-m stacking distances,
previously reported data on compounds containing 1,8-
naphthalimide groups joined by different alkyl linkers were
taken into account.”” Detailed structural analysis shows that
depending on the linker kind, the n-n stacking of adjacent
naphthalimide rings varies between 3.40 and 3.58 A. Our data
also demonstrate that the n-n stacking covers distances in the
range of 3.51-3.56 A.

3.3.3. Molecular modelling. The n-n stacking of the
naphthalimide derivatives can be regarded as a consequence
of the molecular dipole moments calculated and given in Table
S1 (ESIT). Apparently, the halogen substituents sizably reduce
the dipole moment of the molecule. The strongest dipole-
dipole interaction should take place between SeH molecules,
resulting in the most compact structure, unless the long
hydrocarbon tail obstructs the tight alignment. Further, to
explore the intermolecular interaction of the dipoles, dimers
of SeH, SeCl and SeBr with head to tail alignment of the
monomers were modelled and subject to geometry optimiza-
tion (Fig. 4). The expected result was n-stacking of the naphtha-
lene fragments and mutual screening of the heteroatomic edge-
cycles. The prognosis was true only for (SeBr),. For (SeH), two
almost degenerate configurations were found (within 1 kcal
mol ') - one of them retaining the head to tail alighment like
(SeBr), with a slight (SeH) or more noticeable (SeBr) slip along
the symmetry axis and the second one twisted at about 20°.
This degeneracy agrees with the experimental finding of coex-
istence of two structural modifications for SeH8 (Fig. 3). The
monomers in (SeCl), however rotated at about 50 degrees
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(by ~70 k] mol~" more stable than the head-to-tail alighment),
so that the one carbon cycle of each naphthalimide faces an
imide ring of the other (Fig. 4).

In addition to the dipole-dipole coupling, the dispersion
interactions contribute, being proportional to the molecular
volume, and in this case, SeBr4 should feature the strongest
attraction. As shown in Fig. 4, the free energy of molecular
coupling grows in line with the molecular/substituent size and
correspondingly decreases the intermolecular distance. The
latter is the shortest possible in the absence of an environment
(in the gas phase); in a multilayer structure, these distances will
be larger.”" Significantly, the lowest n-n stacking distance is
also experimentally observed for SeBr4 using XRD (Fig. 3).

3.3.4. Solid state NMR spectroscopy. The self-organization
of NIs is also monitored by *C cross-polarization (CP) NMR
spectroscopy. The polarization transfer relies on the strength of
the "H-"*C dipole-dipole couplings which can be influenced by
the distance between the coupled "H-"*C pairs and the mole-
cular dynamics. For rigid samples only the signals of carbons
neighbouring protons appear in the spectra recorded with short
contact times. Longer contact times facilitate observing all *C
chemical shifts. The great advantage of the CP spectra com-
pared to the single pulse excitation spectra is the much faster
acquisition due to the shorter relaxation time of the protons
(compared to "*C nuclei) used as a source for polarization as
well as the possibility to record distance/dynamics dependent
spectra. Fig. 5 presents the >C cross-polarization (CP) NMR
spectra of the samples recorded with 20 ps contact time. As
expected, the *C CP NMR spectrum of SeBr4 reveals one
dominant aromatic signal at 135 ppm and the one of SeH8
displays two broad resonances at 133 ppm and 125 ppm.
Surprisingly, two sharper aromatic resonances with a shift
difference of about 2 ppm (at 132 ppm and 130 ppm) are
observed in the "*C spectrum of SeCl4 when only one type of
CH group exists in the structure. This we attribute to the
supramolecular self-organization of the chlorine-containing
derivative. In the spectra of SeBr4 and SeHS8 the aliphatic
signals are merged due to inhomogeneous broadening as well

J‘/J J“ ‘é") ,}‘J
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Fig. 4 Optimized geometry of the dimers of the modelled molecules, with the calculated free energy of dimerization and intermolecular distances.
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Fig. 5 (A) ¥3C cross-polarization (CP) NMR spectra of SeBr4, SeCl4 and SeH8 samples recorded with 20 ps contact time and 10 kHz MAS; (B) 7/Se ssNMR
spectra recorded using single pulse excitation and 10 kHz MAS. The asterisks denote spinning sidebands.

as lack of mobility. In contrast, the spiral alignment of SeCl4
allows either enhanced mobility of the alkyl chains or higher
alkyl chain organization in the crystal which results in detecting
discrete NMR signals. It should be noted that the CH; resonance
has a lower intensity due to fast rotation about the symmetry axis
in the solid state which decreases the 'H-'>C dipole-dipole
coupling and hinders the polarization transfer. The *C CP
ssNMR spectra recorded with 2 ms contact time (Fig. S4, ESIY)
as well as the "H spectra (Fig. S5, ESIt) are presented in the ESL}

Further insight into the supramolecular organization pro-
vide the 7’Se ssNMR spectra of the samples (Fig. 5B). In these
spectra small differences in the selenium electronic environ-
ment lead to a more pronounced influence in the chemical
shift due to the significantly larger selenium shift range (ca.
3000 ppm) compared to the '*C spectra. The arylselenides
resonate in the ”’Se shift range of 400-500 ppm. In the "’Se
solution NMR spectra, a single ”’Se resonance (due to symme-
try) is detected for all samples - 548.6 ppm for SeBr4,
544.5 ppm for SeCl4, and 512.6 ppm for SeHS8. In the solid
state, however, due to n-n stacking, the samples self-organize,
which results in different degrees to which the selenium nuclei
experience the ring current of the neighbouring aromatic
systems. Thus, two different 7’Se shifts are observed for each
sample. The "’Se NMR spectrum of SeBr4 reveals resonances at
582 and 560 ppm, the one of SeCl4 shows selenium shifts at 552
and 535 ppm, while the resonances of the SeH8 sample are
observed at 476 and 435 ppm. In the sequence SeBr4:SeCl4:
SeHS8, the resonances are shifted to a higher field and the shift
difference between both signals increases from 22 ppm to 27
ppm and finally to 41 ppm for the non-halogenated derivative.
The isotropic shifts are detected by comparing "’Se ssNMR
spectra recorded at two different (8 and 10 kHz) magic angle
spinning (MAS) frequencies as the bands which do not change
their position in the spectrum. The spinning sidebands are
denoted with asterisks.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Summarising, for all samples the self-organization in the
solid state due to m-m stacking leads to different electronic
environments for both aromatic CH *C and ”’Se nuclei which
results in splitting the respective solution signals (or resonance
broadening for the ">C CH resonances of SeBr4 and SeH4).

3.3.5. Electrode fabrication. The fabrication of organic
electrodes is an important step for the correct analysis of the
redox properties of solid-state organic compounds.**>* In this
study, the electrodes were fabricated by mixing the active
material with conductive carbon black (i.e., C65) and carboxy-
methyl cellulose binder (CMC). CMC is a cheaper, environmen-
tally friendly, and less air-sensitive water-based bonding
additive, which, in our case, leads to better adhesion of the
active material on the current collector.®® Fig. S6 (ESIY)
compares the electrochemical performance of SeCl4-based
electrodes prepared with 70-20-10 wt% and 80-10-10 wt% ratios
between the components to determine the appropriate ratio of
carbon and binder additives. The comparison shows that the
proper ratio for organic electrodes is 70-20-10 wt% instead of
the conventional 80-10-10 wt%. The slurry was spread on
carbon-coated aluminium foil and dried under vacuum over-
night at 120 °C. Disks with a suitable diameter were cut out and
additionally dried under vacuum before assembling, with an
active mass of about 2.5-3.5 mg loaded on the Al collectors.
This procedure allows to elaborate electrodes with relatively
smooth surfaces (Fig. 2D-F). The SEM images of the electrodes
reveal that the morphology of SeCl4, SeBr4, and SeH8 powders
has no appreciable effect on the electrode roughness, thus
enabling an adequate study of their electrochemical properties.

3.4. Mechanism of the electrochemical reaction

3.4.1. Reduction of SeHS8, SeCl4 and SeBr4. The experi-
mental validation of the predicted bipolar character of the
diselenolo-NI derivatives is carried out using the electrochemi-
cal protocol based on two modes: (i) the cell starts with a
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cathodic scan (i.e., reduction) and (ii) the cell starts with an
anodic scan (i.e., oxidation). Lithium half-cells with an ionic
liquid electrolyte are used for all experiments. The CV-curves of
the three compounds are shown on Fig. 6. During the
reduction, the CV-curves display a series of peaks, which can
be separated into three groups: peaks spreading between 1.9
and 1.7 V, dominating peaks between 1.7 V and 1.1 V, and
hardly distinguishable peaks between 1.0 and 0.5 V. This
means that the reduction of the naphthalimide derivatives with
Li" includes three consecutive steps. The Cl- and Br-substituted
forms exhibit peaks with close positions, while the H-form
undergoes a reduction at different peak values.

To rationalize the observed reduction behaviours, the stan-
dard potentials of the interaction of each studied compound
with Li" are calculated and given on Fig. 6. In general, all
naphthalimide-derivatives are prone to interact with 6Li", in
three consecutive steps. As expected from the charge distribu-
tion of the neutral molecules (Fig. S7, ESIf), the first step
reflects the interaction of the peri-diselenide bridge with two
Li*. For SeCl4 and SeBr4, the lithium is coordinated between Se
and a halogen element, thus leading to an increase of the Se-Se
distance: from 2.39 A to 3.14 A for SeCl4 and from 2.39 A to 3.13
A for SeBr4 (Table S2a, ESIt). Both Se and Cl/Br atoms remain
attached in the molecular structure regardless of the increased
Se-Se distance (Fig. 6). The calculated standard potential
of the first reduction step reaches a magnitude of 1.71 V,
which is identical for both halogenated representatives. The
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insensitivity of the calculated reduction potentials to the kind
of halogen is in perfect agreement with the experimentally
observed CV-curves (Fig. 6). It is worth mentioning that in the
CV curves it is possible to differentiate two overlapping peaks
corresponding to interaction of the organic molecule with each
Li" ion separately, while the molecular calculations give the
average picture of the interaction of the organic molecule with a
total of two Li". The first reduction reaction proceeds at
potentials of 1.86 V and 1.76 V for SeCl4, and 1.87 V and
1.72 V for SeBr4. The average potentials match the calculated
ones: 1.81 Vversus 1.71 V for SeCl4, and 1.80 V versus 1.71 V for
SeBr4. The good agreement between experimental and calcu-
lated potentials corroborates that the peri-diselenide bridge is
the first reduced during the interaction of the organic molecule
with Li*.

For the H form, the degeneracy of the LUMO and LUMO+1
makes the reduction with Li* different from that of the halogen-
substituted forms. In this case, the first reduction step involves
interactions with 4Li atoms, with a potential of 1.45 V. The
calculated value is quite close to the experimentally determined
one (ie. 1.45 V). The accommodation of 4Li" ions is accom-
plished by the peri-diselenide bridge and the two carbonyl
groups (Fig. 6). Specifically, in this manner of lithium coordi-
nation in the H-form, the lithium serves to keep the Se atoms
close together by bridging them into a single entity, but with a
longer Se-Se bond length (Table S2a, ESIT). This is in contrast
to the halogen-substituted form, where the Se-Se bond is also
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Fig. 6 Cycling voltammetry curves of SeH8, SeCl4 and SeBr4 started with a catholic scan, theoretically calculated potentials and optimized geometries

of the peri-diselenolo derivatives with different number of Li ions.
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increased due to the involvement of halogen atoms in the
lithium coordination (Table S2a, ESIt).

After the first reduction involving the peri-diselenide frag-
ment, the next two Li" ions attack the two carbonyl groups for
the halogen-substituted NIs (Fig. 6). This leads to a decrease in
the standard potentials: from 1.71 to 1.56 V for SeCl4 and from
1.71 to 1.63 V for SeBr4. Contrary to the reduction of the
diselenide bridge, the reduction potential of carbonyl groups
depends on whether H, Cl or Br appears in positions 3 and 6,
following the order SeBr4 > SeCl4 > SeHS8. The same order in
decreasing of the reduction potential is experimentally
observed for the average potential of the second groups of
peaks: 1.61 V for SeBr4; 1.54 V for SeCl4; and 1.45 V for SeH8.
For the halogen-substituted representatives, the binding of Li*
ions around two carbonyl groups is accompanied by a rearran-
gement of Li coordination in the diselenide bridge: while one of
the Li' ions remains coordinated around Se and halogen
atoms, the other is relocated, so that to bridge the 2Se atoms.
This provokes a slight increase in the Se-Se bond length (Table
S2a, ESIT). In contrast, in the H-form Li* ions are coordinated
around the carbonyl groups without affecting the Li" in the
diselenide fragment, which is manifested by a limited variation
in the Se-Se bond length (Table S2a, ESIf). This is further
computational evidence that the structure of the NI molecule is
flexible enough to accommodate the changes induced by Li
reduction.

The interaction of the next two lithium ions with the studied
compounds is expressed in preferential coordination of Li"
around carbonyl groups again. This leads to a drastic decrease
in the standard potential below 1 V following the order SeBr4 ~
SeCl4 > SeHS8. In the CV-curves, despite the difficulties in
distinguishing the third groups of peaks, the average reduction
potential also follows the order of the calculated standard
potential: SeBr4 (1.03 V versus 0.86 V); SeCl4 (1.00 V versus
0.85 V) and SeH8 (0.73 V versus 0.36 V). Approaching full
coordination of the carbonyl groups by Li" ions induces a re-
bridging of the Se atoms in the peri-diselenide fragment, which
is realized via Li" ions.

Based on the comparison between experimental and calcu-
lated results, it appears that the studied NI-derivatives interact
with a maximum of 6Li" through consecutive reduction
of the diselenide bridge and both carbonyl groups. According
to organic redox reactions nomenclature, this can be
classified as an n-type interaction. Charge distribution proves
that 6Li is inefficient, 8Li results in molecular destruction
(Fig. S7, ESIY).

The lithiation has a fairly small effect over the electron
distribution in the imide fragment: the first stage of reduction
(2Li) does not change the charge distribution, the second step
(4Li) accumulates about —0.7 charge on the fragment, and the
next one (6Li) adds about —0.3 (see Table S2b, ESIT). The charge
is localised predominately on the O-atoms of the imide
fragment.

3.4.2. Oxidation of SeHS8, SeCl4 and SeBr4. When the cell
test begins with an anodic scan, the CV curves show one
intensive oxidation peak, whose position slightly differs

© 2025 The Author(s). Published by the Royal Society of Chemistry
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depending on the kind of halogen substituent (Cl or Br) and
more markedly for the unsubstituted structure: 4.25 V for
SeCl4, 4.30 V for SeBr4 and 4.49 V for SeH8 (Fig. 7). Super-
imposed to the main oxidation peak, oxidation peaks at 3.95 V
and 4.12 V for SeH8 and 3.84 V and 4.13 V for SeBr4 are also
visible. However, the high-voltage peaks clearly reveal that the
NIs are oxidized, the charge being compensated by anions from
the lithium salt in the electrolyte (i.e. TFSI™). This can be
classified as a p-type reaction.

To get insight into the electronic structure of the oxidized
molecules, the oxidation reaction is modelled, and the calcu-
lated standard oxidation potentials are given on Fig. 7.

As one can see, the first oxidation potential falls between
4.2 V and 4.5 V, while the second oxidation potential is above
4.9 V. The comparison of the calculated and experimental data
marks a relatively acceptable agreement of the first calculated
oxidation potential with the experimentally observed oxidation
peak: 4.28 V for SeH8, 4.49 V for SeCl4 and 4.48 V for SeBr4. It is
worth mentioning that the CV experiments are carried out up to
4.7 V to avoid side reactions, including electrolyte degradation.
To improve the agreement between experimental and calcu-
lated values, we also optimized neutral models, including the
respective number of counterions (TFSI™) in the implicit sol-
vent. In this case, the calculated oxidation potential decreases
significantly and comes closer to the experimental data. Inter-
estingly, the second oxidation potential is also diminished and
becomes comparable to the additional oxidation peaks
observed for SeH8 and SeBr4. This suggests that the oxidation
of SeCl4 is predominantly a one-electron process, whereas two-
electron oxidation reaction is most likely to occur for the other
two compounds.

The variation of the charge distribution in the course of
electron abstraction can serve as a marker to monitor the
attacked part of the oxidized molecules (Table 2 and Fig. S7,
ESIT). The data show that the charge distribution is insensitive
to the type of the substituents at positions 3 and 6: in all cases,
the positive charge is predominantly localized on the Se atoms
(50% of the positive charge), on the same carbons from the
naphthalene moiety where the spin density is high and negli-
gibly on the oxygens in the imide fragment. Surprisingly, the
remaining carbons in the naphthalene unit gain electron
density, thus enhancing the charge polarization within the
molecule. The substituents at positions 3 and 6 also acquire
positive charges upon oxidation growing in the order H « Br <
Cl as seen in Table 2 and Fig. S7 (ESIt). Charge distribution
analysis shows that Se atoms together with carbons in the
naphthalene unit are involved in the oxidation of NI derivatives.
It is worth mentioning that the specific linkage of Se atoms and
the naphthalene unit in one molecule allows to achieve an
oxidation potential (above 4.2 V), which is one of the highest
reported in the literature for well-known p-type thioethers.>* To
compare, the thianthrene, in which the two sulphur atoms are
fixed in the core six-membered ring, displays an oxidation
potential of 4.1 V.”® This is another indication of the suitability
of the molecular architecture of the NI derivatives to participate
in p-type redox reactions.
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(left) Cycling voltammetry curves of SeH8, SeCl4 and SeBr4 started with an anodic scan. (right) Theoretically calculated potentials for single and

double oxidation of molecules without and in the presence of counterion TFSI™ (full and dotted lines, respectively).

Table 2 NBO group charges of different molecular fragments of the modelled compounds in an implicit solvent (IL) upon the two stages of oxidation,

accounting for the charge compensating counterion

SeH SeCl SeBr

Neutral+TFSI +1+TFSI  +2+2TFSI Neutral+TFSI +1+TFSI +2+2TFSI Neutral+TFSI +1+TFSI +2+2TFSI
Sum of charges C (aromatic) —1.579 —1.311 —1.093 —1.226 —1.025 —0.839 —1.582 —1.158 —0.994
Se 0.658 1.158 1.643 0.722 1.209 1.657 0.708 1.172 1.621
TFSI —0.996 —0.985 —1.845 —0.987 —0.986 —1.883 —0.830 —0.992 —1.895
Molecule —0.004 0.985 1.846 0.004 0.989 1.884 0.076 0.994 1.896
H/Cl/Br 0.528 0.566 0.601 0.051 0.183 0.330 0.105 0.180 0.268

Further information on the oxidation of SeCl4 at high
voltages is provided by ex situ EPR spectroscopy (Fig. 8). After
the first oxidation of SeCl4 at 4.15 V (Fig. 8E), the EPR spectrum
displays an asymmetric narrow signal with a g-tensor of g, =
2.0021 and g = 2.0018. For the sake of comparison, the EPR
spectra of partially reduced SeCl4 at 1.67 V, 1.5 V and 1.0 V are
also shown on Fig. 8B-D. The reduction potentials reflect the
stepwise interaction of the peri-diselenide bridge and carbonyl
groups with lithium ions. Regardless of the fact that the EPR

798 | Mater. Adv, 2025, 6, 788-804

spectra of reduced SeCl4 are dominated by a signal due to the
carbon black additives, the low-intensity narrow signal is
enhanced with lowering the cathodic potential, culminating
at 1.0 V in a nearly symmetrical signal with a g-value of around
2.002 and a line width of 0.2 mT. Going from the first cathodic
scan to the next anodic scan and switching off the symmetric
cell at a potential of 4.5 V, the EPR signal increases more than
30 times (Fig. 8F). In addition, the signal profile assumes an
asymmetric shape with a g-tensor identical to the signal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and to 1.0 V (D; magenta); after the first anodic scan to 4.15 V (E; blue), and after the cycle starting with cathodic scan to 1.0 V, followed with an anodic

scan to 4.5V (F; green). All spectra are recorded at T = 100 K.

registered after the beginning of the oxidation processes (i.e., at
4.15 V). It is important that the signal detected at 4.5 V is about
15 times stronger than the signal detected at 4.15 V. The
comparison of the EPR signals for the reduced and oxidized
SeCl4 shows that the oxidation up to 4.5 V yields a strong
asymmetric signal, while a low-intensity nearly symmetrical
signal becomes visible after the reduction to 1.0 V. The radicals
have a relatively long life — after 72 hours, the radicals dis-
appear nearly completely, without changing the signal profile
(Fig. S8, ESIt), meaning that they degrade by forming diamag-
netic products.

Contrary to the reduction with Li" ions, the oxidation of
SeCl4 requires the participation of the counter anion from the
electrolyte salt. That is why, we further examined the oxidation
and reduction stability of the lithium electrolyte, which con-
tains LiTFSI dissolved in the ionic liquid Pyr, ;FSI (IL). The
electrolyte stability is monitored by using a symmetric cell with
Li working, reference and counter electrodes (details are given
in Fig. S9, ESIt) the linear sweep voltammetry curves of the
symmetric cell demonstrate that the IL-based electrolyte is
stable in a broad potential range (i.e., from +6.5 to —6.5 V vs.
Li/Li*, Fig. S9B, ESI{). Despite the electrochemical stability of
the electrolyte, side reactions take place at high potentials,
leading to the formation of radicals. To detect them, we
analysed the soaked in electrolyte separator (without any wash-
ing) before the electrochemical experiment and after the sym-
metric cells switch-off at +6.5 and —6.5 V respectively. In
addition, the soaked separator is measured at 100 K to improve
the EPR sensitivity. As a reference, the EPR spectra of the
unsoaked separator and the blank electrolyte are also given
(Fig. S9D and E, ESIt). As one can see, both the blank electrolyte

© 2025 The Author(s). Published by the Royal Society of Chemistry

and the unsoaked separator show no signals. However, the EPR
spectra of the reduced and oxidized electrolyte contain one
symmetrical narrow signal with a g-value of 2.0021 and a line
width of about 0.03 mT (Fig. S9A and C, ESIt). Moreover, the
density of radicals for the reduced and oxidized electrolytes are
comparable. This implies that the radicals are probably formed
as secondary degradation products after the anodic and catho-
dic scans. This is not an unexpected result since the ILs are
prone to easily form numerous types of radicals.>®

The observation of radicals during the electrolyte oxidation
and reduction allows to compare them with those detected on
working SeCl4. The comparison of the EPR spectra reveals that
the same radicals occur for oxidized SeCl4 and IL-electrolyte,
but the different spectra profiles suggest that radicals reside on
sites with different symmetry. This can be explained by the
attachment of radicals on the surface of the oxidized SeCl4,
thus losing some degree of mobility, resulting in an asymmetric
signal profile. It is worth mentioning that the density of
attached radicals is about two orders lower than that detected
in the electrolyte. On the other hand, the attachment of the
electrolyte-generated radicals to the electrode surface gives
evidence for the participation of the electrolyte in the oxidation
of SeCl4. During the reduction of SeCl4, the EPR signal pre-
serves the symmetrical line shape, thus indicating the lack of
interaction between reduced SeCl4 and the electrolyte.

After the first anodic and cathodic scans, the next cycles
cause a change in the CV curve profile, as a result of which
several peaks can be distinguished: in the low-voltage range
between 1.0 and 2.5 V and in the high-voltage range between
3.5 and 4.5 V, respectively (Fig. 9). These two voltage ranges

correspond to the regions, where the interaction of

Mater. Adv.,, 2025, 6, 788-804 | 799
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with a cathodic and anodic scan, respectively.

naphthalimide-derivatives with Li', as well as their oxidation,
take place. After the fifth scan, the CV curve profiles become
identical, no matter whether the reaction begins with an anodic
or a cathodic scan.

3.5. Electrochemical characterization of SeH8, SeCl4 and
SeBr4

Fig. 10 summarizes the cycling stability of SeH8, SeCl4 and
SeBr4 electrodes. The charge-discharge curves adopt almost
the same profiles after 5 cycles, regardless of how the test was
started (Fig. S10, ESIT). This is consistent with the CV curves of
the samples (Fig. 9). Among them, SeCl4 delivers the highest
capacity, especially when the cell starts with a charge mode
(about 250 mA h g~ '). However, the capacity quickly decreases
after 10 cycles, irrespective of whether the cell test starts with a

800 | Mater. Adv, 2025, 6, 788-804

charge or discharge mode: the capacity varies between 45 and
55 mA h g~ ! after 25 cycles. The most stable performance is
observed for SeBr4: the specific capacity reaches of about
150 mA h g~ ' and remains nearly constant after 25 cycles for
the cell starting with a charge mode, while the capacity is
slightly lower (about 125 mA h g~ ') for the counterpart cell.
The H-form demonstrates the worst performance: for the cell
starting with a discharge mode, the specific capacity decreases
from 131 to 69 mA h g after 25 cycles, while for the cell
starting with a charge mode, there is a drastic decline in the
capacity from 236 to 23 mA h g~ . During prolonged cycling, it
seems that the capacities of the electrodes tend towards each
other, irrespective of whether the test starts with charge or
discharge. This is consistent with the CV curves after the 5th
cycle (Fig. 9). On the other hand, the unsatisfactory cycling

© 2025 The Author(s). Published by the Royal Society of Chemistry
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stability can be related with low electrical conductivity of
naphthalimide derivatives.’” One approach to overcome this
drawback is to fabricate the composite between naphthalimide
derivatives and highly conductive additives.>*’

3.6. Ex situ analysis

To rationalize the cycling stability of the new compounds,
ex situ XRD, SEM, and EDS analyses were performed. The
subjects of study are SeH8, SeCl4 and SeBr4 electrodes after
25 cycles between 1.0 and 4.4 V and switched off at 1.0 V. The
XRD patterns demonstrate that all compositions undergo
amorphization during the cycling (Fig. 3B). Alongside, the
SEM images display a greater or lesser increase in the electrode
roughness in comparison with the pristine electrode (Fig. 2G-
I). However, all electrodes remain stable after cycling. This is
visible under high magnifications: in this case, the electrodes
particles become blurry since they are covered by the electrolyte
(Fig. S11, ESIY).

EDS analyses were performed to compare the halogen/
chalcogen content of the electrode materials before and after
use. The abundance of C-atoms was altered during the experi-
ments due to the use of a carbon containing underlay (SEM
Conductive Double Sided Carbon Tape), but the ratios of Se-to-
Cl/Br and Se-to-N were not affected and can provide valuable
insight. The measured abundancies for the pristine com-
pounds (Table S3, ESIt) comply with the nominal compositions
and show a 1.00 £ 0.05 Se-to-Cl ratio for SeCl4 and 0.95 & 0.05
Se-to-Br ratio for SeBr4. The EDS analysis of the used electrodes

© 2025 The Author(s). Published by the Royal Society of Chemistry

shows an increase to around 2.4 + 0.4 for the former, while the
latter remains approximately the same (0.7 + 0.2) (Table S4,
ESIT). This means that SeCl4 loses some of the Cl-substituents
during cycling, which correlates with its worse cycling stability
(Fig. 10). In comparison with SeCl4, the SeBr4 preserves, to a
great extent, its composition during cycling and displays a
better cycling stability. Contrary to the Se-to-Cl(Br) ratio, the
Se-to-N ratio cannot be used to determine the composition of
cycled electrodes, because of the deposition of electrolyte,
which contains a significant amount of F, N and S elements.
However, the F-to-S ratio can be used to unveil whether the
electrolyte penetrates the electrodes or undergoes a side reac-
tion of degradation. The calculated F-to-S ratio is as follows:
2.5 + 0.3, 1.8 + 0.2 and 1.7 £ 0.1 for SeCl4, SeBr4 and SeHS,
respectively. These values are comparable to the nominal F-to-S
ratio for the lithium salt LiTFSI (2-to-1) and the lithium solvent
Pyr,3FSI (1-to-1). This suggests that the electrolyte penetrates
mainly into the electrodes, especially for SeBr4 and SeHS,
whereas the different morphology of SeCl4 obstructs a sizable
electrolyte penetration. In addition, partial electrolyte degrada-
tion cannot be excluded, especially for SeCl4. This is another
sign for the observed different cycling performance for SeHS,
SeCl4 and SeBr4.

4. Conclusions

This study reports on a novel naphthalimide-based bipolar
OEMs consisting of three structural motifs: (i) peri-diselenide

Mater. Adv,, 2025, 6, 788-804 | 801
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bridge; (ii) halogens or hydrogens at positions 3 and 6; and
(iii) alkyl chain on imide nitrogen. The OEMs design was based
on molecular modelling with DFT, and the simulated charac-
teristics gave promising results encouraging the synthesis and
further testing. The compounds tend to assemble into ordered
nanostructures depending on the kind of the halogen substi-
tuents - the morphology is changed from nanowires for SeBr4,
to belt-like aggregates for SeH8, via nanorods for SeCl4. This is
a consequence of the n—r stacking of naphthalimide rings, with
distance between them varying from 3.51 to 3.56 A. The
supramolecular architectures were characterized by SEM, PXRD
and solid-state NMR spectroscopy. Despite the different mor-
phology, electrodes with relatively smooth surfaces were fabri-
cated by mixing the active materials with carbon black and
CMC in a ratio of 70-20-10 wt%.

Below 3.0 V vs. Li*/Li, the new NI derivatives interact with
a maximum of 6Li" through consecutive reduction of
the peri-diselenide bridge and the carbonyl groups (n-type
interaction). Above 4.0 V vs. Li'/Li, NI derivatives are oxidized
due to the participation of the selenium atoms and
the naphthalene unit carbons (p-type interaction). Although
the oxidation of SeCl4 is predominantly a one-electron process,
two-electron oxidation reaction occurs for SeBr4 and SeHS.
The results are in good agreement with those predicted
theoretically.

Among the new NI derivatives, the best performance is
observed for the Br-substituted representative - it delivers a
specific capacity of about 150 mA h g~' and remains nearly
constant during cycling. This is a consequence of the composi-
tion stability of SeBr4 in the electrolyte solution. Unlike it,
SeCl4 has a higher capacity (around 250 mA h g™ '), but poor
cycling stability, together with partial extraction of Cl during
cycling. The electrochemical testing mode determines the
performance of SeH8 - the better performance is achieved
when the cell begins with a discharge. These results indicate
that further optimisation of the electrolyte composition is
required to improve the electrochemical performance of the
studied compounds.

In general, the reported peri-diselenolo-1,8-naphthalimide
derivatives offer a bipolar molecular architecture that could
initiate further design of organic bipolar electrode materials.
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