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Abstract

Tonic liquids generally display peculiar structural features that impact their phys-
ical properties, such as the formation of polar and apolar domains. Recently, ionic
liquids functionalized with anthraquinone and TEMPO redox groups were shown to
increase the energy storage performance of supercapacitors, but their structure was not
characterized so far. In this work we use polarizable molecular dynamics to study the
nanostructuration of such biredox ionic liquids. We show that TEMPO nitroxyl func-
tions tend to aggregate, while the anthraquinone groups favor stacked arrangements.
The latter eventually percolate through the whole liquid, which sheds some light on

the mechanisms at play within biredox ionic liquids-based supercapacitors.
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Over the past decades, the improvement of the energy storage performance of superca-
pacitors was mostly due to the discovery and the development of nanostructured electrode
materials.! In principle, since the charging simply occurs through the adsorption of ions on
the electrode counterbalanced by the accumulation of opposite charges on the surface, any
conductive materials with large surface area could be used. This opened many possibilities
for performance improvement, and systems based on nanoporous carbons,? 2D materials,**
metal-organic frameworks,® etc. were extensively tested. The current commercial devices
employ disordered nanoporous carbon electrodes, which allow for an efficient sieving of the
ions, a fast diffusion of the electrolyte, and an excellent cyclability. Due to the presence of
nanoconfinement effects, the conventional electrochemical double-layer picture was not able
to describe accurately the systems, and it was necessary to develop adequate molecular sim-
ulations and spectroscopy techniques to fully understand the charging mechanisms of these
supercapacitors.

On the other side of the double-layer sits the electrolyte, which is generally a liquid.
Here again, several families coexist: depending on the nature of the solvent and of the ions,
different electrochemical windows and resistivities are obtained. Then for a given electrode
material the capacitance may differ greatly between two electrolytes, so that its choice is
generally driven by a compromise between these properties (and the cost).” The rise of ionic
liquids (ILs) in the electrochemistry field brought many promises for supercapacitor appli-
cations.®? Since they do not contain solvent, ILs were expected to yield larger capacitances
than aqueous or organic solvent-based electrolytes. However, due to the large electrostatic
attraction between cations and anions, they are less easily separated upon application of
a voltage, and the capacitances remain comparable to the ones of organic solvent-based
electrolytes. !9 It is only recently that several groups were able to take profit from the com-
positional flexibility and the unique structural properties of ILs to develop new capacitive
mechanisms, in which the liquid plays an active role.'™*3 Mao et al. have developed surface-

active ILs characterized by an amphiphilic structure inducing self-assembly at the electrode



interface. This lead to increased capacitance due to an enhanced separability of the ions.!! In
another work, biredox ILs (BILs) were synthesized by grafting both the cation and the anion
with redox-active moieties that could exchange electrons with the electrode upon application
of the voltage, leading to a two-fold to three-fold increase of the capacitance depending on
the experimental conditions.'? The most recent example is the use of hygroscopic protic ILs,
in which water molecules are dispersed, that display higher energy and power performances
than conventional ILs when used in supercapacitor devices.

Although the use of redox-active electrolytes was far from being a new idea, in particu-

47 ysing BILs lead to particularly good performances, with a

lar in aqueous electrolytes,
capacitance almost as large as the one of pseudo-capacitors but without sacrificing the fast
charging ability of supercapacitors and their long-term cyclability, or leading to significant
self-discharge effects as was usually the case in such systems. The reason behind this is not
well understood, and it could stem from either the much larger concentration of ions inside
the liquid or the nanostructuring effects which are very important in ILs.®!Y However, so far
the BIL-based supercapacitors were only studied by conventional electrochemical techniques
that lack insight at the molecular scale. Since all the molecules bear redox moieties, it is very
likely that the latter will interact closely within the liquid. Understanding these interactions
is necessary for designing further BILs with enhanced properties.

Molecular dynamics simulation can provide significant information on the structure of
electrolytes for supercapacitor applications.?’ Yet, compared to previous studies in which
the atomic details of the ionic species were not important for catching the charging mecha-

21,22 in the case of BILs they certainly play a key role. Recently, we developed polariz-

nisms,
able force fields for the 2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO) and anthraquinone
(AQ) groups,? which opens the way for the simulation of BILs. In this work, we have simu-
lated a BIL in which the imidazolium cation is functionalized with TEMPO (TEMPOmIM™),
while the bis(trifluoromethane)sulfonimide anion (TFSI™) bears an AQ function (AQTFSI™)

as shown on Figure 1a and b. As in previous experimental work, 224 the simulation was per-
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Figure 1: Structural formula of the studied biredox ionic liquid with the anion AQTFSI~
(a) and the cation TEMPOmIM™ (b). The various ionic and redox moieties are highlighted
in green (AQ), blue (TFSI™), orange (TEMPO) and red (mIM™). This coloring scheme will
be kept in the following.

formed at high temperatures because BILs display larger viscosity than generic ILs; here a
value of 373 K was chosen.

In a generic IL, the intermolecular structure is dominated by Coulomb ordering effects.
Due to the electrostatic interactions, the first shell of cations is mainly composed of anions
and vice-versa. This ordering extends up to several solvation shells, leading to some or-
dering over the nanometer lengthscale.?> The delocalization of the charge within the ions
leads to additional structural features, such as the formation of apolar domains consisting of
the alkyl chains of the molecules.'® This effect can be exploited by using ILs as templating
agents in chemical synthesis.?® In the case of supercapacitors, it was exacerbated by syn-
thesizing amphiphilic ILs in order to form self-assemblies at the electrode interface, leading

to surface-active ILs.!* Here the BILs differ from generic systems by including additional



redox functions, it is therefore of interest to analyze whether the latter modify the structural
features of the liquid.
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Figure 2: a) Typical snapshot showing the formation of a TEMPO-TEMPO dimer in the
bulk BIL. b) Radial distribution functions (RDFs) between the N atoms (labelled N1 on
panel a) from the TEMPO moieties (orange) and between the upper C atoms of the imida-
zolium ring (labelled C7 on panel a) of the mIM™ moieties (red). ¢) Combined distribution
function of the N1-O1-O1-N1 pseudo-dihedral angle (where O1 are the O atoms of TEMPO
moieties as labelled on panel a) and the N1-N1 distance. The colormap reflects the occur-
rence probability.

Indeed, in the BIL, one can observe some new interactions arising from the affinity be-
tween the redox moieties. Firstly, the TEMPO groups tend to form dimers as illustrated
on Figure 2a. The importance of the effect can be quantified from the comparison of the
corresponding N1 - N1 radial distribution function (RDF) to the one of carbon atoms be-
longing to the cationic moiety of the molecule (C7 - C7). As shown on Figure 2b, the former
exhibits a sharp peak at a short distance of 3.3 A, while the latter is typical of ILs, with a
very broad first “peak”. The structural feature observed on Figure 2a is quite uncommon
in ILs, and points towards a strong dipole-dipole interaction between the nitroxyl functions
of the TEMPO. In order to check this observation, we computed the combined distribution
function of N1-O1-O1-N1 dihedrals and N1-N1 distances, the results are plotted as density
map on Figure 2c. At distances corresponding to the peak of the RDF, there is a clear
preferential value of + 180° for the pseudo-dihedral, which confirms this interpretation. We
also note the existence of configurations with more closed angles (of approximately £+ 100°)

at shorter N1-N1 distances (which is characterized by a small shoulder on the corresponding



RDF). These arise from a situation where the N1 atom from the second molecule aligns with
the N1-O1 bond of the first one, but the probability to find such configurations is much

lower.

Figure 3: a) Typical snapshot of two stacked AQ moieties. The angle 6, i.e. the angle
between the two normal vectors 77 and 7i5 to the two AQ pseudo-planes, and the distance d
between them, which are used to characterize the degree of stacking, are also illustrated. b)
Combined distribution function of # and d. The colormap reflects the occurrence probability.
¢) Snapshot illustrating the T-Shaped stacking type. d) Snapshot illustrating the Sandwich
stacking type.

Concerning the anions, structural organization of the AQ moieties were much more ex-
pected. Indeed, the anthraquinone has a well-known tendency to form stacked structures,
an effect which has already proven important for energy storage applications.?”?® Here we
quantify the stacking as follow: first we define a distance d between each AQ quasi-planar
moieties. To compute d, we determine for each AQ the position of the centers of mass of
each ring (there are 3 of them per moiety). We then compute all the distances between each
center of mass pair by pair (9 distances in each case) and d is taken as the smallest one.
Then, we calculate the angle (0) between AQ planes using the normal vector as illustrated on
Figure 3a. This procedure allows us to construct a stacking map that shows the occurrence

of each (d, ) couple. It is shown on Figure 3b, where the color scale corresponds to the oc-



currence probability. We observe that two areas are highly likely: one at short distances and
small angles that corresponds to the Sandwich stacking type (illustrated in Figure 3d) and
a second one at large distances and wide angles that corresponds to the T-Shaped stacking
type (illustrated in Figure 3c).

Generally, the presence of stacking is attributed to the existence of m — 7 interactions
between the AQ carbon rings. However, such interactions are not explicitly present in our
model. Although they may arise effectively since the atomic charges and polarizabilities
distributions were fitted from electronic structure calculations,?? it is more likely that the
stacking can be triggered by geometry effects and packing requirements only. We note that
this effect can explain the solubility of BILs in acetonitrile, which is very low compared to

the one of the parent IL mIM-TFSI that can be mixed at any concentration in this solvent.

Figure 4: Snapshot of the BIL with distinct colors for each group of atoms. The ionic and
redox moieties are in green for AQ, blue for TFSI™, orange for TEMPO and red for mIM™.

A strong affinity between TEMPO groups on the one hand and AQ groups on the other
hand is thus observed in the BIL. On the contrary there is no particular structural organi-

zation occurring between TEMPO and AQ. This may lead to changes of the medium-range



Table 1: Domain analysis for the BIL moieties: average number of domains, surface and
volume over the simulation.

Average number Average surface Average volume
of domains (A?) (A?)
TEMPO 6.18 5470 7452
mIM™ 7.78 4619 4210
AQ 2.04 24279 25624
TFSI- 3.35 14065 14789

structure of the liquid compared to the one of the parent IL, the latter being mainly char-
acterized by the formation of polar domains made of the ionic moieties of the mIM™ and
the TFSI™ anions on the one hand, and of apolar domains made of the alkyl groups of the
imidazolium (depending on the chain length) on the other hand. In ILs, it is generally use-
ful to visualize the formation of such domains using specific coloring scheme, following the
seminal work of Canongia Lopes and Padua.'® On Figure 4 we show the overall BIL and
the substructure formed by the TEMPO, AQ, mIM™ and TFSI~ groups. The formation of
nanostructures is clearly evidenced, the effect looking more pronounced in the case of the
TEMPO moieties.

In order to check this observation, it is possible to perform a quantitative domain analysis
in the liquid using the TRAVIS software.??3" In short, the liquid is divided into each of
the four defined building blocks. Then a Voronoi tessellation is performed, in which the
polyhedra are constructed around the atomic sites. The building blocks are considered to
form a domain if they share a common polyhedron face. Such an analysis was performed
previously to investigate e.g. the templating effect of ionic liquids in which alcohol species are
dissolved.?® The results are summarized in Table 1, which provides for each type of group
the average number of domains in the simulation cell, as well as their geometric features
(average surface and volume). They confirm the visual observation since the AQ groups
are splitted in two domains only on average, thus forming an almost continuous percolating
structure. The clustering of the other groups is less pronounced, but we note again that even

in the cations the TEMPO moieties form larger domains on average than the mIM™.
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Figure 5: Partial structure factors, S(q), of the AQTFSI~, AQ and TFSI~ groups (left) and
of the TEMPOmIM*, TEMPO and mIM* groups (right). For TFSI~ and mIM™ groups the
case of the BMIM-TFSI ionic liquid is shown for comparison.

The presence of nanostructures generally has a signature on the structure factors of a
liquid.31™33 The total structure factor includes contributions that may cancel each other
significantly, but it is possible to calculate specific contributions.?* 3% Here again, we have
computed the partial structure factors corresponding to the four different moieties. They
are compared to the ones obtained for TFSI™ anions and mIM™ groups in the pure 1-butyl-
3-methylimidazolium (BMIM)-TFSI IL on Figure 5. In the case of the anion, we observe a
very well-defined peak at 0.48 A~! for AQTFSI, which corresponds to a much longer range
(of the order of 13 A) than for TFSI~ anions in the parent IL. Both the AQ and TFSI~
moieties contribute to this peak since their partial structure factor almost coincides. The
observation is different for cations. Although the medium-range ordering also leads to a
peak at 0.49 A~ in that case it is clearly driven by TEMPO interactions since the partial
structure factor obtained for mIM™ is very similar for the IL and the BIL, and much shorter-
ranged. Overall, we observe a more pronounced nanostructuration of the BIL compared to
the IL which can be attributed to the specific interactions evidenced before, the stacking of

AQ moieties playing the main role by forming percolating domains.
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In conclusion, with the aid of classical molecular dynamics, we have shown that the BIL
based on anthraquinone and TEMPO functional redox groups displays strong nanostructural
features, even compared to conventional ionic liquids. This is due to the peculiar affinity of
the redox groups, characterized by dipole-dipole interactions between the nitroxyl functions
of the TEMPO and by the stacking of the anthraquinone planes. In particular, the latter
leads to the formation of large percolating domains. These structural features are likely to
play a role in the good performances of BIL-based supercapacitors. The large concentration
of ions allows the redox group to be in close vicinity to the electrode, and the observed
nanodomains can lead to a percolation of the additional electrons or holes, a mechanism
that has recently been suggested for anthraquinone-containing polymer cathodes®” and other

38 used in Li-ion batteries.

redox-active polymers

Future work should therefore focus on the understanding of the formation of the double-
layer in BILs, in particular in the case of porous carbon electrodes that can induce additional
nanostructuration of the liquid. Understanding completely the charging storage mechanism
in BlLs-based supercapacitors would in addition need to account for the redox reactions
within the simulations, which requires complex methodological developments. In particu-

lar; the simulations should be able to reproduce in an effective way the electron transfers

occurring at the carbon electrode interface.

Computational methods

Classical MD simulations of the BIL and of the BMIM-TFSI IL were performed using the
MetalWalls software.3?40 All the details about the polarizable force field used are described
in the Supporting Information. Although this work focuses on structural properties, which
are usually well reproduced by non-polarizable force fields, the dynamics of BILs is very

slow and accounting for polarization is necessary to sample correctly the systems. For the

BIL electrolyte, a cubic cell containing 200 BIL ion pairs was built using the PACKMOL
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package.*! A first NPT run was performed at ambient pressure for 1 ns, resulting in a
cubic box with dimension L = 54.95 A. The system was then annealed by increasing the
temperature to 773 K in the NVT ensemble for 2 ns, and then slowly decreasing it using a
ramp of 25 K every 100 ps, until the system reached a final temperature of 373 K. Then,
the simulation was carried out in the NVT ensemble (at a fixed temperature of 373 K)
for a total of 12 ns (2 ns of equilibration followed by 10 ns of production). For the IL,
the cubic cell contained 500 IL ion pairs and was built in the same way as for the BIL
electrolyte. The simulation was carried out in the NVT ensemble with a box size of 61.85 A
at a fixed temperature of 298 K, for a total of 17 ns (2 ns of equilibration followed by 15 ns
of production). For the two simulations, a timestep of 1 fs was used and the trajectory
was saved every 500 fs. The equations of motion were integrated using the velocity-Verlet
algorithm and the temperature was kept constant using a chain Nosé-Hoover thermostat. 4243
The short-range van der Waals interactions were calculated with a cut-off value of 12 A,
while the Ewald summation method was used for long-range and electrostatics interactions.
The induced dipoles were calculated at each timestep using a conjugate-gradient procedure.
Radial and dihedral distribution functions as well as structure factors and domain analysis
were calculated using the TRAVIS software.?3% The stacking analysis was performed with

an in-house written code.

Data availability

The code used for the simulations is openly available in the repository https://gitlab.com/ampere2,

together with the input files for the two simulated systems.

Supporting information

Details about the polarizable force field.
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