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A B S T R A C T

We report a combined experimental and ab initio molecular dynamics investigation into the role of nitrogen 
hybridization (sp2 vs sp3) and ring aromaticity in the sodium-based deep eutectic electrolyte formation and their 
potential use in sodium-ion battery electrolytes. Mixtures of NaFSI with three amines at 1:4 M ratio reveal a 
sharp dependence on amine electronic structure: aromatic 1,2-dimethylimidazole (DMIm) and 1-methylimida
zole (MIm) readily dissolve NaFSI, whereas non-aromatic N-methylpyrrolidine (MPy) leads to phase separa
tion. AIMD simulations of NaFSI/DMIm, NaFSI/Im, and NaFSI/MPy demonstrate that in aromatic systems Na+

forms directional coordination with the sp2 lone pair of the imidazole –N=C– nitrogen, while in MPy the sp3 

nitrogen fails to stabilize Na+, leaving it ion-paired with FSI− and driving salt clustering. Composition-dependent 
AIMD of NaFSI/DMIm (1:1, 1:4, 1:8) shows a monotonic exchange of Na…O for Na…N contacts as DMIm content 
increases, with coordination numbers confirming a genuine enthalpic preference for imidazole nitrogen over FSI 
oxygen. The NaFSI/DMIm (1:4) electrolyte exhibits moderate viscosity (49.3 ± 3.7 cP) and ionic conductivity 
(1.24 ± 0.02 mS cm− 1), with Walden plot analysis showing a higher ionicity than for most conventional DES. 
These results identify the sp2 hybridization of the coordinating nitrogen as a key design principle for deep 
eutectic electrolyte formation, supported here by a controlled three-system comparison that isolates the roles of 
aromaticity and nitrogen hybridization, and providing a basis for the rational design of safer and more efficient 
sodium-ion battery electrolytes.

1. Introduction

Rechargeable sodium-ion batteries (SIBs) are attractive alternatives 
to lithium systems because of sodium's abundance and similar redox 
chemistry. [1,2] However, since carbonate electrolytes are flammable 
and pose safety risks, low or non-volatile media such as ionic liquids and 
deep eutectic solvents (DESs) have therefore emerged as promising, 
safer alternatives. [3] DESs are a subclass of eutectic solvents formed by 
mixtures of Lewis or Brønsted acids and bases whose strong, favorable 
interactions induce enthalpy-driven negative deviations from ideality, 
leading to unusually deep melting point depressions. [4] These systems 
combine low vapor pressure and tunability of viscosity/ionicity, and 
recent reports show that they can be tailored to solvate Na+ efficiently in 
battery contexts. [5,6]

Deep eutectic electrolytes (DEEs) are a class of advanced and sus
tainable electrolytes derived from DESs, specifically designed for 

applications in energy storage devices, such as batteries and super
capacitors. Recent studies on DEEs have shown promising performance 
in SIB half-cells. [6,7] Xiong et al. [6] introduced a novel DEE by dis
solving NaFSI salt in 1,2-dimethylimidazole (DMIm), showing that the 
strong Na…N coordination could produce a liquid with low viscosity, 
high ionic conductivity and a 3.2 V stability window. Spectroscopy 
(Raman, 23Na NMR) confirmed that the imidazole N atom binds Na+ (a 
Lewis acid) and thereby liberates Na+ from the salt. This DEE exhibited 
high Na+ conductivity and reversible capacity with excellent cycling 
stability. [6,8,9] By contrast, conventional IL electrolytes are often 
difficult to design and viscous, which limits conductivity and capacity. 
For instance, Monti et al. [5] showed that imidazolium-TFSI ionic liquids 
require careful design to solvate Na+ effectively (often yielding mod
erate conductivities and low Na+ transference). Overall, DES-based 
electrolytes promise safer operation with tunable properties, but their 
investigation in SIBs remains in its infancy. Only a few systems (e.g. 
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NaFSI/DMIm or NaFSI/NMA) have been reported, and the mechanisms 
by which Na+ is coordinated and transported remain underexplored and 
poorly understood. [6,8,9]

The Na…N interaction in the NaFSI/DMIm DEE is rather unusual and 
appears to be essential. The imidazole ring contains a Lewis-basic ni
trogen (the pyridine-like N) that can coordinate Na+, forming a transient 
Na…N bond. This ion-dipole coordination is weaker than a covalent 
bond but strong enough to dissociate the salt and create mobile Na+

carriers. [6,9] By contrast, a saturated cyclic amine such as N,N-dime
thylpyrrolidine (MPy), without an aromatic π-system, has a different 
electronic structure and basicity, so its Na…N coordination should 
differ. Studies in ionic liquid media have shown that aromatic imida
zolium vs aliphatic pyrrolidinium environments can markedly change 
amine basicity and ion-pair stability. [10] This contrast reveals a distinct 
mechanism. Unlike conventional DES, sodium-based DEEs are stabilized 
by coordination rather than hydrogen bonding. In these systems, Na+

seems to act as a Lewis acid interacting with electron-rich nitrogen sites, 
giving rise to a coordination-driven eutectic environment rather than a 
hydrogen-bonded one. This mechanism suggests that the sodium ion 
plays an active structural role within the electrolyte, beyond its function 
as a mobile charge carrier. The effectiveness of this interaction is ex
pected to depend critically on the electronic nature of the coordinating 
molecule. Aromatic nitrogen-containing compounds, such as imidazole 
derivatives, offer delocalized electronic environments that may stabilize 
Na⋅⋅⋅N coordination, whereas non-aromatic amines may not support 
comparable interactions. Disentangling these effects requires a 
molecular-level description capable of capturing both electronic struc
ture and thermal fluctuations. Understanding the Na…N bonding envi
ronment is important because it directly affects viscosity, conductivity, 
and electrochemical stability. For instance, altered Na+ coordination 
environments have been linked to significantly different ion transport, 
[11] hence, we expect that the dynamic Na…N interactions will be a key 
factor in controlling the electrolyte behavior in our systems.

Ab initio molecular dynamics (AIMD) [12] provides a suitable 
framework to address these challenges, as it enables direct observation 
of the dynamic coordination of Na+ in the liquid phase while accounting 
for electronic polarization and charge transfer effects. Unlike classical 
force-field MD, AIMD can capture polarization, charge transfer, and the 
breaking/forming of coordination bonds on the fly. Prior computational 
work has shown how Na+ is stabilized by a dense network of non
covalent interactions in eutectic mixtures. [13]

In this work, AIMD is employed to elucidate the role of aromaticity in 
stabilizing Na⋅⋅⋅N interactions across different compositions, offering 
fundamental insight into the design of deep eutectic electrolytes for 
sodium-ion batteries. We therefore compare the aromatic imidazole- 
based systems (DMIm and Im) with a non-aromatic analog (MPy) to 
isolate the role of aromaticity and substitution. By examining these 
various compounds we aim to isolate how ring aromaticity and geom
etry affect Na+ solvation and DEE formation. AIMD will track the time- 
resolved Na…N coordination, solvation shell, and any transient binding 
to the anion or solvent. Such simulations provide mechanistic insight (e. 
g. showing which N sites bind Na+ and how often) that is difficult to 
obtain experimentally or via classical models. This molecular-level 
picture is critical for understanding DEE formation, why its conductiv
ity is high, and how aromaticity alters the coordination dynamics, 
providing guidelines for the Na-based DEE design.

2. Methodology

2.1. Preparation of deep eutectic electrolytes

N-methylpyrrolidine (Mpy, >98%, Alfa Aesar), 1-methylimidazole 
(Mim, >99%, Acros Organics), 1,2-dimethylimidazole (DMIm, >98%, 
Sigma-Aldrich), and sodium bis(fluorosulfonyl)imide (NaFSI, >95%, 
Fluorochem) were used as received without further purification. Deep 
eutectic electrolyte systems based on NaFSI/Mpy, NaFSI/Mim, and 

NaFSI/DMIm were prepared at molar ratios of 1:4 (NaFSI:base) by 
weighing gravimetrically (±10− 4 g) the DEE components in sealed glass 
vials, and magnetically stirred at 333 K for 1 h to ensure complete ho
mogenization. The mixtures were then allowed to cool naturally to 
ambient temperature and left undisturbed for at least 5 h. The macro
scopic appearance of the samples was visually monitored after cooling to 
assess miscibility and phase homogeneity. These experimental obser
vations were used for comparison with computational predictions of 
mixing behavior and structural organization. [6]

2.2. Characterization of the DEEs

The NaFSI/DMIm (1:4) system was characterized in terms of vis
cosity and ionic conductivity. Viscosity measurements were performed 
at four different temperatures (298, 308, 318, and 328 K) using a cone- 
plate rotational viscometer (RM 100 CP-2000 PLUS, Lamy Rheology). 
[14] Temperature control was maintained using the instrument's inte
grated thermal regulation system, and measurements were conducted 
after thermal equilibration at each set temperature. Ionic conductivity 
was measured at 298 K using a SevenExcellence S470 conductivity 
meter (Mettler-Toledo) equipped with a calibrated conductivity probe. 
[15] Prior to measurements, the instrument was calibrated using stan
dard conductivity solutions according to the manufacturer's recom
mendations. All measurements were performed in triplicate to ensure 
reproducibility and reliability of the results. The reported viscosity 
values correspond to the mean of three independent measurements, with 
the standard deviation provided as the uncertainty estimate. The main 
sources of experimental error include the specified accuracy of the cone- 
plate geometry (± 2.5% of reading, as stated by the manufacturer), 
temperature fluctuations within the regulation tolerance of ±0.1 K, and 
variability across replicate sample loadings.

2.3. Classical molecular dynamics and pre-equilibration

Initial configurations for the atomistic simulations were generated 
using the Packmol software [16] ensuring homogeneous distributions of 
ring systems (DMIm, MPy and Im) and NaFSI ion pairs within cubic 
simulation cells. Separate simulations were also performed for the iso
lated components (a single ring system and an isolated NaFSI ion pair) to 
establish reference structural and energetic benchmarks. Three deep 
eutectic systems at a molar ratio of 1:4 (NaFSI:base) were considered: 
NaFSI/DMIm, NaFSI/Im and NaFSI/MPy. For the former, 1:1 and 1:8 M 
ratio were also investigated. The unsubstituted imidazole (Im) system 
was included as a minimal aromatic reference, allowing the specific 
Na+-ring interaction to be isolated from the steric and electronic effects 
introduced by the N-methyl substituents present in DMIm.

Classical molecular dynamics (CMD) simulations were employed as a 
pre-equilibration step to obtain well-relaxed liquid configurations prior 
to ab initio molecular dynamics. The OPLS-AA force field [17] was used 
to describe intra- and intermolecular interactions. Each system was 
equilibrated in the NPT ensemble at 300 K and 1 bar for 10 ns using the 
GROMACS 2024 package. [18] The systems exhibited markedly 
different structural behaviors during pre-equilibration. The NaFSI/ 
DMIm and NaFSI/Im systems evolved into a homogeneous liquid phase, 
whereas the NaFSI/MPy system showed a strong tendency toward phase 
segregation, with the formation of a single aggregated salt-rich domain. 
The configurations from CMD were subsequently used as starting points 
for AIMD simulations in order to investigate the role of molecular 
structure, particularly aromaticity, in governing ion coordination and 
mixing behavior of the NaFSI/DMIm solution. These CMD simulations 
were not used for structural analysis but solely to provide physically 
reasonable starting geometries for AIMD, minimizing spurious artifacts 
related to initial packing.
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2.4. Ab initio molecular dynamics simulations

The final configurations obtained from CMD were used as starting 
points for ab initio molecular dynamics simulations. Electronic structure 
calculations were performed within density functional theory (DFT) 
using the BLYP functional augmented with Grimme's D3 dispersion 
correction (BLYP-D3). [19–21] This functional was chosen due to its 
proven reliability in describing non-covalent interactions, ion-dipole 
coordination, and vibrational properties in ionic liquids and eutectic 
systems. [22–25] Core electrons were treated using Goedecker-Teter- 
Hutter (GTH) pseudopotentials, [26] and the valence electronic struc
ture was expanded in a double-ζ MOLOPT-DZVP-SR-GTH basis set. [27]
Plane-wave and relative cutoffs were set to 350 Ry and 40 Ry, respec
tively, and the self-consistent field (SCF) convergence criterion was fixed 
at 10− 6. All AIMD simulations were performed in the NVT ensemble at 
300 K using the QUICKSTEP module [27] of the CP2K software package. 
[28] Each system was equilibrated for 5 ps, followed by a 30 ps pro
duction run. System compositions, cell dimensions, and simulation times 
are summarized in Table 1, while representative molecular configura
tions are shown in Fig. 1. Structural and dynamical analyses were con
ducted using the TRAVIS program [29] and GROMACS analysis tools. 
[18] Particular emphasis was placed on characterizing the Na⋅⋅⋅N co
ordination through radial distribution functions, coordination number 
analyses, and time-resolved Na…N distance trajectories. Vibrational 
power spectra were also computed from the AIMD trajectories and 
compared qualitatively with the experimental Raman data to establish 
structure-spectroscopy correlations.

3. Results and discussion

The aromatic character of the imidazole ring has been claimed to 
play a pivotal role in the stabilization of the deep eutectic electrolytes 
studied here. By Hückel's rule the imidazole ring is aromatic (6 π elec
trons, planar), and only one nitrogen (the –N=C– site) retains a pyridine- 
like lone pair available for Lewis-base coordination to Na+; the other 
nitrogen (–N–CH₃) is involved in the π system and is less accessible. 
Consequently, Na+ coordination is expected to occur preferentially at 
the –N=C– site, whose sp2 lone pair provides a directional Lewis-base 
interaction with the cation. To isolate the role of nitrogen hybridiza
tion and aromaticity we compare DMIm (aromatic, sp2 nitrogen) with a 
non-aromatic tertiary amine (MPy, sp3 nitrogen), which provides a 
contrasting coordination environment for Na+.

Visual inspection of the prepared NaFSI-amine mixtures (Fig. 2) 
revealed a striking dependence on amine structure. The NaFSI+MPy 
(1:4) sample showed clear phase separation: a dense yellow salt-rich 
layer settled at the bottom with a clear upper phase (indicating the 
non-solubilization of NaFSI). In contrast, the NaFSI+MIm mixture was 
nearly homogeneous, exhibiting only slight turbidity (minor scattering) 
but no macroscopic layering. Remarkably, the NaFSI+DMIm sample 
remained fully homogeneous and optically transparent, with no visible 
precipitate. These observations indicate that the aromatic imidazole 
derivatives (MIm, DMIm) solvate the Na salt far better than the non- 

aromatic pyrrolidine (MPy), which leads to salt exclusion and 
aggregation.

The NaFSI/MPy system developed strong ion clustering: Na+ ions 
and FSI− anions aggregated into dense domains, consistent with a salt- 
rich precipitate (as observed experimentally). Similar behavior was 
seen in AIMD and CMD simulations of the NaFSI/MPy mixture (non- 
aromatic tertiary amine): NaFSI was largely excluded from the bulk 
liquid, forming separate salt clusters under all equilibration protocols. 
By contrast, AIMD and CMD of the NaFSI/DMIm system showed com
plete miscibility. In these simulations every Na+ remained well 
dispersed and strongly coordinated by DMIm molecules, with no 
persistent NaFSI clusters. Thus, the simulations reproduce the experi
mental trend: MPy, and other non-aromatic amines, such as Triethyl
amine (TEA) [30] and N-methylacetamide (NMA), [7] fail to keep NaFSI 
in solution, whereas the aromatic DMIm binds Na+ tightly, preventing 
salt-liquid phase separation. Notably, prior spectroscopic studies simi
larly noted extensive Na+-FSI− aggregation in high-salt concentration 
mixtures lacking strong ligands able to donate electron density to Na. 
[31] Our MD results echo this result, showing the same salt-rich ag
gregates when Na+ is not effectively stabilized by the solvent.

Mechanistically, these results can be understood from the electronic 
structure of the amines. In non-aromatic MPy and DMPy, the nitrogen's 
lone pair resides in an sp3-like orbital and there is no conjugated 
π-system for additional stabilization; thus Na+ has limited coordination 
sites and remains largely bound to FSI− , leading to salt clustering. In 
contrast, DMIm contains an imidazole ring with one nitrogen (–N=C–) 
that has an accessible sp2 lone pair and an extended π-system. This ar
omatic N––C unit acts as a Lewis base toward Na+, providing a direc
tional coordination site that is absent in non-aromatic amines. The 
accessible sp2 lone pair of DMIm therefore provides an effective binding 
site for Na+, allowing salt solubilization. This picture is consistent with 
prior observations of Na+ coordination in similar systems. [32]

To assess the role of aromaticity in governing Na+ coordination, 
RDFs and CNs were computed from AIMD simulations of the three 1:4 
NaFSI/base systems (NaFSI/DMIm, NaFSI/Im, and NaFSI/MPy) and are 
presented comparatively in Fig. 3. It should be noted that the NaFSI/ 
MPy system is phase-separated under these conditions (cf. Fig. 2a), so 
that the Na-centred RDFs computed for MPy describe the local structure 
within the salt-rich precipitate rather than a homogeneous liquid; MPy is 
included here as a negative structural control to diagnose the coordi
nation failure that underlies the experimentally observed phase sepa
ration. This three-system comparison was designed to isolate a single 
structural variable (the hybridization state and aromatic character of the 
coordinating nitrogen) while keeping the salt, stoichiometry, and 
simulation protocol identical, so that any difference in Na+ coordination 
can be attributed directly to the electronic structure of the amine. The 
top row shows the Na…N RDF and its running integral (CN), while the 
bottom row presents the corresponding Na…O interactions. The Na…N 
RDF reveals a well-defined first coordination peak at approximately 240 
pm for both aromatic systems (DMIm and Im), consistent with a direct 
Na+‑nitrogen interaction at the imidazole –N=C– site. The peak is most 
intense for DMIm, followed by Im, indicating a slightly stronger Na⋅⋅⋅N 
coordination in DMIm. This difference likely arises from subtle elec
tronic and structural effects associated with methyl substitution, 
although the dominant factor remains the presence of an aromatic sp2 

nitrogen site. In contrast, the MPy system displays a considerably 
weaker Na…N signal, with a lower and broader first peak, reflecting the 
poor ability of the non-aromatic sp3 nitrogen to coordinate Na+ in a 
directed fashion. The corresponding CN curves corroborate this trend: 
the Na…N coordination number at the first shell minimum is highest for 
DMIm, intermediate for Im, and substantially reduced for MPy.

The Na…O RDF, however, tells the opposite story. The MPy system 
exhibits a strikingly intense first peak at ~240 pm, the highest among 
the three systems by a large margin, indicating that Na+ is almost 
exclusively coordinated by FSI− oxygens in the absence of effective 
amine solvation. This is fully consistent with the macroscopic phase 

Table 1 
Typical specifications of the simulated deep eutectic electrolytes (DEE-1:X) and 
its components, including the number of ion pairs and DMIm molecules, total 
atom count and dimension of the computational cell (in pm). Total simulation 
time (equilibration and production, in ps).

System # IP # DMIn # Atoms Box size (pm) Time

Isolated DMIm 0 1 15 1800 1 + 10 ps
Isolated Na/FSI pair 1 0 10 1800 1 + 10 ps
DEE-1:8 (DMIm) 4 32 520 1753 5 + 30 ps
DEE-1:4 (DMIm) 8 32 560 1820 5 + 30 ps
DEE-1:1 (DMIm) 20 20 500 1946 5 + 30 ps
DEE-1:4 (Im) 9 36 414 1732 5 + 30 ps
DEE-1:4 (MPy) 7 28 630 1826 5 + 30 ps
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separation observed experimentally: when MPy fails to stabilize Na+, 
the cation remains tightly ion-paired with FSI− , forming salt-rich ag
gregates that precipitate from the liquid phase. It is important to note, 
however, that this RDF is computed from a simulation in which the salt 
is segregated into a dense domain. As a result, the Na…O signal is 
inherently biased: it does not reflect the equilibrium coordination in a 
homogeneous liquid, but rather the local structure within a salt-rich 
precipitate. The peak intensity and the high Na…O coordination 
numbers in MPy should therefore be interpreted as structural signatures 
of salt clustering, not as evidence of a stable solvation environment. The 
Im system occupies an intermediate position in the Na…O RDF, with a 
first peak noticeably lower than MPy but higher than DMIm, consistent 
with its partial but incomplete ability to compete with FSI− for Na+

coordination, in agreement with the slight turbidity observed experi
mentally for NaFSI/Im.

The Na+ solvation structure in NaFSI/DMIm mixtures was analyzed 
through AIMD-derived radial distribution functions (RDFs) and coordi
nation numbers (CNs) for the Na…N and Na…O interactions across the 

three compositions investigated (Fig. 4). Both interactions exhibit a 
well-defined first coordination peak at approximately 240 pm, consis
tent with direct Na+-ligand contact and in agreement with the Na…N 
distance of ~2.40 Å obtained from static DFT calculations.

Before discussing the structural trends, it is important to address a 
subtlety inherent to RDF normalization. By definition, the RDF is 
normalized by the average number density of the reference species in the 
simulation box, which varies substantially across compositions; the 1:1 
system contains significantly more Na+ per unit volume than the 1:8 
system. As a consequence, peak heights in the RDF are sensitive to bulk 
density and are not directly comparable across compositions as mea
sures of coordination strength or preference. Specifically, a higher RDF 
peak does not necessarily imply stronger or more frequent coordination; 
it may simply reflect a denser reference environment. For this reason, 
the physically meaningful quantity for comparing solvation across 
compositions is the coordination number CN(r), obtained by integrating 
the RDF up to its first minimum, as it directly counts the average number 
of neighbors within the first shell regardless of bulk density effects.

Fig. 1. Molecular configurations of the DEEs studied. From left to right the box with pure DMIm, and the three mixtures, in different molar ratio of DMIm/NaFSI, 1:8, 
1:4 and 1:1.

Fig. 2. At left, the visual aspect of NaFSI (1:4 NaFSI:amine) mixtures after equilibration: (a) NaFSI/MPy shows visible solid and phase separation; (b) NaFSI/MIm is 
saturated, showing a slight turbidity but is nearly homogeneous; (c) NaFSI/DMIm is fully clear and homogeneous. At right, two complementary simulation snapshots 
of the NaFSI/MPy system are shown. The smaller box (top) corresponds to an AIMD simulation, capturing the early-stage salt precipitation through pronounced ion 
clustering, with Na+ and FSI− aggregating into salt-rich domains largely excluded from the bulk liquid; consistent with the experimentally observed phase separation. 
The larger box (bottom) was obtained by CMD, providing a statistically more representative picture of the bulk liquid structure and corroborating the ion segregation 
and clustering behavior identified by AIMD at a significantly extended length scale.
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With this in mind, the CN trends reveal a clear and consistent picture. 
For Na…N, the coordination number decreases monotonically with 
increasing DMIm content: CN(Na…N) = 1.5 (1:1), 0.8 (1:4), and 0.4 
(1:8). Similarly, CN(Na…O) decreases from 1.0 (1:1) to 0.4 (1:4) and 0.3 
(1:8). Both quantities decrease as DMIm becomes more dilute in Na+, 
which is expected: at lower salt concentrations, each Na+ has fewer 
neighboring species of any kind within a fixed cutoff distance. The non- 
monotonic behavior of the RDF peak heights (particularly the maximum 
of the Na…N peak at 1:4 and the maximum of the Na…O peak at 1:8) is 

therefore an artifact of the composition-dependent normalization den
sity rather than a physical signature of preferred coordination at inter
mediate composition.

The key structural insight emerges not from the absolute coordina
tion numbers, but from comparing the observed CNs against those ex
pected for a random, composition-blind distribution of Na+ neighbors. 
To this end, Table 2 reports, alongside the observed CN(Na…N) and CN 
(Na…O), the mole fractions of available coordination sites (x(N), 
counting only the sp2 –N=C– nitrogen of each DMIm, and x(O), counting 

Fig. 3. Radial distribution functions (RDF, left panels) and running coordination numbers (CN, right panels) for Na+-N (top row) and Na+-O (bottom row) in
teractions in the three 1:4 NaFSI:base systems: NaFSI/DMIm (blue), NaFSI/Im (red), and NaFSI/MPy (green), obtained from AIMD simulations. The elevated Na…O 
signal in MPy should be interpreted as a structural signature of salt clustering within a phase-segregated domain rather than a stable solvation environment. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Radial distribution functions (RDF, left panels) and running coordination numbers (CN, right panels) for Na+-N (top row) and Na+-O (bottom row) in
teractions in NaFSI/DMIm mixtures at three molar ratios (1:1 (dark blue), 1:4 (medium blue), and 1:8 (light blue)) obtained from AIMD simulations. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the four oxygen atoms of each FSI− ) together with the coordination 
numbers expected under a random distribution (CNand = CNtotal × x) 
and the resulting enrichment factors (CNobs /CNrand). An enrichment 
factor above unity indicates that Na+ visits that site more frequently 
than would be anticipated from the bulk composition alone, reflecting a 
genuine enthalpic preference.

The results are unambiguous. At the 1:1 composition, nitrogen sites 
represent only 20% of the available coordinating sites (there are four 
oxygen atoms for every nitrogen) yet the observed CN(Na…N) = 1.5 is 
three times larger than the random expectation of 0.50, yielding an 
enrichment factor of 3.0. This is the strongest evidence in the dataset for 
an intrinsic Na+ preference for the sp2 nitrogen: even when N is the 
minority species by a factor of four, it dominates the first coordination 
shell. At 1:4, where N and O sites are equally available, Na+ still favors 
nitrogen (enrichment 1.33 vs 0.67 for oxygen), confirming that the 
preference is not a consequence of DMIm abundance. At 1:8, where 
nitrogen sites outnumber oxygen sites two-to-one, the enrichment factor 
for N falls below unity (0.86), while that for O rises slightly above it 
(1.29). This does not indicate a reversal of preference; rather, it reflects a 
saturation effect: at high DMIm dilution, the few FSI− oxygens present 
are still visited by Na+ at a rate slightly above the random expectation, 
suggesting that Na+-FSI− electrostatic attraction is never entirely sup
pressed, but is clearly subordinate to Na…N coordination at all com
positions where both sites are meaningfully populated.

Taken together, the enrichment analysis demonstrates that Na+ ex
hibits a robust and composition-independent preference for the sp2 ni
trogen of DMIm over FSI− oxygen. This selective coordination is the 
molecular event that disrupts Na+-FSI− ion pairing, prevents salt clus
tering, and ultimately drives deep eutectic electrolyte formation.

Considering recent reports that empirical dispersion corrections can 

alter cation solvation patterns in AIMD, [33] we tested the sensitivity of 
the Na…N signature to the presence of the Grimme D3 dispersion 
correction term. Simulations without the D3 contribution show a mod
erate decrease in the height of the first Na…N peak (~10–15%) without 
a significant shift in the peak position or a qualitative change in the 
shape. Integration up to the first minimum indicates that the difference 
in the coordination number is small (on the order of tenths), within the 
statistical uncertainty of the trajectories. Consequently, the dispersion 
correction tends to slightly reinforce the Na…N association, but it does 
not artificially create the observed coordinated state; the main structural 
interpretation therefore remains valid. Furthermore, the strong Na…N 
peak intensities, especially at higher DMIm, imply a preferred binding 
site on the imidazole ring, whereas the diminishing Na…O peaks show 
that Na+-FSI interaction weakens as imidazole becomes available.

The spatial distribution functions (SDFs) shown in Fig. 5 display the 
three-dimensional probability density of Na+ around each amine at the 
1:4 NaFSI:base composition, computed from AIMD simulations. This 
present comparison is made at fixed composition across the three ring 
systems, ensuring that density effects do not confound the interpretation 
of the isosurfaces. Furthermore, as these SDFs are derived from AIMD 
trajectories, they inherently capture electronic polarization and charge- 
transfer effects, lending additional confidence to the directional coor
dination patterns discussed below.

For DMIm, the Na+ density is concentrated in a single, well-defined 
crescent-shaped lobe positioned laterally to the imidazole ring, in close 
proximity to the –N=C– nitrogen site. This lobe lies within the molecular 
plane of the ring, directed toward the sp2 lone pair of the pyridine-like 
nitrogen. The shape and orientation of this isosurface are character
istic of a directional, localized Na…N coordination interaction: Na+

approaches the ring from the side of the Lewis-basic nitrogen, following 
the geometry expected for an ion-dipole interaction with an sp2 lone 
pair. A qualitatively identical pattern is observed for imidazole based- 
system, where the Na+ density again forms a crescent-shaped lobe ori
ented toward the imidazole nitrogen, confirming that the coordinating 
motif is preserved in the absence of N-methyl substituents and is an 
intrinsic property of the aromatic nitrogen site rather than a substituent 
effect.

Importantly, neither in DMIm nor in Im does the Na+ density 
concentrate preferentially above or below the aromatic ring plane; the 
spatial signature that would be expected if cation-π interactions were the 
dominant stabilizing motif. The isosurfaces are planar in character, not 
axial, and do not exhibit the dumbbell-shaped lobes perpendicular to the 
ring that are typically associated with cation-π geometry. These obser
vations indicate that, while the aromatic character of the imidazole ring 
is essential for enabling the Lewis-basic sp2 lone pair at the –N=C– site, 
the primary Na+ stabilization mechanism is direct Na…N coordination 
rather than π-face interaction.

In stark contrast, the MPy system displays a qualitatively different 
Na+ distribution. Rather than a single coherent and directional lobe, the 
isosurface around MPy is fragmented into multiple small, spatially 

Table 2 
Na+ coordination numbers in NaFSI/DMIm mixtures at three molar ratios, 
derived from AIMD simulations. For each composition, the mole fractions of 
available coordinating sites (x(N), counting the sp2 –N=C– nitrogen of DMIm, 
and x(O), counting the four oxygen atoms of FSI− ) are reported alongside the 
coordination numbers expected under a random site distribution (CN_rand) and 
the corresponding enrichment factors (CN_obs/CN_rand). Enrichment factors 
above unity indicate a preference of Na+ for that coordination site beyond what 
bulk composition alone would predict.

1:1 1:4 1:8

x(N) 0.20 0.50 0.67
x(O) 0.80 0.50 0.33
rmin(Na…N) (pm) 477 420 453
CN(Na…N)obs 1.5 0.8 0.4
CN(Na…N)rand 0.50 0.60 0.47
Enrichment N 3.00 1.33 0.86
rmin(Na…O) (pm) 380 400 390
CN(Na…O)obs 1.0 0.4 0.3
CN(Na…O)rand 2.00 0.60 0.23
Enrichment O 0.50 0.67 1.29

Fig. 5. Spatial distribution functions (SDF) of Na+ around the three ring systems (DMIm, Im, and MPy) at the 1:4 NaFSI:base composition, derived from AIMD 
simulations.
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disconnected lobes with no clear preferential orientation relative to the 
nitrogen atom. This diffuse and disordered spatial distribution reflects 
the absence of a well-defined, electronically accessible coordination site: 
the sp3 nitrogen of MPy provides a lone pair embedded in a tetrahedral 
orbital, which is geometrically less accessible and electronically less 
polarizing than the sp2 lone pair of the imidazole derivatives. As a result, 
Na+ does not adopt a preferred approach geometry around MPy, and no 
stable directional coordination is established. This structural incoher
ence at the molecular level is fully consistent with the macroscopic 
behavior observed experimentally (NaFSI fails to dissolve in MPy, 
precipitating as a salt-rich phase) and with the CMD simulations, which 
show strong ion clustering in the NaFSI/MPy system.

To complement the computational analysis, the macroscopic trans
port properties of the NaFSI-based deep eutectic electrolytes were 
measured. In particular, viscosity and ionic conductivity were deter
mined in order to relate the molecular-level insights obtained from 
AIMD simulations to experimentally accessible transport parameters. 
The NaFSI/DMIm (1:4) electrolyte exhibits a viscosity of 49.3 ± 3.7 cP 
and an ionic conductivity of 1.24 ± 0.02 mS⋅cm− 1 at 298 K, in good 
agreement with the values reported by Xiong et al. [6] for the same 
system (19.6 cP and 1.53 mS⋅cm− 1 at ~303 K).

To provide experimental validation beyond the DMIm system, vis
cosity and ionic conductivity were also measured for NaFSI/MIm (1:4). 
At 298 K, this mixture exhibits a viscosity of 13.4 ± 2.0 cP and an ionic 
conductivity of 2.83 ± 0.01 mS⋅cm− 1. The comparatively large uncer
tainty in the viscosity reflects the presence of a small amount of undis
solved solids, consistent with the slight turbidity observed for this 
system (Fig. 2b) and its proximity to the saturation limit. The lower 
viscosity and higher conductivity of NaFSI/MIm relative to NaFSI/ 
DMIm can be attributed to the smaller molecular volume and reduced 
steric hindrance of unsubstituted imidazole. Transport measurements 
for NaFSI/MPy were not performed, as this system undergoes macro
scopic phase separation and does not form a single liquid phase (Fig. 2a). 
Taken together, these results demonstrate that both aromatic imidazole- 
based systems form functional electrolytes with competitive ionic 

transport, while the non-aromatic amine fails to produce a liquid 
amenable to characterization.

The transport data were used to prepare a Walden plot where the 
ionicity of the NaFSI/DMIm DEE is compared with other DES previously 
reported in the literature by Wang et al. [34], as shown in Fig. 6.

The Walden plot provides a framework to compare ion transport in 
complex liquids by relating molar conductivity to fluidity. When the 
NaFSI-based systems are compared to a wide range of DES, a clear trend 
appears. The NaFSI systems (highlighted as blue þmarkers on a yellow 
background) are located above most of the DES data points and lie closer 
to the ideal Walden line, which represents fully dissociated electrolytes 
with optimal ionic mobility. In addition, they are positioned toward the 
right-hand side of the plot, corresponding to high fluidities (i.e., low 
viscosities). This placement in the Walden plot indicates that, for a given 
viscosity, the NaFSI systems exhibit higher molar conductivity than 
conventional DES, and a higher ionicity. This means that a larger frac
tion of the species present in the liquid are free, mobile charge carriers 
contributing effectively to electrical conduction. This behavior stands in 
contrast to most DES, which are “poor ionic” systems due to strong 
intermolecular interactions and limited availability of free ions.

The origin of this enhanced ionicity in NaFSI systems can be traced to 
their molecular interactions discussed above in this work. Unlike clas
sical DES, which are dominated by extensive hydrogen-bond networks 
and the formation of neutral or weakly charged aggregates, NaFSI-based 
systems are governed primarily by metal-ligand coordination, specif
ically Na…N interactions with the imidazole. These interactions are 
sufficiently strong to structure the liquid but remain more labile than the 
persistent hydrogen-bond networks found in DES. As a result, long-lived 
ion pairing is reduced, and the system avoids the formation of tightly 
bound aggregates that would otherwise hinder ion mobility. This leads 
to a situation where ions are more weakly associated and can move more 
easily through the liquid. Consequently, the NaFSI systems behave much 
more like true electrolytes, where charge transport is dominated by 
quasi-free ions rather than correlated or clustered species.

A comparison with lithium-based systems further highlights this 

Fig. 6. Walden plot for NaFSI/DMIm DEEs (blue + on yellow background) and its comparison with other DES from reference [38]. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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distinction. In the Walden plot, Li-based DES (such as LiTFSI:NMA or 
LiTFSI:EG) are located below the NaFSI systems. This shows both lower 
ionicity and reduced transport efficiency. The reduced performance of Li 
systems is attributed to stronger ion pairing and solvation effects, as well 
as the large size of the TFSI anion. Wang et al. [34] reported that LiTFSI: 
NMA displays low ionicity specifically due to the bulky TFSI− anion, 
which promotes ion association and limits the number of free charge 
carriers. As a result, lithium-based systems seem to be less efficient in 
conducting charge under comparable conditions.

Taken together, these observations demonstrate that NaFSI systems 
behave fundamentally differently from both conventional DES and 
lithium-based analogues. They are less dominated by hydrogen-bonded 
aggregation and more closely resemble concentrated electrolytes in 
their transport characteristics. Most importantly, they exhibit signifi
cantly higher effective conductivity than both DES and Li-based systems, 
owing to their higher ionicity and greater number of mobile charge 
carriers. This enhanced ion transport is expected to translate into 
improved rate capability and reduced polarization in sodium-ion bat
teries, highlighting the potential of these coordination-driven electro
lytes for high-performance energy storage applications.

4. Conclusions

This work establishes that the sp2 hybridization of the coordinating 
nitrogen, enabled by ring aromaticity, is the decisive molecular feature 
behind NaFSI solvation and deep eutectic electrolyte formation. Exper
imentally, NaFSI dissolves readily in aromatic imidazole derivatives 
(DMIm, Im) but phase-separates in the non-aromatic amine MPy, 
demonstrating a direct link between amine electronic structure and 
macroscopic miscibility.

AIMD simulations provide a molecular-level explanation. In DMIm 
and Im, Na+ forms a well-defined, directional coordination with the sp2 

lone pair of the –N=C– nitrogen, evidenced by sharp Na…N RDF peaks 
and spatially coherent Na+ probability distributions. In MPy, the sp3 

nitrogen fails to establish directed coordination, leaving Na+ predomi
nantly ion-paired with FSI− ; a structural signature of salt clustering 
consistent with the observed phase separation. Across NaFSI/DMIm 
compositions, coordination numbers reveal a monotonic exchange of 
Na…O contacts for Na…N contacts as DMIm increases, confirming a 
genuine enthalpic preference for imidazole nitrogen coordination that 
progressively displaces FSI− from the first solvation shell and stabilizes 
the liquid phase.

The resulting NaFSI/DMIm electrolyte exhibits moderate viscosity 
and measurable ionic conductivity at ambient temperature, with 
enhanced ionicity compared to conventional deep eutectic solvents. 
These transport properties are consistent with a coordination-driven 
liquid structure that promotes mobile charge carriers, which is desir
able for sodium-ion battery operation. Moreover, the 3.2 V electro
chemical stability window previously reported for this system [6] is 
consistent with the strong, directional Na…N coordination identified 
here, which displaces FSI− from the first solvation shell and is expected 
to delay anion decomposition at the electrode interface.

These findings, drawn from a controlled comparison that isolates 
aromaticity and nitrogen hybridization as the single structural variable 
(aromatic DMIm and Im vs. non-aromatic MPy), point to a clear mo
lecular design principle for sodium-based deep eutectic electrolytes: 
effective solvation of Na+ requires a coordinating nitrogen with sp2 

character within an aromatic framework. While the present study is 
based on three representative systems, the underlying mechanism 
(directional Lewis-base coordination through an accessible sp2 lone 
pair) is a transferable electronic-structure feature rather than a system- 
specific effect, and its generality should be tested across a broader family 
of aromatic nitrogen donors such as pyridine, pyrazole, and triazole 
derivatives.
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