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Fluorinated ether-based electrolytes represent a promising avenue for improving lithium-ion battery
performance and safety, yet the molecular mechanisms governing ion transport in these systems remain
insufficiently understood. To elucidate the solvation behavior and ion dynamics in mixed solvents, molecular
dynamics simulations of 1M (bisfluorosulfonyl)imide (LiFSI) / 1,2-dimethoxyethane (DME) / bis (2,2,2-
trifluoroethyl)ether (BTFE) (1:1) system were performed. The results reveal a distinct solvation preference: Li*
form predominantly anion-rich aggregates (FSIsDME:«BTFE,, 28.9%) instead of traditional solvent-separated
structures, with fluorinated BTFE completely excluded from the first coordination shell despite its equimolar
presence. Diffusion analysis showed significant mobility differences — BTFE diffuses 17-18 times faster than
ionic species—-while van Hove correlation function demonstrate that Li* transport proceeds via hopping between
confined regions rather than continuous diffusion. Cluster analysis reveals small weakly charged aggregates
dominating the electrolyte structure, explaining the system’s efficient charge transport. These molecular insights
provide design principles for optimizing fluorinated ether electrolytes with enhanced ionic conductivity.

Keywords: lithium-ion battery electrolytes, molecular dynamics simulation, hopping transport mechanism, ion
clustering, fluorinated solvents, solvation shell structure.

Introduction

The development of advanced lithium-based batteries requires electrolytes with wide electrochemi-
cal stability windows, high ionic conductivity, thermal stability and compatibility with lithium-metal
anodes [1-3]. While carbonate-based electrolytes dominate in current lithium-ion batteries, their limi-
tations — including flammability, poor high-voltage stability and reduced performance at extreme tem-
peratures — motivate the search for safer alternatives [4-6].

Ether-based electrolytes offer promising advantages such as better thermal resistance, lower
flammability and excellent compatibility with lithium-metal anodes. Among ether solvents,
1,2- dimethoxyethane (DME) exhibits strong Li" solvating capacity due to its bidentate coordination
ability [7]. However, pure DME electrolytes suffer from poor oxidative stability and suboptimal
transport properties [8, 9], necessitating mixed-solvent formulations with fluorinated co-solvents
[10, 11].

Fluorination of ether solvents has emerged as an effective approach to enhance battery performance
[12, 13]. Fluorine atoms withdraw electron density, strengthening adjacent bonds and improving ox-
idative stability while promoting stable solid electrolyte interphase formation [14, 15]. However, the
effect is non-linear: moderate fluorination increases ionic conductivity and anodic stability, while ex-
cessive substitution can increase viscosity and impair Li" solvation [16]. Bis(2,2,2-trifluoroethyl)ether
(BTFE), despite lower conductivity than mono- or difluorinated analogues, provides high oxidative
stability and reduced flammability [17].

Recent experimental studies of 1M LiFSI/DME/BTFE mixtures demonstrate high ionic conductiv-
ity, wide electrochemical windows, and improved interfacial stability [8, 18, 19].

Spectroscopic measurements, including '’O NMR and Raman spectroscopy, confirm BTFE’s mini-
mal participation in Li" coordination, suggesting its role as a non-coordinating diluent [17, 20]. The
choice of LiFSI over conventional salts like LiPFs is driven by its higher ionic conductivity, superior
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thermal stability, and ability to form robust fluorine-rich interphases that synergize with low-coordi-
nating solvent like BTFE [8, 18, 19].

While experimental data provide valuable macroscopic insights, understanding the molecular-level
mechanisms governing ion transport and solvation requires computational approaches. Molecular dy-
namics (MD) simulations enable direct correlation between solvation structure, local organization and
transport properties in complex multicomponent systems [21]. Recent MD studies of fluorinated elec-
trolytes have revealed the prevalence of in Li" - anion aggregates and weak solvation behavior in sys-
tem like FEME [16], while multiscale approaches combining MD with DFT have established design
principles for fluorinated diethoxyethane variants [22]. However, systematic MD investigation of
BTFE-containing LiFSI/DME system remain absent.

This study addresses this gap through comprehensive MD simulations of 1M LiFSI/DME/BTFE
(1:1) electrolyte. We examine in Li" solvation structures through radial distribution function analysis,
evaluate transport properties via diffusion coefficients and van Hove correlation functions,
characterize solvation shell composition, and analyze ion clustering behavior. These molecular-level
insights provide fundamental understanding and design principle for optimizing fluorinated ether
electrolytes for next-generation lithium batteries.

Methodology

Details of molecular dynamics modeling. MD were carried out using LAMMPS (Large-scale
Atomic/Molecular Massively Parallel Simulator) package version 08-02-2023, for a ternary LiFSI/
DME/BTFE mixture in equimolar ratio (containing 288 molecules of each components), correspond-
ing to a cubic simulation box length of 57.79 A, respectively [23].

The system sizes were selected to balance computational efficiency with the minimization of finite-
size effects, following the rationale of Yeh and Hummer. To account for residual finite-size effects in
diffusion coefficients, the Yeh-Hummer correction was applied [24]:

D,-D+ 2.8373k,T 0
67mL
where D is the corrected diffusion coefficient, D, is the raw MD value, ks is the Boltzmann constant,
T is the temperature, # is the shear viscosity and L is the box length.
The geometry of the ions and solvent molecules investigated in this work are shown in Figs.1-3.
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Figure 1. Illustration of lithium cation (Li*) and bis(fluorosulfonyl)imide (FSI", [N(SO,F).]"), which was studied
in this work, where (A) the accepted acronyms for atom types used in the force field are shown, and (B) the
atom labeling nomenclature used for structural analysis is presented.

Figure 2. Illustration of 1,2-Dimethoxyethane (DME, C4H,00.), which was studied in this work, where (A) the
accepted acronyms  for atom types used in the force field are shown, and
(B) the atom labeling nomenclature used for structural analysis is presented.
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Figure 3. Illustration of bis(2,2,2-trifluoroethyl)ether (BTFE, CsH4FsO), which was studied in this work, where
(A) the accepted acronyms for atom types used in the force field are shown, and
(B) the atom labeling nomenclature used for structural analysis is presented.

The LiFSI/DME/BTFE ternary system was simulated using the OPLS-AA force field, with param-
eters generated via LigParGen [25]. For OPLS-AA, harmonic potentials were used for bond stretching
and angle bending, while dihedral interactions were describes as a sum of cosine functions up to the
fourth harmonic. Scaling factors for 1-4 interactions were set to 0.5, and the Lennard-Jones mixing
rules was arithmetic for OPLS-AA. These parameters optimized for liquid-phase systems and ensure
correct reproduction of intermolecular interactions in the simulation.

The total potential energy of the system was expressed as [26]:

Uit = Ysondea + U sonsondea 2)
where the bonded component comprised bond, angle, dihedral and improper contributions:
Usonted = Ysona +Uangies + Uiinearats + Ulpropers 3)
Upona =k, (’"_”o )2 4)
Ungie =ky (6-6,) ®)
Uspos = S0+ cOS@] + 21— o521+ 21 405G + 21 —cos4p)] ()

where U— potential energy, k; — force constant,?;,0, and ¢ — associated with degrees of freedom for

covalent bonds, angles and dihedral angles.
The non-bonded interactions consisted of Lennard-Jones and Coulomb terms:

12 6
o, o, Cq.q,
Unnnhnnded = 24811 (F_J - (_l] + Z—J (7)
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where ¢; —partial charge, &, — dielectric constant , » — interatomic distance, ¢ — depth of potential mini-

mum, 0 — distance to potential minimum.
Mixing parameters were determined:

_ _%:itoy
€ =€ Oy _T ®)

where ¢; is Lennard-Jones energy parameter (well depth) between species i and j, 0,

is Lennard-Jones
size parameter (collision diameter) between species i and j, €;, €; is Lennard-Jones energy parameters
for pure components i and j, 6;, 6; is Lennard-Jones size parameters for pure components i and ;.

Quantum chemical calculations were also carried out for the FSI~ anion and its partial atomic
charges were refined using the CHELPG scheme at the MP2/cc-pVTZ level of theory.

The parameters of the inter- and intramolecular interactions are given in Tables 1-8.
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Table 1. Intermolecular parameters for the Li" and FSI™ represented as partial charges (¢), whereas the Lennard-
Jones potentials are represented by the distance (o) to the potential minimum and the depth of the potential well
(e) for the corresponding atoms shown in Figure 1.

Atoms Atoms type qle & / kcal mol”! /A
Li Li 1.0000 0.018 2.13
N1 NBT 0.0122 0.170 3.25
S1 SBT 0.4746 0.250 3.55
S2
o1 -0.3488
02 OBT -0.3488 0.170 2.96
03 -0.3488
04 -0.3488
F1 FSI -0.2831 0.060 2.90
F2 -0.2831

Table 2. Intramolecular stretching and bending parameters for the Li" and FSI™ corresponding to the relevant de-
grees of freedom, taken from the OPLS-AA library (see the figure corresponding atomic labels, Figure 1).

Bonds 1 1A k. / kecal mol! A2
FSI-SBT 1.60 336.92
SBT-OBT 1.44 700.00
SBT-NBT 1.67 434.00

Angles 6, /° k,! kcal mol" rad?

FSI-SBT-OBT 104.36 78.67
FSI-SBT-NBT 104.36 78.67
OBT-SBT-NBT 107.00 120.00
SBT-NBT-SBT 118.33 48.37
OBT-SBT-OBT 119.00 104.00

Table 3. Intermolecular parameters for DME represented as partial charges (¢), whereas the Lennard-Jones po-
tentials are represented by the distance (o) to the potential minimum and the depth of the potential well (¢) for
the corresponding atoms shown in Figure 2.

Atoms Atoms type qle ¢ / kcal mol”! c/A
Cl1 -0.0600
C2 CT -0.0126 0.066 3.50
C3 -0.0126
Cc4 -0.0600
0O1 (0N -0.3645 0.140 2.90
02 -0.3644
H1 0.0843
H2 0.0843
H3 0.0843
H4 0.0920 0.030 2.50
HS5 HC 0.0920
H6 0.0920
H7 0.0920
H3 0.0844
H9 0.0844
H10 0.0844
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Table 4. Intramolecular stretching and bending parameters for DME corresponding to the relevant degrees of
freedom, taken from the OPLS-AA library (see the figure corresponding atomic labels, Figure 2).

Bonds Ty 1A k. / kcal mol” A2

CT-HC 1.090 340

CT-0S 1.410 320

CT-CT 1.529 268

Angles 6, 1° k,/ kcal mol' rad™
HC-CT-HC 107.8 33.0
HC-CT-0S 109.5 35.0
CT-OS-CT 109.5 60.0
CT-CT-OS 109.5 50.0
HC-CT-CT 110.7 37.5

Table 5. Dihedral angle potential parameters for DME corresponding to the relevant degrees of freedom, taken
from the OPLS-AA library (see the figure with corresponding atomic labels, Figure 2.)

Dihedral k, / kcal mol k, /kcal mol" k, /kcal mol™ k, /kcal mol”
HC-CT-OS-CT 0.00 0.00 0.76 0.00
CT-OS-CT-CT 0.65 -0.25 0.67 0.00
0S-CT-CT-0S -0.55 0.00 0.00 0.00
HC-CT-CT-HC 0.00 0.00 0.30 0.00
HC-CT-CT-0S 0.00 0.00 0.468 0.00

Table 6. Intermolecular parameters for BTFE, represented as partial charges (¢), whereas the Lennard-Jones po-
tentials are represented by the distance (o) to the potential minimum and the depth of the potential well (&) for
the corresponding atoms shown in Figure 3.

Atoms Atoms type qgle ¢ / kcal mol”! c/A
0O1 (0N -0.3421 0.140 2.90
Cl -0.0688
C2 CT -0.0691 0.066 3.50
(OX] 0.4557
C4 CB 0.4557 0.030 2.50
HI 0.1220 0.030 2.50
H2 HC 0.1220
H3 0.1219
H4 0.1219
F1 -0.1533
F2 -0.1533
F3 -0.1533 0.060 2.90
F4 F -0.1531
F5 -0.1531
F6 -0.1531

Table 7. Intramolecular stretching and bending parameters for BTFE corresponding to the relevant degrees of
freedom, taken from the OPLS-AA library (see the figure corresponding atomic labels, Figure 3).

Bonds Ty 1A k. / kcal mol! A
CB-F 1.360 367
CB-CT 1.529 268
CT-0OS 1.410 320
CT-HC 1.090 340

10
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Angles 6, 1° k,/ kcal mol' rad™
F-CB-F 109.10 77.0
F-CB-CT 109.5 50.0
CB-CT-0OS 109.5 50.0
CT-OS-CT 109.5 60.0
CB-CT-HC 110.7 37.5
HC-CT-0OS 109.5 35.0
HC-CT-HC 107.8 33.0

Table 8. Dihedral angle potential parameters for BTFE corresponding to the relevant degrees of freedom, taken
from the OPLS-AA library (see the figure with corresponding atomic labels, Figure 3)

Dihedral k, / kcal mol™ k, /kcal mol" k, /kcal mol” k, /kcal mol”
0S-CT-CB-F 0.00 0.00 0.54 0.00
CB-CT-OS-CT 0.65 -0.25 0.67 0.00
HC-CT-CB-F 0.00 0.00 0.36 0.00
HC-CT-OS-CT 0.00 0.00 0.76 0.00

Non-bonded interactions were computed with a cutoff of 12 A for both Lennard-Jones and
Coulombic terms, applying long-range electrostatics via the particle-particle particle-mesh (PPPM)
method. The neighbor list was updated with 2 A and long-range dispersion corrections were applied to
ensure accurate pressure and energy evaluation.

Prior to the production phase, each system underwent energy minimization using the steepest de-
scent algorithm until one of the following convergence criteria was met: (i) change in total energy be-
low 110 kcal-mol™ per step, (ii) maximum atomic force below 1-10° kcal-mol™” A™, or (iii) 500,000
iterations.

Equations of motion were integrated using the velocity-Verlet algorithm with a timestep of 0.5 fs.
This short timestep was required to accurately resolve high-frequency vibrational modes, particularly
in hydrogen-containing bonds, while maintaining numerical stability [27]. System equilibration was
performed for 10 ns in the NPT ensemble at 7= 298 K and p = 1 atm, regulated by the Nosé-Hoover
thermostat and barostat [28-31], each with a relaxation time of 0.3 ps and 0.8 ps, respectively. The
barostat relaxation time was set to 0.8 ps to allow gradual pressure adjustment while maintaining nu-
merical, whereas the thermostat relaxation time was set to 0.3 ps to efficiently control temperature
without perturbing high-frequency vibrations. This was followed by a 10 ns NV'T production run using
the same thermostat settings. Equilibration was verified by monitoring convergence of total, potential
and kinetic energies, as well as temperature, pressure and density to time-independent averages.

To characterize the studied systems, we focused on key structural and dynamic properties. Struc-
tural properties were analyzed through radial distribution function (RDFs), cluster analysis and solva-
tion shell characterization.

Pair radial distribution functions

1 N 1
20)= 3 X g o) ®

where N ,7,, and A, represent the total number of atoms within a radius r, the distance between

atoms 7 and j, and the bin width, respectively were calculated using the TRAVIS “TRajectory analyzer
and VISualizer” v1.14.0 package [32].

Cluster analysis and solvation shell characterization were conducted using the solvation analysis
[33] in conjunction with Python scripts, providing insight into Li™ coordination environments and sol-
vation structures.

Translational dynamics were analyzed through mean-squared displacement (MSD) calculations.
The MSD, representing the average squared displacement of molecules from their initial positions, was
computed as[34]:

1 al 2 2
MSD:FZ|r(t)—r(O)| =A|r(t)| (10)
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where N is the number of particles, 7(¢) is the centre of mass coordinate of the particle i at the time ¢,
and <> denotes an ensemble average over time.

Self-diffusion coefficients D, were derived from MSD data using Einstein’s relation:
1 d 2
D, =—lim—(r(t)—r(0 an
= <lim (7 (1)1 (0)

The temporal dependence of diffusive behavior was characterized through the logarithmic slope of
MSD:

d logMSD(t)
A= o (12)

This parameter distinguishes the nature of diffusion: £ =1 corresponds to the diffusion regime

(Fickian transport), S < 1 indicate sub-diffusive behavior, and B >1 signifies super-diffusive or bal-
listic motion at short timescales.

Microscopic transport mechanisms were elucidated through van Hove correlation function analy-
sis, describing space-time correlations between species [35]:

1
G(r,t)= o(r—|r(0)—r (¢t
( ) 471_er2 ; ( | :( ) j( )|) (13)

where £ is atom number density, » is the distance. Next, van Hove function was decomposed by two
parts — self:

G (r1) = —

g > 50|, (1)) (14)

and distinct:

1
py—— Zc?("—lri (0)-r, (1)) (15)

The detailed characterization of structural and dynamic properties provided a comprehensive
foundation for evaluating the LiFSI/DME/BTFE system, and the following section presents the results
and discussion of the simulations.

Gdi.s'tinur (r’ t) —

Results and Discussion

Li" Solvation Structure and Coordination Environment in the LiFSI/DME/BTFE Electrolyte

To understand the solvation structure of LiFSI salt in the DME/BTFE electrolyte system and its in-
fluence on the Li" transport mechanism, the radial distribution between representative atomic centers
of all electrolyte components was analyzed (Figure 4).
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Figure 4. Li* solvation structure in the LIFSI/DME/BTFE electrolyte (1 M LiFSI in DME/BTFE = 1:1) illus-
trated by (A—C) radial distribution functions (g(7), left axis) and running coordination numbers (cn(7), right axis)
for (A) Li*--FSI', (B) Li*~-BTFE, and (C) Li"--DME interactions. (D) Statistical distribution of the Li* coordina-
tion environment, determined using a cut-off distance of 3.00 A defining the first solvation shell.

A detailed investigation of the Li*---FSI™ interionic interactions (Figure 4a), for which the oxygen
atom is the strongest interaction center in FSI", revealed a pronounced peak at = 2.1 A with a mini- mum
at 3 A. This indicates relatively strong interionic interactions that are typical for liquid organic
electrolytes and ionic liquids containing lithium salts with imide anions. Li* also demonstrates compet-
itive solvation by DME molecules. The first peak for Li*---O™™E (Figure 4b) (1.9 A) appears at a some-
what shorter distance than for Li*---O™', indicating a strong tendency for Li* localization with DME and
higher interaction strength. In contrast to DME and FSI', the radial distribution functions for Li*--- BTFE
(Figure 4c) exhibit only a shallow, broad maximum at » = 2.1 A with g(r) < 0.8, followed by a diffuse
minimum near 7 = 3.6 A. The extent of the solvation shell for different pairs differs more sub - stantially
than their interaction strength. The minimum in the radial distribution for FSI" is located at 3 A, whereas
for DME it is at 2.5 A, which is explained by the higher coordination capacity of DME to Li* due to the
stronger donor ability of the ether groups. For BTFE, the minimum at = 3.6 A confirms the absence of
significant direct interaction. Although no substantial first-shell coordination is ob - served for BTFE
[8, 36], a minor long-range correlation peak is present at » > 4 A, indicating an indi- rect influence of
BTFE on the spatial organization of the electrolyte. These features suggest that BTFE influences the
spatial organization of DME and FSI indirectly, modulating the local solvation land- scape without
forming stable complexes with Li*. Such behavior aligns with the solvation-structure regulation
hypothesis proposed for fluorinated co-solvents in ether-based electrolytes [37].

The analysis of the position, intensity, and shape of radial distributions describing interactions be-
tween electrolyte components is reflected in the running coordination number cn(r), which represents the
coordination capacity of the reference atom with respect to Li* ions and was calculated by integrating the
distribution up to the first minimum (right Y-axis of Figure 4). The coordination number for Li*---O™' is
~1.43, indicating a multidentate binding configuration of FSI", where each anion provides more than one
oxygen atom for Li* coordination. The coordination number for Li*---OP™* is =1.7, which is significantly

13



K. S. Dikarieva, V. Koverga, O. N. Kalugin

lower compared to DME-rich systems (n =~ 3.0-5.0) and is consistent with the reduced availability of co-
ordinating DME molecules in the equimolar DME/BTFE mixture. For Li*---BTFE, integration yields co-
ordination numbers close to zero, confirming the absence of significant direct Li*-BTFE interactions.
When combining contributions from FSI~ and DME, the total coordination number reaches approxi-
mately 3.5, indicating a solvation shell partially dominated by the anion.

For a more detailed investigation of the role of each component as a coordination center within the
LiFSI/DME/BTFE electrolyte system, a statistical analysis of the Li" coordination environment was per-
formed (Figure 4d). Each configuration was designated with an X-Y-Z label corresponding to the num-
ber of FSI", DME, and BTFE, respectively, in the first solvation shell (3.00 A). Specifically, for the local
Li* environment, the most prevalent configuration is FSI:DMEBTFE. (28.9%), reflecting a strong ten-
dency toward anion-rich solvation, where three FSI~ molecules surround Li* together with one DME
molecule. Several other FSI-rich motifs also appear with significant frequency: FSLDME,BTFE,
(14.7%) and FSLDME,BTFE, (12.9%), forming the second and third most populated environments. To-
gether, these states reinforce the picture of extensive ion pairing, as Li* is rarely coordinated with fewer
than two anions in the system. Interestingly, only one configuration — FSI;DME,BTFE, — includes BTFE
directly in the coordination sphere, and even then its frequency remains minimal, emphasizing the negli-
gible coordinating capacity of BTFE. This tendency underscores the competition between anion associa-
tion and solvation by DME molecules. The predominant presence of multi-anion aggregates reflects
strong ion-pairing interactions, indicating that Li* in this electrolyte exists predominantly in highly asso-
ciated states. This defines the ion transport mechanism in the LiFSI/DME/BTFE system, where Li* trans-
port occurs predominantly through mixed solvation complexes Li*(FSI"),(DME),, with dominant partici-
pation of FSI", while BTFE serves as a diluent that influences the structural organization of the elec-
trolyte indirectly, without forming direct coordination bonds with Li*.

Ion cluster population analysis in LiFSI/BTFE/DME system

The analysis of ionic cluster formation can additionally shed light on the Li* transport mechanism
in the LiIFSI/DME/BTFE electrolyte through understanding how the identified solvation complexes or-
ganize into larger ionic aggregates and how this organization affects ionic transport dynamics.

The population analysis of ionic cluster formation is presented in Fig. 5 as a two-dimensional dis-
tribution of the number of FSI™ anions as a function of the number of Li* cations in each cluster. The
probability map, plotted on a logarithmic scale, visualizes the distribution of ionic aggregates in the
electrolyte. A key feature of the distribution is the evident predominance of small ionic clusters. The
highest occurrence frequencies are concentrated in the region where both n” and n~ do not exceed ap-
proximately 5, indicating that most ions exist as small, highly dynamic aggregates rather than large
cluster structures.
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Figure 5. Ion cluster population analysis of FSI™ with respect to Li* in the LiFSI/BTFE/DME electrolyte, repre-
sented on a logarithmic probability scale. The color map indicates the occurrence frequency of the corresponding
Li*=FSI" clusters identified along the simulation trajectory. The black diagonal line denotes electrically neutral
aggregates (n~ = n" ), while the red line, obtained from a first-degree polynomial fit (#~ =1.06-x"), indicates
a deviation from neutrality toward negatively charged, anion-rich clusters (1.06 > 1). Cluster analysis was per-
formed using a threshold distance criterion between Li* and the N/O/F interaction centers of FSI™.
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The black diagonal line in the figure corresponds to the electroneutrality condition (n~ = n™). The
data distribution follows this neutrality line with a high degree of accuracy, demonstrating that the
overwhelming majority of clusters remain charge-balanced. The linear fit, shown in red, yields a rela-

tionship of n~ =1.06-n", indicating a slight deviation from ideal neutrality. The coefficient exceeding
unity by only 6% indicates a weak enrichment of clusters with FSI™ anions, suggesting a somewhat
higher propensity of anions for association compared to Li* cations. However, this deviation is mini-
mal and does not lead to a substantial change in the overall neutral character of the ionic aggregates.

The dominance of small, near-neutral clusters defines the nature of the ionic transport mechanism
in the LiFSI/DME/BTFE electrolyte. Although the coordination environment analysis revealed the
predominance of highly associated solvation complexes Li*(FSI");(DME),, the cluster population anal-
ysis demonstrates that these local complexes do not combine into extended ionic networks. In contrast
to high-salt-concentration systems where the formation of large higher-order aggregates is observed,
this system exhibits limited aggregation. The main contribution comes from free Li* ions and small
neutral pairs, while the formation of large aggregates (n* +n~ >10) is virtually absent. This phenome-
non is due to the effective solvation of both ion types by DME and BTFE solvent molecules, which
prevent excessive ionic association at the mesoscopic level.

The weak anion enrichment of clusters (»~ =1.06-»" ) correlates with the coordination environment
analysis results, where mixed solvation complexes with an FSI- /DME ratio of = 3:1 are dominant.
This quantitative agreement between the local coordination structure and cluster distribution confirms
that the observed solvation complexes Li*(FSI").(DME),, represent the primary transport units, which
remain relatively isolated and do not form extensive cluster domains. Li* cations are preferentially co-
ordinated by oxygen-containing groups of DME, which promotes stabilization of solvation complexes
and prevents their further aggregation. Meanwhile, FSI™ anions demonstrate a somewhat higher ten-
dency to form weak associates, which is reflected in the minimal excess of anions in the clusters.

The results of the ionic cluster population analysis combined with coordination environment data
provide compelling evidence that Li* transport in the LiFSI/DME/BTFE electrolyte occurs predomi-
nantly through a vehicular mechanism involving small solvation complexes, rather than through struc-
tural diffusion in extended cluster domains. The nanoscale structural organization of the electrolyte is
characterized by the predominance of small, weakly associated ionic species. The minimal formation
of large charged aggregates ensures high mobility of Li* charge carriers, as the ions remain in the
form of discrete solvation complexes Li*(FSI").(DME), and are not bound in extended cluster do-
mains. Charge transport occurs through diffusion of these solvated complexes as unified transport
units, which ensures efficient ionic transport while maintaining the dynamic nature of the solvation
shell. The role of BTFE as a diluent is to create spatial separation between solvation complexes, pre-
venting their aggregation and maintaining high mobility of the transport units.

The structural characteristics of clusters reflect only the static aspect of ionic organization; to com-
plement the analysis with a dynamic component and determine the nature of ion motion on different
time scales, Van Hove function analysis is subsequently applied.

Space-time Analysis of Li* Transport via the Van Hove Correlation Functions

To quantitatively characterize dynamics of Li* transport and confirm the proposed transport mecha-
nism, Van Hove function analysis was performed, which allows tracking the evolution of ion distribu-
tion over time and determining the characteristic scales of ionic transport.

The analysis of the self-correlation part of the Van Hove function, representing the temporal evolu-
tion of the probability of individual Li* ion displacement relative to its initial position, is presented in
Figure 6A. The probability distribution of Li* displacement demonstrates characteristic temporal evo-
lution. At short time intervals (dark purple curves, 0-3-10° fs), the distribution is characterized by a
pronounced sharp peak at small distances (~1-2 A) with a maximum displacement probability of ap-
proximately 178 arbitrary units, indicating predominantly localized ion motion within their first coor-
dination shell. As the observation time increases (transition from purple to red and yellow curves), the
intensity of the main peak decreases and its maximum shifts to larger distances, reaching ~ 2-3 A at
times ~ 8—10-10° fs. Simultaneously, an extended tail of the distribution forms, extending to 6-8 A, in-
dicating the realization of long-range ion displacements.
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Figure 6. Illustration of Li* transport dynamics in the 1 M LiFSI BTFE/DME (1:1) electrolyte. (A) Self-part of
the van Hove correlation function describing the probability distribution of individual Li* displacements over
time. (B—-D) Two-dimensional projections of a representative single Li* trajectory in the (B) xy-, (C) xz-, and (D)
yz-planes. Color coding indicates the simulation time (fs), highlighting the temporal evolution and spatial con-
finement of Li* motion along the trajectory.

A more detailed investigation of the distribution shape reveals characteristic features of the trans-
port mechanism. In contrast to continuous diffusive motion, where the distribution would have a
Gaussian form, the observed distribution demonstrates pronounced asymmetry with a long tail toward
larger distances. This indicates that Li* transport occurs not through continuous diffusion but through
intermittent motion with alternating periods of localization and relatively rapid jumps (hopping-type
mechanism). Li* ions remain localized within a certain coordination environment for significant time
intervals, after which discrete jumps occur over distances of 6-8 A, corresponding to transition to a
new solvation state.

For a more detailed understanding of the spatial organization of Li* trajectories, Fig. 6B-D present
two-dimensional projections of an individual cation trajectory in the xy, xz, and yz planes, respectively,
with color coding by simulation time. The trajectories demonstrate an intermittent character with the
formation of discrete spatial clusters. By focusing on the displacement of a single arbitrary cation
rather than on averaged characteristics, the heterogeneity of dynamics can be more clearly revealed.
The color coding (from dark blue for early times through yellow to red for late stages) visualizes the
sequence of positions occupied by the ion. In all three projections, the formation of spatially separated
clusters of points of the same color is observed, indicating that the ion spends significant time in lim-
ited local regions (~2-3 A) before moving to the next localized region. Transitions between such re-
gions occur as jumps over distances of ~4—6 A.

The observed behavior indicates a predominantly hopping transport mechanism. During localiza-
tion periods, the ion performs limited oscillatory motion within ~2 A. The dominant contribution to
long-range transport is made by jumps between localized regions, which occur through overcoming an
energy barrier. This process is realized as activated hops, which explains the intermittent character of
the trajectories and the presence of a long tail in the Van Hove function distribution.

Thus, the totality of Van Hove function data convincingly demonstrates that Li* transport in the
LiFSI/DME/BTFE electrolyte is realized predominantly through a hopping mechanism (structural dif-
fusion). lons reside in local solvation environments for discrete time intervals, after which they per-
form activated hops to new coordination positions. Long-range transport occurs through a series of
such hops over distances of 4-8 A, which ensures efficient Li* movement through the electrolyte.

Diffusive Behavior and Transport Properties of LiFSI/DME/BTFE Electrolyte

Numerical assessment of the mobility of all system components was performed through calculation
of self-diffusion coefficients based on mean square displacement (MSD). For quantitative assessment
of diffusion, self-diffusion coefficients were determined from the slope of the mean square displace-
ment (MSD) curves of each component in the long-time diffusive regime (Fig. 7).
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Figure 7. Illustration of transport of electrolyte constituents, represented by (A) mean-squared displacement and
(B) time evolution of B parameter quantifying diffusion behavior.

Figure 7A shows the mean square displacement of all components on a logarithmic scale, where
the linear behavior in the long-time regime confirms diffusive motion. In this approach, the slope of
the MSD curves provides a direct measure of particle mobility. The calculation of D was carried out in

the time range between 4 and 7 ps, where the system reaches the diffusive regime. In this time range,
the coefficient B, characterizing the type of diffusive motion, reaches a value close to 1, as shown in
Figure 7B, confirming the establishment of a linear diffusive regime for all electrolyte components.
The convergence of B to unity for all species at times beyond 4—7 ps indicates the transition from bal-
listic to diffusive regime.

The self-diffusion coefficients of all major components — Li*, DME, BTFE, and FSI" — were ex-
tracted from the MSD analysis, and the results are presented in Table 10.

Table 10. The self-diffusion coefficients of the electrolyte 1M LiFSI DME/BTFE (1:1) constituents.

Component systems Self-diffusion coefficient (D)-10'%/ m?%/s
Li* 2.00
FSI 1.98
DME 422
BTFE 35.30

The obtained data demonstrate that neutral co-solvent molecules (BTFE) diffuse significantly faster
than ionic species. The observed mobility order is BTFE > DME > Li* = FSI". Specifically, BTFE ex-
hibits the highest self-diffusion coefficient, approximately 17—18 times higher than the ion coeffi-
cients, which is likely due to weak interactions with Li* and exclusion from the first solvation shell, as
established in the RDF analysis. DME diffuses approximately twice as fast as Li* or FSI', reflecting its

role as a coordinating solvent participating in the formation of solvation complexes.

Analysis of the data presented in Figure 4 allows establishing a direct connection between the
structural features of the system revealed in the RDF and coordination environment analysis and its
dynamic behavior. Li* and FSI” exhibit the lowest diffusion coefficients, consistent with strong ionic
association and partially anion-dominated solvation revealed in the coordination environment analysis.

Conclusions

Molecular dynamics simulations of the 1M LiFSI/DME/BTFE (1:1) electrolyte revealed a unique
solvation structure characterized by the predominance of anion-enriched aggregates. The most preva-
lent Li* coordination configuration, FSGDME,BTFE, (28.9%), demonstrates that BTFE is completely
excluded from the first solvation shell (c¢n = 0) and functions as a non-coordinating diluent. Cluster
population analysis confirms the dominance of small, weakly charged aggregates

(n~=1.06-n",n" + n~ < 5), preventing the formation of extended ionic networks.
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Li* transport in this electrolyte proceeds predominantly via a hopping mechanism with alternating
periods of localization (~2 A) and activated jumps over distances of 4 — 8 A. Van Hove function anal-
ysis revealed the intermittent nature of motion with solvation shell reorganization. Nearly identical dif-
fusion coefficients for Li* (2.00-10"> m?/s) and FSI" (1.98-107'2 m?/s) indicate persistent ion pairing,
while BTFE exhibits 17 — 18 times higher mobility due to the absence of coordination interactions.

The obtained results establish design principles for fluorinated ether electrolytes: spatial dilution by
non-coordinating solvents prevents excessive ionic aggregation while ensuring efficient charge trans-
port through small dynamic solvation complexes. The identified hopping mechanism with low reorga-
nization barriers, enabled by small cluster size, provides a foundation for optimizing high-voltage
lithium batteries.
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K. C. fikapesa’, B. Kosepra™, O. M. KanyriH'. JlokanbHa CTpyKTypa Ta MexaHism TpaHcnopTy Li* B enekTponiri
LiFSI/DME/BTFE 3a gaH/Mu MONeKynspHO-ANHAMIYHOrO MOAENOBaHHS.

" HaByanbHo-HaykoBui iHCTUTYT Ximii, XapKiBCbKuil HauioHanbHUi yHiBepcuTteT iMmeHi B. H. KapasiHa, Xapkis,
YkpaiHa

T Kacpegpa ximivHoOI itxxeHepii, YHiBepcuTeT InniHoicy B Yukaro, Yukaro, CLUA

* Bigain maTepianosHascTea, HauioHansHa naGopaTtopisi AproHH, llemoHT, CLUA

dTOpOBaHi €TEepHi eneKkTponiTM € NePCNeKTUBHUM HaNPsSIMOM ANS NiaBULEHHS ePeKTUBHOCTI Ta 6e3neyHocCTi
NITIEBUX aKyMynaTOpiB, O4HaK MOMNEKYNsAPHI MexaHi3Mu, Lo BU3Ha4aloTb TpaHcnopT Li* y Takux cuctemax, goci
He[oCTaTHBO 3pO3yMini. 3 METOI 3'ACyBaHHA COnbBaTaLiNHOI CTPYKTYpW Gyno NpoBeAeHO MOAENOBaHHA MeTOo-
OOM MorneKynspHoi agnHamikv enektponity 1 M LiFSI y cymiwi 1,2-gumeTokcuetany (DME) Ta 6ic(2,2,2-Tpudonyo-
poeTtun)etepy (BTFE) y cnisBigHoLweHHi 1:1.

OTpumaHi pesynbTaTy MOKa3ylTb CofbBaTaLiiHy crneuudiyHicTb: MoHM Li* nepeBaxHO (DOpMytOTb aHioH-
HacuyeHi arperatn Tuny FSIsDMEBTFE, (28.9%), a He knacuyHi CTPYKTYpW 3 pO3AiINeHHSM PO3YMHHUKIB; nNpu
Lubomy dTopoBaHuin BTFE MOBHICTIO BUTICHEHUI i3 NepLUOi KOOpAMHALINHOI cdepn, Nonpu piBHI MONSPHI Kinb-
KOCTi y cuctemi. AHani3 andysii 4eMOHCTpye CYTTEBUI KOHTpACT y AndY3inHi 3gaTtHoCTi komnoHeHTiB — BTFE
pyxaeTtbcsa y 17—18 pasis wBuawe 3a noHHi Buan. KopensuinHa cyHkuis BaH Xoda nokasye, Lo nepeHeceHHs
Li* peanisyeTbcs He Wnsixom 6e3nepepBHOT Andy3ii, a Yepes CTpUOKK MixK nokanizoBaHnuMy ob6nactsamu.

KnacTtepHun aHania cBigunTb, WO CTPYKTYPY €NeKTponiTy BU3Ha4YalTb HEBENUKI, cnabko3apsaxeHi arpe -
ratu, WO Y3rogxyeTbcs 3 edeKTUBHUM MepeHeceHHs M 3apagy B cuctemi. OTpumaHi Ha MONekynsapHOMY pi-
BHi AaHi pOpMYylOTb NPUHLMNM paulioHanbHOro An3anHy (GTOPOBaHUX eTepHUX eNneKkTPOoniTiB i3 NokpaLleHo
MNOHHOO NMpPOBIgHICTIO.

Knrodoei cnoea: enekmponimu 0ns nimid-ioHHUX akymynsimopig, MofeKynsipHo-OuHaMiyHe MOOeTeaH -
HA, cmpubkogull MexaHi3M mpaHcriopmy, krnacmepu3auisi UoHie, ¢pmoposaHi emepu, conbeamauiliHa

cmpykmypa.
Kongbnikm iHmepecie: Asmopu rogidomiisiroms rpo 8idcymHicme KOHQIiKmy iHmepecis.
BHecok aemopis: Bci asmopu 3pobusnu pigHuli HeCcok y yro pobomy.

HadicnaHo do pedakuii 11.09.2025 lputiHsmo 0o Opyky 23.10.2025 Ony6nikosaHo 30.12.2025
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