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Developing high-performance sodium-ion batteries requires stable electrolytes with high ionic
conductivity and cation transference numbers. This study employs molecular dynamics simulations and
analysis of Onsager transport coefficients to investigate the influence of fluorination on ion transport
mechanisms in 1,2-diethoxyethane (DEE)-based electrolytes. We demonstrate that fluorination
significantly alters the static and dynamic characteristics of the solvation environment, leading to distinct
trends in conductivity and transference number. Low-fluorinated bilaterally substituted ethers exhibit low
conductivity due to long solvent lifetimes and a predominantly vehicular transport mechanism. In
contrast, highly fluorinated ethers, particularly F3FO/F3F3, demonstrate enhanced transport properties
due to a shift toward structural diffusion facilitated by fast anion and solvent exchange dynamics. Despite
increased ion pairing, high conductivity is achieved through concerted ion motion and ultrafast

relaxation modes, surpassing the ionic conductivity of the nonfluorinated parent solvent. Our analysis
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1 Introduction

Liquid electrolytes serve as a critical component in electro-
chemical devices, such as sodium-ion batteries (SIBs), enabling
the transport of ions between electrodes during charge and
discharge processes. The efficacy of this ionic transport is
fundamentally governed by the solvation structure, the extent of
ion pairing, and the underlying transport mechanisms, which,
in turn, are modulated by thermodynamic variables, including
salt concentration, solvent dielectric permittivity, and
temperature.”® In conventional dilute liquid electrolytes,
cations typically exist as solvated complexes, wherein the ion is
coordinated by a defined number of solvent molecules. The
ionic transport in such systems is dominated by a vehicular
mechanism, characterized by the translational diffusion of the
entire solvated complex through the electrolyte medium.”®
However, recent investigations have increasingly focused on
alternative transport pathways, particularly structural diffusion
(or Grotthuss-like mechanism), wherein the ion undergoes
a sequential transfer process between adjacent coordination
sites within a more structured electrolyte environment.®™**
Studies suggest that shifting from a primarily vehicular
mode of transport to a mixed vehicular-structural mode can
improve ionic conductivity and transference numbers.'>** This
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transport properties, advancing the development of high-performance sodium-ion batteries.

hopping mechanism is often prominent in high-concentration
electrolytes (HCEs) or weak-solvent electrolytes (WSEs), where
the elevated salt concentration or reduced solvent-coordinating
ability promotes the formation of extended ionic aggregates and
networks.'** A comprehensive understanding of the relative
contributions of vehicular and structural diffusion to the overall
ionic conductivity and the cation transference number is para-
mount for the rational design of electrolytes exhibiting
enhanced transport properties. In this study, we demonstrate
that strategic fluorination of the solvent molecules can be an
effective molecule design approach to promote faster structural
relaxation, thereby boosting structural diffusion and ultimately
enhancing ion transport and cation transference number in
SIBs.

Fluorinated solvents, due to their unique electronic proper-
ties, can alter the interactions between ions and solvent mole-
cules, leading to changes in the solvation shell structure and ion
transport behavior. Studies have shown that fluorination can
mimic the behavior of HCEs/WSEs by promoting the formation
of more structured electrolyte environments with reduced free
solvent molecules.>**' For instance, fluorinated ethers, like
those with -CH,F, -CHF,, or —-CF; terminal groups, can reduce
solvating power and promote anion clustering, similar to what
is observed in HCEs.>*?* This can facilitate structural diffusion,
potentially improving the transference number and ionic
conductivity. We focus on 1,2-diethoxyethane (DEE) as the
backbone solvent, which has demonstrated enhanced high-
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voltage stability while improving Li metal coulombic effi-
ciency.”®*” By systematically fluorinating the terminal ends of
DEE molecules, we study a series of fluorinated DEE (F-DEE)
analogues with varying degrees of fluorination. By computing
the Onsager coefficient from trajectories obtained using all-
atom molecular dynamics (MD) simulations, we investigated
the impact of fluorination on ion conduction properties. Our
findings demonstrate a striking correlation between the degree
of fluorination and the dominant ion transport mechanism.
Highly fluorinated DEE analogues exhibit a remarkable
enhancement in both the rate of structural relaxation and the
contribution of structural diffusion to the overall Na" transport,
leading to significantly improved diffusion coefficients and
transference numbers. Further, by systematically analyzing the
solvation structure around Na' ions and, crucially, the
dynamics of solvation shell relaxation, we correlate faster ion
transport with the structure of the solvation shell.

In less fluorinated DEE molecules, Na* ions are found to be
mostly solvated by a smaller number of solvent molecules
(typically three). As the degree of fluorination increases, the
solvation number around Na" increases, with highly fluorinated
DEE analogues exhibiting a solvation number of four. This
seemingly subtle change in solvation structure profoundly
impacts the system's dynamics. The larger, more populated
solvation shell in the highly fluorinated solvents leads to
enhanced structural relaxation, facilitating fast exchange of
anion and solvent molecules within the first solvation shell,
which in turn favors structural diffusion of Na". This results in
a higher ionic conductivity and Na' transference number
compared to the lower fluorinated counterparts.

This fluorination-induced enhancement of structural relax-
ation and the consequent shift in the dominant ion transport
mechanism represents a key finding of this study. While
previous research has highlighted the significance of fluori-
nated solvents in enhancing electrochemical stability, safety,
and interfacial characteristics, it is acknowledged that fluori-
nation reduces ionic diffusion for lithium-ion batteries.**>*>>*”
However, our study demonstrates that fluorination can enhance
ionic diffusion for certain fluorinations through accelerated
structural diffusion and the optimization of solvation shell
dynamics. Our results provide valuable molecular-level insights
into the interplay between solvent structure, solvation
dynamics, and ion transport mechanisms. By demonstrating
that controlled fluorination can effectively promote structural
diffusion, we open up new avenues for designing high-
performance electrolytes with enhanced ionic conductivity
and transference numbers.

2 Method

To investigate the solvation behavior, all-atom MD simulations
were conducted using LAMMPS for electrolyte compositions
resulting from the combination of every F-DEE solvent and
NaFSI salt at a concentration of 1 M.?® The details of the system
for each solvent are given in Table S1. The OPLS-AA force field
parameters for all F-DEE solvents were generated using the
Ligpargen web server, while partial atomic charges were
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determined by fitting the molecular electrostatic potential at
atomic centres in Gaussian16 using the ab initio B3LYP/6-311G
level of theory.??° Force field parameters for the Na" and FSI~
anions were obtained from Lopes with partial charges of +1 and
—1, respectively.**' The electrolyte systems were set up initially
with the salt and solvent molecules distributed randomly in the
simulation boxes using PackMol.*> A non-bonded Lennard-
Jones cutoff of 1.0 nm was applied, and long-range electro-
static interactions were treated using the particle-particle
particle-mesh (PPPM) method with a real-space cutoff of
1.0 nm. Bonds involving hydrogen atoms were constrained
using the SHAKE algorithm.*® For each system, an initial energy
minimisation was done at 0 K to reduce the overlapping of
atoms. The systems were then slowly heated from 0 K to 350 K at
a constant volume over 0.2 ns using a Langevin thermostat, with
a damping parameter of 100 ps. Following equilibration in the
NPT ensemble at 350 K and 1 atm, production runs were carried
out in the NVT ensemble at 350 K to accelerate ion dynamics. A
Nose-Hoover thermostat with a coupling constant of 200 fs for
a duration of 150 ns. The time step was set at 1.5 fs. For
subsequent analysis, trajectories were saved at 3 ps intervals.
We conducted three independent simulations, each with uni-
que initial conditions, to improve the reliability of our averaged
results and estimation of error bars.

3 Results

3.1 Influence of fluorination on ion transport: insights from
Onsager transport coefficients

MD simulations were performed to systematically investigate
the impact of fluorinating diethyl ether-based solvents (F-DEEs)
on ion transport, as illustrated in Fig. 1A and B. We evaluated
the Onsager transport coefficients (Fj), derived from simulation
trajectories. Unlike the Nernst-Einstein equation, which
assumes independent ion movement, the Onsager framework
provides a quantitative measure for inter-ionic interactions and
coupling between ionic fluxes. These coefficients thus offer
a more comprehensive understanding by providing insights
into the contributions of both self-diffusion and correlated ion
motion to the overall transport properties.***” Onsager coeffi-
cients (F;) were calculated using the following expressions:

Fy= glimd <Z[ri,a<r> a0 S a0 - r,-ﬁ<0>]> o
o

where, 7, , (£) represents the position of o™ particle of species 7
at time ¢ with respect to the center of mass of the entire system.
The angle brackets < ... > denote averaging over different time
origins and the number of particles so that these yield ‘per-ion’
transport coefficients. In the Onsager formalism, F;; captures
the self-motion of an ion while F& accounts for correlated
motion with other ions of the same species. These are
defined as:

Fi = 6,1,152(1,<ZZ[%

a f+a

— il )]'[l‘i,a(f)"fﬁ(o)]> (2)
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Fig.1 Fluorinated DEEs (F-DEEs). (A) An equilibrated MD simulation snapshot of 1.0 M NaFSl in the F3F0 solvent. (B) A representative set of F-DEE
molecules illustrating variations in unilateral and bilateral fluorine substitution of the diethyl ether (FOFO) molecule.

F) = %mtli@é <Za:[rm(t) - r,-,a(0)12> (3)

Together, they reflect how much of an ion's displacement is
due to its self-movement versus collective interactions. The
transport coefficients are evaluated from the slope of mean
square displacement terms (the expressions within < ... > in eqn
(1)~(3) where the log-log plot shows a slope equal to unity)
(Fig. S1). Fig. 2A-C present the calculated Onsager coefficients
(Fy) for the various F-DEE systems. Fig. 2D provides a schematic
illustration offering a physical picture of the transport
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coefficients Fy. The self-correlation terms, Fi, and F°_, which
are proportional to the self-diffusion coefficients of cations and
anions, respectively, exhibit a monotonic decrease with
increasing fluorination (depicted by red bars in Fig. 2A and B).
This trend suggests a reduction in the individual mobilities of
both Na" and FSI™ ions as the degree of fluorination increases.

In contrast, the distinct terms, F%, and F¢_, which quantify
the correlated motion of like-ions, display a significant increase
with fluorination (depicted by blue bars in Fig. 2A and B).
Notably, these terms are negligible or negative in unfluorinated
DEE and low-fluorinated DEEs (F1F0 and low-fluorinated

bilaterally substituted F-DEEs), indicating anti-correlated

@
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Fig. 2 Variation of Onsager transport coefficents with fluorination. Onsager transport coefficients for (A) cation—cation contributions from self
terms F5, (red) and distinct terms FZ, (blue). The overall F,, = F. + F¢, coefficients are denoted by gray line points. (B) Anion—anion
contributions from self-terms F° _ (red), distinct terms F?_ (blue). The overall F__ = F* _ + F?_ coefficients are denoted by gray line points. (C)
Cation—anion (F,_) (green) correlated motions are shown across various F-DEE electrolytes. (D) A schematic depicting the physical significance
of the various Onsager transport coefficients in the electrolytes. The standard deviations of F,,, F__, F,_ are shown by the error bars.
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motion of like-ions in these systems. However, in higher fluo-
rinated, unilaterally and bilaterally substituted DEEs, F4, and
F_ become significantly positive, signifying a strong positive
correlation in motion of like-ions. For unilaterally substituted F-
DEEs, the overall like-ion correlation coefficients (depicted by
gray points in Fig. 2A and B) (F.. = Fi; + FoandF _=F +
F?_) exhibit a near-parabolic dependence on the degree of
fluorination, reflecting the competing contributions of the self
and distinct terms.

The cation-anion correlated transport coefficients, repre-
sented by F, _, are relatively low in the low-fluorinated bilaterally
substituted F-DEEs (Fig. 2C). However, highly fluorinated
systems, particularly the asymmetric F3F0 and the symmetric
F3F3, exhibit significantly enhanced F._ values. In the highly
fluorinated bilaterally substituted F-DEEs, F._ increases
monotonically with the degree of fluorination, while the trends
observed for F,, and F__ are roughly parabolic. We find that
self-contributions to the Onsager coefficients (e.g,
Fi,, F° ) exhibit low statistical uncertainty due to effective
ensemble averaging. In contrast, distinct ion cross-correlation
terms (e.g., F&, F._, F,_) display larger errors due to cross-
correlation terms being inherently more sensitive to statistical
noise.

These findings highlight the presence of significant ion-ion
correlations in F-DEEs, which will have a critical role in deter-
mining the overall ionic conductivity of the electrolytes.
Although increased fluorination reduces self-contribution to
ion mobilities (as reflected in the variation of self-diffusion
terms), it simultaneously promotes strong, positive correla-
tions in the motion of like ions (distinct). F,_ in these systems
further indicates that correlated cation-anion motion also plays
a significant role. This suggests a transition to a transport
regime in which correlated, potentially concerted, ion motion
becomes a dominant contributor to conductivity, particularly in
highly fluorinated DEEs.

3.2 Evaluating ionic conductivity (¢) beyond Nernst-
Einstein: role of ion correlations

The ionic conductivity (), a critical parameter for electrolyte
performance, was calculated from the Onsager coefficients. The
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expression for ionic conductivity ¢, where the Onsager coeffi-
cients in the center-of-mass frame are used, is given by:

o=F(z2’nyFoy +znF._ —2z,zn F, ) (4)

here, F is Faraday's constant, while F.., F__, and F,_ represent
cation-cation, anion-anion, and cation-anion Onsager coeffi-
cients. z, and z_ denote the charges, and n, and n_ the total
counts of Na* and FSI™, respectively.

Fig. 3A presents the calculated ionic conductivities for the
different F-DEE systems. The highest ionic conductivity is
observed for the fully fluorinated F3F3 system, followed by the
unilaterally substituted F-DEEs, with F3F0 exhibiting the high-
est conductivity. The low-fluorinated bilaterally substituted
electrolytes display the lowest conductivities. This observation
contrasts with the predictions based on the Nernst-Einstein
equation, which neglects ion-ion correlations and predicts
a monotonic decrease in conductivity with increasing fluori-
nation (Fig. S2). This discrepancy highlights the importance of
accounting for correlated ion motion, particularly ion pairing,
in accurately determining ionic conductivity from molecular
simulations.

These results are also in contrast to the generally observed
trend of decreasing ionic conductivity with increasing fluo-
rination reported for LIBs.>>*7%® Yu et al. have experimentally
measured the ionic conductivity of pure liquid Li-ion elec-
trolytes without separators. 1.2 M LiFSI/F3F3 electrolyte has
an ionic conductivity ~40% of that of unfluorinated 1.2 M
LiFSI/FOF0.>*> To elucidate the contrasting behavior exhibited
by Li" and Na*, we conducted a parallel simulation using Li-
ion salt while keeping all other parameters constant.
Remarkably, our molecular dynamics simulations revealed
a reduction in the ionic conductivity for Li* (Fig. S4), in
agreement with experimental observations. Specifically,
1.0 M LiFSI/F3F3 exhibited an ionic conductivity of approxi-
mately 49% of that of the unfluorinated 1.0 M LiFSI/FOFO.
This suggests that our simulations and methodology for
computing ionic conductivity can capture behavior consis-
tent with experiments and that the observed conductivity
enhancement for Na' with fluorination is not a spurious
outcome of the methodology.

B
t+,app hd t+,SS
0.8
+
)
0.6
04 | § i
| [ B | [
ARy Ay Ay A, A A A A A
[ R Z Y
K I

Fig. 3 Tuning ionic conductivity and transference numbers via fluorination. (A) lonic conductivity (o) (mS cm™) calculated from correlated
diffusion coefficients of the charge carriers, i.e., Na* and FSI~. (B) Na* transference numbers (t,) in various F-DEE electrolyte systems. The bars
represent the standard deviations. The dashed lines categorize the F-DEEs into unfluorinated (FOFO), unilaterally substituted (F1FO, F2FO, F3FO),
low-fluorinated bilaterally substituted (F1F1, F1F2, F2F2), and high-fluorinated bilaterally substituted (F3F1, F3F2, F3F3).
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3.3 Ion correlation effects on Na" transference number (t.)

The cation transference number (z,), another crucial parameter
for electrolyte performance, quantifies the fraction of current
carried by the cation. To further understand the ion transport
characteristics, we analyze the cation transference number
using two distinct approaches: the apparent and the steady-
state, both derived from Onsager transport coefficients ob-
tained in the previous section. The apparent transference
number (£PP), based on self-diffusion coefficients and the
Nernst-Einstein approximation, provides a simplified estimate
of Na' contribution to conductivity, serving as a baseline to
assess the impact of neglecting ion correlations. 3PP is often
estimated experimentally using the pulsed-field gradient
nuclear magnetic resonance (PFG-NMR) and potentiostatic
polarization method.**"*! The steady-state transference number
(&%), computed from the full Onsager framework including
cation-anion cross-correlations, reflects realistic transport
behavior under electrochemical conditions, aligning with
experimental metrics like those from Bruce-Vincent method
and very-low-frequency (VLF) impedance spectroscopy.*>*
Computing the two metrics helps us to comprehensively
understand the transport mechanisms influenced by fluorina-
tion, from idealized dilute-like conditions to complex,
correlation-dominated dynamics.

The apparent transference number, ie., t;P? was estimated
using the relation given below:

app Fi+ (5)
YR P
here F, and F° _ denote the self-diffusion coefficients of Na*
and FSI" respectively. ¢3°P is approximately 0.5 for most F-DEEs,
with a slight increase to 0.6 for F3F3 (Fig. 3B). This is due to the
similar magnitudes of the self-diffusion coefficients for both
cations and anions (Fig. 2A and B). However, this approach
neglects ion-ion correlations and is only strictly valid in the
infinite dilution limit, making it less accurate for electrolytes
with significant ion pairing.
To account for ion-ion correlations, we also calculated the
steady-state transference number, ¢°, using the theoretical
framework developed by Shao et al.:*

2
F3+ _ (Fgf)

= 6
PR 4 F0 2R (6)

here, Onsager coefficients in the solvent frame of reference
(F}) have been derived through the transformation relations
given in eqn (S1)-(S3). The ¢° values increase with increasing
fluorination in unilaterally substituted F-DEEs, reaching 0.95
for F3F0, compared to 0.72 in unfluorinated DEE (FOFO)
(Fig. 3B). The low-fluorinated bilaterally fluorinated DEEs
exhibit #}° values between 0.6 and 0.75, while the high-
fluorinated bilaterally fluorinated DEEs show enhanced
¢3° values ranging from 0.90 to 0.95. Other works have also used
fluorination of DME/DEE to get 1,1,1-trifluoro-2,3-
dimethoxypropane (TFDMP)/bis(2-fluoroethyl) ethers (BFE)
having improved transference numbers. The formation of
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aggregate clusters immobilizes FSI™ anions through coordina-
tion to realize high Li-ion transport and transference number in
these electrolytes.*>*¢

3.4 Diffusion mechanisms: quantifying structural transport
via the mixed transport coefficient

While ionic conductivity values provide a macroscopic assess-
ment of ion transport, they do not inherently distinguish
between the underlying microscopic mechanisms. Similarly,
transference numbers alone offer limited insight into the
manner in which ions migrate. In the present study of fluori-
nated DEE electrolytes, where we observe significant variations
in both ¢ and ¢, with changing fluorination degree, a deeper
understanding of the transport mechanism is crucial. There-
fore, we employed the Mixed Transport Coefficient (MTC) to
quantify the relative contributions of vehicular and structural
diffusion. The MTC provides a critical link between the
observed macroscopic transport properties and the microscopic
dynamics of ion motion. This allows us to understand the
conductivity and transference number trends in terms of the
changing balance between structural diffusion and vehicular
transport as a function of fluorination. The MTC is defined as:

I

MTC= > -

AI,' 2
l 0 )

P
s ty

1 Z Arl"kz + Z AV,'J'z
k=0 j

Jj=0

(7)

N
i=

where N is the number of sodium ions, ty is the cumulative time
during which a sodium ion undergoes vehicular transport (i.e.,
moves without exchanging solvent or anion neighbors in its first
solvation shell), and ¢g is the cumulative time during which
a sodium ion exhibits structural transport (i.e., undergoes
hopping events involving solvent/anion exchange within the
first solvation shell). Ar;; and Ar;; represent the displacements
of the /™ sodium ion during time intervals corresponding to
structural and vehicular transport, respectively.

Fig. 4A illustrates the calculated MTC values computed from
150 ns production trajectories of the various F-DEE-based
electrolytes. A clear trend emerges: the MTC increases with
the degree of fluorination, particularly in the highly fluorinated
systems. This finding indicates a transition from a predomi-
nantly vehicular transport mechanism in the unfluorinated and
low-fluorinated systems toward an increasing share of struc-
tural transport mechanism in the highly fluorinated DEEs.

Specifically, the MTC increases from 0.33 in unfluorinated
DEE (FOF0) to 0.40 in F3F0, highlighting the growing impor-
tance of structural diffusion with increasing unilateral fluori-
nation. The low-fluorinated bilaterally substituted DEEs exhibit
relatively low MTC values, consistent with a predominantly
vehicular transport mechanism, likely due to their stronger
solvation energies.>* However, in the highly fluorinated bilat-
erally substituted DEEs, the MTC continues to rise, reaching
0.45 in F3F3. Fig. 4B presents the mode-time markers for
a representative Na' ion in two electrolytes: FOF0 and F3F0. For
visual clarity, the mode-time markers are shown over a 15 ns
segment. The ion alternates between vehicular (V) and

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Characterizing Na* transport modes in F-DEEs via Mixed Transport Coefficient. (A) Mixed Transport Coefficient (MTC) illustrating the
extent of structural transport contributions to Na* mobility across various F-DEE-based electrolytes. (B) Mode-time markers of a representative
Na* ion in two electrolytes—FOFO (top) and F3FO (bottom)—highlighting periods of structural (S) versus vehicular (V) transport modes.

structural (S) transport modes over time. Notably, FOF0
predominantly exhibits vehicular transport, while the higher
frequency of jumps in F3F0 (bottom panel) highlights a greater
contribution from structural transport in this fluorinated
system.

The observed trend of increasing MTC with fluorination,
coupled with the positive values of F¢, and F’ _ (Fig. 2A and B),
provides strong evidence for a concerted hopping mechanism
in the highly fluorinated systems. This mechanism resembles
the Grotthuss mechanism observed in proton transport, where
the hopping of one Na* ion into a new coordination site induces
the displacement of the previously occupying Na* ion to the next
coordination site. This concerted motion of ions, particularly

within aggregates in low-dielectric-constant/high-donor-
number environments, contributes significantly to the
enhanced ionic conductivity and transference numbers

observed in these systems.**

3.5 Solvation shell structure

To understand the molecular origins of highly fluorinated
solvents preferring structural relaxations as compared to low-
fluorinated solvent, we investigated the solvation shell struc-
ture around sodium ions. Table 1 provides a quantitative
analysis of the first solvation shell composition, detailing the
populations of various combinations of FSI™ and F-DEE solvent
molecules within the primary coordination sphere of Na".

In FOFO, the solvation environment is dominated by solvent
molecules, with 31% of solvation shells containing three DEE
molecules and a significant fraction also containing two DEE
and one FSI™ molecule. This prevalence of solvent-rich solva-
tion shells classifies FOFO as a strong solvating solvent.***

In the unilaterally substituted F-DEEs, solvent-only solvation
shells are absent. With increasing fluorination, FSI™ gradually
replaces solvent molecules in the solvation shell, as evidenced
by the monotonic increase in the Na'-OFSI coordination
number (Fig. S2). This substitution process leads to a decrease
in single Na'-anion pair (1FSI, 2DEE) structures and an increase
in Na'-anion clustered solvation shells (> = 2FSI). Notably, F3F0
exhibits a significant population (32%) of four-molecule-
coordinated solvation shells, specifically the (3FSI, 1F-DEE)
configuration. Additionally, four-molecule-coordinated solva-
tion shells containing two FSI and two F-DEE are also present
and their population increases with the degree of fluorination,
reaching 21% in F3F0. The presence of these larger, four-
molecule-coordinated solvation shells in F3F0 is directly
linked to the transition from a predominantly vehicular to
a mixed vehicular-structural transport mechanism, resulting in
enhanced ionic conductivity and transference number.

In contrast, the low-fluorinated bilaterally substituted F-
DEEs, particularly F1F1, are characterized by a significant
population of solvent-separated ion pairs. For example, nearly
50% of the solvation shells in F1F1 contain only two solvent

Table 1 Distribution of Na* solvation shells, where nFSI~ and nF-DEE represent the number of FSI~ anions and F-DEE molecules, respectively,
inside the solvation shell. The dominant solvation structures for each F-DEE system are highlighted in bold

(nFSI™, nF-DEE) FOFO F1F0 F2F0 F3F0 F1F1 F1F2 F2F2 F3F1 F3F2 F3F3
(0,3) 31.90 2.94 0.75 0.10 0.55 0.19 0.08 0.05 0.04 0.00
(0,2) 0.12 2.77 0.89 0.03 44.84 28.49 21.26 3.64 2.44 0.01
(1,2) 60.02 76.71 56.14 26.51 40.54 35.34 32.02 30.43 20.68 2.69
(2,1) 1.59 8.65 15.73 16.51 10.22 24.36 30.67 33.27 34.11 18.33
(2,2) 5.39 6.81 15.31 21.02 1.58 3.51 3.30 6.78 5.68 3.37
(3,1) 0.51 1.83 10.58 32.00 1.95 7.28 11.63 23.13 30.08 45.58
(4,0) 0.01 0.03 0.04 1.09 0.00 0.03 0.32 1.04 2.83 9.52
(4,1) 0.00 0.01 0.18 1.55 0.02 0.03 0.08 0.38 1.68 7.54

This journal is © The Royal Society of Chemistry 2025
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molecules. The high Na'-FDEE coordination numbers in these
systems further support the prevalence of solvent-dominated
solvation environments (Fig. S3). As fluorination increases in
the low-fluorinated bilaterally substituted F-DEEs, the pop-
ulation of three-molecule solvation shells (2FSI, 1F-DEE)
initially rises and then declines, while the population of
solvent-only shells decreases. However, clustered solvation
shells remain relatively insignificant. These observations along
with low MTC values suggest that in solvent-dominated solva-
tion environments, found in low-fluorinated bilaterally
substituted F-DEEs, Na" ions diffuse primarily via the vehicular
mechanism, with the solvent-solvated sodium complexes
moving independently. The low ionic conductivity of these
systems, despite the presence of solvent-separated ion pairs,
contradicts the conventional expectation that such species
facilitate faster sodium diffusion in dilute electrolytes.>*>*

In the highly fluorinated bilaterally substituted F-DEEs,
anion-clustered solvation complexes become dominant. With
increasing fluorination, the population of four-molecule-
coordinated solvation shells grows substantially. In F3F3, over
60% of the cation solvation shells are highly aggregated, with
46% comprising four molecules. These aggregates predomi-
nantly consist of anion-rich configurations, such as (3FSI,
1DEE), where an anion is coordinated to multiple sodium ions.
The increasing Na'-OFSI coordination number in the bilaterally
substituted F-DEEs (Fig. S3) further corroborates this trend
towards aggregation. Bilateral low fluorination of DEE enhances
Na® coordination via localized Na-F interactions, while
reducing electron density on ether oxygens and tuning solvation
strength. However, excessive fluorination causes charge delo-
calization, weakening Na'-solvent binding.?>?*? This results in
a shift from solvent-dominated to anion-rich solvation shells,
facilitating faster ligand exchange and promoting structural
diffusion mechanisms. In low bilaterally-substituted F-DEE
solvents, vehicular motion dominates due to strong solvent
coordination, while in highly fluorinated solvents, weak Na'-
solvent interactions enable dynamic ligand rearrangements and
enhanced ionic mobility.

The partial radial distribution functions (pRDFs) of Li* with
the oxygen atoms of both FSI" and F-DEEs exhibit a clear shift
of ~0.36 A toward shorter distances compared to Na', along
with sharper and narrower peaks, as shown in Fig. S5. These
features indicate that Li" forms more compact and strongly
bound solvation shells. Moreover, the RDF peak height
increases significantly with fluorination (FOFO to F3F3), sug-
gesting that more anions enter the Li' solvation shell,
promoting persistent ion-pairing. These features collectively
point to significantly stronger ion-solvent and ion-anion
interactions for Li*. As a result, Li* forms tightly bound solva-
tion environments, which persist over longer timescales and
hinder its mobility relative to Na'. Furthermore, the ionic
conductivity in the Li-based electrolytes followed the trend (-
CH,F > -CH; > -CHF, > -CF;) of B-fluorination in DEEs.*>** This
is contrasting to the Na-ion in F-DEEs where the polar and
strongly interacting groups -CH,F and -CHF, groups tend to
have lower ionic conductivities as in the case of low bilaterally
substituted F-DEEs. This contrast may arise from the weaker
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Na-F interactions relative to Li-F. In Li* electrolytes, stronger
ion-solvent interactions promote vehicular diffusion, whereas
in Na" systems, stronger solvation in low bilaterally substituted
F-DEEs compared to unfluorinated DEE suppresses structural
diffusion, resulting in lower conductivities.

The observation of enhanced ionic conductivity and trans-
ference numbers in highly fluorinated DEE electrolytes, simul-
taneous with the prevalence of multi-anion, -cluster-like
solvation shells around the Na' cation (e.g., (3FSI, 1F-DEE)),
presents a counterintuitive result. Conventionally, increased
fluorination and the formation of such ionic aggregates are
associated with reduced ionic conductivity, owing to the
decreased mobility of larger, less-charged species. However, our
calculated MTC values for these highly fluorinated systems
indicate a dominance of structural diffusion over vehicular
transport. This suggests a paradigm shift: the key to under-
standing this enhanced transport lies not solely in the static
solvation structure, but in its dynamics. We hypothesize that
these distinct solvation environments, characterized by varying
numbers and arrangements of anions and solvent molecules,
possess a spectrum of relaxation timescales. Particularly, the
total solvation number of the species inside the Na* solvation
shell plays a crucial role in determining the lifetime of the
solvation shell. The presence of faster relaxation modes, facili-
tated by rapid anion and solvent exchange kinetics within these
clusters, could enable a highly efficient Grotthuss-like hopping
mechanism, overcoming the limitations typically imposed by
aggregate formation via the Stokes-Einstein relation. To rigor-
ously test this hypothesis and quantify the dynamics of these
critical solvation structures, we performed detailed analyses of
solvation shell lifetimes and relaxation processes, as presented
in the following section.

3.6 Solvation shell dynamics: lifetimes and relaxation
processes

To understand the role of solvation shell structure on the
relaxation modes, we investigated the lifetimes/lifetimes of the
different primary solvation shell configurations of Na'. A
geometric criterion, e.g. neighbor variable H(rt), is defined as
equal unity if the distance between the Na* and the oxygens of
a certain species (F-DEE or FSI ) is within a specified cutoff at
a certain time ¢. We have chosen the distance cutoff as the first
minimum of the corresponding pRDFs to encompass the first
solvation shell. From this, the neighbor autocorrelation func-
tion (NACF) for a particular solvation configuration having x
FSI" and y F-DEE is calculated using

> (H(zo + )H(%0))
Y (H(0)H(0))

where ¢ is the correlation time and < ... > depicts the time-origin
averaging done through the initial frames 7, and the total
number of Na'. Since reformation is not allowed, these are
called continuous NACFs.*»* These NACFs were fitted with
a single exponential that provides insights into the lifetimes ()
of survival of these solvation cages. Fig. 5 shows the lifetimes
and percentages of the solvation shells for different F-DEE

NACEF (s~ yr.pEE) () = (8)

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Solvation shell lifetimes. Left axis: lifetimes (in ps) of three-
molecule solvation shells (2 FSI, 1 F-DEE or 2 F-DEE, 1 FSI) shown as
green-colored points, and four-molecule shells (2 F-DEE, 2 FSl or 3
FSI, 1 F-DEE) shown as red-colored points across different F-DEE
electrolytes. Right axis: fraction of three-molecule solvation shells (2
FSI, 1 F-DEE or 2 F-DEE, 1 FSI) and four-molecule solvation shells (2 F-
DEE, 2 FSI or 3 FSI, 1 F-DEE) depicted by colored bars.

electrolytes. The average lifetimes of solvation shells containing
three coordinated/solvated molecules (2 FSI, 1 F-DEE or 1 F-
DEE, 2 FSI) and four coordinated molecules (3 FSI, 1 F-DEE or
2 FSI, 2 F-DEE) are depicted in the figure. Four-molecule
solvation shells show increasing lifetimes with fluorination,
rising from 68.1 ps in FOFO to 339 ps in F3F3, peaking at 251.3
ps in F3F0 among unilaterally fluorinated systems. Similarly,
three-molecule solvation shells exhibit increases in lifetime
with fluorination, with F3F0 showing the highest values across
all systems. Notably, solvation shells containing four molecules
exhibit significantly faster relaxation dynamics (approximately
three to four times faster) compared to three-molecule solvation
shells.

The overall transport of Na" ions is influenced by both the
solvation number of their primary solvation shells and the
relative presence of each solvation configuration. As discussed
in the previous section, with increasing fluorination-whether
unilaterally or bilaterally—the proportion of four-molecule
solvation shells grows compared to three-molecule shells
(Fig. 5). In highly fluorinated DEEs, such as F3F0 and F3F3,
four-molecule solvation shells become more dominant than the
three-molecule ones. The combination of short lifetimes and
high populations of four-molecule solvation shells in F3F0 and
other highly fluorinated, bilaterally substituted F-DEEs
promotes a transition toward a structural diffusion mecha-
nism. These differences in solvation shell lifetimes likely reflect
variations in the free energy landscape, where FSI -rich envi-
ronments (e.g.,, 3 FSI, 1 F3F3) offer shallower free-energy
minimum and lower transition barriers. Similar trends have
been reported in free-energy analyses in previous works.***® The
flexible, weakly coordinating nature of FSI™ facilitates rapid
ligand exchange and enables efficient structural ion transport
via dynamic ion rearrangements.

This journal is © The Royal Society of Chemistry 2025
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Further insights into the solvation shell dynamics were ob-
tained by calculating the Neighbor autocorrelation functions
(NACFs) of the Na'-O bonds for both anions and solvent
molecules within all solvation shells (Fig. S6 and S7). These
ACFs provide information about the average time a particular
species (FSI™ or F-DEE) remains within the first solvation shell
of Na'.

The bi-exponential fitting of the neighbor ACFs for Na'~Ogg;
bonds reveals relaxation modes in the range of 0-1 ns (Fig. S6).
These relaxation times are significantly faster than those of the
Na'-Op_pgi bonds, which range from 4.5-25 ns. This indicates
that the dominant contribution to structural motion arises from
the fast relaxation modes of the Na'-Ogrg; bonds within the
solvation shells. The tna'o,, values increase with increasing
fluorination (Fig. S6A and B). On the other hand, the solvent
lifetimes (twa-o,,,) decrease with increasing fluorination
(Fig. S7). Thus, the solvent relaxation becomes faster in the
anion-rich, clustered solvation shells prevalent in the highly
fluorinated systems. This is consistent with the weakened
interaction between Na' and the highly fluorinated terminal
ends of the F-DEE solvent molecules, facilitating faster solvent
exchange and promoting structural diffusion.> These rapid
solvent/anion exchanges, particularly within the four-molecule-
coordinated solvation shells in F3F0 and highly fluorinated
bilaterally substituted F-DEEs are key factors contributing to the
enhanced ionic conductivity and transference numbers via the
promotion of a rapid ion-hopping mechanism.

The solvation shell compositions of Li* and Na* in F3F3 are
broadly similar in terms of dominant configurations (e.g., 3
FSI™ and 1 DEE), but the dynamics differ significantly. Li*-
containing aggregates exhibit residence times nearly twice as
long as their Na" counterparts, indicating more stable and less
dynamic solvation structures. For 3-molecule shells (2 FSI", 1
F3F3), the residence time for Li" is nearly four times longer than
for Na', further reducing its mobility. This difference in solva-
tion dynamics underpins the higher conductivity observed in
NaFSI/F3F3 compared to LiFSI/F3F3. Furthermore, Li" exhibits
only a moderate increase in MTC (0.29 to 0.36) from FOFO to
F3F3, reflecting limited enhancement in structural diffusion.
These observations stem from fundamental differences in the
ionic properties of Li" and Na". Li", with its smaller ionic radius
and higher charge density, forms stronger electrostatic inter-
actions with both anions and solvents, resulting in tightly
bound solvation shells. In contrast, larger size and lower charge
density of Na" lead to weaker interactions and more flexible
coordination environments, enabling faster solvation shell
rearrangements and enhanced structural diffusion.

4 Discussion and conclusion

We have systematically investigated the influence of terminal
fluorination in DEE-based electrolytes on the solvation struc-
ture, dynamics, and ion transport properties in SIBs. By
employing all-atom MD simulations and analyzing the results
within the framework of Onsager transport coefficients and the
mixed transport coefficient, we have shown a fundamental shift
in the dominant ion transport mechanism from predominantly
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vehicular to a mixed vehicular-structural with an increasing
degree of fluorination.

In unfluorinated DEE and low-fluorinated analogs, Na*
transport is primarily governed by the vehicular mechanism,
where the ion migrates along with its intact, solvent-dominated
solvation shell. This is supported by the prevalence of solvent-
separated ion pairs, the low MTC values, and the relatively
long lifetimes of solvent molecules within the solvation shell.
However, as the degree of fluorination increases, particularly in
the highly fluorinated unilaterally substituted (F3F0) and
bilaterally substituted (F3F3) F-DEEs, a distinct transition
towards a structural transport mechanism is observed.

This transition is driven by several key factors. First, fluori-
nation significantly alters the composition of the Na" solvation
shell. While unfluorinated DEE favors solvation environments
rich in solvent molecules, highly fluorinated DEEs promote the
formation of anion-clustered solvation shells, particularly four-
molecule coordinated configurations like (3FSI, 1F-DEE) and
(2FSI, 2F-DEE). Second, these anion-rich solvation shells exhibit
significantly faster relaxation dynamics, as evidenced by the
shorter lifetimes of both solvent and anion species within the
shell. This accelerated structural relaxation facilitates more
frequent solvent/anion exchange events, promoting a Grot-
thuss-like hopping mechanism for Na® transport. Third, the
increasing contribution of structural diffusion is further
corroborated by the substantial increase in the MTC with
increasing fluorination, reaching values as high as 0.45 in F3F3.
Finally, the positive values of the distinct Onsager coefficients
(7, and F*_) in the highly fluorinated systems indicate
a concerted hopping mechanism, where the movement of one
Na' ion into a new coordination site triggers the displacement
of another Na" ion, leading to enhanced, correlated ion motion.

The observed enhancement in structural diffusion in the
highly fluorinated DEEs has profound implications for the
overall ion transport properties. Notably, F3F0 and F3F3 exhibit
higher ionic conductivities and Na® transference numbers
compared to their unfluorinated or less fluorinated counter-
parts. This finding challenges the conventional notion that ion
pairing and aggregation, which are more prevalent in the highly
fluorinated systems as evidenced by the solvation shell analysis,
universally hinder ion transport. Instead, our results demon-
strate that when ion aggregation is coupled with fast structural
relaxation and a shift towards structural diffusion, it can lead to
improved transport properties. Despite FSI™-rich solvation and
stronger Na'-FSI~ correlations in F3F3, these are short-lived,
indicating rapid ligand exchange dynamics. This is in contrast
to Li-ion studies where ion pairing is understood to impede ion
transport due to the formation of large, immobile aggregates
that cannot contribute to structural diffusion and lower the
fraction of free ions that can take part in vehicular transport.

The insights gained from this study have significant impli-
cations for the design of high-performance electrolytes for SIBs.
By strategically introducing fluorine atoms into solvent mole-
cules, it is possible to manipulate the solvation environment
and promote structural diffusion, leading to enhanced ionic
conductivity and transference numbers. This approach offers
a promising alternative to conventional electrolyte design
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strategies that primarily rely on optimizing salt concentration to
enhance vehicular transport.

However, it is important to acknowledge that the optimal
degree of fluorination may depend on a delicate balance
between promoting structural diffusion and avoiding excessive
ion pairing that could ultimately hinder ion transport. While
F3F0 and F3F3 demonstrate superior transport properties in
this study, further investigations are needed to explore the
effects of even higher degrees of fluorination and different
fluorination patterns. Additionally, the influence of salt type,
salt concentration, and temperature on the solvation structure,
dynamics, and ion transport mechanisms in F-DEE-based
electrolytes warrants further investigation.

In conclusion, this work provides a fundamental under-
standing of the role of fluorination in modulating ion transport
mechanisms in liquid electrolytes. The demonstrated ability to
promote structural diffusion through strategic fluorination
opens up new avenues for the design of advanced electrolytes
for next-generation SIBs and other electrochemical energy
storage devices. By combining computational modeling with
experimental validation, it will be possible to develop a more
complete understanding of ion transport phenomena in
complex electrolyte systems and to design electrolytes that can
meet the demanding requirements of future energy storage
applications.
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