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ABSTRACT: Mixtures of lithium bis(trifluoromethylsulfonyl)amide (LiTFSI) salt and glyme-
based solvents are potential alternative candidates for commonly used electrolytes. We perform
classical molecular dynamics simulations to study the effect of concentration and temperature on
translational and rotational dynamics. The radial distribution function shows stronger
coordination of Li+ ions with tetraglyme (G4), as shown in earlier studies, and forms a stable
[Li(G4)]+ cation complex. The self-diffusion coefficients are lower than the values experimentally
observed but show improvement over other classical force fields without charge scaling. An
increase in the salt concentrations leads to a higher viscosity of the system and reduces the overall
ionic mobility of Li+ ions. Diluting the system with a larger number of G4 molecules leads to
shorter rotational relaxation times for both TFSI and G4. Ion-residence times show that Li+ ions
form stable and long-lasting complexes with G4 molecules rather than TFSI anions. The residence time of the [Li(G4)]+ complex
increases in the highly concentrated system due to the availability of fewer G4 molecules to coordinate with a Li+ ion. G4 is also seen
to form polydentate complexes with Li+ ions without shared coordination, allowing rotation without breaking coordination, unlike
TFSI, which requires coordination disruption for rotation. This distinction explains the poor correlation between rotation and
residence time for G4 and the strong correlation for TFSI.
KEYWORDS: lithium electrolyte, rotational relaxation, time correlation, polydentate solvation, high-viscosity electrolyte, LiTFSI solvate

■ INTRODUCTION
The growing demand for clean energy across the world
requires efficient energy-storage devices. Batteries and super-
capacitors are among the most widely used electrochemical
devices for energy storage. Significant progress has been made
in the past three decades in reducing the overall cost of
lithium-ion batteries (LIBs) while increasing their energy
density. The cost has decreased from $1000/kWh in 2009 to
$180/kWh in 2020, while the energy density has increased
from 125 to 250 Wh/kg. The LIB market was $36.7 billion in
2019 and is expected to reach $128.3 billion by 2027, with an
estimated compound annual growth rate of 18% from 2020 to
2027.1,2 The electrolyte is an important component of batteries
that determines the cyclic efficiency and the charge−discharge
rate of a battery. Generally, ideal electrolytes should possess
high ionic conductivity and good electrochemical and thermal
stability. Commercialized LIBs use electrolytes of fluoride salts
and organic solvents, which provide high ionic conductivity but
are susceptible to leakage and flammability and are responsible
for most fire accidents in electric vehicles. Various alternative
electrolyte systems, such as ionic liquids (ILs),3 solvate ionic
liquids (SILs),4 polymer electrolytes,5 localized highly
concentrated electrolytes,6 inorganic solid electrolytes,7 soft-
solid electrolytes,8 and composite electrolytes,9 have been
proposed to increase the safety aspects and energy density of
the batteries. SILs are considered an alternative to conven-

tional organic electrolytes due to their unique structural
characteristics and higher ionic conductivity. SILs generally
form in equimolar mixtures when a cation (e.g., Li+ here)
forms a coordinated complex ([Li(G4)]+) with the donor sites
of the solvent molecule, with anions being solvent-separated
and occupying the interstitial volume. SILs have higher
viscosity compared to organic electrolytes; still they possess
higher ionic conductivity, which is attributed to the higher
concentration of Li(G4)[TFSI].10,11 The glyme family of
solvents, specifically those with higher chain lengths, is a better
alternative to organic solvents in ILs due to their lower
flammability, lower toxicity, and higher thermal stability. In
ILs, the currently used higher-chain-length solvents are
triglyme (G3), tetraglyme (G4), and pentaglyme (G5) with
lithium bis(trifluoromethylsulfonyl)amide (LiTFSI) and LiPF6
salts. LiTFSI salt shows excellent thermal and chemical
stability up to 360 °C and dissociates easily in various types
of solvents.12−16
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Higher-chain-length glyme molecules have better physi-
ochemical properties compared to shorter-chain-length glyme
molecules. Equimolar concentrations of triglyme (G3) and
tetraglyme (G4) have been investigated with lithium salts using
various experimental (Raman spectroscopy, small-angle X-ray
scattering, and diffusion nuclear magnetic resonance) and
computational techniques.10,17,18 Structural properties like the
radial distribution function (RDF) and radius of gyration (Rg)
are useful in predicting the local solvation shell and
compactness of atoms or molecules, respectively. The local
structure of Li+ ions prefers to remain in a 5-fold (or 4-fold)
coordination with oxygen of G4 and TFSI combined, where
the major contribution comes from G4.19−21 Based on G4 or
TFSI coordination, the LiTFSI/G4 complexes are classified as
contact ion pairs (CIPs) and solvent-separated ion pairs
(SSIPs). In CIPs, O atoms on TFSI directly coordinate with
solvated Li+ ions, whereas in SSIPs, TFSI anions interact with
the [Li(G4)]+ complex. The SSIP configurations were found
to be energetically more favorable compared to the CIP
configurations, stating that Li+ ions prefer to remain as a
[Li(G4)]+ complex in the system, also supported by the
diffusivity ratio (DLi+/DG4), which is equal to 1 for equimolar
systems.17,22,23

Experimental techniques like 2D IR spectroscopy, along with
molecular-mechanics-based nonreactive classical molecular
dynamics (MD) simulations and first-principles calculations,
have been used to assess and characterize the distribution of
these various structural complexes.20,24−28 However, the
challenge with classical MD is that it does not capture the
structural changes in solvated structures during the dynamics
very well compared with ab initio molecular dynamics (AIMD)
simulations. Still, inaccessibility to longer time scales in AIMD
simulations forces the use of classical models, especially for
longer time-correlated properties like translational and rota-
tional diffusion. Recently, machine-learning interatomic
potentials (MLIPs) have emerged as an efficient alternative

to both classical MD and AIMD for liquid electrolyte
simulations in batteries. These models can achieve near-first-
principles accuracy while dealing with the large system sizes
and longer time scales accessible to classical MD.29−32

Experimentally, the diffusion coefficients for Li+, TFSI, and
G4 are calculated at 30 and 80 °C (discussed later in the
Translational Dynamics section).10,18,22,33 Using MD simu-
lations with a polarizable force field, Dong et al.16 found that
the diffusion coefficients of species at 30 and 80 °C are 1 or 2
orders of magnitude less than the experimental diffusion
coefficients. Other research groups also used nonpolarizable
optimized potentials for liquid simulations (OPLS) force fields
with scaled charges (to include polarization effects) and found
similar diffusion coefficients at 227 °C.34 No experimental
study has been done so far that highlights the system dynamics
at such elevated temperatures.33 The use of scaled charges can
model the structure right by oversimplification of the many-
body interactions. Thus, the use of more robust methods to
compute the partial charge of molecules is required. Dong’s
group also calculated the lifetime of the Li+ ions with TFSI and
G4 at 373 K, which depends upon the salt concentration. A
smaller concentration of salt leads to a greater number of free
glyme molecules in the system, which goes through a faster
exchange event with glyme molecules binding with Li+ ions,
thus reducing the lifetime of Li−OG4.16 The translation
diffusion, exchange events, and residence times also dictate
the coiling and bending of the geometries of G4 and TFSI,
respectively. However, no modeling of rotational dynamics has
been conducted yet that shows the effect of the coiling/
bending of one molecule on another or on the rotational
lifetime of molecules. The rotational contribution is an
important factor in deciding the lifetime of big continuous
clusters of Li+ ions with TFSI and G4. Moreover, the effect of
correlated motions on the ionic mobility is not very well
understood even in some of the recent studies,35−37 which
motivates us to investigate whether there is an interplay

Figure 1. (a) Schematic representation of LiTFSI and G4 with partial atomic charges and (b) 1:4, (c) 1:2, (d) 1:1, and (e) 2:1 ratio mixtures of
LiTFSI/G4 at 300 K after an equilibration of 10 ns.
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between the residence and rotational lifetimes in such high-
viscosity lithium electrolytes. Although the absolute time scales
might be overestimated due to simulation limitations, the
observed relative trends and the correlation between the
residence and rotational times are expected to be reliable and
physically meaningful.

The present work investigates the extreme range of LiTFSI
and G4 mixture compositions (from 1:4 to 2:1) at various
temperatures with classical MD simulations using a modified
OPLS force field.38 The partial charges for atoms of LiTFSI
and G4 are reparametrized here (Figure 1). A correct structure
prediction and long-time-scale simulations performed in the
present work provide a reliable set of results for diffusion
coefficients, residence times, rotational relaxation times, and
cluster sizes and theorize a not-yet-explored interplay of these
parameters.

■ COMPUTATIONAL DETAILS
Four mixtures with different LiTFSI/G4 ratios (1:4, 1:2, 1:1,
and 2:1) were studied, as shown in Table S1. These mixtures
were modeled using a charge-reparametrized OPLS force field.
Partial atomic charges for the LiTFSI and G4 molecules were
calculated (Figure 1a) using a range-separated hybrid func-
tional wB97x-D439,40 with a sufficiently large basis set def2-
tzvpp, utilizing the ORCA 5.0.1 package.41 Partial atomic
charges were derived for all atoms of TFSI and G4 from their
geometries in Li-bonded states using the CHELPG method.42

A fixed charge of 0.87+ was assigned to Li+ ions based on the
bonded state of the cation and the free cation. The PME
algorithm43 was used to compute the long-range electrostatic
interactions. The cutoff for Lennard-Jones and electrostatic
interactions was set to 10 Å. A time step of 1 fs was used
throughout the simulations. All simulations were conducted
using the Gromacs 202144 software package. For postprocess-

ing and analysis, VMD 1.9.3,45 TRAVIS,46 and in-house scripts
developed in Python were used.

The different ratio mixtures were initially minimized by
using the conjugate-gradient algorithm. Each system was
heated from 300 to 600 K in the NPT ensemble with a heating
rate of 50 K per 5 ns to mix it well, followed by an equilibration
run in the NVT ensemble for 10 ns at each particular
temperature. Parts b−e of Figure 1 show postequilibrated
mixtures at 300 K. The velocity rescaling method47 and
Berendsen barostat48 were used to manage fluctuations in
temperature and pressure, respectively. Following this, the
systems were cooled again from 600 to 300 K in the NPT
ensemble at the interval of 50 K per 5 ns with 10 ns of NVT
equilibration at each particular temperature. Final production
runs were performed at 300 and 500 K in NVT ensemble
conditions for 100 ns to obtain sufficiently long trajectories for
analysis.

■ RESULTS AND DISCUSSION

Solvation Structure
The interatomic interactions of TFSI and G4 around Li+ ions
were calculated as RDFs

=
×

g r
n r

r r
( )

( )
4 2 (1)

and coordination number

=n r g r r r( ) 4 ( ) d
r

0

2
(2)

n(r) is the number of particles located at the distance between
r and r + Δr from the reference particle, ρ is the bulk number
density, and r′ is the distance of the first minima of g(r) from
each atom. The neutron scattering confirms that, in an
equimolar mixture of LiTFSI and G4, 95% G4 molecules are

Figure 2. RDFs for (a) Li···O(TFSI), (b) Li···O(G4) at 300 K, and (c) Li···O(TFSI) and (d) Li···O(G4) at 500 K for different compositions.
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coordinated by Li+ ions and the remaining 5% have an
incomplete Li···O(G4) coordination.49 The experimental g(r)
peaks are observed at 1.9 Å for Li···O(G4) and 2.0 Å for Li···
O(TFSI) in an equimolar (1:1) mixture.49 Our simulations are
in good agreement with these observations because the first
solvation shell of a Li+ ion is seen to form at 1.9 Å with O
atoms of G4 and at 2.0 Å with O atoms of TFSI (Figure 2).
From the integration of these RDFs (within a cutoff radius of
2.3 Å), the coordination number in the equimolar ratio at 300
K is 3.6 for Li···O(G4) and ≃0.7 for Li···O(TFSI). The
variation in the coordination number of Li+ ions is observed at
different salt concentrations. With an increase in the
concentration of glyme molecules, the coordination number
of Li···O(G4) increases nearly to 4 at 1:2 and 1:4 ratios. Also,
the increase in the concentration of solvent leads to an increase
in the intensity of the RDF of the Li···O(G4), whereas the
intensity of the RDF of Li···O(TFSI) decreases as more Li+

ions find free G4 and attach to them. Changing the
concentrations of the salt and solvent does not affect the
radius of the first coordination shell around lithium.

The coordination number of Li···O(G4) in the equimolar
ratio decreased to 3.3 (500 K) from 3.6 (300 K). This could
happen due to the accelerated dynamics, which leads to a faster
exchange between G4 molecules at higher temperatures within
the solvation shell of lithium. This also leads to a decrease in
the lifetime of the Li···O(G4) complex, which is confirmed
through an ion-pair/ion−solvent existence autocorrelation
function (discussed vide inf ra in the Ion-Residence Times
section). Also, the intensities of the RDF peaks showed a small
decrease at 500 K for both Li···O(TFSI) and Li···O(G4)
compared to the RDFs at 300 K. Additional Li···Li RDFs are
provided in Figure S1.
Radius of Gyration (Rg)
Because both the TFSI anion and G4 are long molecular
structures, their coiling leads to a significant variation in Rg. We
used MD trajectories to calculate Rg for TFSI anions and G4
molecules for each ratio and at 300 and 500 K (Figures S2 and
S3). As shown in Table 1, the Rg values of TFSI and G4 in the

most diluted system (1:4) at 300 K are 0.256 and 0.381 nm,
respectively. At a higher concentration, 2:1, the Rg values for
both TFSI and G4 decrease to 0.254 and 0.363 nm, suggesting
a more coiled configuration, particularly for G4, which shrinks
by 5%. The Rg values for both TFSI and G4 decrease in the
highly concentrated system. This indicates that, at higher salt
concentrations, most G4 molecules coordinate individually
with the Li+ ions, thus increasing their overall compactness. In
the diluted system, there are more free G4 molecules available
to share the coordination, leading to higher Rg. As expected, at
higher temperature, the Rg values for TFSI and G4 increase
from 0.256 to 0.257 nm and from 0.381 to 0.387 nm,
respectively, when increasing temperature from 300 to 500 K.

Even these slight changes in Rg are an important factor that can
lead to an interplay in translational and rotational dynamics
and ion-residence times in these mixtures (discussed vide
inf ra).
Translational Dynamics

The translational diffusion of ions and G4 is ascertained with
the calculation of the mean-squared displacement (MSD) for
all trajectories. Because Li+ ions are strongly coordinated with
O atoms of TFSI and G4, at high concentration (e.g., 2:1) and
low temperature (e.g., 300 K), their movement (Li+ ions) is
heavily vibrational in their coordination “cage”. The trajectory
lines for the 2:1 and 1:4 compositions (Figure 3) at 300 and
500 K show that, for 2:1 at 300 K (Figure 3a), all Li+ ions
move in the coordination cage with a vibrational motion of
0.1−0.3 Å of amplitude between two frames separated over a 5
ps time interval. These cage vibrations are also observed in
other inorganic and soft-solid electrolytes.8,50 The self-diffusion
coefficients (D) are obtained from the diffusive regime of MSD
vs time plots (Figures S4 and S5), utilizing the Einstein
relationship as

= | + |
=

D
d t N

r t t r t1
2

1
( ( ) ( ) )

i

N

i i
1

2

(3)

Here, ri(t) is the position of the ith atom at time t, Δt is the lag
time, d is the dimensionality of the system, N is the number of
particles, and ⟨(|ri(t+Δt) − ri(t)|2)⟩ is the MSD averaged over
multiple origins of time. The calculated values of self-diffusion
coefficients at 300 and 500 K are reported in Table S2 and
provided in Figure 4 (at 500 K). The self-diffusion coefficients
for Li+ in an equimolar LiTFSI/G4 electrolyte from various
experimental and simulation methods are reported in Table 2.
Experimentally, the self-diffusion coefficient of Li+ ions (DLi+)
is measured using both impedance spectroscopy and pulsed-
field-gradient (PFG) NMR (Table 2).18,22,33 In simulations,
classical MD with scaled charges (a brute-force way to obtain
the appropriate local interactions and diffusion) predicts the
self-diffusion coefficients better than the other nonscaled
charge-based works.33,34 Here, the diffusion coefficients of G4
are similar to those of Li+ ions for a 1:1 system, showing the
formation of stable [Li(G4)]+ complexes. This suggests that
lithium primarily diffuses in a “vehicular-type” mechanism, in
the form of a [Li(G4)]+ complex.22,23 With more G4
molecules available in the mixture, DLi+, DTFSI−, and DG4
increase due to faster exchanges between G4 molecules inside
the Li+ ion solvation shell. Li···Li RDFs (Figure S1) also show
that the most probable distance between two Li+ ions is 4−6 Å,
similar to what is observed in highly concentrated solid
electrolytes.8,51 This includes the possibility of hopping
between transient coordination sites along with vehicular
motion, leading to sluggish diffusion of Li+ ions. Also,
increasing the concentration of LiTFSI leads to an increase
in the pairing probability of [Li(G4)]+ and TFSI anions,
causing sluggish diffusion of both ions.21 The calculated
transference numbers for Li+ are close to 0.34 (Table S3),
considering no anion blocking, and thus are closer to the PFG
NMR value (∼0.5) while significantly overestimated compared
to potentiostatic polarization estimates (0.02−0.03).52,53

Rotational Dynamics

The rotational autocorrelation function (RACF) is employed
to analyze the orientational dynamics of TFSI and G4. In the
case of the TFSI anion, the S−N−S triplet is selected, where

Table 1. Average and Standard Deviation of Rg (nm) for 1:4
and 2:1 Systems

300 K 500 K

species average std. dev. average std. dev.

1:4 TFSI 0.256 0.0006 0.257 0.0006
G4 0.381 0.0016 0.389 0.0018

2:1 TFSI 0.254 0.0002 0.255 0.0003
G4 0.363 0.0007 0.367 0.0034

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.6c00398
ACS Appl. Energy Mater. 2026, 9, 2902−2911

2905

https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c00398/suppl_file/ae6c00398_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c00398/suppl_file/ae6c00398_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c00398/suppl_file/ae6c00398_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c00398/suppl_file/ae6c00398_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c00398/suppl_file/ae6c00398_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c00398/suppl_file/ae6c00398_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c00398/suppl_file/ae6c00398_si_001.pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.6c00398?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the rotational vector is defined as the cross-product of the two
S−N and N−S bond vectors. Similarly, for the G4 molecule,
the atom triplet consists of C−O−C atoms, where O is the
geometric center of the molecule. The RACF for the vector is
written as

= ·C t u u t( ) ( (0) ( ) (4)

where u(0) and u(t) are the rotational vectors u at times t = 0
and t.

Figure S6 shows that, for the system with the highest
concentration of G4 molecules (1:4), the RACFs for both
TFSI and G4 decay more slowly with increasing salt
concentration. In dilute mixtures, a larger number of free G4
molecules in the system are partially/uncoordinated with Li+

ions, resulting in fewer obstructions in their rotational
dynamics. Also, the viscosity in LiTFSI-based electrolytes
rises with increasing LiTFSI concentration but decreases
significantly with increasing temperature, with reports
indicating a reduction of up to 83% in a few cases and more
than that over a 50 K temperature rise.56,57 With increasing salt
concentration, the rotational decay becomes much slower due
to the higher viscosity of the system and increase in the shared
coordination of TFSI and G4 with Li+ ions. Also, G4 molecules
rotate more slowly than TFSI anions, primarily due to a bigger
Rg and due to their higher coordination with Li+ ions.

The rotational relaxation time τrot (Table 3) is calculated as

= C t t( ) drot
0 (5)

Figure 3. Trajectory of Li+ ions over a time of 100 ns for different LiTFSI/G4 ratios: (a) 2:1 at 300 K; (b) 2:1 at 500 K; (c) 1:4 at 300 K; (d) 1:4
at 500 K.

Figure 4. Self-diffusion coefficients of Li+, TFSI−, and G4 for different
LiTFSI/G4 ratios at 500 K.

Table 2. Comparison of Self-Diffusion Coefficients, D (in
10−7 cm2/s), for an Equimolar (1:1) LiTFSI/G4 Electrolyte
Reported in Various Experimental and MD Simulation
Works

temperature (K) DLi+ DTFSI− DG4

Experimentsa - Tamura et al.10

303 1.26 1.22 1.26
Experimentsa - Yoshida et al.54

303 1.31 1.22 1.29
Experiments - Zhang et al.22

303 1.26 1.22 1.26
aExperimentsa - Harte et al.33

303 1.01 1.04 0.87
353 27.90 7.08 6.33

MD Simulationsb - Dong et al.16

303 0.41 0.40 0.41
MD Simulationsc - Tsuzuki et al.19

403 0.78 0.73 0.78
MD Simulationsc - Shinoda et al.55

503 4.5 5.7 4.6
MD Simulationsd - Thum et al.34

500 53 59 54
MD Simulationse - Harte et al.33

500 52.02 (±1.06) 56.63 (±3.23) 53.10 (±1.46)
700 96.16 (±16.02) 113.12 (±6.56) 96.69 (±10.69)

MD Simulationsf - This Work
300 0.02 (±0.01) 0.04 0.03 (±0.01)
500 12.43 (±0.27) 23.7 (±2.51) 12.38 (±0.02)

aPFG NMR. bMD simulation, polarizable APPLE&P force field. cMD
simulation, OPLS-AA and CL&P force field, with no charge scaling.
dMD simulation, OPLS-AA and CL&P force field, with scaled
charges. eMD simulation, OPLS-AA force field, with scaled charges.
fMD simulation, OPLS-AA force field, with no charge scaling.
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At 300 K, C(t) for some compositions did not decay
sufficiently during the simulation time; hence, τrot for those is
calculated analytically here by fitting C(t) with two exponential
functions, with the fitting coefficients shown in Tables S4 and
S5. At 300 K, τrot is 295 ns for TFSI and 893 ns for G4 for the
2:1 mixture. As the amount of G4 increases, τrot decreases
sharply for both TFSI and G4. τrot at 300 K is on the order of
nanoseconds, which decreases to picoseconds as the temper-
ature is raised to 500 K. The local structure and the nature of
coordination of Li+ ions alters τrot for a couple of orders across
these concentrations. An analysis on the correlation of τrot with
the residence time of G4···Li and TFSI···Li and the formation
of interatomic networks (clusters) is discussed further to
understand this complexity.
Ion-Residence Times
The residence time of Li+ aggregates formed with TFSI and G4
is computed as an ion-pair (or ion−solvent) existence
autocorrelation function (IEAF), which can be written as an
auxiliary function

=
+

t( )
1, TFSI and G4 inside a Li solvation shell

0, otherwiseij

l
moo
noo

(6)

and the IEAF for βij is

= · +
= =

C t
N

t t t( )
1

( ) ( ) d
i

N

j

N

ij ij2
1 1 0 (7)

The residence time τres of the aggregates formed can be
computed as

= C t t2 ( ) dres
0 (8)

τres for Li···O(G4) and Li···O(TFSI) interactions is
calculated within the first solvation shell of lithium. The radius
of the solvation shell is taken from the first minima of the
corresponding RDFs. Figure S7 shows the decay of IEAF for
Li−O for both TFSI and G4 at 300 and 500 K. The decay is
too sluggish for Li···O(TFSI) and Li···O(G4) in a highly

concentrated system. For all these systems, τres is calculated
numerically (for well-decayed) and analytically (for sluggish-
decayed) tabulated in Table S6. The value of τres is ∼6 μs for
Li···TFSI and ∼30 μs for Li···G4 for a 2:1 mixture at 300 K,
which decreases to ∼1 and ∼882 ns, respectively, as the system
is diluted with more G4 (1:4). Dong et al.16 calculated the
residence time of Li···O(TFSI) at various temperatures and
showed that, for the 1:1 system, the residence time for Li···
O(TFSI) is ∼7 ns at 303 K and decreases with increasing
concentration of free G4 molecules and at higher temperatures.
In our study, for an equimolar system, the residence time of
Li···O(TFSI) is 445 ns at 300 K and decreases to 1 ns at 500
K, as shown in Table S6. Similarly, the residence time of Li···
O(G4) is ∼34 μs at 300 K and decreases by 3 orders of
magnitude to ∼46 ns at 500 K. The discrepancy in the
residence time between our study and Dong’s group could be
due to the differences in force fields and the treatment of
partial charges. They used a polarizable force field that captures
the dynamic molecular charge redistribution in response to the
changing environment, which, in turn, weakens the coordina-
tion, facilitates exchange, and consequently reduces the
residence time. In a similar study for an equimolar LITFSI/
G4, Shinoda et al.55 reported that the residence times of Li···
TFSI and Li···G4 at 503 K were 2.5 and 87 ns, respectively,
which are closer to the values that we observed. The slight
differences may be due to differences in how partial charges
were assigned. More dilution leads to an increase in the
number of free G4 molecules in the system, enabling their
rapid exchange with the Li+ ion coordination shell and
subsequently decreasing the residence time.

We propose that such long residence times, particularly at
high concentration and low temperature, could affect the
rotational motion of these entities with a significantly large Rg.
If an ion−solvent or ion-pair network has a long lifetime (τres),
then their τrot values would also be proportionately longer. To
probe this, we computed the correlation of τres and τrot for each
G4 and TFSI at 300 and 500 K. Here each data set has four
pairs of values for the different concentrations of G4 and TFSI.
Plotted on a log−log scale (Figure 5), lifetimes (rotational-
individual and residence with Li) of TFSI anions are fitted as
x1.13 and x1.09 at 300 and 500 K, respectively, exhibiting a
greater than 99% correlation in both cases of temperature.
However, for G4, there is surprisingly low correlation of 66%
(at 300 K) and 89% (at 500 K) between the lifetimes. It can be
understood that an increase from 300 to 500 K in temperature
simply aligns the rotational motion with the residence time
better, but there is a stark contrast of this correlation with
TFSI. To investigate further, we analyzed ionic aggregates,
most-probable clusters, and their nature below.

Table 3. Rotational Relaxation Time, τrot (ns), for TFSI and
G4 for Different Concentrations at 300 and 500 K

300 K 500 K

τrot,TFSI τrot,G4 τrot,TFSI τrot,G4

1:4 0.2 6.02 0.005 0.03
1:2 0.59 22.59 0.005 0.06
1:1 15.7 189.15 0.020 0.16
2:1 295.22 893.31 0.260 0.59

Figure 5. Correlation plots for τres vs τrot of (a) TFSI at 300 K, (b) TFSI at 500 K, (c) G4 at 300 K, and (d) G4 at 500 K.
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Ionic Aggregates and Clusters

All of the concentrations of LITFSI/G4 are observed to form
long networks, where Li, TFSI, and G4 coordinate in a shared
and unshared manner to form various clusters. Figure 6 shows
the dynamic bonds around each Li+ ion in each case of
concentration at 300 K. The snapshots show that, for the dilute
mixtures (1:4), most of these clusters are individual and/or
unshared (Figure 6a,b). For the concentrated mixtures at the
2:1 ratio, long chains and shared coordination lead to the
formation of complex aggregates (Figure 6c,d). The
aggregation of molecules as long vs short networks is analyzed
by calculating the number and size of clusters during the
production run for last 90 ns of simulation time. A cutoff of 2.3
Å, chosen from RDF, is set as the criteria for cluster formation.
We define a cluster when one or more atoms of a G4 or TFSI
are within 2.3 Å of a Li+ ion. We analyzed these networks as
two different ways: individual and shared. For individual
networks, mutually exclusive Li···TFSI and Li···G4 clusters are
calculated (Table 4). For shared networks, every possible
cluster involving Li, G4, or TFSI within 2.3 Å is calculated
(Table 5). For these networks, we look at the two extreme
conditions: the size of the single largest network and the
number of smallest clusters (of size 1, which is essentially an
uncoordinated G4 or TFSI). For the 1:4 mixture at 300 K, the
number of molecules that do not form any cluster is nearly

equal to 6 (out of 108), which are mostly TFSI anions. This
suggests that, in the case of excessive solvation with G4, the
free uncoordinated molecules are TFSI. For concentrated
systems (2:1), ∼11 (out of 432) TFSI and 4 (out of 216) G4
molecules are left uncoordinated. The analysis of all
(individual + shared) clusters shows that ∼14% TFSI or G4
(total 77.6) are uncoordinated and free at 1:4 at 300 K.
Because the system is more concentrated, this number first
increases for 1:2 to 22% and then decreases for more
concentrated systems, 18% for 1:1 and less than 1% for 2:1.
The largest networks at various concentrations, which involve
the majority of TFSI and G4 forming these via a shared
coordination with Li+ ions, are shown in Figure 7a−d. All

intermediate-sized and intermittent-shared clusters with their
trajectory averaged occurrences are provided as size-dependent
distribution histograms in Figure S8. Most of the molecules/
ions are part of either the single largest cluster or the
uncoordinated single molecule/ions. The distribution histo-
gram shows that the intermediate-sized clusters increase with
G4 in the system and at high temperature also, which leads to

Figure 6. Dynamic bonds of ≤2.3 Å showing Li···O(G4) (yellow-green) and Li···O(TFSI) (yellow-red) clusters in LiTFSI/G4 molar ratios (a) 1:4
at 300 K, (b) 1:4 at 500 K, (c) 2:1 at 300 K, and (d) 2:1 at 500 K. Thick lines: yellow, Li; red, O(TFSI); green, O(G4). Thin lines: red, TFSI;
green, G4.

Table 4. Number of Uncoordinated Molecules of TFSI or G4 and the Size of the Biggest Exclusive Clusters of Li···TFSI and
Li···G4 at 300 and 500 K

300 K 500 K

LiTFSI LiG4 LiTFSI LiG4

uncoord. size of max. uncoord. size of max. uncoord. size of max. uncoord. size of max.

1:4 5.7 187.3 0.1 539.9 5.3 172.5 0.4 539.6
1:2 7.6 415.1 1.7 645.6 8.4 412.2 2.3 644.6
1:1 3 397 0.4 455.5 2.8 436 0.9 327.9
2:1 11.5 852.5 4 631.1 8.6 845.2 3 637.9

Table 5. Number of Uncoordinated Molecules (TFSI and/
or G4) and the Size of the Biggest Shared Cluster Involving
Li···G4, Li···TFSI, or G4···Li···TFSI

300 K 500 K

single maximum single maximum

1:4 77.6 569 77.8 553
1:2 147.8 712 122.9 705
1:1 91.5 637 65.2 634
2:1 5.9 1070 9.6 1062

Figure 7. Single largest cluster (in yellow) and all other small clusters
(in black) for (a) 1:4, (b) 1:2, (c) 1:1, and (d) 2:1 LITFSI/G4 at 300
K. The snapshots show the uncoordinated molecules (black), in each
case, which decrease with concentration. (e−i) Most probable finite
clusters from a trajectory of 90 ns.
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the formation of small aggregates of size 2−5 (long-lived) and
6−20 (short-lived).

We obtained some of the prominent finite geometries from
these systems (Figure 7e−i), which unravel the difference in
the degree of correlation in τres and τrot of TFSI vs G4. The key
arguments are as follows with the index of subfigures:

(e) For 1:4 system, shared clusters mostly involving multiple
G4 around a Li+ ion are formed; because only one or rarely
two O(G4) coordinate with a Li+ ion, the rest O(G4)
coordinate with other Li+ ions, thus forming a long (G4)···Li···
(G4)···Li network and leaving no individual G4 uncoordi-
nated.

(f) For the 1:2 system, some G4 bidentate with a Li+ ion;
the other O(G4) atoms form extended networks similar to
those in the 1:4 system.

(g) For the 1:1 system, some Li+ ions form close-contact
aggregates, which have two Li+ ions bidentated by two G4
molecules.

(h) A single unshared complex of G4 with a Li+ ion is
presented. Such complexes rarely form shared networks, except
at high concentrations (≥1:1), where anions dentate, addi-
tionally raising the coordination number from 4 to 5 or 6.

(i) A Li···TFSI cluster forms only via shared coordination
from multiple TFSI. A single TFSI cannot form a complex like
that in part h due to rigidity and other geometrical constraints.

It is important to notice here that G4 can form individual
unshared complexes with a Li+ ion in a polydentate manner,
which TFSI cannot. Thus, a rotation of the Li···G4 complex
can occur without the need of breaking the coordination, while
in the case of Li···TFSI, a break in coordination is essential for
any rotation of an individual TFSI. This explains the poor
correlation between τrot and τres for G4 and the high correlation
for TFSI. A longer residence time restricts the rotation only
when there is coordination from multiple similar entities,
where the diffusion of Li+ ions can have a significant
contribution from hopping. A polydentate anion or solvent
coordinating in an unshared manner would not affect its
rotation with its residence time and thus can live longer while
rotating faster. We have also validated this core finding using
scaled charge-based force-field parameters from Harte et al.,33

which led to improved diffusion coefficients at 500 K; DLi+ =
54.8 × 10−7 cm2/s (vs Harte et al.: 52.02 × 10−7 cm2/s; Figure
S9). The central hypothesis also remains valid because the
correlations in ion-residence vs rotational relaxation are
preserved, almost independent of the charge-scaling effect
(99% correlation for TFSI and 84−89% correlation for G4
between residence and rotational times). The additional
rotational and ion-existence correlation functions and the
correlation in these lifetimes are provided in Figures S10 and
S11. In the future, the use of MLIPs trained on the AIMD data
and inclusion of a polarizable charge equilibration, although
expensive, could be useful in capturing the system dynamics
more precisely. The correlation observed here is potentially an
important descriptor, which can be further tested in extending
the general theories for concentrated electrolytes58,59 to those
with long-chain entities.

■ CONCLUSION
This work demonstrates the impact of varying salt concen-
trations and temperature on the structure, dynamics, and
interplay of residence vs rotational relaxation times in LiTFSI/
G4 mixtures with classical MD simulations. The structural
analysis shows that lithium ions preferentially coordinate with

glyme molecules, forming [Li(G4)]+ complexes, complement-
ing the earlier experimental and computational studies.
Temperature, in the range of 300−500 K, did not significantly
affect the local solvation structure of the Li+ ion, suggesting
that the coordination environment remains stable even at
higher temperatures. The dynamic properties indicated that
the self-diffusion coefficients of Li+ ions and solvent molecules
decreased with increasing salt concentration, resulting in a
sluggish movement of ions. This suggests that higher salt
concentrations increase the viscosity of the system, thus
restricting the overall ionic mobility. In a highly concentrated
system, a larger network of clusters is formed, which causes
sluggish dynamics of the ions and molecules in the system.

The ability of G4 to form individual unshared polydentate
complexes with Li+ allows rotation without breaking
coordination, while TFSI must disrupt coordination to rotate.
This difference accounts for the varying correlations between
the rotation and residence times in both cases. A longer
residence time restricts rotation only when multiple similar
entities coordinate, while a polydentate species with unshared
coordination can maintain rapid rotation despite prolonged
residence. An experimental examination of this effect could
provide valuable insights into the viscosity, ionic conductivity,
and thermal stability of LIBs.
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