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Cyclopentyl methyl ether, CPME, a weakly solvating solvent for lithium bis(fluorosulfonyl)imide (LiFSI)
electrolyte used in Li ion batteries, has been found experimentally to lead to the formation of a more
stable solid electrolyte interface (SEI) compared to 1,2-dimethoxyethane (DME). In this study, force field
based molecular dynamics simulations and density functional theory based ab initio calculations were
used to study the interaction and clustering behaviour in CPME and DME based electrolytes at different
concentrations. Treatment of the solvent polarization in force fields via the electronic continuum model
reproduces results that largely agree with experimental data. Investigations of the solvent clustering
around Li* and the strength of the interaction between the anion and Li* in solution sheds light on the
concentration dependence of the formation of FSI7/Li* aggregates, which are known to influence the
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available DME molecules before binding to FSI™. Cluster survival time analysis further points to a more
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Introduction

Understanding the chemistry of lithium-ion batteries is essen-
tial for adoption of electric vehicles worldwide. For a wider
adoption, there is a need to design batteries that can operate at
wider temperature ranges in consideration of the climates of
different markets. Current lithium-ion batteries are known to
fail to hold charge at very low temperatures. In this regard,
battery electrolytes play a significant role. Lithium-ion battery
electrolytes are usually made of lithium salts dissolved in
carbonate or ether-based solvents. Lithium hexa-
fluorophosphate dissolved in ethylene carbonate is one of the
most widely used electrolyte systems.® Lithium bi-
s(fluorosulfonyl)imide (LiFSI) and lithium bi-
s(trifluoromethanesulfonyl)imide (LiTFSI) have also been
widely used as salts.? Ethylene carbonate (EC) is highly effective
in dissociating lithium phosphate due to its high dielectric
constant. In addition, the reduction of ethylene carbonate plays
a role in the formation of the solid electrolyte interface (SEI).*
The SEI acts as a barrier to prevent electrolyte reduction which
can lead to a short battery lifetime.* A desirable SEI should be
composed mainly of inorganic salts such as LiF which have high
ionic conductivity but low electronic conductivity. A Li solvation
sheath which is rich in solvent molecules obviously promotes
an SEI which is rich in organics. A common strategy has been to
increase the concentration of electrolytes solutions in solvents
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(high concentration electrolytes-HCE). This can lead to high
viscosity electrolytes which is undesirable. It has been proposed
that tuning the strength of interaction between the Li/solvent
and anion/solvent is key in designing safe, efficient and long-
lasting batteries. Thus, the nature of the solvent influences the
stability of the solid electrolyte interface.® Other solvents that
have been used include dimethoxyethane (DME), 1,3-dioxolane
(DOL), fluoroethylene carbonate (FEC), dimethyl carbonate
(DMC), etc.? The interaction between DME and Li is primarily
via the two oxygen atoms. For the monosolvated Li ion, ab initio
calculations have shown that the binding energy between
lithium and the solvent increases in the order FEC < EC < DOL <
DMC < DEC < DME.® Weaker Li-solvent interactions are
generally preferred as desolvation step is usually the rate
determining step in lithium-ion dynamics during charging.”
The solvating strength of ethers can be tuned in various ways
including reducing ethereal groups, introduction of alkyl
groups and steric hindrance.” In a quest to find a solvent that
can extend the liquid temperature range for lithium-ion
batteries and in turn improve the coulombic efficiency, cyclo-
pentyl methyl ether (CPME) was proposed.*® CPME, an ether
with a terminal methyl group, one ethereal oxygen and a 5-
membered ring, is a weakly solvating solvent. Ramasamy et al.
showed that Li/FSI aggregates are the dominant species in
LiFSI/CPME electrolyte solutions even at 1 M LiFSI concentra-
tion unlike in LiFSI/DME electrolyte that is dominated by free
FSI anions.® The electrolyte had an initial efficiency of ~87%
and excellent low temperature performance. Similar work was
reported by Zhang et al.® showing that close to saturation (LiFSI
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to CPME ratio of 1 : 2) the electrolyte results in a high coulombic
efficiency of >99% after 350 cycles on Li-Cu cell. In both papers,
based on XPS data, it was shown that the SEI is dominated by
inorganic salts in CPME based electrolytes. Recently, Wang and
co-workers' investigated how the performance of lithium-
sulphur batteries was affected by the anodic stability of lithium
metal and the cathodic conversion kinetics of sulphur-carbon
composites. Their findings show that weakly solvating electro-
lytes like CPME, which moderately dissolves lithium poly-
sulfides (LiPS), can suppress LiPS shuttling by forming an
anion-dominated Li* solvation structure. This effectively
induces a stable solid electrolyte interphase (SEI), ensuring the
anodic stability of the Li-metal anode. The behaviour is attrib-
uted to the low electronegativity of CPME and the steric
hindrance introduced by its non-linear structure unlike
conventional DME which has high electron-donating ability and
the ability to chelate.' Replacing DME with the sterically
hindered 1,2-dimethylpropane (DMP) as a solvent for 2 M LiFSI
electrolytes also resulted in improved cycle stability of
Li|LiFePO, and Li|LiNi, gCoy1Mn, ;0, cells.’ Force field based
molecular dynamics simulations also traced the better perfor-
mance of DMP based cells to the formation of Li/FSI aggregates.
In this paper we apply systematic molecular dynamics simula-
tion to study the LiFSI/CPME and LiFSI/DME electrolyte systems
at different concentrations.

Computational methods

Molecular dynamics studies were conducted to investigate the
solvation of lithium bis(fluorosulfonyl)imide (LiFSI) using
solvents 1,2-dimethoxy ethane (DME) and cyclopentyl methyl
ether (CPME) (see SI Fig. S1 for the structures). The construction
of the configurations, the molecular dynamics simulations
along with some of the analysis were performed using the
GROMACS software.'>'* The all-atom optimized potentials for
liquids simulation (OPLS-AA) force field*>'° was used for solvent
molecules. The force field parameters for these solvents,
including the charges, were obtained from the Ligpargen
engine."” The Canongia Lopes and Padua (CL&P) force field for
ionic liquids was used for the FSI anion."®?* The CL&P force
field has the same functional form as the OPLS field. The Len-
nard-Jones parameters for Li ion are those used by Dang.** For
Li and FSI ions, the partial charges are scaled based on the
Molecular Dynamics Electronic Continuum (MDEC) model.**>®
The scaling accounts for electronic polarizability for solvents
with low dielectric constants. For all partial charges in an ion,
the effective partial charge, ¢¢", is calculated as:**
eff _ qi

q; = " (1)
where n is the refractive index of the solvent and g; is the
standard charge. Note that this scaling is applied to the charge
of Li ion (+1) and all the partial charges in FSI” only. The
standard charges, q;, in FSI™ are those from the CL&P force field.
Initial configurations of the system were constructed by
randomly inserting specified numbers of Li ions, bi-
s(fluorosulfonyl)imide (FSI") and solvents DME or CPME in
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a cubic box with dimensions of approximately 10 nm. The
resulting mixtures were then energy minimized using the
steepest descent algorithm. This was then followed by a 2 ns
annealing under the following conditions. The energy mini-
mized systems were gradually heated from room temperature to
348.15 K in 200 ps, where it was maintained for 200 ps. The
temperature was then increased by 100 K to reach 448.15 K in
200 ps, and it was held there for 200 ps. Next, the temperature
was raised by an additional 50 K to 498.15 K in 200 ps and
maintained there for 200 ps. Finally, the system was cooled
down to 293.15 K for the remaining isothermal isochoric
dynamics (NVT). The systems were then subjected to isothermal
isobaric dynamics (NPT) with T and P set to 298.15 K and 1 bar
respectively, for 10-30 ns. The pressure was controlled through
a Parrinello-Rahman barostat with compressibility set to 4.5 x
10~° bar " and a coupling constant 2 ps.?® The temperature was
controlled with a modified Berendsen thermostat*” with
a temperature coupling constant of 0.1 ps. The timestep for the
simulations was set to 1 fs. The Verlet cut-off scheme®*** was
used for the van der Waals and short-range electrostatic inter-
actions and was kept at a distance of 1.2 nm. Long range elec-
trostatic interactions were computed using the Particle Mesh
Ewald algorithm.**** Ab initio calculations were performed
using Orca 6.1.0 quantum chemistry package.**?* Geometry
optimizations and energy calculations were performed at the
MO06/6-31+G(d,p) level of theory. The MO6-2X version of the
functional with 54% Hartree-Fock exchange was used.*®

Results and discussion

The interactions between solvents/anion/Li species in the elec-
trolytes were studied via radial distribution functions (RDFs).
Shown in Fig. 1 are the RDFs between the FSI anion center of
mass (COM) and the Li" ion in different electrolytes at different
concentrations. For CPME based electrolytes, the RDF peaks
occur at approximately the same distance for different
concentrations. However, the peak heights are different as ex-
pected for different concentrations. This indicates that the
interaction mode between Li* and FSI™ is the same at all three
concentrations. Analysis of the three peaks below 500 pm shows
that these are all due to the lithium ions coordinated to FSI
anion, but occurring at different radial distance from the center
of mass of the anion since the coordination sites are not
equivalent with respect to the center of mass. Focusing on the
CPME-based electrolytes where the peaks below 500 pm are
more defined, the first peak at ~290 pm corresponds to Li"
coordinated to FSI” O atoms bonded to different S atoms
(Fig. S1C). The second peak at ~390 pm is due Li* coordinated
to only one oxygen atom (Fig. S1D). The RDFs for DME based
electrolytes on the other hand tell a different story. For solutions
with less than about 3.5 M LiFSI, the RDFs lack any peaks below
500 pm. At 3.5 M, the peaks gradually increase as the concen-
tration of LiFSI increases, and at the same time the RDF peaks
at longer distances decrease. This clearly shows that different
modes of interaction exist at low and higher concentrations of
LiFSI in DME. It is noteworthy that simulations with standard
non-scaled charges for ions, the peaks below 500 pm persist at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Radial distribution functions of different pairs at different concentrations: FSI~ (centre of mass)/Li* in CPME (A), FSI~ (centre of mass)/Li* in

DME (B), FSI™ (centre of mass)/CPME (centre of mass) (C) and FSI~ (cent

re of mass)/DME (centre of mass) (D).

Table 1 Calculated coordination numbers for different pairs in LiFSI/CPME and LiFSI/DME electrolytes at different concentrations

Li*-solvent FSI -solvent FSI -Li*

100/900 250/750 500/500 100/900 250/750 500/500 100/900 250/750 500/500
CPME 2.44 1.94 0.98 12.65 10.74 6.86 0.79 1.53 2.84
DME 2.10 2.05 1.00 17.50 18.83 8.53 — — 2.2

all concentrations of LiFSI in DME considered in this study,
which is against experimental reality (see SI Fig. S2). This is
because interactions between solvent and ions are over-
estimated in non-scaled charges which don't take into account
solvent polarization. The total absence of the peak in scaled
charges at low concentrations indicates that the FSI anion and
Li" exist as ‘free’ ions solvated by DME in this case. The center of
mass RDFs between FSI™ and the solvents at different concen-
trations are also shown in Fig. 1. These also show significant
differences in the case of DME electrolytes at different
concentrations. The Li/solvent RDFs do not show any signifi-
cant variations at different concentrations (Fig. S3). The coor-
dination numbers of different species around the cation and
ion are shown in Table 1 for both types of electrolytes at 1 M, 2.5
and 5 M concentrations. These were calculated from based on
the first minima of the radial distribution functions. The
calculated solvent coordination numbers around lithium ion
are in good agreement with those calculated from Raman
spectra.®®” The coordination numbers of Li around FSI anion
also qualitatively agree with experimental data, in that CPME
based electrolyte forms aggregates and counterion pairs at
lower concentrations than DME based electrolyte.?

© 2025 The Author(s). Published by the Royal Society of Chemistry

FSI /Li* aggregation analysis

To further compare with experimental data, cluster size distri-
bution was calculated using Travis software.*®** In this case the
reference molecule is FSI™ anion. To do this, 5000 reference
molecules are selected randomly from the available trajectory
frames, ensuring a wide sampling strategy. The selection is done
before the analysis to remove bias. The solvation sheath of each
reference molecule is then analyzed based on the first coordina-
tion shells of FSI/Li" and FSI /solvent radial distributions
functions. The resulting distribution of clusters of different forms
of FSI" are shown in Fig. 2. Note that CIP refers to counter ion
pairs, AGG-I refers to FSI~ coordinated to 2 Li* ions and AGG-II
refers to FSI~ surrounded by more than 2 Li* ions. The one Li" per
FSI™ O atom (Fig. S1D) is more favorable for aggregates forma-
tion, hence the observed increase in the second RDF peak as
concentration increases. The DME-based electrolyte is dominated
by Free FSI  at low concentrations in agreement with experi-
mental data. In the case of CPME-based electrolytes, CIPs are
dominant at low concentrations with significant amounts of AGG-
I and AGG-II. Experimentally, aggregates are dominant even at
low electrolyte concentrations for CPME. Given a simplified

RSC Adv, 2025, 15, 48053-48060 | 48055
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Fig.2 FSI™ species distribution in different concentrations of LiFSI in CPME (A) and DME (B). FSI~ can appear as free and not bound to Li*, bound
to 1 Li* (CIP), bound to 2 Li* (AGG-I) or bound to 3 or Li* ions (AGG-II).

treatment of polarization in the simulation, we consider this
satisfactory agreement with experimental data.

Solvent distribution and aggregation

The change in the FSI"/DME center of mass RDFs from low to
high concentration suggests that the interaction between FSI™

and DME could have an impact in the formation of FSI /Li"
aggregates. It is reasonable to expect that in the case of strong
FSI/solvent interactions, the solvent can compete with Li* for

FSI™

interaction sites. Another possibility is that FSI /Li*

aggregates may be stabilized by solvents molecules via
secondary interactions of the FSI™ coordinated Li* with
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shell in 0.1 M LiFSI in DME (A), 0.1 M LiFSI in CPME (B), 0.5 M LiFSl in DME (C) and 0.5 M LiFSI in CPME (D).
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Fig. 4 Dihedral angle distribution functions: C(Hs)-O-C-C in CPME (A) and C-O-0O-C in DME (B).

a solvent molecule. In order to investigate both possibilities, the
distributions of solvent molecules around the CIPs and aggre-
gates were calculated as above from MD trajectories and these
are shown in Fig. 3. Note the relatively small number of CIPs
formed in 1 M LiFSI in DME compared to other systems, again
indicating that most of the ions exist as free ions. The CIPs in 1
M LiFSI in DME are mostly solvated by 2 DME molecules. For 1
M LiFSI in CPME and 5 M LiFSI in DME, the CIPs and aggre-
gates are mostly solvated by 3 solvent molecules. The 5 M LiFSI
in CPME solution has both CIPs and aggregates solvated most
likely by 2 CPME molecules. It is difficult to conclude from these
results if the solvent plays any role in stabilizing the aggregates.
The fact that for one concentration and solvent type, the most
probable number of solvents around CIP and aggregates is the
same suggests minimal solvent role once these are formed. If
solvent stabilization played a significant role, one would expect
that aggregates would be bound to more solvent molecules than
CIPs.

There are more DME molecules around FSI™ possibly
because DME is less sterically hindered and more flexible than
CPME. The better flexibility of DME is evidenced by the dihedral
distribution functions of the C(H3)-O-C-C and C-O-O-C in
CPME and DME shown in Fig. 4. For DME, significant differ-
ences are noted in the dihedral angle at different concentra-
tions. Unlike DME, the distribution for CPME show very little
changes with concentration.

FSI /Li" and Li*/solvent interactions

Since the interaction between solvent and anion are not
significant to lead to the observed differences between CPME

© 2025 The Author(s). Published by the Royal Society of Chemistry

and DME electrolytes interactions, binding energies (BE) for
FSI /Li" and Li*/solvent species were calculated from the ener-
gies of quantum mechanically optimized geometries using the
equation

BE = Ecomplex - ZEmonomers (2)
Here E.omplex Tefers to the energy on the optimized bound
entities and Emonomers are the energies of the individually opti-
mized units.® Since the interactions between the species are
expected to be weaker in solution, implicit solvation was
included via the Conductor-like Polarizable Continuum Model
(CPCM).* The calculated binding energies are shown in Fig. 5.

The binding energies for Li'-DME and Li"-CPME are in close
agreement with previous calculations.®*” The binding between
FSI™ and Li" in gas phase is quite strong, —137.5 keal mol ™, but
is severely weakened in solution. The binding is stronger in
CPME than in DME. A more interesting observation though is
that the binding between FSI~ and Li' in DME solution is
almost equal to that of Li’"-DME in solution and much weaker
than in Li'-(DME), and Li'-(DME);. Li'-(CPME), and Li*-
(CPME); also bind strongly than FSI7/Li" in solution. However,
analysis of the DME/Li" ion solvation in molecular dynamics
trajectories at 1.0 M shows that the clustering is predominantly
Li'-(DME), (90%), the remainder being Li'-(DME);. This is
consistent with the average coordination number of 2.1 shown
in Table 1. In contrast, for the CPME based electrolyte solution
at the same concentration, Li'-(CPME), and Li'-(CPME),
account for 54% and 45% respectively (see SI Fig. S4). Non-
solvated Li" only accounts for 1%. Again, this is consistent with
the coordination number of 2.44 shown in Table 1. Previous

RSC Adv, 2025, 15, 48053-48060 | 48057
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simulations of 1.0 M LiPF, in DME showed that the Li* solvation
is completely composed of Li'-(DME);.° The study did not
consider polarization effects as done in the current study. Given
the different electrostatics between Li'/FSI” and Li'/PFg
differences in clusters size distribution is still expected. At
higher concentrations more aggregates are formed for both
CPME and DME based electrolytes, however, the solvation
shells in DME based electrolytes still contain more solvent
molecules than in CPME. For battery the CPME based electro-
lyte is still more desirable as involvement of less solvent mole-
cules in the solvation shell can lead to a more stable SEL.**

Statistically, higher number of solvent molecules around
a Li' ion is beneficial to the formation of aggregates especially
for dilute solutions. This is because the “lithium demand” by
solvent is less for electrolytes that are dominated by higher
number of solvent molecules around lithium solvation shell.
Low demand for Li" by solvent molecules means that more Li"
ions are available to form aggregates and counter ion pairs with
FSI™ anion. Beside the fact that binding between Li* and FSI~ in
DME is weaker than binding in Li'-(DME),, the predominance
of Li*-(DME), could explain why the DME based electrolyte lacks
the first Li solvation shell at low concentrations (Fig. 1). The Li'-
(DME), clusters with four coordinate Li" ion are so stable that
more Li* ions must be available to satisfy the number of avail-
able DME molecules. In this case the ratio LiFSI: DME must be
greater than 1:2. From the radial distribution functions in
Fig. 1, this condition is only satisfied for concentrations of LiFSI
in DME above 0.35 M. Indeed, it is only at concentrations above
this that the first solvation shell begins to appear.

48058 | RSC Adv, 2025, 15, 48053-48060

It is possible to gauge the stability of the clusters in solutions
by tracking the Li" ions and solvent molecule. Indexing each Li"
and solvent molecule makes it possible to know how long
a selected Li" ion maintains a unique solvation environment.
Fig. 6 shows the average survival times of all the unique Li*-
solvent, Li'-(solvent),, Li'-(solvent); and Li*-FSI” in 1.0 M LiFSI
electrolytes. As expected, Li'-(DME), clusters survive much
longer than Li*-(DME); clusters. In the case of CPME, the Li'-
(CPME), clusters survive slightly longer than Li*-(CPME); clus-
ters. These observations also explain why the aggregation still
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Fig. 6 Average survival times in picoseconds for solvated Li* clusters
and Li*-FSI™ in different DME and CPME.
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occurs in CPME based electrolytes at low concentration even
though binding between Li* and FSI~ is weaker than in Li'-
(CPME);; the latter has a much shorter life compared to Li'-
FSI". Since the solutions have different viscosities, comparison
is made only between clusters within the same electrolyte.

Conclusions

The interactions between Li" ion, bis(flurosulfonyl)imide anion
(FSI") and solvent molecules in cyclopentylmethyl ether (CPME)
and 1,2-dimethoxy ethane (DME) have been studied using
molecular dynamics and ab initio simulations. The results show
that inclusion of the polarization effects in force field based
molecular dynamics and implicit solvation in ab initio simula-
tions leads to a good agreement with experimental data. Clus-
tering analysis shows that at low concentrations of LiFSI in
DME, the Li" predominantly exists as a free ion solvated by two
DME molecules (90% Li'-(DME),) and the binding in this
system is not only much stronger than between Li* and FSI~ in
the same solution, but the cluster itself survives for a longer
time. In contrast, in CPME based electrolytes both Li*-(CPME),
and Li*-(CPME); are present in almost the same amounts, but in
this case the binding energy of Li*-FSI" is about the same as Li'-
(CPME),, while Li'-(CPME); has a very short survival lifetime.
The onset concentration of the formation of aggregates in DME
based electrolytes suggests that all the DME molecules existing
in solution in principle should be coordinated to Li* and only
the remaining Li" are then free to bind to FSI~ to form aggre-
gates and counter ion pairs.
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