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Molecular Systems Design & Engineering

Lithium-ion batteries have a wide range of applications, from transportation to portable
electronics. Replacing the anode with lithium metal increases the energy capacity of battery
cells, but progress has been hindered by poor stability and extensive dendrite growth.
Fluoroether solvent electrolytes offer promise for improving stability against the lithium metal
anode and, in this work, we investigate how the molecular architecture and the size of the
electrolyte solvent molecules impact the ion transport and local solvation environment of
lithium (Li)-ions. Notably, we demonstrate that ionic conductivity can be controlled by the
molecular structure of fluoroether electrolytes. A critical balance between high solvent self-
diffusivity in short-chain solvents and low solvation free energy in long-chain solvents leads to
an optimal solvent size for achieving high ionic conductivity, in agreement with experiments.
This trade-off between solvent self-diffusivity and solvation free energy is sown to be an
important criterion for design of fluoroether electrolytes with high lithium-ion conductivity and,
more generally, it helps provide a comprehensive framework to guide selection of electrolytes
for energy storage.
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Molecular Engineering of Fluoroether Electrolytes for
Lithium Metal Batteries’

Yuxi Chen,? Elizabeth M.Y. Lee,” Phwey S. Gil,* Peiyuan Ma,* Chibueze V. Amanchukwu,*?
and Juan J. de Pablo*¢*

Fluoroether solvents are promising electrolyte candidates for high-energy-density lithium metal bat-
teries, where high ionic conductivity and oxidative stability are important metrics for design of new
systems. Recent experiments have shown that these performance metrics, particularly stability, can
be tuned by changing the fraction of ether and fluorine content. However, little is known about how
different molecular architectures influence the underlying ion transport mechanisms and conductivity.
Here, we use all-atom molecular dynamics simulations to elucidate the ion transport and solvation
characteristics of fluoroether chains of varying length, and having different ether segment and flu-
orine terminal group contents. The design rules that emerge from this effort are that solvent size
determines lithium-ion transport kinetics, solvation structure, and solvation energy. In particular,
the mechanism for lithium-ion transport is found to shift from ion hopping between solvation sites
located in different fluoroether chains in short-chain solvents, to ion-solvent co-diffusion in long-chain
solvents, indicating that an optimum exists for molecules of intermediate length, where hopping is
possible but solvent diffusion is fast. Consistent with these findings, our experimental measurements
reveal a non-monotonic behavior of the effects of solvent size on lithium-ion conductivity, with a
maximum occurring for medium-length solvent chains. A key design principle for achieving high
ionic conductivity is that a trade-off is required between relying on shorter fluoroether chains having
high self-diffusivity, and relying on longer chains that increase the stability of local solvation shells.

2 Introduction
1 Design, System, Application

Rechargeable lithium (Li)-ion batteries are a leading form of en-
ergy storage with applications ranging from transportation to
portable electronics.*2 State-of-the-art lithium-ion batteries have
limited energy density and capacity, owing to their graphite an-
odes.™ Using lithium metal as the anode enhances the specific
capacity of the battery cells because the metal has a high theo-
retical specific capacity (3,860 mAh/g) and a low negative elec-
trochemical potential (-3.04 V versus standard hydrogen elec-
trode).4"Z However, extensive dendrite growth at the surface
of lithium metal anodes raises safety concerns, and has pre-
cluded widespread adoption of lithium metal battery technol-
ogy.4Z Dendrite growth poses significant challenges for develop-
ment of lithium metal batteries that use conventional electrolytes,
such as carbonates or ethers. 8

Lithium-ion batteries have a wide range of applications, from
transportation to portable electronics. Replacing the anode with
lithium metal increases the energy capacity of battery cells, but
progress has been hindered by poor stability and extensive den-
drite growth. Fluoroether solvent electrolytes offer promise for
improving stability against the lithium metal anode and, in this
work, we investigate how the molecular architecture and the
size of the electrolyte solvent molecules impact the ion trans-
port and local solvation environment of lithium (Li)-ions. No-
tably, we demonstrate that ionic conductivity can be controlled
by the molecular structure of fluoroether electrolytes. A critical
balance between high solvent self-diffusivity in short-chain sol-
vents and low solvation free energy in long-chain solvents leads
to an optimal solvent size for achieving high ionic conductivity,
in agreement with experiments. This trade-off between solvent
self-diffusivity and solvation free energy is shown to be an im-
portant criterion for design of fluoroether electrolytes with high
lithium-ion conductivity and, more generally, it helps provide a
comprehensive framework to guide selection of electrolytes for
energy storage.

Numerous efforts have been made to build safe, high-energy-
density lithium metal batteries by engineering electrolytes char-
acterized by high electrochemical stability and high ionic conduc-
tivity. For example, super-concentrated electrolytes are shown to
increase the electrochemical stability of the battery cell, prevent-
ing dendrite growth when the electrolyte is in contact with the
lithium metal anode. However, high salt concentration also in-
creases the viscosity of the electrolytes, lowering the ion conduc-
tivity. 29 Other studies have used electrolytes based on nitriles1
and sulfones213 to improve ionic conductivity and electrolyte

safety but these materials also suffer from low stability against
@ Pritzker School of Molecular Engineering, University of Chicago, Chicago, IL, USA - .
T Electronic Supplementary Information (ESI) available: [details of any supplemen- lithium metal anodes. Fluorinated compounds can suppress the
tary information available should be included here]. See DOIL: 00.0000/00000000. dendrite growth at the surface of the lithium metal anode#. Sev-
i+ Center for Molecular Engineering, Argonne National Laboratory, Lemont, IL, USA eral studies have shown that fluorinated electrolytes react with
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the lithium anode and form a protective solid electrolyte inter-
phase (SEI) layer composed of lithium fluoride, thereby prevent-
ing the anode from further degradation.1471% For example, some
ether-based electrolytes are reported to have improved stability
and reduced anode degradation when fluoroethylene carbonates
are used as additives.Z Despite these recent successes based on
addition of fluorinated compounds to ether-based solvents to sup-
press dendrite growth, ether-based solvents themselves still re-
main unstable and susceptible to decomposition, raising the need
for alternative electrolytes based on fluorinated compounds.

To address this challenge, several groups have proposed flu-
oroether electrolyte solvents formed by covalently bound fluori-
nated groups to ether chains.!812 Fluoroether electrolytes with
ether moieties sandwiched by fluorinated terminal groups exhibit
ionic conductivities as high as 1.3 mS/cm at 25 °C, and oxidative
stabilities as high as 5.2V;;2%. Similarly, fluoroether electrolyte
solvents with fluorinated groups at the ends of each ether solvent
chain exhibit higher conductivity than inverted designs, i.e., fluo-
rinated groups sandwiched by ether terminal units.2221' Despite
the apparent chemical tunability of these electrolytes, the effect
of fluoroether solvent structures on the underlying ion transport
mechanism remains unclear. It is experimentally challenging to
directly probe ion solvation structures and quantify their inherent
stability?. Understanding such structures, however, is critical
for design of this class of electrolyte solvents from the constituent
atomic building blocks and molecular architectures.

Atomistic models and computer simulations, such as classical
molecular dynamics (MD), are ideal tools for relating molecular-
level structures to macroscopic transport and stability measure-
ments for battery electrolytes. The time and length scales acces-
sible to MD simulations match well with those associated with
ion transport.3 For instance, MD simulations have been readily
used to study solvation structures and ionic transport in ionic lig-
uids2423 polymer electrolytes2228  and polyelectrolytes 23122430

Herein, we employ all-atom MD simulations on six different
fluoroether electrolyte solvent systems to understand how tun-
ing molecular design parameters—such as the length of the ether
segments in fluoroether chains and the number of fluorinated
terminal groups in each chain—impact ion transport in the sys-
tems. We show that the diffusion mechanism of lithium (Li) ions
strongly depends on the length of the fluoroether solvent chains,
owing to changes in their ion-solvent coordination environment.
We demonstrate that the stability of the ion-solvent coordination
structure and the solvent chain mobility are critical for optimizing
electrolyte solvents that can achieve high Li-ion conductivity.

3 Results and discussion

3.1 Atomistic fluoroether solvent modeling and validation

We use all-atom MD simulations to model our fluoroether
molecules studied in this work. As illustrated in Figure 1, flu-
oroether molecules contain ether moieties covalently bonded to
fluorinated functional terminal groups. We vary the length of
ether chains and the number of fluorinated terminal groups and
investigate how these two factors can affect the transport be-

2| 113

Molecular Systems Design & Engineering

haviors and local solvation environment of Li-ions. Each solvent
molecule is labeled as E(N)F(M), where N is the length of ether
segments in the center of the solvent molecule, and M is the num-
ber of fluorinated terminal groups (Figure [1); for example, E3F1
is used to designate fluoroethers with an ether segment having
three ether units connected to one perfluorocarbon, -CF3, on each
end.

Fluorinated ether solvent molecules were modeled using the
OPLS all-atom force field=L.
for each solvent system at a salt concentration of 1 M lithium
bis(fluorosulfonyl)imide (LiFSA) (see the Computational Meth-
ods section). To capture the electrostatic interaction strengths
in the electrolytes, we applied a charge scaling method to our
forcefields as done previously.2233 Both our study (see Fig. S.1)
and other theoretical works on ion pairing=223l indicate that re-
ducing partial charges of ionic species is necessary because non-
polarizable force fields like OPLS tend to overestimate electro-
static energies. We scaled the partial charges of lithium and
FSA ions by a factor of 0.8 based on studies by Damas et al.24,
which are also widely adopted in modeling ion pairs and ionic lig-
uids®2833535 A] other forcefield parameters remained unchanged
(see the discussion on charge rescaling in the Sec. S1 in the Sup-
plementary Materials).

We carried out MD simulations

We show the results of our simulations in Figure [2h, where we
compare the calculated densities of pure fluoroether solvents (i.e.,
having no Li and FSA ions) from MD simulations to the density
measurements from our experiments at 300 K22, Across all sol-
vents, differences between our simulations and experiments are
under 1.6% (see also Table S.1 in the Supplementary Material.)
In Figure [2b, we show the Li-ion diffusivity in 1 M LiFSA elec-
trolyte systems at 300 K, calculated from simulations and com-
pared with experiments2?, The simulation and experimental data
follow the same trends; a lower Li-ion diffusivity is observed for
bulkier electrolyte solvents, and the difference in their values is
under a factor of three, indicating reasonable agreement between
simulations and experiments. These results serve to validate our
choice of molecular force field, and the charge scaling factor of
0.8. With this validation at hand, in what follows we proceed to
examine different fluoroether electrolyte systems.

3.2 Solvent Dynamics and Lithium-Ion Diffusion Mecha-
nisms

In analogy to glassy materials, we use glass transition temper-
ature (7T,) as a metric to quantify the segmental mobility of the
fluoroether solvent chains, where a high 7, indicates a low solvent
chain mobility.273% We calculated the 7, of the pure solvents and
1M LiFSA compared with experimental measurements (see Fig-
ure 2c). Simulations overestimate the 7, by roughly 50 K, pos-
sibly due to the faster cooling rate used in our simulations than
in experiments. For instance, T, can increase by about 5 K when
the cooling rate increases by a factor of ten.2Z Regardless, the
simulation data qualitatively reproduces the same trend as exper-
imental data, where not only 7, increases with increasing chain
length, but also with the addition of salts (by about ~ 4K). This
increase in T, upon addition of salts indicates that the coordina-
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Fig. 1 Chemical structures of fluoroether electrolyte solvents studied in this work. Ether segments (in blue) are sandwiched between fluorinated

terminal groups (in pink). For simplicity, each solvent is labeled as E(N)F(M), where (N) and (M) refer to the number of ether oxygens and fluorinated
terminal groups, respectively.
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Fig. 2 Computational model validation by comparing simulation results with experiments on pure solvents and 1 M LiFSA systems. (a) Li-ion density
from MD simulations (in black) at 300 K and measured Li-ion density from experiments (in red) at 300 K. (b) Li-ion diffusivity from MD simulations
(in black) and experiments (in red) at 300 K. Experimental diffusivity data for E3F2 are not available, and are therefore omitted in the figure.
(c) Glass transition temperatures of pure solvent systems and 1M LiFSA systems, calculated using MD simulations with a cooling rate
of 14.2 K/ns. Each simulation data point is an average over three independent MD simulations with an error bar for the standard error.
Red star markers indicate available experimental data.
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tion between solvent molecules and Li-ions restricts the system’s
mobility and slows down solvent motion. Comparing the F2 fam-
ily with the F1 family, 7, is higher for the F2 family due to their
higher molecular weight. These results on solvent size-dependent
trends in 7, indicate that slower mobility is associated with longer
and heavier chains.

To investigate the diffusion mechanisms of Li-ions, we mea-
sured the Li-ion diffusivity (Figure 3a) and solvent molecule self-
diffusivity (Figure 3b) for each of the 1M electrolyte systems from
T =300 to 425K. The solvent self-diffusivity data indicate again
that longer and heavier chains diffuse more slowly at all temper-
atures. Similarly, the Li-ion diffusivity decreases with increasing
solvent size. These results suggest that ion and solvent diffusiv-
ities are strongly correlated via ion-solvent co-diffusion. To test
this hypothesis, we re-plotted our diffusivity data by normalizing
the temperature by the 7, of the pure solvents, thereby remov-
ing the effect of size-dependent solvent chain mobility from the
Li-ion transport kinetics (see Figure 3c for Li-ion diffusivity and
Figure 3d for solvent self-diffusivity in 1 M electrolyte system).
Interestingly, Li-ion diffusivity data collapse into a single univer-
sal curve at high temperatures regardless of the chain length and
the number of fluorinated terminal groups. The universal curve
underscores that Li-ion diffusion is determined by the mobility
of solvent molecules, i.e., the co-diffusion of Li-ions and solvent
chains. We also calculated the anion diffusivities over a range of
temperatures. (See Figure S.2 in the Supplementary Material.)
The anions exhibit a behavior that is similar to that of the Li ions
at high temperatures: the data collapse into a single universal
curve after normalization by the glass transition temperature. Us-
ing the diffusivity data, we further estimated the lithium transfer-
ence number. We used the same definition of the lithium transfer-
ence number as in the experiments, ty = Dy;+ /(Dp;+ +Dpga- )22
The results are shown in the Supplementary Information Figure
S.2. The calculated transference numbers are consistent with ex-
perimental results.’2?

The solvent diffusivity in the 1M electrolyte systems are also
included in Figure 3d over a range of temperatures, normalized
by 7,. Instead of collapsing into a universal line as in Figure 3c,
the data separate into two distinct regimes: one for shorter chain
lengths (E3F1 and E3F2) and the other for longer chain lengths
(more than 3 ether units). When Li-ions are co-diffusing with
the solvent, the solvent diffusivity represents the mobility of the
whole solvation shell (i.e., solvated Li-ions and the solvent). Al-
though co-diffusion of Li-ions and solvents appear to be the dom-
inant Li-ion transport mechanism (based on data from Figure 3c),
the existence of two distinct regimes (as seen in Figure 3d) indi-
cates that the propensity for the co-diffusion may depend on the
solvent size.

3.3 Solvent-size Dependent Ion Speciation and Solvation
Environment

Ion speciation is critical to battery performance, and the extent of
Li-ion coordination with anions and/or solvent molecules impacts
ionic conductivity. #3839 We characterized the Li-ion local solva-
tion environment in all systems considered here. Based on the
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coordination structure of the first solvation shell of Li-ion, we de-
fined and classified all possible binding conformations of Li-ions
into three categories.234041l: (1) lithium-ion aggregates (LAG),
where Li-ions and anions form aggregates, and are defined in
our analysis to be those that do not interact with the solvents
within the first solvation shell, (2) contact ion pairs (CIP), where
Li-ions interact with both solvents and anions, and (3) solvent-
separated ion pairs (SSIP), where Li-ions only coordinate with sol-
vent molecules and not with anions (see Figure 4a for graphical
illustrations).

The fraction of each ion speciation state in the fluoroether elec-
trolytes at 1M salt and 300 K are plotted in Figure 4b. In the F1
family, populations of SSIP and CIP increase as the chain length
increases. Notably, in the F1 family, only E3F1 has a significant
population of LAG that represents unsolvated Li-ions, and a low
population of CIP and SSIP compared to other solvents in the F1
family. Likewise, in the F2 family, the population of LAG is higher
in shorter chains than in longer chains. When Li-ions form LAG
with counter ions, they tend to aggregate in large clusters that
are relatively immobile. Comparing the F1 with the F2 family
solvents with the same number of ether units, we find that the
F2 family solvents have a significantly larger population of LAG
than the F1 family solvents, revealing a much better solvation
environment for Li-ion in the F1 than in the F2 family solvents.
These results suggest that the shorter ether chains and the ad-
ditional fluorinated terminal groups prevent Li-ions from stably
binding with the solvent molecules. To corroborate the ion speci-
ation analysis, we calculated radial distribution functions (RDF)
between Li-ions and the solvent molecules (Figure S.3 in the Sup-
plementary Material). Based on the RDF results, Li-ion coordi-
nates more readily with the oxygen atoms than with the fluorine
atoms. Furthermore, Li-ions coordinate primarily with oxygens
at the center of the ether segments than with terminal oxygens
closest to the fluorinated terminal groups (see the RDF data in
Figure S.4 in the Supplementary Material). This finding indicates
that the bulky fluorinated terminal groups block Li-ions from co-
ordinating with the oxygen atoms, and the electron withdrawing
nature of fluorine may also have an effect. Although the fluori-
nated terminal groups do not interact with the Li-ions, they im-
prove the oxidative stability of the solvents and effectively shield
the ether groups, consequently suppressing dendrite growth.17
At the same time, the ether segments interact with the Li-ions by
solvating the ions, increasing the overall conductivity. To identify
the most frequently occurring structural motifs for lithium ions,
we calculated the binding motif frequencies between Li-ions and
the solvent (Figure 5a) and between Li-ions and the anions (Fig-
ure 5b). Binding motifs are categorized based on the number of
oxygen atoms in either the solvent molecule or the anion species
in the first solvation shell of a Li-ion (see the descriptions in the
Figure 5 caption). As seen in Figure 5a, the most frequent Li-
ion-solvent binding motif for longer chains (E4F1 to E6F1) is to
have two solvents, with a total number of six ether oxygens coor-
dinating with each Li-ion, with no anions. These motifs yield six
ether oxygens in the first solvation shell of the Li-ion, consistent
with previous findings that each Li-ion needs five to six oxygens
in the first solvation shell. 20128 [t is also worth noting that when
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Fig. 3 Temperature dependence of Li-ion and solvent diffusion. (a) Li-ion diffusivity (Dg;) in 1M LiFSA plotted against the scaled inverse temperature,
1000/T, where T is the absolute temperature. (b) Solvent self-diffusivity (Dspivens) in 1M LiFSA plotted against the scaled inverse temperature. (c-d)
Same data as in (a-b) plotted against scaled reduced temperatures, 1000/(T — T,), where T, is the glass transition temperature of the pure solvents.
Each data point represents an average over three independent MD simulations, with an error bar that corresponds to the standard deviation.

Li-ion is coordinated with more than one solvent chain, it can
potentially serve as a "transient" cross-link between those solvent
chains, and further slow down solvent motion.4243 This can also
explain the much lower solvent diffusivities for longer chains ob-
served in Figure 3d. When comparing F1 and F2 family solvents,
we find a higher degree of coordination of anions by E5F2 than
by E5F1 solvents, suggesting that the extra fluorinated terminal
group leads to less stable coordination environments.

In contrast, in short solvent chains (E3s), the most prevailing
configuration is to have three ether oxygens solvate each Li-ion
(Figure 5a), resulting in much weaker ion-solvent binding than
in other solvents. Likewise, more diverse anion binding motifs
are seen in short solvent chains (Figure 5b). The weaker binding
between Li-ions and solvent molecules in E3F1 and E3F2 leads to
a less stable coordination shell for Li-ions. Additionally, there is
a large amount of LAG in the E3 family (see Figure 4), hindering
ion-solvent co-diffusion because a greater number of Li-ions stay
within immobile clusters with anions. This data also help ratio-
nalize the two distinct regimes of solvent diffusivity in Figure 3d:
the presence of LAG in shorter chains but not in longer chains. In-
deed, we also calculated the time-dependent correlation function
between Li-ion and solvent displacements (see Figure S.5 in the
Supplementary Material), and find that ion-hopping rates in the
E3 family are faster than in other solvents. Therefore, in short sol-
vent chains, Li-ions can readily bind and unbind from the solvent
chains, leading to frequent Li-ion hopping between ion solvation
sites in different solvent chains.

In Figure 5c, we show MD snapshots of the representative con-
figurations of Li-ion binding motifs in large (E5F1) and small
(E3F1 and E3F2) size solvents (see Figure S.6 in the Supplemen-

tary Material for the other solvent systems). The dominant con-
figuration in E5F1 has a significantly larger frequency (~ 60%)
than that in the E3 family (~ 30%). This indicates that in longer
chains, the local coordination environment of Li-ions remains rel-
atively constant over time, while in shorter chains, the local envi-
ronment is constantly changing. Consequently, Li-ions tend to co-
diffuse more with solvent molecules in longer chain solvents than
in shorter chain solvents. In shorter chain systems, on the other
hand, there is more ion hopping between different molecules.

3.4 Ion Solvation Free Energy

The thermodynamics of ion solvation, usually characterized by
the free energy of ion solvation, plays a key role in determining
the solvent-specific redox potential. 4##42 We carried out thermo-
dynamic integration (TI) to calculate the solvation free energy,
AGL, of Li-ions in each solvent. Solvation free energy calcula-
tions started by tuning electrostatic and dispersion interactions
via a two-step approach: we first turned off the Coulomb inter-
action between Li-ion and the rest of the system and then later
turned off the van der Waals (vdw). (See the Computational
Methods section; our methodology is also schematically described
in Figure 6¢.) The TI results are shown in Figure 6a. The solvation
free energy is negative in all cases, indicating the ions prefer to be
surrounded by solvent molecules than by vacuum. Additionally,
the solvation free energy decreases with increasing chain length
for both F1 and F2 family solvents. For instance, the difference in
the solvation free energy between the shortest chain, E3F1, and
the longest chain, E6F1, is ~ 7kpT or ~ 18kJ/mol. We know that
the higher magnitude of solvation energy indicates stronger bind-
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Fig. 4 lon speciation trends at 300K. (a) Schematics of the three most common states of ion specification: Li-ion aggregates (LAG), contact ion
pairs (CIP), and solvent separated ion pairs (SSIP). Li-ions are depicted in pink spheres; oxygens are in red; carbons are in dark gray; fluorines are
in green. (b) The fraction of Li-ions in each speciation state across several fluoroether electrolytes. Frequencies are averaged over three independent
MD simulations with error bars indicating standard deviations.
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Fig. 5 Population of Li-ion binding motifs at 300K. (a) Frequency of Li-ion binding motifs between Li-ion and the solvent. The Li-ion-solvent binding
motifs are labeled as A-B, where each letter refers to the number of solvent molecules (A) and the total number of ether oxygens (B) coordinating with
a Li-ion within the first solvation shell. (b) Frequency of Li-ion binding motifs between Li-ion and anions. The Li-ion-anion binding motifs are labeled
as C-D, where each letter refers to the number of anion molecules (C) and the total number of oxygens from the anions coordinating with a Li-ion
within the first solvation shell. (c) Snapshots of the most frequent binding motifs of Li-ion in the selected solvent system (E3F1, E3F2, E5F1). The
binding motifs are labeled with a combined 4-digit number, A-B-C-D, using the same definition for each letter. Li-ions are depicted in pink spheres;
oxygens are in red; carbons are in dark gray; fluorines are in green.
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ing between ions and solvent chains. These results confirm that
longer solvent chains form more stable structures with Li-ion.

Since the primary source of electrostatic forces comes from the
cation-anion interaction, we performed another set of TI calcula-
tions using the vdw forces alone, to isolate the energetic contribu-
tion of the Li-solvent interaction from the total free energy (see
the Methods section). The resulting solvation free energy data
from only the Li-solvent interaction is shown in Figure 6b. Within
each F1 and F2 solvents, the vdw solvation free energy decreases
with increasing ether segment length, as seen earlier in Figure
6a. However, when comparing between F1 and F2 solvents—i.e.,
solvents having the same number of ether units but a different
number of fluorinated terminal groups —the F2 solvents both have
a lower total solvation free energy but higher vdw solvation free
energy than the F1 solvents. This result suggests that there is a
higher fraction of cation-anion interaction in the F2 family than in
the F1 family, supported by a larger fraction of LAG and more an-
ions coordinating Li-ions in binding motifs found in the F2 family
solvents compared to the F1 family (see Figures 4 and 5).

Interestingly, the magnitude of the solvation free energy (with
or without electrostatic interactions) follows a similar trend as the
measured oxidative stability in the F1 family“Y, where both quan-
tities increase with increasing solvent ether chain length. The
higher the magnitude of the solvation free energy (i.e., more neg-
ative), the greater the stability of the solvation shell. It has been
shown that when solvents form complexes with Li-ions (i.e., Li-
ions are stabilized within the solvation shell), the oxidative sta-
bility increases.447 Therefore, our results suggest that Li-ion sol-
vation free energy may be a molecular fingerprint for measuring
electrolyte oxidative stability.

Finally, we quantify the stability of various solvation structures
via free energy calculations with enhanced sampling simulations.
We used the Adaptive Biasing Force (ABF) algorithm® with MD
to compute changes in the free energy with the coordination num-
ber between Li-ion and the ether oxygens from solvent molecules
(see the Computational Methods section). Here, we defined the
collective variable to be the coordination number exclusively be-
tween Li-ion and the ether oxygens from solvent molecules for
the purpose of analyzing the binding between Li-ion and solvent
molecules only. As seen in Figure 6d, free energies are referenced
to their free energy minima, defined as the optimal number of
ether units in the first solvation shell of each Li-ion to stabilize
the ions. In each free energy profile, there is only one minimum,
where the free energy rapidly increases by ~ 10kgT or ~ 25kJ /mol
with only small perturbations away from the minima. The opti-
mal coordination number increases with an increasing number of
ether units. Additionally, for solvent chains with the equal length
of ether segments, those with a single fluorinated terminal group
on each end have a higher coordination number than chains with
two fluorinated terminal groups.

In Figure 6, we depict representative structures of solvents
bound to Li-ions. In longer chains (E4-E6), individual Li-ions are
tightly wrapped around by solvent chains, thereby hindering Li-
ions from escaping away from the solvents. On the contrary, in
the short chains (E3’s), there are large openings in the solvation
shell for Li-ions to interact with the anions and even unbind from

the solvents. These observations strengthen our argument that
longer solvent chains can better stabilize Li-ion than the shorter
ones.

3.5 Optimizing Solvent for Lithium-Ion Conductivity

We calculated the ionic conductivity of each system at 300K
by separating it into the individual contributions from uncorre-
lated ion motions, i.e. Li-ion self conductivity (oj;) and FSA-
anion self conductivity (o},), and correlated ion motions, i.e.
Li-ion distinct conductivity (O'Z.), FSA-anion distinct conductiv-
ity (61‘,1 s4)» and cross conductivity between Li-ion and FSA-anion
(GLdi“FSA)'23‘49-52:

i s d d d
0 =0p;+Opgy+ O+ Opsa —2%0p; psus 1

Readers are referred to the Computational Methods section for
definitions and a description of the protocol for calculation of the
various terms in Equation[I] In Figure[7h, we show a comparison
between experimentally measured ionic conductivities and the re-
sults of our simulations. We can see that both sets of values follow
the same trend: the highest ionic conductivity at 300 K is achieved
at the intermediate chain length of four ether units (E4).We can
now explain these data based on our MD simulations. In shorter
chains (E3), both the weak binding between Li-ions and sol-
vent molecules and the large population of LAG serve to lower
the ionic conductivity. However, in longer chains, the primary
transport mechanism is the co-diffusion of Li-ions and solvent
molecules; thus, the ionic conductivity is lower in longer chain
lengths (E5-E6).In Figure [/b we also show the contribution from
each individual term in Equation In shorter chains (E3), the
high contribution from the cation-anion correlation term (Gfi_ rsa)
greatly influences the total conductivity, which is consistent with
our previous analysis. In longer chains, the low total conductiv-
ity mainly comes from the low self conductivity terms (c7;, G5¢4),
which arise from the low ionic diffusivity encountered in these
systems. Therefore, achieving high ionic conductivity requires a
trade-off between a solvent high self-diffusivity (which is favored
with shorter chains) and the stability of the solvation shell (which
is favored by longer chains). These insights could be useful for de-
sign of fluoroether solvents that optimize the total ionic conduc-
tivity, i.e., useful design rules are to identify solvents with high
self-diffusivity and better ionic coordination capabilities (a stable
solvation shell for Li-ions).

4  Conclusion

The knowledge of lithium (Li)-ion transport mechanisms in bat-
tery electrolytes is fundamental to the design of electrolytes that
enhance the battery cell’s ionic conductivity. In this work, we
used atomistic molecular dynamics (MD) simulations to study flu-
oroether electrolyte solvents, which have consecutive ether units
sandwiched by fluorinated terminal groups. MD simulations pre-
dict that lithium ions are coordinated by ether segments, reveal-
ing that ether-segments in fluoroether electrolytes are responsible
for the high ion conductivity measured in our recent experimen-
tal study?Y. Additionally, we find that the fluorinated terminal
groups shield ether groups from directly contacting lithium an-

3] |7
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Fig. 6 Analysis of Li-ion solvation free energies (AG,,;,) and their solvation shell structures. (a) Thermodynamic integration (TI) results showing
the total solvation free energy—from both electrostatic and van der Waals (vdw) interactions—between Li-ions and the rest of the system (anions
and the solvent). (b) TI results showing only the vdw interaction. Data in panels (a-b) are averaged over three independent MD simulations with
error bars indicating standard deviations. (c) Schematic of solvation free energy calculations using TI. To calculate the total solvation free energy of
Li-ion, we gradually turned on the coulombic and dispersion interactions between Li-ions and the rest of the system, and added the changes in the
free energy between each images (AG;). (d) Free energy profile of Li-ions in fluoroether solvents calculated using the adaptive biasing force method,
where the collective variable is defined as the coordination number between Li-ions and the oxygen atoms in solvent molecules. All free energies are
in the units of kg7, where kg is the Boltzmann constant, an T is the temperature, which is 300 K. (e) Ball-and-stick representations of lowest-energy
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self conductivity plotted in red stars, FSA-anion self conductivity in black circles, Li-ion distinct conductivity in purple squares, FSA-anion distinct
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ode, which is desirable for achieving high electrolyte stability.

We further investigated how the length of consecutive ether
units and the number of fluorinated terminal groups affect the
diffusion and local solvation environment of Li-ions. Based on our
calculations of Li-ion diffusivity of fluoroether electrolytes over a
range of temperatures, we find that the Li-ion diffusion mecha-
nism depends on the length of the fluoroether solvent chains. In
longer chains (~ 5 to 6 ether units), Li-ions tend to co-diffuse
with the solvent chains, and ion hopping between solvation sites
in different chains is rarely observed. In shorter chains (~ 3 ether
units), we observe more frequent Li-ion hopping and less frequent
ion-solvent co-diffusion. Additionally, large amounts of Li-ion ag-
gregates exist in short chains because Li-ions are weakly bound to
the solvent chains. Our free energy calculations show that larger
solvent molecules with longer ether segments and a higher num-
ber of fluorinated terminal groups better stabilize Li-ion-solvent
complexes than shorter molecules. Interestingly, both the abso-
lute magnitude of the computed solvation free energy and the
experimentally measured solvent oxidative stability increase with
increasing solvent length, suggesting that the solvation free en-
ergy may provide a molecular signature of the strength of oxida-
tive stability of these electrolytes.

Our simulations predict that intermediate-length fluoroether
solvents (~ 4 to 5 ether units) with single fluorinated terminal
groups have the highest ionic conductivity, in good agreement
with our recent experiments. This finding reveals a trade-off be-
tween solvent chain mobility and local solvation shell stability
for increasing ionic conductivity. In other words, larger solvent
molecules with longer ether chains with a higher number of flu-
orinated terminal groups may compromise the overall diffusion

rate with slow solvent self-mobilities but in turn provide a more
stable solvation shell for Li-ions. Therefore, there is an optimal
solvent size for achieving the highest ionic conductivity. Both
our simulations and experiments suggest that fluoroethers hav-
ing ~4 to 5 ether units with a single fluorinated terminal group
on each solvent chain are the optimal solvents. Future studies will
use these insights to screen fluoroether solvents with different ar-
chitectural properties—such as branched fluoroethers™3 and flu-
oroethers with partially fluorinated terminal groups?!—and in-
vestigate how their molecular structure influences ion transport.
Combining such knowledge with machine learning models=2426
may provide a promising tool for design of next-generation fluo-
roether electrolytes.

5 Computational Methods

Molecular dynamics (MD) simulations were performed using
GROMACS version 2019 simulation packages.2”*? Each simula-
tion contained fluoroether solvent molecules, Li-ions, and FSA an-
ions. Solvent molecules and Li-ions were parameterized using the
OPLS-AA force field.1%V The fluoroalkly parameters were taken
from E. Watkins et. al.®? and all the other parameters were taken
from W. Jorgensen et. al.2l. All the partial charges were taken
from the original OPLS-AA development and assigned based on
atom types. Please see section S8 in Supplementary Material for
a detailed discussion. FSA anions were parameterized using the
CL&P force field.®l' We assigned partial charges of +0.8 to lithium
cations and -0.8 to FSA anions. The simulation box, subjected to
three-dimensional periodic boundary conditions, consisted of 300
to 400 solvent molecules with 1 M LiFSA in 5 x 5 x 5 nm>. See Ta-
ble S.2 in Supplementary Material for details on the number of

113] |9
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solvent molecules, Li-ions, and counterions in each simulation.
The simulation was started with a mixture of randomly placed
ions and solvent molecules. The energy of this initial configura-
tion was then minimized using the steepest decent minimization
algorithm with a stopping criterion reached when the maximum
total force of the system was less than 10.0 kJ/mol/nm. Elec-
trolytes and ions were equilibrated for 10 ns in an NPT ensemble
using a Berendsen barostat®®2? at 1 bar, velocity-rescaling ther-
mostat at 300 K, and a time step of 2 fs. The system was then
further equilibrated using Parrinello-Rahman as the barostat and
velocity-rescaling as the thermostat at the target temperature T
and pressure of 1 bar.%2 Production runs were carried out in the
NVT ensemble at the target temperature T using the Nose-Hoover
thermostat for 300 ns.%3 MD trajectory data were stored every
10 ps. The particle-mesh-Ewald summation method was used to
compute the electrostatic interactions.®¥ Bond lengths between
hydrogens and heavy atoms were constrained using the LINCS al-
gorithm. A cutoff of 1.1 nm was set for both the Lennard-Jones
(LJ) and Coulombic interactions.©>

Glass transition temperatures of pure solvent and 1 M solution
systems were calculated by cooling down the pure solvent and
the 1 M solution systems, respectively, from 475 K to 50 K at a
cooling rate of 14.2 K/ns. Then the specific volume was plotted
against temperature, and first-order polynomials were used to fit
the data. The glass transition temperature was found to be the
temperature at which the two fitted lines intersect (See Figures
S.8-S.9 in Supplementary Material for plots of specific volume
versus temperature for representative electrolytes).

Diffusion coefficients, D, were calculated using the following
equation, 0167

1. d (¥ .
D= lim — (; [Fi(t) ri(O)F) : &)

where 7(r) is the position vector of the i" atom at time ¢. To en-
sure that the probed dynamics entered the diffusive regime, we
plotted log(MSD) (where MSD stands for mean squared displace-
ments) versus log(7) and measured D when the slope equaled one.
See Figure S.10 in Supplementary Material for MSD plots of rep-
resentative electrolytes. Error bars in diffusion coefficients were
calculated by first breaking down a 300 ns-long trajectory into
three independent segments and then averaging diffusion con-
stants computed from each 100-ns segment.

Thermodynamic integration was carried out at 300K using the
GROMACS software package. We employed the soft-core elec-
trostatic potential and the Lennard-Jones (LJ) potentialé&69 to
avoid the singularity effect caused by the divergence in (dH/JdA)
with respect to A in the following equation:=227073

L oOH
B_ A_ o
6.1 6.1y = [ (5 o

€)]
where GB(p,T) is the Gibbs free energy at the end state (the sol-
vated state) at constant pressure p and temperature T; GA(p,T)
the Gibbs free energy at the beginning state (the unsolvated state)
at constant pressure p and temperature 7; and H the Hamil-
tonian; and A the coupling parameter. To compute the solva-
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tion free energy, AGS’., we integrated the (JH/dA) term with re-
spect to A in Equation [3]using 20 2 windows, with each window
carrying out 10 ns-long production runs in an NPT ensemble at
T =300K and p = 1 atm. We adopted a two-step approach by
first turning off the Coulombic interaction between Li-ions and
the rest of the system in the first 10 windows and then turning
off both the Coulombic and the van der Waals (vdw) interactions
in the other 10 windows. To compute AGfg,ll from the vdw inter-
action alone, we set the partial charges of the entire system to be
zero and then gradually turned off the vdw interaction in the 20
A windows.

Free energy profiles of Li-ions coordinated by solvent molecules
were calculated using an enhanced sampling strategy based on
the Adaptive Biasing Force (ABF) method4® as implemented
in the SSAGES software package’# coupled to GROMACS. En-
hanced sampling simulations were carried out in an NVT en-
semble at 300K for 6 ns. The collective variable was the coor-
dination number between Li-ions and the oxygen atoms in sol-
vent molecules. The coordination number was calculated using a
switching function,

€]

where r;; is the distance between particle i and particle j, ry is
0.05 nm, dj is 0.24 nm, n is 4, and m is 12.

The ionic conductivity of each system was calculated using
the equation derived from the Green-Kubo equation, which re-

lates the ionic conductivity with the microscopic charge cur-
rent. 231751761,

1 .d I
G—thggd[<zj:;qiqj-[Arl-Ar]]>, (5

where A7 is defined as 7(r) — 7(0), ¢; and ¢, represent charges of
species i and species j. kp is the Boltzmann’s constant, 7T is the
temperature (300K), and V is the volume. The total ionic conduc-
tivity can be further separated into contributions from correlated
ion motions and uncorrelated ion motions, as described in Equa-
tion[I] Each term in Equation[I]is defined as:

, 1 . d 2 thm A=
OL; = 6kgTV lll>nolo dt <§rqiu AT, - AF iu]> ) (6)
P T 2 AR, - AF; 7
OFSA = GhgTV v di irZsA gy [ATipsy * g ] )

1 . d o o
O-Iiii = 6kgTV IIL)IE,E <Z Z 9ii9 i [Ariu 'ArJLi]> ) ®

iLi jriFiLi

1 d
d . . N
Opsa = W }L{E{, dr < Z Z Qipsajrsa [Arif'SA 'AerSA}> ,

iFsa iFsa7 JFsa

1 d

d . o -

OLi.FsA = g1 Ty thj{}o a <Z Z iy G jpss [ATiy, - AF j[-'SA]> , 10
B iLi Jrsa

oy, is the Li-ion self conductivity, o}, is the FSA anion self con-

ductivity, o} is the Li-ion distinct conductivity, o, is the FSA
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anion distinct conductivity, and GZAFSA is the distinct conductiv-
ity between Li-ion and FSA-anion. There is a significant amount
of fluctuations in the distinct terms in Equation [1} Therefore, in
order to get an accurate estimate of the derivatives in the dis-
tinct terms, we averaged over data from 10 independent 100 ns
MD trajectories for each solvent system to calculate the collective
MSD, from which we further calculated the derivatives.”Z It was
ensured that the collective MSD has reached the linear regime in
all cases.
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