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Electrolytes with enhanced thermal stability are sought for next-generation lithium batteries. In this work, we
discuss the synthesis, thermal properties, morphology, and ionic conductivity of single-component, solvent-free
electrolytes composed of lithium salts with amphiphilic anions. These salts exhibit nanoscale phase segregation
between the ionic domains and aliphatic tails of the amphiphilic anions. It is found that for a series of lithium
salts with a decane tail, the ionic conductivity is correlated with ion pair binding energy. The ionic conductivity
is highest for the decane tailed salt with the —sulfonyl(trifluoromethanesulfonyl)imide head group (LiC10TFSI) at
5.6 x 1077 S/cm at 70 °C, with salts with — sulfonyl(phenylsulfonyl)imide and —sulfonylazanide anions exhibiting
lower conductivity. A salt with an octadecane tail and TFSI headgroup (LiC18TFSI) has further improved ionic
conductivity, 4 to 1000 times higher depending on the temperature and 3.6 x 10 S/cm at 70 °C. LiC18TFSI is a
smectic ionic liquid crystal at intermediate temperatures as confirmed through X-ray scattering experiments and
molecular dynamics simulations, whereas LiC10TFSI is suspected to be a disordered ionic liquid at the mea-
surement conditions, highlighting the importance of ionic aggregate morphology on bulk ionic conductivity of
electrolytes with ion clusters.

1. Introduction

Technology in the modern world necessitates long-lived, high charge
capacity batteries for applications from automobiles to pacemakers.
New developments in personalized electronic devices and robotics
additionally demand fast charging and discharging, safe operation, and
pliable geometries [1,2]. In many of these applications, the prevailing
batteries utilize aprotic liquid lithium-ion electrolytes composed of
lithium salts dissolved in a mixture of organic carbonate solvents. The
electrolyte liquids are volatile organic compounds; the solvent com-
bustion during a failure event can lead to thermal runaway and explo-
sion, and these compounds can exhibit significant reactivity with
lithium metal which limits their use in beyond-lithium-ion battery de-
signs employing lithium metal anodes [3]. Also, both Lit and the
counter-anion are mobile in the conventional liquid electrolytes and the
lithium transference number is low, resulting in performance which is
limited by internal impedance from anion polarization and side-reaction
of the anions on the electrodes.

Alternative electrolytes with lower flammability and lithium trans-
ference numbers near unity (so-called ‘single-ion conductors’) are being
researched worldwide. Inorganic electrolytes can present fast ion
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mobility in concert with high modulus and thermal stability [4].
Nonetheless, difficulties in manufacturing, sensitivity to moisture, and
brittleness have slowed their application [2]. Alternatively, single-ion
conducting polymer electrolytes have better compatibility with elec-
trodes and are amenable for low-cost industrial-scale processing [1,5,6].
However, dry single-ion conducting polymer electrolytes demonstrated
thus far have ionic conductivity that is too low for most applications,
with the best reported values of Li* conductivity of >1 x 10~ S/cm at
60-90 °C achieved with ionomers containing highly dissociable bound
anions in contact with poly(ethylene oxide) (PEO) chain segments
through either copolymerization or blending [1,5,7]. The ionic con-
ductivity in these PEO-based single-ion conducting polymers is depen-
dent upon the segmental relaxation rate of the polymer chains solvating
Li", the ion pair binding energy, and the interaction of the bound
anionic site with the cation-solvating PEQO. The reduction of ion clus-
tering and excellent mixing between the ionic groups and polar polymer
segments results in the highest bulk ionic conductivity in these systems.

Molecular dynamics (MD) simulations have been used to probe novel
conduction mechanisms in single-ion conducting polymers. For systems
lacking additional solvent or cation-solvating groups beyond the poly-
merized anions (i.e., lacking a polar polymer matrix such as PEO), MD
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simulations have revealed different types of Li™ transport mechanisms:
1) structural relaxation-coupled transfer between nearby ion clusters,
and 2) fast hopping of ions within an ionic cluster, potentially providing
superionic conductivity [8-13]. The rate of the simulated fast ion hop-
ping is significantly higher than the structural relaxation rate of the
polymer, which could lead to a conductivity decoupled from mechanical
properties of the ion-conducting phase [14-19]. Several lithiated poly-
mers with segregated ion clusters have recently been reported [14,
20-26]. Yet, the morphological control to remove grain boundaries and
afford total percolation of the ion clusters has been difficult to achieve
experimentally, inhibiting the fundamental study of the ion transport
within these dense ionic domains.

In this study, we investigate the potential of amphiphilic lithium salts
as single-component, solvent-free electrolytes. We hypothesized that
these amphiphilic lithium salts may serve as a model system and small-
molecule analogs of single-ion conducting polymer electrolytes with
liquid crystalline (LC) character recently reported where the ions exist in
dense ionic domains with long-range periodic arrangement but there is a
lack of atomic-scale crystalline order in either the polymer repeat seg-
ments or ion clusters [20,24,25]. The chemical environment of the
lithium cation in the pure amphiphilic lithium salt and the corre-
sponding ionomer with segregated ionic phases may be similar.
Amphiphilic salts are known to support thermotropic liquid crystalline
phases with long-range order [27-33]. In a pure salt or
single-component electrolyte, long-range concentration polarization of
the ions in an electric field would not be possible, due to maintenance of
electroneutrality. In addition, from a practical standpoint, the amphi-
philic lithium salts are easier to synthesize and expected to have lower
viscosity than the polymer, which would enhance electrolyte-electrode
contact.

The amphiphilic salts in this study contain sulfonylimide-derived
anionic chemistries, while the cation is Li*, a relatively hard cation
with small ionic volume (see Fig. 1). Three salts are prepared with decyl
tails and varying anions, lithium (decylsulfonyl)(tri-
fluoromethanesulfonyl)imide (LiC10TFSI), lithium (decylsulfonyl)
(phenylsulfonyl)imide (LiC10PSI), and lithium (decylsulfonyl)(cyano)
imide (LiC10SA). The TFSI anion, commonly used in single-ion con-
ducting polymer electrolytes, has relatively high charge delocalization.
Modifications are made to this anion to change the effects of electron
conjugation and anion size [34]. In the LiC10PSI, the trifluorosulfonyl
group was replaced by a phenylsulfonyl group that has slightly lower
charge delocalization but larger size than the trifluorosulfonyl. In the
LiC10SA, the trifluorosulfonyl group was replaced by a cyano group.
This cyano group has smaller size than the trifluorosulfonyl and further
reduced electron delocalization. Additionally, we investigated the in-
fluence of tail length by preparing lithium (octadecylsulfonyl)(tri-
fluoromethanesulfonyl)imide (LiC18TFSI). We note that the LiC,TFSI
salts LiC8TFSI, LiC12TFSI, and LiC16TFSI were reported over two de-
cades ago, however limited characterization was performed on the pure
materials and rather they were mixed with PEO to prepare polymer
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electrolytes that were then studied [35]. Here, the thermal, conduction,
and structural properties of these single-component electrolytes were
investigated.

2. Materials and methods

Detailed synthesis information is provided in the Supporting Infor-
mation. 'H nuclear magnetic spectroscopy (NMR) was recorded on a
Bruker AVANCE III HD 400MHz Nanobay spectrometer with scan
number of 16. Lithium content was assessed using inductively coupled
plasma optical emission spectroscopy (ICP-OES) via a Perkin Elmer
Optima 8000 ICP-OES with Prep3. Differential scanning calorimetry
(DSC) was used to profile the thermal transitions of each ionic molecule.
A DSC Q2000 TA Instruments was applied at a heating or cooling rate of
10 °C/min with a Ny purge flow of 50 mL/min. Samples were cooled
from room temperature to -50 °C, heated to 250 °C, held isothermally for
10 minutes at 250 °C, and then cooled back to -50 °C. Dielectric spec-
troscopy was performed on a Novocontrol broadband dielectric spec-
trometer coupled with an alpha-A high performance frequency analyzer
in the range of 0.1 Hz to 1 MHz with an alternating current (AC)
amplitude of 0.3 V from high to low frequency in order to extract the
bulk ionic conductivity of the samples. Tested material in the liquid state
was placed on a gold plated electrode and another electrode was placed
on the top. The interelectrode distance was maintained with several 50
pm thick glass fibers. Samples were first heated to the highest measured
temperature and then the measurement was recorded upon cooling. The
samples were stabilized at each temperature for 5 mins before the
dielectric measurement. Direct current (DC) ionic conductivity was
determined at the frequency where the real conductivity curve plateaus.
Small and wide angle X-ray scattering (SAXS-WAXS) experiments were
conducted at Advanced Photon Source Synchrotron beamline 12-ID-B
operated by the Chemical and Materials Science group at Argonne Na-
tional Laboratory. The wavelength of the X-ray beam was 0.9322 A
corresponding to 13.3 keV, and the exposure time was 0.1 sec. The
cooling rate was set to 10 °C/min, and the cooling was paused at each
measurement temperature for several minutes for data collection.

Molecular dynamics simulations using GROMACS 2018.3[36,37]
(input files provided in the SI) were prepared starting from a presumed
crystal structure for 512 ion pairs placed into two layers. For this state, it
is presumed lithium cations are arranged next to the anionic head-
groups, and tail groups interdigitate. This configuration remains rela-
tively stable until the layers melt into a smectic state at elevated
temperature. We utilized Avogadro 1.2.0[38,39] for initial molecular
topology generation, and built the molecular model atop the GAFF2[40]
forcefield with antechamber 22.0[41] optimization for missing terms
and partial charges. The partial charges were then scaled by 0.7 using
standard protocols. The general protocol utilized energy minimization
to relax large forces, subsequent equilibration at constant pressure and
temperature (initially 300 K) using a v-rescale thermostat,[42] with first
a semi-isotropic Berendsen barostat at 1 bar pressure and then an
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Fig. 1. Molecular structures of amphiphilic lithium salts in this study. Their molecular lengths as estimated through ChemDraw 3D software under the assumption of
a fully extended aliphatic chain as detailed in the Supporting Information (Figures S1-4) are as follows: LiC10TFSI (16.8 A), LiC10PSI (17.9 A), LiC10SA (15.3 A),

and LiC18TFSI (26.9 A).
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isotropic Berendsen barostat for a total of 107 NPT steps. Anisotropic
coupling is necessary so that the molecular spacing in the xy plane can
be relaxed independently from the layer spacing, which is aligned with
the z axis. For production runs, these equilibrated configurations were
coupled at the appropriate temperature to a semi-isotropic Par-
inello-Rahman barostat. From the initial temperature of 300 K, tem-
perature was raised in stages, 50 K at a time, using a 10 ns equilibration
period at each temperature. The output of these equilibration runs is
used as the initial condition for independent Parinello-Rahman NPT
simulations lasting 200 ns each, over which thermodynamic and struc-
tural data is gathered. Example initial conditions and NPT run files are
provided in the supplementary information.

3. Results and discussion
3.1. Organic ionic salt molecules

The organic ionic salt molecules in this study (shown in Fig. 1)
resemble ionic liquids (ILs) with respect to physical properties. While an
ionic liquid could refer to any ionic compound exhibiting liquid-like
properties, the term IL is generally used to refer to salt species whose
melting temperature is below 100 °C, with species having higher
melting temperatures referred to as molten salts in their liquid phase. ILs
are typically composed of a cation and anion pairs where at least one
species is significantly larger than simple metal ions, having an extended
structure which limits entropy in crystallization, and whose charge is
relatively less localized than in simple metal ions [43].

Here, in order to prevent crystallization of the ionic head groups and
promote the LC phase, the anions in this study are derivitized with a
hydrocarbon tail with either 10 or 18 methylene (and methyl) groups.
The synthesis strategy of the organic ionic salts was adopted from prior
works and modified to result in different tethered anionic groups [35,
44]. The synthesis route, as depicted in Fig. 2, begins with the precursor
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1-bromodecane for LiC10TFSI, LiC10SA, and LiC10PSI, and sodium
octadecanesulfonate for LiC18TFSI. The molecules with a C10-tail are
obtained with a 4-step synthesis procedure, that may be shortened by
using sodium decanesulfonate as the starting material. LiC18TFSI is
achieved in 3 steps with high yield at each step. The nucleophilic effect
of the cyanamide is lower than its companions, which causes the yield of
the LiC10SA to be lower than the others. All four molecules can be
readily obtained by precipitation in low polarity solvent after the lith-
iation reaction. They are powdery solids at room temperature after
drying in the vacuum oven. Their solubility in non-polar organic solvent
is negligible while they are soluble in high polarity solvents such as
dimethylformamide (DMF), alcohols, and water. Their solubility sug-
gests that the electrostatic interactions within the ion-pairs is strong.
Meanwhile, the C10-tailed molecules are visually hygroscopic in the
atmosphere suggesting their high hydrophilicity. On the contrary, the
LiC18TFSI is not as hygroscopic in the atmosphere, due to the longer
hydrophobic tail.

The 'H NMR spectra of the three C10 salts are presented in Fig. 3,
while complete 'H NMR analysis confirming successful synthesis of the
target molecules is provided in the Supporting Information (Figures S5-
$8). The peak of protons adjacent to the sulfonyl groups are denoted.
Their chemical shifts are 2.93, 2.85, and 2.77 ppm, for -TFSI’, -PSI’, and
-SA’, respectively. The electron-delocalizing effect of each anion is re-
flected in the above chemical shifts, as increased electronegativity of the
functional group (X) adjacent to the protons of the -CH2X moiety will
cause the chemical shift of those protons to move down field (increase in
ppm). The -TFST has the highest delocalizing effect while the -SA™ pre-
sents the lowest [45].

3.2. Differential scanning calorimetry

In Fig. 4, differential scanning calorimetry (DSC) traces of each
molecule are presented. Untreated powder samples directly after the
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Fig. 2. Synthesis scheme of LiC10TFSI, LiC10PSI, LiC10SA, and LiC18TFS]I, including yields for each product.
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Fig. 3. "H NMR of LiC10TFSI, LiC10PSI, and LiC10SA in DMSO-dg.

chemical synthesis and drying are subjected to cooling to -50 °C, then
heating to 250 °C, then an isothermal hold, and finally another cooling
ramp. The heating and second cooling ramps are shown.

For LiC10SA (Fig. 4 a), endothermic peaks associated with melting
are present at 94 °C and 142 °C upon heating. After the isothermal hold,
no exothermic events are observed upon cooling. Gradual slope changes
that may be indicative of a glass transition are present at low tempera-
tures on both heating and cooling runs. The data indicates that the time
required for crystallization is greater than that available during the
cooling run before glass formation occurs. Additionally, glass and
crystalline phases of LiC10SA may coexist with certain environmental
history (like that during the sample preparation prior to the heating
run). Turning next to LiC10PSI (Fig. 4 b), endothermic peaks are found
at 98 °C and 107 °C, indicating closely occurring melting events. Again,
no exothermic events are observed upon cooling.

For LiC10TFSI (Fig. 4 ¢), upon heating a significant endothermic
peak occurs at 100 °C that is attributed to melting. Upon further heating,
a small exothermal event occurs at 149 °C. After the isothermal hold, a
small endothermic peak at 249 °C and then a small exothermic peak
appears at 145 °C upon cooling. The low intensity of the three thermal
events above 125 °C suggests that they could be related to LC-to-LC and/
or LC-to-isotropic phase transitions [46]. The existence of two low in-
tensity thermal events in the cooling scan implies the existence of at
least two different LC phases present during this scan. There is no
additional exothermic event upon further cooling of the sample during
the DSC measurement.

A distinct thermal behavior was found for LiC18TFSI. As shown in
Fig. 4 d, narrow peaks are observed on both heating and cooling ramps.
Upon heating, a melting transition peaked at 67 °C, after which a cold
crystallization peak happened at 79 °C and then another significant
melting peak at 107 °C. A small exothermic event occurred at 197 °C.

After the isothermal hold, a small exothermic peak appears at 193 °C
upon cooling. Again, the low intensity thermal events at higher tem-
peratures are likely to be associated with LC-to-LC or LC-to-isotropic
phase transitions. Finally, further cooling results in a significant crys-
tallization peak at 62 °C. The longer hydrocarbon tail for LiC18TFSI,
versus LiC10TFSI, increases the ionophilic and ionophobic phase sepa-
ration and enables the crystallization of the tails to happen at a faster
rate, as evidenced by the existence of the significant crystallization event
on the cooling scan for LiC18TFSI. Furthermore, a wide LC temperature
window of 86 °C (if 193 °C is the upper bound and 107 °C is the lower
bound) would be favorable for the analysis of conductivity that is
affected by the ion-cluster phase.

3.3. Ionic conductivity

Tonic conductivity of the salts as measured upon cooling is shown in
Fig. 5. The conductivity curves for LiC10SA and LiC10PSI are Vogel-
Fulcher-Tammann (VFT) type from 180 °C to 30 °C. This functional
form of the conductivity temperature dependence indicates that the
conductivity is related to a relaxation process. The slow crystallization of
these molecules, as confirmed by the previously discussed DSC experi-
ments, allowed for this result. In contrast, discontinuity is observable in
the conductivity collected upon cooling for LiC10TFSI and LiC18TFSI.
At lower temperatures, the observed Arrhenius temperature dependent
ionic conductivity implies ion hopping rather than relaxation mediated
ion transport, which is typical for (semi-)crystallized and glassy ionic
conductors. While LiC18TFSI showed a clear crystallization transition in
DSC below 100 °C, LiC10TFSI did not. The difference in the phase
change temperature observed in DSC upon cooling from the deviation
from VFT behavior for the conductivity is common and can be attributed
to substrate effects and differences in cooling rates between the two
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The conductivity of LiC10SA, LiC10PSI, and LiC10TFSI are 1.9 x
1078 S/cm, 5.9 x 1085/ cm, and 5.6 x 10”7 S/cm, respectively, at 70 °C.
The conductivity of the three decane-tailed materials follows the trend
of higher conductivity with lower ion-pair binding energy, the same as
with our previous findings for a side-chain polymer system [43]. In
contrast, the reason for the difference in conductivity of LiC10TFSI and
LiC18TFSI - 5.6 x 107 S/cm and 3.6 x 107 S/cm at 70 °C - is not
obvious. In fact, in the absence of ion mobility differences, LiC10TFSI
would be expected to have higher ionic conductivity than LiC18TFSI due
to the higher ion number concentration, but the reverse trend for higher
ionic conductivity with lower bulk ion concentration is found. We esti-
mate that the molar ionic conductivity of LiC18TFSI exceeds that of
LiC10TFSI at 70 °C by about 120 times. Further discussion on conduc-
tivity normalization may be found in the Supporting Information.

3.4. Morphology investigation

The phase morphology of LiC10TFSI and LiC18TFSI was investigated
with small- and wide-angle X-ray scattering (SAXS-WAXS, Fig. 6) upon
cooling in order to elucidate the reason for the significant difference in
their ionic conductivity. Limited additional scattering experiments were
performed on other samples, and this data and discussion may be found
in the Supporting Information (Figure S9) [47].

Each LiC10TFSI and LiC18TFSI were heated to a temperature at
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which only broad scattering features at both high q (wide angle scat-
tering, related to short length scales) and at low q (small angle scat-
tering, related to longer length scales) were observed. Interestingly,
these broad peaks were observed for LiC10TFSI at 160 °C, a temperature
above the small thermal event observed at 149 °C but below the event
observed after the high temperature hold in DSC. Both the isotropic and
nematic phases could result in the broad scattering, but the higher
temperature DSC event implies that the isotropic phase should not be
present at 160 °C upon heating. This high temperature DSC event for
LiC10TFSI was confirmed via replication. However, nematic phases are
rare for ionic liquid crystals. Recent coarse-grained simulations suggest
that ionic liquid crystals with the charge located at the center of the
mesogen may form nematics while in the amphiphilic case like we are
concerned with here, the smectic is the only LC phase observed with
direct transition to the isotropic [48]. Either way, whether the broad
scattering in each LiC10TFSI and LiC18TFSI is from the isotropic or
nematic phase, the ion clusters in those phases must be relatively
disordered much like in an ionic liquid.

Upon cooling of LiC10TFSI from 160 °C to 130 °C, below the small
DSC peak observed at 149 °C, there was little immediate change to the
scattering profile. Close inspection reveals a change in the curvature of
the amorphous halo in the wide angle region of the profile and a slight
shift in the broad peak in the small angle region. At 130 °C, the broad
peak in the small angle region at ¢ = 0.29 A™ corresponds to a broad
distribution of correlation distance of ionic groups with a mode of 2.1
nm. As ionic liquid crystals with this head-to-tail shape typically form a
smectic phase that would be visible with scattering, we chose to hold the
temperature at 130 °C and periodically collect scattering data to see if a
morphological change was observed. Indeed, after holding at 130 °C for
more than 2 hours, smectic peaks were observed with q; = 0.29 A™! and
Q2 = 2q; = 0.58 A”! which correspond to a 2.1 nm layer-to-layer distance
of the ionic phase. Real space distances may be related to reciprocal q
space via the Bragg equation, d = 2rn/q. Considering that the fully
extended length of LiC10TFSI is estimated at less than 1.7 nm, the LC
layer spacing could result from overlapping tails. Further cooling to 90
°C led to the hard crystal phase.

In contrast, when LiC18TFSI was cooled for scattering measure-
ments, the phase changes were found to be spontaneous to temperature
changes. At 210 °C, the broad peak at q = 0.22 A indicates an ionic
correlation distance of 2.5 nm. Upon cooling to 170 °C, immediately
narrow scattering peaks at g; = 0.21 A and g2 = 2q; = 0.43 A"
appeared atop the broad scatter, while no narrow peaks were found in
the WAXS region. The distance between nearest smectic layers was 2.9
nm, similar to the estimated extended length of the LiC18TFSI at ~2.7
nm. With continued cooling, the smectic peaks grew in height while the
disordered fraction was reduced. The same behavior persisted until the

temperature was 40 °C, below the DSC crystallization temperature,
where a single WAXS peak appeared that is characteristic of the hex-
agonal packing of alkyl chains [49-51]. LiC18TFSI exhibits a robust
smectic LC phase over a wide elevated temperature range.

We also investigated the assembly of LiC18TFSI using molecular
dynamics simulations. The MD simulations are performed starting from
a hypothetical crystal geometry at 27 °C (300 K), which is slowly heated
in stages to 227 °C (500 K). A melting transition to the smectic-like phase
displayed in Fig. 7 (a) is observed at approximately 127 °C (400 K).
While this does not correlate identically with the values observed in
experiment — a common feature of simulations performed using
generalized force fields which have not been optimized to match ther-
modynamic measurements — we may still understand structural fea-
tures in the smectic phase which correlate strongly with the layering
observations in Fig. 6 (b). Importantly, we observe an effective layer
spacing obtained as half the box length in the layered direction of 23.0
nm (see Fig. 7 (b)), which compares favorably with the layer spacing
obtained from scattering. The spacing is stable until the smectic phase
begins to melt around 500 K. It is noted that similar simulations were
attempted for LiC10TFSI, however only a metastable smectic phase was
identified.

Based on the clear formation of a stable smectic in LiC18TFSI over a
wide temperature range and increased ionic conductivity of this mate-
rial relative to LiC10TFSI, we anticipate that the ionic conductivity of
LiC10TFSI is limited by disorder of the ionic domains. Decreased con-
tinuity between ionic clusters must lead to a decreased rate of long-
range lithium transport.

4. Conclusions

In this contribution, we have reported on amphiphilic lithium salts
without Li* solvation functionality besides the tethered anion, that
phase segregate at the nanoscale into ion-rich and hydrocarbon-rich
domains. These materials may be used as model systems to study
cation conduction in materials with dense ionic clusters. Through the
study of various bis(sulfonylimide) anions, it is found that the decane-
tailed salts with the most charge-delocalized anion studied
(LiC10TFSI) exhibit the highest bulk ionic conductivity. Meanwhile, the
extension of the non-polar tail to 18 carbon atoms (LiC18TFSI) results in
more stable formation of the smectic liquid crystal phase and an increase
in the bulk ionic conductivity of 4 to 1000 times higher compared with
LiC10TFSI. The bulk ionic conductivity of LiC18TFSI at 60 °Cis 2 x 107°
S/cm, comparable to the conductivity of routine salt-doped PEO elec-
trolytes. These results suggest that the long-range ion transport is faster
in materials with ordered ion clusters compared with disordered ion
clusters, perhaps due to a reduction in the concentration of cluster-
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Fig. 7. (a) MD snapshot of LiC18TFSI at 400 K with layer spacing of 3.0 nm. (b) Layer spacing of LiC18TFSI with temperature increments; the observed spacing is
slightly larger than what is observed in experiments but nonetheless correlates well in the smectic range. The error bars depict standard errors.

cluster boundaries.
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