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Lithium-ion batteries with fluorinated mesogen-
based liquid-crystalline electrolytes: molecular
design towards enhancing oxidation stability+
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Two-dimensional (2D) nanostructured liquid crystals containing fluorinated cyclohexylphenyl and cyclic
carbonate moieties have been developed as quasi-solid-state self-organized electrolytes for safe lithium-
ion batteries. We have designed lithium ion-conductive liquid-crystalline (LC) materials with fluorine sub-
stituents on mesogens for improved oxidation stability. Computational studies suggest that the fluorina-
tion of mesogens lowers the highest occupied molecular orbital (HOMO) level of LC molecules and
improves their oxidation resistance as electrolytes. The LC molecule complexed with lithium bis(trifluoro-
methanesulfonyl)imide exhibits smectic A LC phases with 2D ion transport pathways over wide tempera-
ture ranges. Cyclic voltammetry measurements of the fluorinated mesogen-based LC electrolytes indi-
cate that they are electrochemically stable above 4.0 V vs. Li/Li*. Lithium half-cells composed of fluori-
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nated LC electrolytes show higher discharge capacity and coulombic efficiency than those containing
non-fluorinated analogous LC molecules. Combining molecular dynamics simulations with the experi-
mental results, it is revealed that the fluorination of the mesogen effectively enhances the electrochemical
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Introduction

Nanostructured liquid-crystalline (LC) materials’™® have
attracted considerable attention as transport materials for
ions,'™>%11726 electrons,** #2731 and molecules’*°3273°
because they form well-organized molecular-based nano-
structures for potential applications in energy, environment,
resources, and separation materials. LC molecules having
block structures consisting of incompatible moieties form
nanosegregated structures. The transport pathways formed by
nanosegregation are expected to enable the efficient transport
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stability of the LC electrolytes without significantly disrupting ionic conductivities and the LC order.

of ions, electrons, or molecules even in quasi-solid states. The
dynamic and soft properties of LC materials also contribute to
switching,™*®1%2337 flexibility," '**®*! processability,">%>7*!
or interfacial compatibility.>*%>*

The aim of this study is to develop nanostructured LC elec-
trolytes for lithium-ion batteries (Fig. 1). We successfully pre-
pared lithium-ion batteries with an LC electrolyte for the first
time using a smectic rod-like LC molecule complexed with a
lithium salt." This LC electrolyte showed a smectic phase to
construct two-dimensional (2D) ion-conduction pathways.
Tonic conductivities in the order of 107°-10™* S em™" were
achieved with these LC electrolytes in the quasi-solid states.
These LC molecules need to be designed to meet the require-
ments for lithium-ion battery operations including electro-
chemical stability.

Conventional electrolytes for lithium-ion batteries consist
of organic low-molecular-weight carbonates which have
inherent safety issues, such as leakage, volatility, and
flammability.**™** To ensure the safety of lithium-ion batteries,
various electrolytes, such as solid inorganic electrolytes,**°
solid polymer electrolytes,*>*”~** gel polymer electrolytes,”* or
ionic liquid electrolytes,” have been studied. Solid inorganic
electrolytes, represented by oxides, have ordered structures
and exhibit high ionic conductivities; however, they experience
high resistance at grain boundaries or instability with lithium
metal anodes.**** Polymer electrolytes are promising candi-

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic illustration of the lithium-ion battery containing the
LC electrolytes in the ideal state.

dates owing to their lightness, processability, and flexibility;
however, the ionic conductivities in the amorphous region are
relatively lower.*>*”*® Nanostructured ion-conductive liquid
crystals'>%11723 a]ls0 show potential as quasi-solid electro-
lytes because they provide dynamic ordered structures, which
may contribute to safety, good compatibility with electrodes,
and efficient ion transport through self-assembly pathways.
Furthermore, it was reported that ordered LC structures could
effectively suppress the growth of lithium dendrites which
cause capacity fading and short circuits, hindering the practi-
cal application of lithium metal anodes."®"

In the present study, we focus on the fluorination of aro-
matic mesogens as a new approach for the enhancement of
the oxidation resistance of LC electrolytes. The electrochemical
stability of electrolytes is an important factor determining the
efficiency and cyclability of batteries.>” Fluorine atoms are
characterized by small volume, high electronegativity, low
polarizability, and the formation of stable C-F bonds.
Associated with the nature of fluorine atoms, fluorinated
organic electrolytes®®*°%% possess superior electrochemical
and physicochemical properties, such as higher oxidation
stability,**>>*%7°®> nonflammability,>®*>***"®*> and low-tempera-
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ture performance.’®>%%
LC properties of a variety of fluorinated liquid crystals
have been reported. Fluorinated liquid crystals have often been
studied for display applications that modulate their physico-
chemical properties.®®”"

Herein, we report the effects of fluorination of LC mole-
cules on the electrochemical and self-assembly properties of
compound 1. The performance of lithium-ion batteries based
on the LC electrolytes of 1 and lithium salts using half-cells
comprising LiFePO,, Li metal, and LC electrolytes is described.

Conversely, the physicochemical and
14,17,66-72

Results and discussion

Compound 1 has a fluorinated rod-like mesogen and a cyclic
carbonate group at the extremities of the alkyl spacer (Fig. 1).
Compound 1 is a fluorinated analogue of compound 2.
Compound 2 complexed with a lithium salt was previously
used as an LC electrolyte for lithium-ion battery studies.'’
However, the cells with compound 2 based LC electrolytes
were reported to deteriorate gradually in repeated charge-dis-
charge reactions due to the insufficient oxidation resistance of
compound 2.""*? Fluorine substituents were introduced to the
lateral part of the mesogen to enhance the oxidation resis-
tance. We expected that the electron-withdrawing fluorine
atoms would stabilize the highest occupied molecular orbital
(HOMO), which is localized at the cyclohexylphenyl moiety.
The density functional theory (DFT) calculations (B3LYP/6-31G
(d), Spartan’18) confirmed that compound 1 has a HOMO level
of —6.07 eV, which is lower than that of compound 2 (Fig. 2).
The stabilization of the HOMO was envisioned to result in the
enhanced oxidation resistance of the LC electrolytes and stable
charge-discharge reactions. From a view of self-assembling
properties, complexes of compound 1 and lithium salts were
expected to form 2D ion-conduction pathways where the
lithium ions should interact with the carbonate
moieties,""'*'>'” such as compound 2. Due to the wider 2D
pathways of the smectic phases, the conduction pathways
would be partially connected, even in polydomain
states."***® The laterally fluorinated mesogens may suppress
excessive intermolecular packing that decreases conductivity
and compatibility with electrodes.®®%%73

Compound 1 was synthesized from commercially available
1-ethoxy-2,3-difluoro-4-(trans-4-pentylcyclohexyl)benzene as the
starting material (Scheme S17). Compound 1 was characterized
by '"H and ™C nuclear magnetic resonance spectroscopy,
matrix-assisted laser desorption ionization time-of-flight mass
spectrometry, and elemental analysis (Fig. S1 and S27).

The LC properties of compound 1 were studied by differen-
tial scanning calorimetry (DSC), polarized optical microscopy
(POM), and X-ray diffraction (XRD) measurements (Table 1,
Fig. $3-557). Compound 1 showed an enantiotropic smectic A
(SmA) phase with an isotropization temperature of 65 °C. No
LC phases other than the SmA phase were observed for com-
pound 1 when cooled to —20 °C. Compound 1 did not exhibit
a smectic B (SmB) phase, while compound 2 exhibited an SmB

Nanoscale, 2024, 16, 21118-21127 | 21119
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Fig. 2 Molecular structures, HOMO structures and HOMO energy
levels (DFT, B3LYP/6-31G(d), Spartan'18) of the compounds: compound
1 with a fluorinated cyclohexylphenyl mesogen and compound 2 con-
sisting of a non-fluorinated cyclohexylphenyl mesogen.

Table 1 Phase transition behavior of compounds 1 and 2

Compound Phase transition behavior®
1 Iso 65 SmA
2? Iso 96 SmA 22 SmB

“Phase transition temperature (°C) determined by DSC during the
cooling process. Scanning rate: 10 °C min~. ?Ref. 11. Iso: isotropic;
SmA: smectic A; and SmB: smectic B.

phase as well as an SmA phase.'! The fluorine atoms of com-
pound 1 may disturb the ordered packing of mesogens in the
layer plane.®®®73 The effects of the lateral fluorine substitu-
ents on liquid crystallinity will be discussed later in combi-
nation with molecular dynamics simulations.

Complexes of 1/lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) were prepared at molar ratios of 90: 10, 80 : 20, 70 : 30,
and 60 : 40. The interactions between 1 and LiTFSI were exam-
ined using Fourier transform infrared (FT-IR) spectroscopy
(Fig. 3 and S6t). Compound 1 showed a characteristic stretch-
ing vibrational band due to the C=O0 group in the cyclic car-
bonate moiety at 1796 cm™" at 30 °C. Upon addition of LiTFSI,
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Fig. 3 FT-IR spectra of 1/LiTFSI complexes in the SmA phases at 30 °C.

the band of the C=O0 stretching vibration of the cyclic carbon-
ate coordinated to lithium ions was observed at 1777 ecm™ .
These observations supported the hypothesis that 1 and
LiTFSI formed complexes. These band shifts derived from the
interactions between lithium ions and the C=O group have
also been reported for complexes 2/LiTFSL. ">

Fig. 4a shows a phase diagram of 1/LiTFSI complexes
(Fig. S7 and S8t). The 1/LiTFSI complex at a molar ratio of
80:20 showed a homeotropic alignment in the SmA phase,
which was confirmed by the dark POM image and the cross
pattern of the conoscopic image (Fig. 4b). The XRD pattern of
the 1/LiTFSI complex at a molar ratio of 80:20 at 60 °C shows
the formation of a layered structure with a d-spacing of
approximately 44 A (Fig. 4c). A diffusion halo is observed in
the wide-angle region. Considering the molecular length of
compound 1 (23 A) obtained by structural optimization using
DFT, these results suggest the formation of the SmA phase
with a bilayer structure (Fig. 5). The isotropization tempera-
tures of 1/LiTFSI complexes were higher than that of com-
pound 1 (Fig. 4a). The nanosegregated layered assemblies in
the SmA phases were stabilized by ion-dipole interactions
between the polar carbonate moieties of 1 and the lithium
ions, as observed from the FT-IR measurements. The isotropi-
zation temperature of 1/LiTFSI at a molar ratio of 60:40 was
lower than that at 70: 30, resulting from the destabilization of
the layered structures by the bulky TFSI anions.

The ionic conductivities of 1/LiTFSI complexes were
measured by an alternative current impedance method using

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Phase diagram of 1/LiTFSI complexes upon cooling. Iso: iso-
tropic; SmA: smectic A. (b) POM image of 1/LiTFSI at a molar ratio of
80:20 at 25 °C on glass substrates. A: analyzer. P: polarizer. The inset
shows the conoscopic image. (c) XRD pattern of 1/LiTFSI at a molar ratio
of 80:20 at 60 °C.

comb-shaped gold electrodes deposited on a glass substrate
(Fig. 6 and S97). LC electrolytes 1/LiTFSI exhibited ionic con-
ductivities of 107°-10"* S em™" in the SmA phases. A sudden
increase in ionic conductivity was observed in isotropic (Iso)-
SmA phase transitions upon cooling of 1/LiTFSI complexes at

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Schematic illustration of the assembled structure of 1/LiTFSI at a
molar ratio of 80: 20 in the SmA phase.
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Fig. 6 lonic conductivities of 1/LiTFSI at molar ratios of 90:10
(orange), 80:20 (red), 70:30 (green), and 60 :40 (blue). The right part
shows the enlarged view of the region of phase transition temperatures.

molar ratios of 90:10, 80:20, and 70 : 30 (Fig. 6). These obser-
vations and the XRD results (Fig. 4c) suggest that the for-
mation of aligned 2D pathways leads to more efficient ion
transport between the electrodes (Fig. 5). Higher ionic conduc-
tivities were obtained for 1/LiTFSI at molar ratios of 90: 10 and
80: 20 than at other ratios. In our previous study,'* compound
3 was designed to improve the oxidation resistance of com-
pound 2 (Fig. 7). The cyclohexylphenyl mesogen of compound

Nanoscale, 2024, 16, 2118-2127 | 21121
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Fig. 7 Molecular structure, HOMO structure, and the HOMO energy
level (DFT, B3LYP/6-31G(d), Spartan’18) of compound 3 bearing a bicy-
clohexyl mesogen.

2 was changed to the bicyclohexyl mesogen of compound 3.
Flexibility was increased by introducing an oligo(ethylene
oxide) spacer. The phase transition temperatures of 1/LiTFSI
and the LC electrolytes based on 2'"'* and 3 '* used for pre-

Table 2 Phase transition behavior of LC electrolytes

LC electrolyte Phase transition behavior®

1/LiTFSI (80 : 20) Iso 99 SmA
2/LiTFSI (90 : 10)’ Iso 114 SmA 0 SmB
3/LiTFSI (80 : 20)° Iso 109 SmA 99 SmB

“Phase transition temperature (°C) determined by DSC during the
cooling process. Scanning rate: 10 °C min~". ” Ref. 11 and 15. ° Ref. 12.
Iso: isotropic; SmA: smectic A; and SmB: smectic B.
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Fig. 8 Comparison of the ionic conductivities of 1/LiTFSI at an

80:20 molar ratio (red circle), 2/LiTFSI at a 90:10 molar ratio™ (grey
square), and 3/LiTFSI at an 80 : 20 molar ratio? (black triangle).
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vious lithium-ion battery studies are listed in Table 2. The con-
ductivities of 1/LiTFSI were compared with those reported in
previous studies (Fig. 8).""'* The conductivities of 1/LiTFSI at
a molar ratio of 80 : 20 were comparable to those of 2/LiTFSI'!
and 3/LiTFSI,"* suggesting the applicability of 1/LiTFSI to the
electrolytes of lithium-ion batteries. The fluorination of the
mesogen did not decrease the ionic conductivities. Comparing
ionic conductivities at 60 °C, where lithium-ion batteries with
LC electrolytes were operated in our previous report, 1/LiTFSI
at a molar ratio of 80:20 showed the highest values among 1/
LiTFSI mixtures. Therefore, 1/LiTFSI at a molar ratio of 80:20
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Fig. 9 (a) Cyclic voltammograms of the LC electrolyte 1/LiTFSI at an
80 :20 molar ratio in the voltage region of —-0.2-3.9 V (red), —-0.2-4.3 V
(blue), and —0.2-5.0 V (black) vs. Li/Li* at 60 °C. (b) Enlarged CV curves
in the high voltage region of 1/LiTFSI at an 80:20 molar ratio (black
solid line), 2/LiTFSI at a 90 : 10 molar ratio'? (black dashed line), and 3/
LiTFSI at an 80 : 20 molar ratio'? (black dotted line).

This journal is © The Royal Society of Chemistry 2024
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was employed as the LC lithium-ion electrolyte for the follow-
ing electrochemical measurements.

To evaluate the electrochemical stability of the complex,
cyclic voltammetry (CV) of 1/LiTFSI at a molar ratio of 80: 20
was performed using a stainless-steel plate as the working elec-
trode and lithium metal as the counter and reference electro-
des at 60 °C (Fig. 9). The fluorinated cyclohexylphenyl-based
LC electrolyte 1/LiTFSI was stable in the range from —0.2 V to
4.2 V vs. Li/Li" (Fig. 9a). Considering that 2/LiTFSI without
fluorine substituents on the benzene ring electrochemically
decomposed at 4.0 V vs. Li/Li* (Fig. 9b),"* the fluorination of
mesogens was effective for improving the electrochemical
stability of LC lithium-ion electrolytes. The electrochemical
decomposition of the LC electrolyte 1/LiTFSI was observed
above 4.3 V. The decomposition potential based on the CV
measurements of 1/LiTFSI is seen between those of 2/LiTFSI
and 3/LiTFSI'? (Fig. 9b and $10%), which is consistent with the
order of the HOMO levels of the respective liquid crystal mole-
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Fig. 10 Charge—discharge curves of half-cells of Li/LC electrolytes/
LiFePO, using 1/LiTFSI at an 80:20 molar ratio, 2/LiTFSI at a
90:10 molar ratio,** and 3/LiTFSI at an 80:20 molar ratio* at 60 °C.
Potential range: 2.5-3.9 V for 1/LiTFSI and 2/LiTFSI, 2.7-3.8 V for 3/
LiTFSI; current density: 5 mA g% (a) Charge—discharge curves of 1/
LiTFSI for the initial 30 cycles. (b) Representative charge—discharge
curves of 1/LIiTFSI (red line), 2/LiTFSI (grey line), and 3/LiTFSI (black line)
at the 30th cycle.
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cules calculated using DFT (Fig. 2 and 7). These results
suggest that the introduction of fluorine substituents reduces
the HOMO level and improves oxidation stability. It is known
that the electrochemical stability of conventional organic
liquid electrolytes can be enhanced by high concentrations of
lithium salts.”””’* To exclude the effect of LiTFSI concen-
trations on the stability of LC electrolytes, we conducted CV
measurement for 1/LiTFSI at a molar ratio of 90:10
(Fig. S11}). The stability of 1/LiTFSI was comparable with
different LiTFSI concentrations, supporting the hypothesis
that the fluorination of mesogens enhances oxidation stability.

The performance of lithium-ion batteries based on the LC
electrolyte 1/LiTFSI at a molar ratio of 80:20 was studied
using half-cells of Li/LC electrolytes/LiFePO, (Fig. 10 and 11).
Fig. 10a shows the charge-discharge curves for the cell based
on the 1/LiTFSI complex in the potential range of 2.5-3.9 V
and at a current density of 5 mA g~* for the initial 30 cycles at
60 °C. Half-cells containing the LC electrolyte 1/LiTFSI exhibi-
ted a discharge capacity of 140 mA h g™, whereas the theore-
tical capacity of LiFePO, is 170 mA h g~'. The charge-dis-
charge curves of the cell with 1/LiTFSI were almost the same
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Fig. 11 Cycling performance of half-cells of Li/LC electrolytes/LiFePO4
using 1/LiTFSI at an 80:20 molar ratio (red circle), 2/LiTFSI at a
90:10 molar ratio'*? (grey square), and 3/LiTFSI at an 80:20 molar
ratio'? (black triangle) at 60 °C. Potential range: 2.5-3.9 V for 1/LiTFSI
and 2/LiTFSI, and 2.7-3.8 V for 3/LiTFSI; current density: 5 mA g~*. (a)
Discharge capacity; (b) coulombic efficiency.
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within 30 cycles (Fig. 10a). The charge-discharge curves of the
cell using 1/LiTFSI showed small polarization and a clear
plateau corresponding to the lithium-ion insertion/extraction
of LiFePO, (Fig. 10b red line), while those for the 2/LiTFSI cell
exhibited greater polarization (Fig. 10b grey line), presumably
due to the decomposition of the LC electrolyte. The stable dis-
charge capacities were obtained for the half-cell using 1/LiTFSI
(Fig. 11a). In contrast, the capacity of the half-cell with 2/
LiTFSI'' gradually decreased, resulting in a lower capacity at
the 30th cycle. The coulombic efficiency of the half-cell using
1/LiTFSI was approximately 95% (Fig. 11b), which was also
higher than that of the cell using 2/LiTFSI. These results show
that the fluorination of the mesogen effectively enhances the
oxidation resistance of the LC electrolyte to suppress the
decomposition of the LC electrolytes during the charge-dis-
charge reactions. The cell using 3/LiTFSL'> which was the
most electrochemically stable among 1-3, also showed a high
coulombic efficiency of approximately 95% (Fig. 11b).
However, the cell using 3/LiTFSI showed the smallest capacity
among the cells due to the cell resistance resulting from the
strong packing of the bicyclohexyl mesogens at an operation
temperature of 60 °C (Fig. 11a). Compared to the modification
of the molecular framework, the introduction of the fluorine
substituents to the mesogenic moieties could enhance the oxi-
dation resistance without inducing closer mesogen packing or
significant changes in the LC order, resulting in improved
battery performance.

a4 n

46 A

Fig. 12 Side views of MD simulation snapshots after 500 ns of the equi-
libration run at 30 °C: (a) compound 1 and (b) compound 2.
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To study the effects of the lateral fluorine groups of the
cyclohexylphenyl mesogen on the molecular packing and LC
order, molecular dynamics (MD) simulations were performed
for compounds 1 and 2 (Fig. 12, 13, and S12-S14%). We
recently reported unusual smectic phase transitions of analo-
gous carbonate-based molecules,”> which were examined
using large-scale MD simulations. In the present study, the
models and methods of MD simulations”® were applied to
compounds 1 and 2. The MD simulations of compounds 1 and
2 revealed bilayer structures at 30 °C (Fig. 12). The simulated
interlayer distances of compounds 1 (44 A, Fig. 12a) and 2
(46 A, Fig. 12b) are consistent with the interlayer distances esti-
mated by the XRD measurements of 1 (43 A, Fig. S51) and 2 '
(46 A), respectively. The order parameters and electron density
profiles of the LC phases of compounds 1 and 2 were calcu-
lated from the results of MD simulations (Fig. 13 and S147).
We confirmed that the order parameters of the rigid-rod
mesogen and the alkyl spacer of compounds 1 and 2 were
almost the same in the SmA phases (Fig. S14}). These results
indicated that the LC order of compound 1 was not signifi-
cantly disrupted by the lateral fluorine groups of the cyclo-
hexylphenyl mesogen. In addition, the high-electron-density
region (red region in Fig. 12 left) of compound 1 in the SmA
phase was wider than that of compound 2 (Fig. 13).
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Fig. 13 Electron density profiles along the layer normal at 500 ns: (a)
compound 1 and (b) compound 2.
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Fluorinated LC molecule 1 exhibits dynamic and ordered 2D
ion transport pathways in the SmA phase and improved
electrochemical stability. These properties of compound 1 led
to higher performances of lithium-ion batteries using LC elec-
trolytes (Fig. 10 and 11).

Conclusions

Nanostructured ion-conductive liquid crystals with high oxi-
dation resistance have been designed based on the approach
of mesogen fluorination. Fluorinated LC molecule 1 consisting
of cyclohexyl-2,3-difluorophenyl and cyclic carbonate moieties
is miscible with LiTFSI, and 1/LiTFSI complexes exhibit SmA
phases over a wide temperature range, including room temp-
erature. The fluorination of the mesogens imparts high oxi-
dation resistance to the LC electrolytes without significantly
changing the molecular framework and LC order, resulting in
more stable cycling properties and a higher coulombic
efficiency of the Li/LC electrolytes/LiFePO, half-cells. The intro-
duction of fluorine atoms into LC molecules has been used
primarily in the field of informational displays to tune the
dielectric constant, viscosity, and photophysical
properties.®®”! In the present study, we have demonstrated
that this approach can also be applied to liquid crystals for
energy devices. The synthesis of electrochemically stable LC
molecules via fluorination opens up the possibility of their use
as LC electrolyte materials in safe and high-performance
lithium-ion batteries.
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