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Abstract: The ionic conductivity of an electrolyte is represented by a product of carrier density, charge
(electric), and ionic mobility. The overall goal of this study was to provide an insight into the influence
of lithium ion conductivity and dynamic when a continuous discotic liquid crystal (DLC) matrix
of hexaazatrinapthylene-polyether, HATN-TEG-1, is doped with a small amount of polyethylene
oxide (PEO, 5% of MW 8000). The favorable non-covalent interactions between PEO and the DLC
triethylene glycol side-chains is supported by the maintenance of the mesophase. The lithium ionic
conductivity of HATN-TEG-1 was found to be 1.1 × 10−6 S cm−1 , which is better than the corresponding
HATN-TEG-1-5%PEO-8000 with a value of 6.06 × 10−7 S cm−1 . These results are further supported by
the dynamics of the lithium ions in HATN-TEG-1 and HATN-TEG-1-5%PEO-8000 as characterized by
7 Li, and 1 H NMR spin-lattice relaxation time and self-diffusion coefficient measurements. Though
the additional PEO was found to increase the ion carriers, the significant lowering of the ionic
conductivity may be attributed to the more pronounced decrease of the mobility of the ionic part
when the HATN-TEG-1 matrix is dispersed with PEO. This finding indicates that the doping of
5% PEO onto the matrix of HATN-TEG-1 DLC has an adverse effect on both its diffusion rate and
ion conductivity.
Keywords: discotic liquid crystal; polyethylene oxide dispersion; Ionic conductivity; mobility and
diffusion coefficients; solid-state 1 H and 7 Li NMR

1. Introduction
Solid electrolytes with high ionic conductivity are crucial for Li-ion battery performance and
have received considerable attention due to the safety considerations arising from the demand for the
replacement of liquid electrolytes that are prone to the formation of lithium dendrites that can cause
short circuiting and overheating [1,2]. As such, many current liquid electrolytes use a separator in
an attempt to alleviate this problem [3]. Though the use of solid electrolytes, especially polymers,
may circumvent the restriction of liquid electrolytes, they exhibit low conductivity through the loss of
segmental chain motions required for ion-transport upon cooling below the glass transition temperature.
Thus, a lithium-polyethylene oxide (PEO) system with an ease of fabrication and low cost has attracted
the most attention to date, but it suffers from its low ion conductivity (approximately 10−7 S cm−1 )
at room temperature. Hence, for improving Li-ion conductivity, blended polyethylene oxide-based
polymer electrolytes with the addition of liquid electrolytes, plasticizers or inorganic fillers have been
designed out to lower the Tg and increase the void volume [4].
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An alternative method to improve the ionic conductivity is to find anisotropic materials that
can provide one directional channel for enhancing ionic conduction. The structural characteristics
of liquid crystals (LCs) to form dynamic and order states similar to crystal while retaining some
fluidity like an isotropic liquid have been envisaged as good candidates for the next generation of
solid electrolytes. LCs bearing a side chain capable of chelating ions upon self-assembly can form
one- or two-dimensional ion-conducting pathways and employed as an electrolyte in lithium-ion
batteries [5–10], The mesogenic units of the liquid crystals confer the orientational order, whereby
the flexible side chains provide complexation with the cations. The liquid-crystalline materials have
an added advantage of introducing the possibility of aligning the samples under a magnetic field
through the diamagnetism of the mesogenic cores. The most studied liquid crystal electrolytes are
the mesogenic cores bearing propylene-carbonate [11,12] and polyether side chains [13,14]. The use
of LC derivatives as solid electrolytes cannot be considered as a cost-effective replacement for liquid
electrolytes. On the other hand, while polymer electrolytes, such as polyethylene glycol, are cheap,
they show poor ion-conductivity. Hence, it would be of great advantages if the introduction of LCs
into polymer electrolytes could lead to an increase in the ionic conductivity. To date, only few studies
of liquid crystals doped with polymers (PEO or PVA) and cations with the retention of mesogenic
properties have been reported. Recently, the addition of 4-cyano-4-pentylbiphenyl, a nematic liquid
crystal, to polyvinyl alcohol and potassium iodide was shown to increase ion conductivity, but the
liquid crystals were homogeneously dispersed within a polymer matrix in the form of microdroplets
rather than forming mesogenic phase. This was due to the phase segregation between the hydrophobic
LC and the hydrophilic polymer [15].
Noncovalent orthogonal supramolecular materials have been designed to achieve dynamically
functional anisotropic materials [6,16–18]. Recently, the dispersion of various nanoparticles such as
metallic, semiconducting and carbon nanostructures into a discotic liquid crystal (DLC) matrix for
improving conductivity have received much attention [19]. Though DLC materials have been widely
studied for their application as electrolytes [20], their further influences on the lithium ion transport
and mobility with the inclusion of polyether oxide onto the liquid crystalline matrix have not been
reported. Liquid crystal polymer blends can be divided into two categories: (1) A small amount of
nematic liquid crystalline material (up to 30%) is dispersed in a continuous polymer matrix, and (2) a
minute amount of polymer (approximately 5%) is dispersed in a continuous discotic liquid crystalline
nanochannels [21,22]. In the present study, we designed a discotic liquid crystal with six-triethylene
glycol side chains, HATN-TEG-1, that form a hexagonal columnar liquid-crystalline phase. Herein, we
focus on DLC as the continuous matrix, whereby a small amount of PEO (5%) is dispersed into liquid
crystalline nanochannels. Our results show a favorable inclusion of 5% PEO-8000 into HATN-TEG-1
with the maintenance of the mesophase. Moreover, the further inclusion of LiCO4 salt for solid
electrolyte application did not disrupt the mesophase.
Our main objective in this study was to determine the influence of the inclusion of PEO into the
nanochannels of HATN-TEG-1 on the lithium ions’ conductivity and mobility, as well as to obtain a
better understanding on the diffusion pathway for lithium-ion batteries.
2. Materials and Methods
2.1. Liquid Crystallin Properties
Thermal behavior (mesogenic properties) was investigated using a Perkin Elmer Pyris DSC 4000
differential scanning calorimeter (Perkin Elmer Instrument, Netherland). The phase behavior was
studied using a Nikon model ECLIPSE LV100 OPL (Nikon Inc., China) polarizing light microscope
equipped with a Linkam LTS420E-P hot stage (Linkam Scientigic Instument, United Kingdom).
X-Ray diffraction data were collected on the wiggler beamline BL17A at the National Synchrotron
Radiation Research Center (NSRRC), Taiwan, by using a triangular bent Si (111) monochromator at
a wavelength of 1.320898 A◦ with the sample in a 1 mm capillary tube (WJM-Glas/Muller GmbH).
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Nuclear magnetic resonance spectra were recorded on a JEOL ECZ600R(600MHz) (Joel Inc, Japan)
spectrometer.
shifts are reported in ppm relative to residual CHCl3 δ 7.26, 1 H; δ 77.00,313ofC).
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Figure 1. Assemble of the cell for conductivity measurements.

Cell gap measurement and impedance:

Cell gap measurement and impedance:

σ = L/Ω∗A

(1)

(1)
σ= / ∗
whereby σ is the conductivity, L is the cell gap, A is the overlap area, and Ω is resistance in equation (1)
whereby by
σ isthe
theNyquist
conductivity,
obtained
plot. L is the cell gap, A is the overlap area, and is resistance in equation
(1) obtained by the Nyquist plot.
2.3. NMR Spectroscopy and Diffusion
2.3. NMR Spectroscopy And Diffusion
The measurement of NMR spectra relaxation rate and diffusion coefficient were performed on a
Varian
Inova
500 MHz solid
state NMR
spectrometer
equipped
with a micro-imaging
unit.performed
Experiments
The
measurement
of NMR
spectra
relaxation rate
and diffusion
coefficient were
on
1 H and 7 Li spectra
were
carried
out without
sample
Thespectrometer
werewith
obtained
with single pulse
a Varian
Inova
500 MHz
solid spinning.
state NMR
equipped
a micro-imaging
unit.
excitation.
Anwere
inversion
recovery
pulse sample
sequence
was employed
(longitudinal
Experiments
carried
out without
spinning.
The 1H for
andT17Li
spectra wererelaxation
obtainedtime)
with
measurements
and CPMG
echo recovery
sequence pulse
was employed
for Temployed
(transverse
relaxation
time)
single pulse excitation.
An spin
inversion
sequence was
for
T
1
(longitudinal
2
relaxation time)The
measurements
and
CPMGby
spin
echo
was data
employed
for T2 (transverse
measurements.
T1 values were
obtained
fitting
thesequence
experimental
with exponential
growth
−τ/T ), where
relaxation
time)
measurements.
The Tτ1 is
values
were of
obtained
by fitting
the experimental
with
function
M(τ)
=M
the length
longitudinal
relaxation
period. The data
T2 values
0 (1−2ε
1
−τ/T ),
exponential
growth
function
M(τ) = Μ0 (1−2
ε−τ/Τwith
τ is thedecay
lengthfunction
of longitudinal
relaxation
were
obtained
by fitting
the experimental
data
exponential
M(τ) = M
ε
1), where
0
2
period.τ The
T2length
valuesof
were
obtained
by fittingperiod.
the experimental data with exponential decay function
where
is the
transverse
relaxation
−τ/Τ
M(τ)The
= Μself-diffusion
τ is the length
of was
transverse
relaxation
period.
of 7 Li
measured
with the
pulse gradient field (PFG) method.
0ε
2), wherecoefficient
7Li was
The echo
self-diffusion
coefficient
with field
the pulse
field
(PFG) −60
method.
The spin
pulse sequence
was of
used.
The measured
pulse gradient
used gradient
was varied
between
and
The
spinwith
echoapulse
was
used.was
Thefitted
pulseaccording
gradient field
was varied
between
−60M(τ)
and
60
G/cm
widthsequence
of 2 s. The
signal
to anused
exponential
decay
function,
60 G/cm with a width of 2 s. The signal was fitted according to an exponential decay function,
M(τ) = Μ0
, where D is diffusion coefficient, g is the variable gradient field, e and a is a variable
depending on the strength and width of the pulse gradient fields and the intervals between pulses.
All experiments were carried out at room temperature of 25 °C

Crystals 2019, 9, 627

4 of 11

2

= M0 eag D ), where D is diffusion coefficient, g is the variable gradient field, e and a is a variable
depending on the strength and width of the pulse gradient fields and the intervals between pulses.
Crystals
9, x FOR PEER
REVIEW
4 of 11
All 2019,
experiments
were
carried out at room temperature of 25 ◦ C
2.4.
2.4.Synthesis
Synthesis
The
The1,2-diamino-4,5-bis(2-(2-methoxyethoxy)ethoxy)ethoxybenzene
1,2-diamino-4,5-bis(2-(2-methoxyethoxy)ethoxy)ethoxybenzenewas
wassynthesized
synthesizedaccording
according
totopublished
[23,24].
publishedprocedure
procedure
[23,24].
The
The hexa-triethylene
hexa-triethylene glycol-hexaazatrinapthylene
glycol-hexaazatrinapthylene (HATN-TEG-1)
(HATN-TEG-1) was
was prepared
prepared byby the
the
condensation
condensationofof1,2-diamino-4,5-bis(2-(2-methoxyethoxy)ethoxy)ethoxybenzene
1,2-diamino-4,5-bis(2-(2-methoxyethoxy)ethoxy)ethoxybenzene(7.78
(7.78g,g,18.0
18.0mM))
mM))
with
withhexaketocyclohexane
hexaketocyclohexaneoctahydrate
octahydrate(1.50
(1.50g;g;4.8
4.8mM)
mM)ininrefluxing
refluxingethanol
ethanol(30
(30mL)
mL)and
andacetic
aceticacid
acid
(30
mL)
under
nitrogen
for
24
h.
The
solvents
were
then
removed
using
a
rotatory
evaporator
under
(30 mL) under nitrogen for 24 h. The solvents were then removed using a rotatory evaporator under
vacuo.
residue
waswas
dissolved
in dichloromethane
and washed
with NaHCO
brine,
vacuo.The
The
residue
dissolved
in dichloromethane
and washed
with NaHCO
3 (aq)
anddried
brine,
3 (aq) and
over
anhydrous
MgSO4 ,MgSO
filtered
throughthrough
a pad ofa pad
Celite,
and concentrated
in vacuo.
The residue
was
dried
over anhydrous
4, filtered
of Celite,
and concentrated
in vacuo.
The residue
rigorously
purified by column
silica gel (eluent: using
dichloromethane/methanol
=
was rigorously
purifiedchromatography
by column using
chromatography
silica gel (eluent:
1 H-NMR(300 MHz, CDCl ): orange
1H-NMR(300
20/1).
gum (38%
yield);
δ 7.85
(s, 6H),
4.44(38%
(t, 12H,
J = 4.5
Hz),(s,
dichloromethane/methanol
= 20/1).
MHz,
CDCl
3): orange
gum
yield);
δ 7.85
3
4.06
(t,4.44
12H,
= 4.5J Hz),
12H,
J = 4.5
3.573.84
(t, 12H,
J = J4.5
Hz),
3.74~3.67
(m, 24H),
6H),
(t,J12H,
= 4.5 3.84
Hz), (t,
4.06
(t, 12H,
J =Hz),
4.5 Hz),
(t, 12H,
= 4.5
Hz),
3.57 (t, 12H,
J = 4.5and
Hz),
13
13
3.38
(s, 18H);
C NMR
125 MHz)
d 154.2
(Ar–C),
(Ar–C),
(Ar–H),
(Ar-C),
3.74~3.67
(m, 24H),
and(CDCl3,
3.38 (s, 18H);
C NMR
(CDCl3,
125141.2
MHz)
d 154.2140.7
(Ar–C),
141.2107.7
(Ar–C),
140.7
71.9.(Ar-O-CH
71.0 (-OCH
(-OCH2CH2O-),
70.5
(-OCH
(-OCH
(Ar–H), 107.72 ),(Ar-C),
71.9.(Ar-O-CH
), 71.0
(-OCH2CH2O-),
70.7
(-OCH2CH2O-),
70.5
(-OCH
2CH
2O2 CH2 O-), 270.7
2 CH2 O-), 69.1
2 CH
2 O-),
69.0
(-OCH
CH
O-),
59.0
(-OCH
);
MS
m/z
HRMS
(ESI)
calculated
for
C
H
N
O
(M+H)
1357.65566,
), 69.1 (-OCH
2CH2O-), 59.0 (-OCH3); MS m/z
2
22CH2O-), 69.0 (-OCH
3
66 HRMS
96 6 24(ESI) calculated for
found:
C66H961357.6541.
N6O24 (M+H) 1357.65566, found: 1357.6541.
3.3.Results
Resultsand
andDiscussion
Discussion
3.1. Synthesis and Liquid Crystalline Properties
3.1. Synthesis and Liquid Crystalline Properties
The synthesis of 2,3,8,9,14,15-hexa(2-(2-methoxyethoxy)ethoxy)ethoxy-diquinoxalino[2,3-a:
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direct condensation of hexaketocyclohexane with 1,2-bisalkoxy-4,5-diaminobenzene (Scheme 1) [25].
noteworthy to point out that the metal promoted oxidative trimerization of I,2-bis(2-(2-methoxyIt is noteworthy to point out that the metal promoted oxidative trimerization of I,2-bis(2-(2-methoxyethoxy)ethoxy)ethoxybenzene could not be used to prepare the triphenylene derivatives.
ethoxy)ethoxy)ethoxybenzene could not be used to prepare the triphenylene derivatives. Similarly,
Similarly, the Friedel–Crafts reaction between I,2-bis(2-(2-methoxy-ethoxy)ethoxy)ethoxybenzene
the Friedel–Crafts reaction between I,2-bis(2-(2-methoxy-ethoxy)ethoxy)ethoxybenzene and oxalyl
and oxalyl chloride could not be successfully carried out to give 2,3,6,7-tetra(2-(2-methoxyethoxy)chloride could not be successfully carried out to give 2,3,6,7-tetra(2-(2-methoxyethoxy)ethoxy)ethoxy-phenanthrene-9,10-diones. We attribute this to the strong coordination of the polyether
ethoxy)ethoxy-phenanthrene-9,10-diones. We attribute this to the strong coordination of the
side chains with the metal ions of the reagents required for the reaction.
polyether side chains with the metal ions of the reagents required for the reaction.

Scheme 1. Synthetic scheme of HATN-TEG-1.

Scheme 1. Synthetic scheme of HATN-TEG-1.

The mesogenic properties of HATN-TEG-1 and HATN-TEG-1– 5% PEO-8000 were investigated
by using polarized optical microscopy (POM), differential scanning calorimetry (DSC), and variable
temperature X-ray diffraction (XRD). The POM studies showed that all the samples mentioned above
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Figure 2.
2. The polarized optical microscopy (POM) texture and powder X-ray diffraction patter of (a)
HATN-TEG-1
HATN-TEG-1and
and(b)
(b)HATN-TEG-1-5%
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oxide(PEO)-8000.
(PEO)-8000.

The POM and XRD experimental results (Figure 3) indicate that LiClO4 dispersed in the
HATN-TEG-1 and HATH-TEG-1-5%PEO-8000 columnar matrix without disrupting the
mesophase. The HATH-TEG-1-5%PEO-8000–LiClO4 showed large domains of dendritic growth
as the sample was slowly cooled to room temperature. The XRD patterns of these composites
show similar intercolumnar distances as compared to the starting compounds, indicating the
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Table 1. XRD data of HATN-TEG-1 during cooling from isotropic to room temperature (λ = 1.320898 Å).
Compound

Angle (2θ)
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HATN-TEG-1
27.25
8.55281
8.857
8.92
(210)
The POM and XRD experimental results (Figure 3) indicate that LiClO4 dispersed in the
18.0559
4.208
halo
HATN-TEG-1 and HATH-TEG-1-5%PEO-8000
columnar
matrix without
disrupting the mesophase.
22.151
3.438
core to core
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temperature.
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XRD
patterns
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halo
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structure.
These composites did
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core to
core
not show prominent peak during the second
heating
and cooling
3.0683 and third
24.699
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(100)cycle in the DSC thermogram.
HATN-TEG-1
5.15472
14.687
14.24
(110)
28.49
The XRD profile of HATN-TEG-1–LiClO
4 showed only two diffraction peaks indexed as (100) and (110)
–LiClO4
√ 22.5835
3.373
core to core
with a reciprocal spacing ratio of 1:( 3) for a Colh and lattice constant of a 28.49 Å (Table 1); they were
HATN-TEG-1
3.13734
24.126
24.13
(100)
thus less ordered.-5%PEO-MW8000
The presence of PEO and LiClO4 in the HATN-TEG-1 nanochannels made
27.86 the assembly
22.2487
3.433
core to core
–LiClO4
become more disordered, and we could only observe the diffraction peak indexed at (100).

Compound

(a) With Polarizer

5.15472
Angle (2θ)
22.5835

14.687
dobs (Å)
3.373

14.24

dcal(Å)

(b) Without polarizer

Figure 3. The POM texture and powder X-ray diffraction pattern of (a) HATN-TEG-1–LiClO4 and (b)
HATN-TEG-1-5% PEO-8000–LiClO4.
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Figure 3. The POM texture and powder X-ray diffraction pattern of (a) HATN-TEG-1–LiClO4 and (b)
HATN-TEG-1-5% PEO-8000–LiClO4.
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spectral profiles given in Figure 6. The transverse relaxation times by fitting the NMR spectra
7 Li
The
longitudinal relaxation times of the samples could be calculated by fitting the evolution of
at different echo times are shown in Figure 7. The T1 and T2 values are given in Table 2. It was found
the spectral
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6. The
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profile similar to that shown
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The translational diffusion coefficient of lithium cation could be obtained by fitting the spectral profile
similar to that shown in Figure 7 by inputting the lengths and intensities of the gradient field pulses used
in the PFG experiment. The results are summarized in Table 2. It is clear that HATN-TEG-1–LiClO4
had a faster translational diffusion. Therefore, there was a positive correlation between the rotational
diffusion rate (measured from nuclear relaxation) and translational diffusion rate in these samples.
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This was consistent with the compositions of the two samples in which the same percentage of
LiClO4 was used (ignoring the 5% w/w PEO used). The role of PEO on diffusion rate and conductivity
was intriguing—when a small percentage (5%) of PEO was added, both the diffusion and
conductivity dropped compared with pure HATN-TEG-1. This suggests that when a small amount
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Table 2. The longitudinal relaxation time (T1 ), transverse relaxation time (T2 ) and translational diffusion
coefficient (D) of 7 Li in three different samples, as compared to their conductivity (σ).
Sample

T 1 (s)

T 2 (ms)

D(10−9 cm2 /s)

σ(10− 7 S/cm)

HATN-TEG-1–LiClO4

0.72 +/−0.05

0.8 +/−0.1

2.11 +/−0.05

11.0 +/−0.1

HATN-TEG-1-5% PEO–LiClO4

1.15 +/−0.1

1.6 +/−0.1

1.16 +/−0.03

6.06 +/−0.05

Note: These values are the average of many liquid crystals orientated in many different directions because the
samples were not prepared in a single orientation.

By comparing the translational diffusion rate and conductivity, a fairly good positive correlation
can be seen in Table 2. Because conductivity is proportional to the product of the charge density and
diffusion rate, this correlation means that the concentrations of lithium cations were almost the same
in the two samples, as the difference in conductivity was caused by the mobility of lithium cations
moving faster in HATN-TEG-1–LiClO4 .
This was consistent with the compositions of the two samples in which the same percentage of
LiClO4 was used (ignoring the 5% w/w PEO used). The role of PEO on diffusion rate and conductivity
was intriguing—when a small percentage (5%) of PEO was added, both the diffusion and conductivity
dropped compared with pure HATN-TEG-1. This suggests that when a small amount of PEO is added,
it blocks or distorts the pathways of lithium ions in a HATN-TEG-1 matrix.
These results demonstrate that NMR studies of Li and 1 H relaxation rates and diffusion can provide
valuable information about the structure and dynamics relevant to the ionic conductivity in materials.
In particular, the good agreement between translational diffusion coefficient and conductivity enables
us to pin down the microscopic mechanism of ion conduction. In this case, for example, we have clear
evidence that the ion density (carrier density) was largely the same in the two samples; the difference
between conductivity was caused by different diffusion rates.
4. Conclusions
In conclusion, 5% PEO can be well accommodated within the matrix of HATN-PEG-1 that bears
a columnar hexagonal architecture. Furthermore, we have painted a clearer picture of the lithium
ion conductivity and dynamics of HATN-PEG-1 and after 5% PEO is dispersed into the matrix of
HATN-TEG-1-5% PEO. The present results indicate that, although the dispersion of 5% PEO into
HATN-PEG-1 can favorably increase ion carriers, this is overridden by the unfavorable chain segmental
motions which retard ions diffusion, as shown by the NMR and ionic conductivity studies
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