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We report the dielectric and conductivity response of three materials containing bent-core and tetra(ethylene-
oxide) moieties, and their complexes doped with lithium triflate salts, as new potential nanostructured elec-
trolytes. Whilst the pristine bent-core compounds do not show mesomorphism, the doped materials display
smectic mesophases inside indium tin oxide cells assisted by the selective solvation of the lithium ions in the
ethylene-oxide blocks. The dielectric response of the materials in the high-frequency range is controlled by the
chemical composition of the bent-core structure, and the presence of lithium ions promotes direct current
conductivity at low frequencies, in the 64, ~ 10°Scem™! range, which can be enhanced to 64 ~ 104 S em ! via
trans-to-cis photoisomerization of azobenzene groups. The dynamic and dual character of these materials
(responding to low and high frequency electrical fields), the formation of ferroelectric crystals capable to store
energy, and their interactions with light, will be applied to develop new energy devices.

1. Introduction energy applications, by using classic columnar, smectic and bicontin-

uous cubic mesophases respectively, and the manipulation of their

The preparation of new solid or quasi-solid organic electrolytes with
high ion conductivities will accelerate the development of more efficient
energy devices, such as, batteries, fuel cells, or energy harvesters and
will ultimately contribute to achieve net-zero targets [1,2]. Thermo-
tropic liquid crystals (LCs) form fluid mesophases that retain different
degrees of orientational (and potentially positional) order as a function
of the temperature, offering exciting possibilities for technological ap-
plications [3-5]. Liquid crystals have created high expectations for
generation of new 1D, 2D and 3D dynamic nanostructured materials for

orientation [6,7]. The formation of micro-segregated regions with mo-
lecular mobility, for example, can facilitate ionic transport, and the
response of liquid crystals to electrical fields and macroscopic polar-
isation can be particularly advantageous in electrochemical devices and
flexible electronics [8]. The presence of dipoles and cooperative motions
in liquid crystalline phases result in a variety of responses to electrical
fields, which can be study by dielectric spectroscopy [9].

Bent-core liquid crystals (BCLCs) [10-16] were discovered in the mid
1990's [17] and rapidly attracted interest due to their ferroelectricity
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(even when composed by achiral molecules) that can be tuned by the
application of electrical fields leading to interesting functional materials
[18]. Their capability to yield permanent polarisation within layers or
columns is based on the presence of dipoles in their molecular structures
and the formation of compact packing arrangements that restrict rota-
tional freedom. BCLCs can exhibit a variety of mesophases including
polar smectic A (SmAP) and smectic C (SmCP, former B,), dark
conglomerate (DC) [19], columnar (Col, former B;), helical nanofila-
ments (HNF) [14,20], frustrated lamellar [10] and the recently discov-
ered twist-bend nematic [21-23]. Interest in finding new liquid
crystalline ferroelectric and conducting materials continues to grow,
and extends towards other molecular geometries capable to exhibit local
symmetry breaking, including polar calamitic nematic LCs [24-27].

In our precedent work, we described the synthesis and characteri-
sation of a series of new amphiphilic BCLCs containing lithium triflate
ions [28]. Our materials comprise one hydrophilic tetra(ethylene-oxide)
chain broadly identified as tetra(ethylene glycol) [TEG], covalently
linked directly to a hydrophobic part formed by a C;4-alkoxy tail and a
bent-core (BC) containing five aromatic rings, see Fig. 1. Three different
connections have been considered for the lateral cores of the BC struc-
tures: a common ester linking group (B1), broadly used in our previous
studies (compound TEG-B1-0-14); the straight union via a biphenyl (Bi)
moiety, inspired by the trend of biphenyl lateral cores to promote the
HNFs mesophase formation (compound TEG-Bi-0-14); and an azo linker
(Bazo) in order to obtain photoresponsive materials (compound TEG-
Bazo-0-14).

Herein, we will investigate the potential of our bent-core based
materials as electrolytes for energy conversion and storage devices.
Lithium ion-conductive liquid-crystalline (LC) electrolytes containing
oligo(ethylene-oxide)s have been already proposed for battery applica-
tions, based on their capacity to host ionic charges in ordered mor-
phologies [29-39]. Kato and co-workers, for example, have studied the
formation of layered microstructures in a series of liquid crystalline
materials, with emphasis on their potential for high-oxidation-resistance
[4,6,40-42]. The formation of smectic phases in ionic liquid crystals
containing lithium bistriflimide salts has been also suggested by our own
group [43], and, more broadly, ionic liquids with controllable channels
have been recently investigated [44-46]. Interestingly, and despite their
advantageous structural features, bent-core liquid crystals remain
mostly unexplored as conducting materials [47-50], and we intend to
investigate the functionality of our materials in this work. We will first
present a dielectric study of the non-doped materials, TEG-Bx-0-14, to
determine relevant compositional aspects, and we will then correlate the
conductivity of the doped samples (Li-TEG-Bx-0-14) with their chemical
structure and phase structure. The presence of the azobenzene group, as
in TEG-Bazo-0-14 and Li-TEG-Bazo-0-14, introduces interesting packing
abilities in bent-core mesophases [51] and the exciting possibility to
control the dielectric response and conductivity by the application of
light [52-59], and this will be preliminarily studied here. Our aim is to
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assess the potential of these and related materials in future energy
devices.

2. Materials and techniques

Six materials are studied in this work (Fig. 1). The synthesis and
physic-chemical characterisation of the three bent-core compounds,
namely, TEG-B1-0-14, TEG-Bi-0-14, and TEG-Bazo-0-14, are described
in detail in a precedent work, and are summarised as supplementary
information [28]. The Li-doped samples were prepared at room tem-
perature by mixing THF solutions of the corresponding undoped TEG-
Bx-0-14 compounds (1 M) and lithium triflate (1 M) by sonification
during 15 min, followed by solvent evaporation under stirring, and
further drying in a desiccator for 24 h. This process yielded three solid
complexes with 1:1 M ratios of Li ions to bent-core compounds, labelled
as Li-TEG-Bx-0-14. Whilst the pristine bent-core compounds do not show
mesomorphic properties and crystallise directly from the melt,
complexation with lithium induces liquid crystalline behaviour. More
specifically, Li-TEG-B1-0-14 develops a Smectic C polar phase (SmCP)
between 92 °C, and 60 °C, and Li-TEG-Bi-0-14 and Li-TEG-Bazo-0-14
induce helicoidal nanofilaments-like mesophases (HNFs) below 98 °C
and 90 °C, respectively, prior to crystallisation. The phase behaviour of
these compounds is discussed in detail in our precedent publication [28]
and summarized as electronic supplementary information, ESIL.

The dielectric response and conductivity of the materials were
assessed in transparent cells between parallel electrodes. A few milli-
grams of the samples were introduced in the melt state by capillary
action inside Indium Tin Oxide cells, ITO (SG100A080uG180, Instec),
containing polyimide coatings to yield anti-parallel alignments with 1°
to 3° pre-tilted angles. Cells have active areas of A = 100mm?, with 100
Q resistance and v = 8 pm thickness, and the cell capacitance is then
calculated as,

A
Co = €o— = 1.10675-107°F
v

where ¢ = 8.854.1012F-m™! is the dielectric permittivity of
vacuum.

We have assessed the phase behaviour of the materials in the ITO
devices by polarised optical microscopy (POM), using an Olympus BH-2
microscope, with the temperature controlled by a Linkam THMS 600
heating stage and TMS 91 control unit (+0.1 K). Interestingly, as we will
show later, the phase transitions of the hybrid materials are modified
with respect to those established by DSC, although with a repetitive
character, when the materials are introduced into the ITO cells. This is
attributed to different surface effects on the organization of the fluid
material and to be materials with a variable organic-cation molecular
interaction.

We have carried out additional Fourier-transform infrared spec-
troscopy measurements (FT-IR), to determine short-range interactions

OCy4H29

Li-TEG-B1-0-14
Li-TEG-Bi-0-14

[11] Li-TEG-Bazo-0-14

Fig. 1. Chemical structure of the bent-core compounds, TEG-Bx-0-14, and the lithium triflate ionic group used to yield the lithium complexes under study, Li-TEG-Bx-

0-14.[28].
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involving different functional groups in the molecular segments of the
materials. The FT-IR spectra were obtained using a Thermo Nicolet
NEXUS 470 FT-IR spectrometer with 4 cm ™! resolution in the 4000-400
em™! range, as the average of 64 scans, and analysed with OMNIC
software, using the Linkam THMS 600 hot stage for temperature control
(£0.1 °C). Measurements were taken in transmission mode with the
samples sandwiched between two KBr windows.

The dielectric and conductivity response of the materials in the cells
was studied by complex impedance spectroscopy, in terms of their
complex dielectric permittivity,

e =g —ie” (€D)]

where ¢ is the dielectric elastic constant, €” the loos factor, and i the
complex unity, and the complex conductivity,

¢ =6+ic 2)

where ¢ and ¢ are the real and imaginary components, respectively.
The dielectric permittivity and conductivity can be related by,

o' = iweye 3)

where  is the angular frequency of the alternating electrical field.

The ITO cells were connected to a PARSTAT MC multichannel
potentiostat (Ametek) on a Linkam TMS 91 hot stage for temperature
control (0.1 °C). The dielectric measurements consisted of isothermal
frequency sweeps between 10° Hz and 0.1 Hz, with V,ps = 1000 mV
amplitude alternating electric fields, and the majority were taken in the
absence of bias electric fields (Vpias = 0 V). Experiments were carried out
by cooling from the isotropic phase to room temperature in 2 °C
isothermal steps, allowing for thermal equilibrium before measuring.

Additional measurements were performed on the samples containing
azobenzene groups (TEG-Bazo-0-14 and Li-TEG-Bazo-0-14), to evaluate
the effect of UV light on their dielectric and conductivity response. To do
that, we irradiated the corresponding cells with a fixed intensity of 260
mW cm ™2, using a Dymax ACCU-CALTM 50-LED at 365 nm, and carried
out simultaneous measurements under alternating electrical fields using
the PARSTAT potentiostat with the same configuration as described
above. The intensity was measured with a UV light detector, located at
the same distance from the light source as the Linkam THMS 600, using a
colour filter to remove the UV light from the microscope’s light source.
The UV-vis spectra of the azobenzene-containing compounds were
collected for tetrahydrofuran, THF, solutions ( 10> M). Samples were
irradiated with UV light (365 nm, 260 mW-cm™2), and the UV-visible
spectra were obtained as a function of exposure and relaxation time,
using a VARIAN Cary 50 Scan UV-vis spectrophotometer, between 300
nm and 550 nm. Additional ferroelectric measurements on non-doped
samples were carried out by a RT66C Test System (Radiant Inc), by
measuring the polarisation of the cells at different temperatures,
through hysteresis loops of sinusoidal fields in the + 10 kV range, and at
several frequencies.

3. Phase behaviour and short-range interactions

As mentioned above, whilst the non-doped bent-core compounds,
TEG-Bx-0-14, do not show mesomorphic behaviour and crystallise on
cooling from their isotropic melts, the three lithium-doped materials, Li-
TEG-Bx-0-14, develop liquid crystalline phases in the ITO cells as seen
under POM. As discussed before, different phase behaviour and transi-
tion temperatures were observed for the materials inside the ITO cells on
cooling from their melts, as is summarized in Table 1, and selected
textures are depicted in Fig. 2.

Li-TEG-B1-0-14 develops birefringent regions at high temperatures
with four-point disclinations on a stripped black background, Fig. 2(a),
which evolve on cooling to a grain-like texture, Fig. 2(b). Li-TEG-Bi-0-14
displays a focal fan structure at high temperatures (T < 149 °C), Fig. 2
(c), which develops into a less defined texture on further cooling, Fig. 2
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Table 1
Summary of the phase behaviour observed under POM on cooling the bent-core
compounds (—10 °C.min~!) inside the ITO cells. All temperatures in °C.

Bent-core compounds Li-doped bent-core compounds

TEG-B1-0-14 1-74-Cr Li-TEG-B1-0-14 1-128 -M -84 - Cr
TEG-Bi-0-14 I-103-Cr Li-TEG-Bi-0-14 1-1499-M-92-Cr
TEG-Bazo-0-14 I1-90-Cr Li-TEG-Bazo-0-14 1-146 - M -107- Cr

—

: Isotropic phase; M: unidentified mesophase, tentatively assigned as smectic-
type phase based on POM textures; Cr: crystal.

(d), but without an apparent phase transition. We note that these are
different from the HNF textures observed between non-treated glasses,
normally less birefringent and difficult to assign [28]. Li-TEG-Bazo-0-14,
on the other hand, shows well-defined stripes in a broad range of tem-
peratures below 146 °C, Fig. 2(e), before developing a granular texture
below T ~ 107 °C, Fig. 2(f). The textures in Fig. 2 are consistent with the
formation of smectic phases, suggesting that strong surface effects in the
measuring cells can disrupt and inhibit the order needed to form HNF-
like phases. In the absence of other experimental data, it is confirmed
that all Li-based materials in ITO cells form smectic-type mesophases,
which are assigned as an unidentified mesophase (M). The liquid crystal
order is highly responsive to boundary conditions to yield orientational
structures, and the application of rubbed surfaces can lead, for example,
to planar polar preferential alignments, and this also could be expected
for bent-core phases. [60] It is also worth noting that we did not observe
phase transformations under the application of moderate electrical
fields (< 3 V), suggesting that the phase structures are stable under these
conditions.

The smectic phases in the Li-TEG-Bx-0-14 samples can be the result
of microphase separation between polar and non-polar segments
(amphiphilic character), which is further enhanced by complexation
with the lithium triflate salt. In Fig. 3 we compare the Fourier-transform
infrared spectra, FT-IR, of the azobenzene-based materials (TEG-Bazo-0-
14 and Li-TEG-Bazo-0-14) at similar temperatures. In the high-mid fre-
quency region, the spectra depict signals associated to stretching (v)
vibrations of aromatic (>3000 cm’l) and aliphatic (<3000 cm’l)
groups, contributions from the ~COO- groups (1730 cm 1) and aromatic
ring vibrations (1600-1500 em™) [61]. At lower frequencies, several
strong bands appear between 1350 and 1000 em ™! associated to the
—CH,-0-CHj,- groups at the TEG tails of the molecules, together with
some signals related to aromatic C-H vibrations at the bent-core seg-
ments (784 cm ™! and 865 cm™!). As expected, all samples show similar
FT-IR spectral features based on their molecular similarities, see
Fig. ESI1.

In the doped samples, Li-TEG-Bx-0-14, the 1350 cm™! and 1000
em™! regions undergo several changes due to complexation of lithium
triflate to the TEG chains, and some new bands appear associated to the
triflate ion. A prominent peak is seen near 650 cm ™ ?, related to bending
of the sulfonic group 8(SO3), together with new signals around 1310
cm™ !, where the stretching vibrations of the -CF3 (symmetric, v ) and
-SO3 (asymmetric, v ) groups are expected, and a new shoulder at
around 1045 cm™?, associated to the symmetric stretching vibration of
the sulfonate group, v {(SO3) [62-64]. The main bands attributed to the
ethylene-oxide units in the TEG chains (1254, 1206, 1168, 1137, and
1067 cm™!) broaden in the lithium-containing samples, and seem to
split into several contributions [65]. These are clear signs of new in-
teractions typical of cooperative molecular systems, such as oligomers
and polymers, where the relaxation time-constant is higher, and confirm
that the lithium triflate species are located, at least preferentially, in the
TEG segments of the molecules. As a result, the higher polarity around
the TEG segments, with polar nature, promotes microphase separation
respect to the non-polar bent-core ones, and ultimately facilitates the
formation of smectic phases. Furthermore, these results are in good
agreement with the parameters estimated by XRD for their mesophases,
and what was proposed in our previous article [28], as well as with the
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Li-TEG-B1-0-14

Li-TEG-Bi-0-14

Li-TEG-Bazo-0-14

Fig. 2. Polarised optical micrographs of the bent-core compounds obtained on cooling from their melts, inside the ITO cells, showing birefringent regions at different
temperatures: Li-TEG-B1-0-14 (a, b); Li-TEG-Bi-0-14 (c, d); Li-TEG-Bazo-0-14 (e, f).
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Fig. 3. FT-IR spectra corresponding to TEG-Bazo-0-14 (blue) and Li-TEG-Bazo-0-14 (red) measured at T = 104 °C (in KBr). Selective complexation of the lithium
triflate ions in the TEG region is assessed by the appearance of new contributions from the triflate ions (vertical arrows) and broadening of the C-O-C stretching bands
(dotted horizontal arrows in the inset). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

widely proved idea that the microsegregation of incompatible molecular
segments in different domains is the main driving force of liquid crys-
talline self-organization [66].
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4. Dielectric and conductivity response
4.1. Non-doped compounds: TEG-Bx-0-14 series

Prior to investigating the lithium-doped bent-core compounds, we
now study the dielectric and conductivity response of the three non-
doped materials, TEG-Bx-0-14.

The isothermal ¢” Bode plots as a function of the frequency obtained
on cooling steps are summarised in Fig. 4, and the corresponding ¢ Bode
plots are shown as Fig. ESI2. All the non-doped samples show a prom-
inent and sole ¢” peak with maxima (¢'p4y) in the mid-frequency region
(~10' to 10* Hz), appearing by reorientation of the dipoles in the
molecules under the weak alternating fields (+ 1 Vips). Since the peaks
shift to lower frequencies on cooling, see for example Fig. 4(a) for TEG-
Bi-0-14, these ¢" processes can be ascribed to dielectric relaxations that
require longer relaxation times, 7 = 1/f, at lower temperatures. The
sudden drop in ¢" observed for TEG-B1-0-14 in Fig. 4(b) must be
attributed to crystallisation in the cell (T < 84 °C).

We have studied the temperature dependence of the dielectric re-
laxations in Fig. 4, by obtaining the frequencies, f, at which the peak
maxima appear, €' may, and preparing the corresponding Arrhenius plots,
Fig. ESI3,

In(f /Hz) =In(fy) — % %

where, E, is the activation energy, and In(fp) a pre-exponential fac-
tor. The linear profiles and E, values calculated (~40 kJ mol’l, see
Table 2) are typical of locally activated processes, and are consistent
with the energy barrier involved in the rotation of rod-like and bent-core
molecules [67,68]. The almost coinciding activation energy values ob-
tained for the three non-doped samples indicate the same molecular
origin for the dielectric relaxation, which is expected due to their
structural similarities, recall Fig. 1. We believe that the presence of two
ester groups in all the three compounds contributing to the overall po-
larity of the rigid core may override the chemical (and polarity) differ-
ence of the linking groups X (benzoate, biphenyl, azobenzene
structures).

In order to investigate the origin of this relaxation, we have
remeasured the dielectric response of TEG-Bazo-0-14 (80 °C) while
superimposing direct current (dc) fields (<4V). The results, shown in
Fig. ESI4(a), indicate that this relaxation remains unaltered by the
presence of dc fields, which is typical of local soft-modes, and is also
consistent with the absence of liquid crystalline structures and the low

4

1000 4 1000

TEG-Bi-0-14

TEG-B1-0-14
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Table 2
Activation energies, E,, and temperature intervals, T, corresponding to the main
dielectric relaxation after fitting to Arrhenius behaviour.

Bent-core compounds Li-doped bent-core compounds

E./ T interval/ Ea/ T interval/
kJ-mol ™! °C kJ-mol~! °C
TEG-B1- 44 76/102 Li-TEG-B1- 105 28/44
0-14 0-14
TEG-Bi-0- 44 36/104 Li-TEG-Bi- 95 28/66
14 0-14
TEG- 38 40/80 Li-TEG- * *
Bazo-0- Bazo-0-14
14

*Non-visible temperature dependence.

activation energies depicted in Table 2 [69-71].

The high dielectric values displayed by the non-doped samples in
Fig. 4 and Fig. ESI2 must arise from local redistributions of charges
under electrical fields, even in the absence of ions. We have then plotted
in Fig. 5 the temperature and frequency dependence of the real
component of the complex conductivity (¢') for the TEG-Bx-0-14 series.
At sufficiently high temperatures, the rise of ¢" observed at low fre-
quencies is attributed to the existence of strong direct current (dc)
conductivity between the electrodes, 4. [61], and this is confirmed by
the plateaus in the ¢’ vs f double logarithmic plots. As expected, the
dielectric response (¢") at low frequencies also increases upon the
application of the superimposed dc fields in Fig. ESI4(a). The drop in the
¢’ values at low frequencies must be attributed to strong electrode and/
or Maxwell/Wagner/Sillars polarization effects, due to the accumula-
tion of charges on the electrode surfaces [72]. The corresponding 64c
values were estimated by extrapolating the ¢’ curves to f — 0 in Fig. 5,
and these results will be further explored for the doped materials in the
next section.

4.2. Li-Doped bent-core compounds: Li-TEG-Bx-0-14 series

We now study the dielectric and conductivity response of the sam-
ples doped with lithium triflate salts, and Fig. 6 displays the dielectric
loss factor, ¢", obtained for the Li-TEG-Bx-0-14 series. Fig. ESI5 shows
the corresponding dielectric elastic constant values, €. In the mid-high
frequency region, the three doped samples show one dielectric relaxa-
tion with €",.x values comparable to those reported above for the cor-
responding non-doped materials in Fig. 4. This is accompanied with

110°C

log (f/Hz)

log (f/Hz)

-1 0 1

2 3 45
log (f/Hz)

Fig. 4. Bode plots showing the frequency and temperature dependence of the dielectric loss factor, ¢”, measured for the non-doped samples: (a) TEG-Bi-0-14, (b) TEG-
B1-0-14, and (c) TEG-Bazo-0-14, on cooling from the corresponding isotropic melts. Arrows indicate direction on cooling.
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Fig. 5. Double logarithmic plots of the real component of the complex conductivity, ¢, measured as a function of the frequency, log(c") vs log(f), in isothermal steps
(°C) on cooling from the isotropic phases for: (a) TEG-Bi-0-14, (b) TEG-B1-0-14, and (c) TEG-Bazo-0-14. Estimation of DC conductivity, c4c.

Li-TEG-Bi-0-14

1000

100
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log (f/Hz)
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Fig. 6. Frequency and temperature dependence of the dielectric loss factor, ¢’, measured for the Li-doped samples: (a) Li-TEG-Bi-0-14, (b) Li-TEG-B1-0-14, and (c) Li-
TEG-Bazo-0-14, on cooling from the corresponding isotropic melts. Arrows indicate direction on cooling.

additional dielectric signals in the low-frequency end, which results in
considerably higher ¢” values in the case of Li-TEG-B1-0-14 and Li- TEG-
Bazo-0-14, Fig. 6(b) and Fig. 6(c), respectively, compared to their cor-
responding non-doped analogous. We have obtained the maxima of the
¢’ curves in Fig. 6 for the Li-doped samples, &"1,.y, and the corresponding
Arrhenius plots are shown in Fig. ESI6.

Interestingly, Li-TEG-Bi-0-14 displays in Fig. 6(a) and Fig. ESI6(a) a
clear Vogel-Fulcher-Tamman behaviour, VFT, typical of polymers and
viscous materials, which involves segmental or cooperative motions that
depend on the free volume [73]. The maxima in the ¢” curves can be then
fitted to the following expression,

In(fs,. /Hz) = In(fy) — 5)

T-Tp

where In(fp/Hz) = 10.6 is a pre-exponential-type term, B =120.7 K is
a parameter related to the activation energy, and Tp = 289.8 K to the
onset of segmental mobility associated to an increase of free volume
above the glass transition, T;. We have also fitted the linear region in

Fig. ESI6(a) (at sufficiently low temperatures) to Arrhenius behaviour,
Eq. (2), obtaining an apparent activation energy of E; = 95 kJ mol ™,
Table 2. The range of frequencies are consistent with a Goldstone
(phason)-mode, where the molecules rotate within smectic layers
without a change in the tilt angle, whilst the higher activation energies
may be indicative of cooperative motions [69-71,74]. The confinement
of the charged areas would also explain the shift of the relaxation to-
wards higher frequencies, requiring less time to complete than in their
non-doped analogue. This assignment is also consistent with the results
obtained when superimposing dc fields, Fig. ESI4(b), since ¢” decreases
in the relaxation frequency region due to an, at least partial, disruption
of the smectic order. Doping has comparable effects on the dielectric
responses of Li-TEG-B1-0-14, Fig. 6(b), and its high-frequency relaxa-
tion also follows a marked VFT behaviour (In(fy/Hz) = 12.4, B = 259.2
K, Tp = 267.1 K), with an apparent activation energy of E, = 105 kJ
mol ! in the low-temperature region. A secondary ¢’ peak also appears
on further cooling below its crystallisation point (T ~ 40 °C), which is
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out of practical scope for our discussion. Lastly, the high-frequency
response of Li-TEG-Bazo-0-14 undergoes a very weak temperature
dependence in Fig. 6(c), and this sample will be studied with more detail
in the next section of this manuscript.

Complexation considerably increases the dielectric signal of the
doped-materials in the low-frequency region, which is particularly
strong for Li-TEG-B1-0-14 and Li-TEG-Bazo-0-14 (in the ¢ ~ 1000
range). As a result, direct current conductivity, 64c, increases and two
plateaus in the double logarithmic ¢’ vs log(f) plots for these samples
appear in Fig. 7, which can be attributed to the presence of ionic charges
in the complexes. Even though the 64 values that can be estimated from
Fig. 7(b) and 7(c) (64c ~ 10° S em™) are still much lower than those
exhibited by benchmark materials used in energy applications (4. ~ 10
1S em™) [32,75], our results are in the same range as other liquid
crystalline electrolytes recently reported and demonstrate the potential
of these bent-core materials to develop conductivity
[8,43,56,58,76-78]. These results indicate a dual dielectric response of
our bent-core materials, in both the short-range, based on the rapid
rearrangement of local dipole moments in the bent-cores, and the long-
range, sustained on supramolecular organisations.

The moderate 64, values may be caused by the strong interactions
between the TEG chains and the triflate ions illustrated by FT-IR in Fig. 3
and can be explained in the framework of the phase-separated model
sketched in Fig. 8, with the lithium and triflate ions located preferen-
tially in the polar segments of the molecules. The occurrence of long-
range ionic mobility in the material may be restricted by complexa-
tion between the ionic pair and the (-CHoCH,0-) chains, which was
evidenced by the broadening of the 1300 — 1000 cm ™! IR region.

5. Effect of light irradiation on azobenzene-compounds

In line with other reported materials with azobenzene groups
[57,79-811, also bent-core type mesogens [51,82,83], TEG-Bazo-0-14
and Li-TEG-Bazo-0-14 possess a light-sensitive character, through
trans-to-cis photoisomerization of the azobenzene group, see Fig. 9(a),
which we have assessed by UV-vis spectrophotometry. We have
measured the UV-vis spectra of these compounds in tetrahydrofuran
(THF) solutions (~10> M) at room temperature, before and after light
irradiation (h v) at a frequency of 365 nm (260 mW-cm™2), and in Fig. 9
(b) and Fig. ESI7(a) we show the results corresponding to TEG-Bazo-0-
14 and Li-TEG-Bazo-0-14, respectively. The solutions show one strong
band centred at around ~ 365 nm, due to the lowest-energy z* « =«

log (f/Hz)

-1 0 1 2 3 4 5 -1 0

log (f/Hz)
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transition in the trans-azobenzene isomer, and a secondary absorption
peak in the visible region (~440 nm), assigned to a weak 7* « n tran-
sition in the cis-azobenzene [79]. Upon UV irradiation, the ~ 365 nm
band decreases with a simultaneous (slight) increase of the ~ 440 nm
band, which confirms trans-to-cis photo-induced isomerisation of azo-
benzene. As expected, when the solutions are kept in the dark after
illumination, cis-to-trans thermal back-relaxation takes place, and the
UV-vis spectra recover their initial shape (prior to UV illumination)
before 24 h after exposure. The isomerisation kinetics of the solutions
are illustrated in Fig. 9(c) and Fig. ESI7(b), where we have plotted the
maxima of the time-dependent curves, obtaining half-live (t; /2) between
4 and 5 h, in the same range of similar bent-core azobenzene-based
materials [84]. It is worth mentioning that TEG-Bazo-0-14 and Li-TEG-
Bazo-0-14 show comparable UV-visible responses and relaxation times
(t1/2 ~ 4.6 h), which can be explained by the local activation nature of
the trans-to-cis photoisomerization of the azobenzene group in these
compounds.

Thus, we have assessed the dielectric and conductivity response of
the azobenzene-containing samples under UV light at selected temper-
atures, according to the procedure described in the experimental sec-
tion. Light irradiation at 260 mW-cm ™2 causes some variations in the
stripped textures associated to the lamellar organisations of Li-TEG-
Bazo-0-14, Fig. 10, but does not suppress its mesomorphism. Trans-to-
cis photoisomerisation of azobenzene units can disrupt the order in
liquid crystal phases due to the curved molecular geometry of the cis-
isomer, compared to the rod-like linear trans-isomer [85-88]. Such
disruption depends on several factors that regulate the equilibrium be-
tween the trans and cis-isomers, including the irradiation dose, tem-
perature, and also other dynamic effects. At such high temperatures as
those reported in Fig. 10 (above 100 °C) we can expect that the thermal
relaxation (A) may be fast enough to displace the equilibrium towards
the recovery of azobenzene trans-isomers, and hence the low population
of cis-isomers may not be sufficient to destabilise the packing order in
the bent-core region sketched in Fig. 8.

Light irradiation increases the dielectric loss factor, ¢’, and conduc-
tivity, o', of TEG-Bazo-0-14 in the low-frequency range, see Fig. 11(a)
and 11(b), respectively, opening the possibility to control the properties
of future electrolytes by external stimuli. These effects are particularly
prominent at low temperatures, which can have a two-fold explanation.
On the one hand, the presence of excited cis-molecules may alter to a
greater extent the strongly ordered crystal phase in this sample,
compared to its isotropic melt. On the other hand, the partial inhibition

log (f/Hz)
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8 ) 28°C
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Fig. 7. Double logarithmic plots of the real component of the complex conductivity, ¢, measured as a function of the frequency, log(c’) vs log(f), in isothermal steps
(°C) on cooling from the isotropic phases for: (a) Li-TEG-Bi-0-14, (b) Li-TEG-B1-0-14, and (c) Li-TEG-Bazo-0-14.
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Fig. 9. (a) Representation of the trans-to-cis photoisomerization of azobenzene groups by light irradiation (h v), and the reverse cis-to-trans thermal isomerisation (A);
(b) UV-visible spectra of TEG-Bazo-0-14 measured before and at different times after light irradiation (260 mW-cm ™% 365 nm, THF 1.3-10°> M solution at room
temperature); (c) kinetics of cis-to-trans (thermal) back-isomerisation obtained using the maximum absorbance values (~365 nm) of the UV-visible spectra in (b) (A,
after light irradiation (A), until the final value is reached (A.). Estimation of the half-life times, t; 2. Arrows in (b) indicate signal recovery after UV irradiation (t =

0 min) while samples were kept in the dark.

of the thermal relaxation at low temperatures may displace the trans-to-
cis equilibrium towards higher concentrations of cis-isomers. Similar
effects are observed for Li-TEG-Bazo-0-14, and light irradiation at 40 °C
increases the conductivity (c4c) by one order of magnitude at low fre-
quencies, see Fig. 11(c) and 11(d). We note, moreover, that UV illu-
mination also causes some slight variations in the high-frequency
relaxation process of this sample.

Recently, we observed similar effects on light-responsive bent-core
materials, and we hypothesised that the increase in the dielectric and
conductivity response can be attributed to slight changes in the smectic
microstructure, caused by continuous trans-to-cis-to-trans isomerization
processes, which allows for better packaging and molecular alignment
[86]. Another possible explanation is the occurrence of iso-mesophase
micro-transitions (due to isotropisation by the presence of cis-isomers),
which ultimately favour this alignment.

6. Concluding remarks: potential as energy materials

Two series of bent-core based materials (TEG-Bx-0-14 and Li-TEG-

Bx-0-14) have been investigated and all of them show dielectric and
conductivity response in a broad range of frequencies and temperatures.
Doping with lithium triflate promotes microphase separation between
the TEG chains, the aromatic cores, and the alkyl tails, which results in
the formation of smectic phases. The ion pairs are preferentially solvated
at the TEG regions, which results in the dielectric and conductivity
processes being confined in (and potentially directed through) 2D
lamellar-type domains. Whilst this can be advantageous to control
charge transport in electrolytes, it might be necessary to further explore
the effect of decoupling the polar segments for each ion in the pair in
order to push the conductivity to competitive values, mimicking the
behaviour of ionic liquid crystals [43].

Interestingly, the non-doped samples (TEG-Bx-0-14) also show
strong dielectric responses, attributed to changes in the charge distri-
bution across the bent-core molecules in the presence of low electrical
fields. We believe that this behaviour must arise from the reorientation
of the local dipole existing at the bent rigid cores, which can lead to
ferroelectricity in BCLCs [10-18]. Even though the non-doped materials
(TEG-Bx-0-14) do not show mesomorphism (recall Table 1), we have



A. Martinez-Felipe et al.

Before UV

T=110°C

T=105°C

During UV
(hv)

Journal of Molecular Liquids 390 (2023) 123100

After UV
(thermal relaxation, A)

Fig. 10. Polarised optical micrographs of Li-TEG-Bazo-0-14 obtained before (left column), during (central column) and after (right column) UV irradiation (365 nm,

260 mW-cm ™ 2).

carried out triangular hysteresis loops on these samples in their crystal
phases, applying different (and slightly stronger than 1 Vi) electrical
fields. The three bent-core compounds of the series exhibit non-linear
polarisation response in solid phase, and remanent polarisation (at
zero voltage, P;), typical of ferroelectric behaviour, see Fig. 12 and
Fig. ESI8. Ferroelectricity in our bent-core compounds must be then
driven by the reorientation of the molecular dipoles within crystalline
domains, which remain locked after their removal due to steric con-
strains. The occurrence of molecular reorientations in the crystal phase
is consistent with the low activation energies displayed in Table 2 for the
non-doped materials.

Whist the saturation polarisation values, Ps, are comparable to other
bent-core based materials, [13,15,89,90] the low remanent polarisation
values, P, reached when the fields are removed can denote relaxor
behaviour [91,92]. This difference between P and P, can be attributed
to the potential of these materials to store energy, Eg, which can be
associated to the shadowed area in Fig. 12, illustrated for TEG-Bazo-0-
14, with estimated values in the 1.62 to 1.65 mJ cm > range for the
three compounds (comparable to those obtained in our previous work
on other BLCS [86]).

As a comparative analysis on the impact of the incorporation of three
different lateral molecular structures (B1, Bi and Bazo), specifically on
materials doped with Li triflate, it can be highlighted that:

- Its effect on the liquid crystal properties is mainly reflected in the
type and range of organization in the mesophase, SmCP in the case of B1,
and more a complex on (HNF-like) in the case of Bi and Bazo. However,
although in ITO cells the Bi and Bazo structures stabilize the mesophase
at higher temperatures (above 150 °C) compared to 130 °C for B1, the
differences in molecular organization seem to disappear due to surface
effects.

- The dielectric response is comparable in the three non-doped ma-
terials, probably due to the prominence of the ester dipoles (~COO-) to
the dielectric properties in the short molecular range, and the high-
frequency response does not differ very much after complexation
either (within different (B1, Bi and Bazo lateral structures).

- After complexation, both the B1 and Bazo structures in the bent-
cores seem to promote higher long-range conductivities (low-fre-
quency end) than the biphenyl (Bi) analogue. We speculate with the
higher polarity of the former groups, which may assist phase separation
and promote ionic conductivity localized in the ethylene-oxide regions.

Lastly, we have also proved that light irradiation can enhance the
dielectric response and conductivity of the bent-core compounds con-
taining azobenzene groups, via trans-to-cis photoisomerisation. This

happens by disrupting the local order of either crystal (TEG-Bazo-0-14)
or liquid crystal (Li-TEG-Bazo-0-14) phases. These results are promising
to exert physical control over the dielectric response of new electrolytes,
which can be applied in energy conversion and storage applications. For
example, similar principles can be used in new photosensors triggered
by light-induced conductivity, or in energy storage electrolytes, if the
excited states induced by light irradiation can be stabilised during longer
times after exposure [93].

Future and more profound analyses on Li-TEG-Bazo-0-14 and further
related materials are required to rationalise the combination of effects
on the conductivity, including, temperature, light-intensity, efficiency,
and kinetics of trans-to-cis photoisomerisation and subsequent cis-to-
trans thermal relaxation. These and other factors are the object ongoing
work using transient and steady state UV investigations. We will also
consider different salt-to-bent-core ratio and anion structure effect, to
assess the effect of composition on the transitional properties and
dielectric response of new bent-core liquid crystal electrolytes.
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