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ABSTRACT: Self-supporting liquid crystalline physical gels with facile 200 -
electro-optic response are highly desirable, but their development is 150 |
challenging because both the storage modulus and driving voltage increase
simultaneously with gelator loading. Herein, we report liquid crystalline
physical gels with high modulus but low driving voltage. This behavior is
enabled by chirality transfer from the molecular level to three-dimensional
fibrous networks during the self-assembly of 1,4-benzenedicarboxamide r
phenylalanine derivatives. Interestingly, the critical gel concentration is as "~ -100 - B
low as 0.1 wt %. Our findings open doors to understanding and exploiting  .150 f ”

the role of chirality in organic gels.
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1. INTRODUCTION

Supramolecular gels, an important class of soft materials, are
comprised of intertwined three-dimensional (3D) solid
networks within a fluidic surrounding host.' > Typically, the
3D networks are formed by gelators that are first
homogeneously dissolved or dispersed in a solvent at high
temperature and then cooled down to fix the shape and
microstructure.” The solvent can be either organic or
inorganic.7’8 As a common inorganic solvent, water has been
used for a long time to form hydrogels for meeting the
mechanical and biocompatibility requirements in bio-applica-
tions (e.g, cell cultivation and tissue engineering).()_15
Hydrogels are easy to form because water usually mediates
the 3D network formation via hydrogen bonding.'® Gel
formation in organic solvent is also common but often more
challenging.'” A strong intermolecular interaction among
gelator molecules is a basic prerequisite for robust gels."”
Too strong interactions between the gelator and solvent
produce sol rather than gel, whereas with too week
interactions the gelator cannot homogeneously dissolve in
the solvent.'”*° In addition, it is also challenging to enable
added functions to an organic gel.

Since the Kato’s seminal work on the nematic liquid-
crystalline (LC) physical gels,” gels with anisotropic organic
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solvent have sparked a great deal of attention.”” Because of
the thermosensitive anisotropic characteristic of the flu-
idic liquid crystals (LCs),”>*" and the soft noncovalent
bonding of gel networks,® both order—disorder and sol—gel
phase transitions can be readily observed in LC physical gels."®
Thus, it is possible to realize quick response of LC physical gels
to electric field,*® light,zg’30 heat,*’ magnetic field,** and so
forth. In addition, LC physical gels promise applications in
large-area, ultra-thin, flexible LC displays, where mechanical
robustness and facile electro-optic responses are needed.’
Cooling methods,** solvent polarity,35 metal ions,> gelator
substitutes,>’ alignment conditions*®°
remarkable influences on the microstructure and performance
of LC physical gels. Thus, constant efforts have been devoted
to boost the mechanical resistance or to lower down the
driving voltage of LC physical gels. For instance, Nair and co-
workers described that the monodisperse chiral peptide gelator
was able to afford organogels with an excellent elasticity and
fast response.”” Chen and co-workers realized a high-
performance light scattering display by adding a relatively

and other factors show
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Figure 1. (a) Chemical structures of LPF, DPF, and SCB. (b) LC gels with 0.5 wt % LPF (i), 0.5 wt % DPF (ii), and suspension with 0.5 wt %
racemate (LPF and DPF in a 1:1 mol ratio, iii). Golden ellipses represent the LC molecules while the helical wires signify the gelator assemblies.

small amount (<0.5 wt %) of POSS gelator into the LC host."!
Interestingly, this gel was able to exhibit good optical
performance even when stretched up to 145%. Yamamoto
and co-workers also prepared a polydivinylbenzene micro-
particle/LC composite gel, and disclosed its outstanding self-
supporting and repetitive recovery capabilities.”” Wood and
co-workers realized “self-quenchable defect glass” with high
modulus by dispersing polymethylmethacrylate microspheres
in 4-pentyl-4'-cyanobiphenyl (SCB)."> Yet, despite the
amazing progress in the development of LC physical gels,
obtaining high modulus while maintaining low driving voltage
still remains a grand challenge. This hurdle arises because a
large amount of gelators are generally required to define the
mechanical toughness to a LC physical gel, but the increase of
gelator loading prompts increased driving voltage due to the
increased area of interfaces.

Recently, chirality has drawn special attention in hydrogels
and LCs to enable attractive structures and unique
functions.”™'***~* For instance, molecular chiral gelators
are able to self-assemble into chiral nanohelix with strong
supramolecular chirality.”” More importantly, the nanohelix is
capable of further transferring chirality and excited energy to
an achiral acceptor, giving rise to amplified chirality in the gels
and greatly enhanced circularly polarized luminescence. In
addition, it has been reported that cells adhere more tightly
and grow faster in the L-type hydrogels than in the D-type
hydrogels, demonstrating the great significance of chirality.'’
Comprehensive reviews by Liu and colleagues have summar-
ized the effect of chirality on the supermolecular gel behavior,
including chiral recognition, chiral amplification, chiral
separation, chiral inversion, and so forth.>°>* Yet, the chirality
effect on LC physical gel properties is rarely considered.
Herein, inspired by the chirality-amplified optical functions
from Liu’s group, we hypothesized that a robust LC physical
gel with high storage modulus but low driving voltage could be
enabled by employing chiral gelators. To demonstrate a proof
of concept, the 1,4-benzenedicarboxamide phenylalanine
derivatives were employed as the gelators,””'" and SCB was
used as the LC host medium. The chemical structures of the
chosen enantiomers [e.g, left-handed 1,4-benzenedicarbox-
amide phenylalanine derivative (LPF) and right-handed 1,4-
benzenedicarboxamide phenylalanine derivative (DPF)] and
LC are shown in Figure la. Interestingly, both LPF and DPF
are able to mediate LC physical gels, independently, but their
racemate fails to do so (Figure 1b). The chiral gel networks are
self-assemblies of LPF or DPF molecules primarily driven by

intermolecular hydrogen bonding and 7—7 stacking.'®*>** Up
to 10* Pa of storage modulus and as low as 0.5 V/um of
threshold driving voltage were achieved simultaneously in the
new chiral LC gels. Our chiral LC physical gels open a door to
utilizing the chirality effects in organic gel media.

2. EXPERIMENTAL SECTION

2.1. Materials. The nematic LC (i.e., SCB) was purchased from
Shijiazhuang Chengzhi Yonghua Display Material Co., Ltd.,, China.
No further purification was conducted before use.

2.2. Synthesis of Gelators (e.g., LPF and DPF). Gelators were
synthesized according to the previously reported procedures.”

2.3. Preparation of LC Physical Gels. Gelators (0.5—2.5 mg)
were initially added into transparent capped vials, followed by the
addition of LC SCB (0.5 g) in each vial. Upon heating to 150 °C, the
gelators were completely dissolved in the isotropic SCB. The hot
solution was cooled down to 25 °C under the ambient condition,
giving rise to uniform LC physical gels. The critical gel concentration
(CGC) of both enantiomers (e.g., LPF and DPF) was determined to
be 0.1 wt %.

2.4. Differential Scanning Calorimetry. The phase transition
behavior of LC physical gels was recorded using differential scanning
calorimetry (DSC) (Q2000, TA Instruments, USA). Gels (2 mg)
were added into an aluminum liquid pan that was then placed on the
DSC sample holder. Another empty aluminum pan was used as the
reference. Following this, they were heated from zero to 150 °C at a
ramp rate of 10 °C-min~" under the N, gas atmosphere. After being
isothermally kept at 150 °C for 3 min, the sample was cooled down to
0 °C with the identical ramp rate. The phase transition temperature
and enthalpy were recorded during cooling. The sol—gel phase
transition was determined using the falling-ball method.>®

2.5. Rheology Measurement. The viscoelasticity of LC physical
gels was characterized on a rheometer (MCR 302, Anton Paar,
Austria) that was equipped with a controlled thermal stage. Before
measurement, gels were reshaped in a thickness of 0.5 mm between
two parallel circular plates (PP25), by heating to 150 °C and
subsequently cooling to 25 °C. Shearing on gels was performed within
the linear viscoelastic region after allowing to stand for 10 min.
During the dynamic strain sweep, angular frequency @ = 10 rad-s™
and strain y = 0.01—100%, whereas in the dynamic frequency sweep,
the parameters were: strain y = 0.05% and @ = 0.1—100 rad-s™".

2.6. Scanning Electron Microscopy. Microstructures and
morphologies of LC physical gels were observed by field emission
scanning electron microscopy (SEM) (Sirion 200, FEI Corp., The
Netherlands) with an accelerating voltage of 10 or 15 kV. To improve
the image contrast, the LC was removed away by n-hexane. In general,
LC gels were heated into their solution state and dropped on a clean
silicon wafer, followed by completely cooling down to room
temperature and immersing in n-hexane for 48 h. Finally, xerogels
were dried in air and sputtered with a thin layer of platinum on their
top surfaces for SEM characterization.
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Figure 2. (a) CD signals of LPF (black) and DPF (red) in ethanol with a concentration of 2 X 10~ M. No gel was formed. (b) CD signals of LPF
gel (black), DPF gel (red), and racemate (blue) in SCB with a content of 0.5 wt % for each. (c) Schematic illustration on the chirality transfer
mechanism of LC physical gels (the golden ellipses represent LC molecules).

2.7. Circular Dichroism. Circular dichroism (CD) spectra were
collected using a JASCO J-815CD spectrometer with a resolution of
1.0 nm. Prior to characterization, LC gels were heated to the solution
state and then transferred into square quartz cells with an inner gap
thickness of 2 mm. To collect the CD spectra of LPF and DPF
molecules, 0.5 mg of their powders were dissolved in 0.5 mL of
ethanol and then transferred into a quartz cell (inner gap: 1 mm),
respectively.

2.8. Electro-Optic Characterization. The electro-optic perform-
ance of LC physical gels was analyzed on a LC display parameter
tester (LCT-5016C, North LC Engineering Research and Develop-
ment Centre, China). A halogen lamp was used as the light source.
Characterization was performed in the transmission mode and 1 kHz
AC electric field was applied to drive the device. Prior to
measurement, LC gels were heated into the solution state and then
added into LC cells with indium tin oxide coating on the inner surface
(cell gap: 10 pm). This process was implemented through capillary
action. After cooling down to 25 °C, the LC gel device was ready for
measurement. During characterization, most of the incident light was
scattered in the absence of electric field while going through the LC
gel device when the electric field exceeded the Frederiks threshold.
The threshold voltage (V) and saturated voltage (V,,) referred to
the voltages applied on the device when the transmittance reached
10% and 90% of the normalized maximum transmittance, respectively.
Meanwhile, the contrast ratio (CR) was defined as

TE
CR =10 10g( TE

‘max

), where TE,,,, was the maximum transmittance

while TE,,, was the minimum transmittance.’® The rise time 7,, and
decay time 7.g under the electric field were defined as the duration
required to reach 90% and 10% of the normalized maximum

‘min
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transmittance, respectively, upon applying and removing the electric

field.

3. RESULTS AND DISCUSSION

3.1. Gelation Capability of LPF and DPF in 5CB. An LC
gel is a soft matter system in which fluidic LC is
interpenetrated by a 3D nonfluidic solid network. The
threshold loading is referred as CGC. A gelator shows a high
gelation capability if possessing a low CGC. Hereto, the
reported CGC in LC gels is higher than 0.15 wt %.”” In
addition, a storage modulus of more than 10* Pais regarded to
be the value required to enable the self-supporting capability in
a gel.43 Thus, a high gelator loading of more than 1.0 wt % is
usually needed in those LC gels to meet the mechanical
requirements because of their relatively low gelation capability.
In a LC physical gel, a high loading of the gelator generally
prompts a high driving voltage. It is challenging to lower down
the CGC by improving the gelation capability in a LC gel.
Fortunately, chirality-induced helical stacking has been
dlsclosed to be able to lower down the configurational
energy.””® Interestingly, both LPF and DPF, with a strong
chirality,” realize LC gels with a low CGC of 0.1 wt %. The
CGC value is much smaller than that of many other gelators.”
To further demonstrate the proof of concept, chiral LPF, DPF
and achiral racemate (e.g,, LPF and DPF in a 1:1 mol ratio)
were loaded in the LC SCB with a gelator concentration of 0.5
wt %. As displayed in Figure 1b, both LPF and DPF are able to
generate stable LC gels, while no gel can be formed with their
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Figure 3. SEM images of (a) xerogel with 0.5 wt % LPF, (b) xerogel with 0.5 wt % DPF, and (c) solid fiber with 0.5 wt % racemate (e.g., LPF and
DPF in a 1:1 mol ratio). LCs were removed by n-hexane prior to SEM characterization.
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Figure 4. DSC curves upon cooling of (a) LPF gels and (b) DPF gels with different gelator contents. Tyy signifies the isotropic—nematic phase

transition temperature.

racemate. Only a suspension is obtained with the racemate.
The result indicates the importance of chirality to enable a
remarkable gelation capability, as reported previously.’’
Notably, it is a different story in hydrogels. The same racemate
composed of 1,4-benzenedicarboxamide phenylalanine deriva-
tives is able to form hydrogels.'” It is easy to understand that,
in a hydrogel, both water and gelators participate in the
physical network via intermolecular hydrogen-bonding.'®
Neither LPF nor DPF generates hydrogen bonding with the
hydrophobic SCB.*'

3.2. Chirality of LPF and DPF Gels. To get a deeper
understanding on the chirality of LC gels, CD characterization
was conducted. As displayed in Figure 2a, both LPF and DPF
dissolved in ethanol exhibit clear CD signals, indicating
remarkable chirality. The LPF molecules show positive peak
absorption at 219 nm, whereas negative peak absorption at 243
nm. By contrast, the DPF molecules show similar peak
absorptions at the same wavelengths, but in opposite
directions. The negative and positive cotton effects for LPF
and DPF, respectively, are supposed to be induced by the 7—n
stacking of phenyl chromophores.”” Interestingly, a red shift of
~100 nm on the peak absorptions is noted when LC gels are
formed with LPF and DPF (Figure 2b). In addition, the peak
absorption intensity at 352 nm becomes 100 times larger than
that at 320 nm. The results indicate that the chirality has
transferred from the molecular level to macrostructures during
the self-assembling process, and chiral amplification occurs
synchronously. A possible chiral transfer and amplification
mechanism during the self-assembly process is illustrated in
Figure 2c. Notably, no CD signal is detectable in the racemic
system (e.g, LPF and DPF in a 1:1 mol ratio). The results
show that, during the self-sorting process of a racemate, the
two enantiomers are assembled alternatively. The result is
consistent with the fact that the heterochiral interactions of
LPF and DPF are stronger than those of homochiral ones.®”®!
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3.3. Microstructures of LPF and DPF Gels. To show
clear evidence to the chiral structures of LC gels, SEM studies
were implemented. To enhance the image contrast, the LC was
removed away by n-hexane from the LC gels prior to
characterization, leaving xerogels. Clearly, there exist tangled
self-assembled helical fibers in the chiral gels (Figure 3ab).
Particularly, the LPF fibers spiral clockwise while DPF fibers
spiral counterclockwise because of their distinct chirality of
LPF and DPE.” In addition, the diameter of DPF fibers (e.g,,
5SS nm) appears to be nearly twice larger than that of LPF
fibers (e.g, 28 nm). To understand why there is a diameter
difference, we studied the purity of LPF and DPF using proton
nuclear magnetic resonance spectroscopy (‘H NMR) and
polarimetry. '"H NMR spectra indicate no chemical shift
difference between LPF and DPF (Figures S1 and S2 in the
Supporting Information). The specific rotation (a) value of
LPF and DPF is measured to be —980° and +964° (Figure S3
in the Supporting Information), respectively, indicating a
similar optical purity for LPF and DPF. Because DPF is found
to be much easier to be dissolved in SCB, in compassion with
LPF, we speculate that the solubility difference is a plausible
reason for the diameter difference of the fibrous network.
Thicker fibers are expected to result in stronger mechanical
performance to LC gels, which may further influence the phase
transition, rheological behaviors, and electro-optic perform-
ance.”” In contrast, neither 3D fiber networks nor spiral
structures are observed in the racemate system (Figure 3c),
which is in good agreement with the CD results. Moreover,
cholesteric fingerprint texture and phase are observed in the
LC gels at a high loading of gelators (Figure S4 in the
Supporting Information), which is believed to be another
reason for the gel global chirality.

3.4. Phase Diagram of Chiral LC Physical Gels. During
the formation of LC physical gels, there are two independent
thermo-reversible phase transitions, that is, isotropic—nematic
transition and sol—gel transition. A phase diagram based on

DOI: 10.1021/acsami.8b14488
ACS Appl. Mater. Interfaces 2018, 10, 43184—43191


http://pubs.acs.org/doi/suppl/10.1021/acsami.8b14488/suppl_file/am8b14488_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b14488/suppl_file/am8b14488_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b14488/suppl_file/am8b14488_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b14488

ACS Applied Materials & Interfaces

Research Article

DSC analysis describes these behaviors. As displayed in Figure
4, when cooling down the LC gels from 150 to 0 °C, only one
exothermal peak at 33 °C is observed, for both LPF and DPF
gels, regardless of their content (e.g., from 0.1 to 0.5 wt %) in
SCB. This phase transition is ascribed to the isotropic—
nematic transition of SCB. Interestingly, the change of phase
transition enthalpy (e.g, ~4.3 J/g) is negligible when varying
the gelator loading from 0.1 to 0.5 wt %, indicating a small
effect of confinement of the fibrous gel network on the LC
order parameter. This weak confinement is envisioned to offer
a low driving voltage. Notably, no sol—gel transition is
detected by DSC, probably because of the low content of
gelator. Sol—gel transition is usually clear in DSC with a high
gelator loading,®” yet only under 0.5 wt % of LPF or DPF can
be completely dissolved in SCB.

To characterize the sol—gel phase transition, further study
using the falling-ball method was implemented.*>*® As shown
in Figure S, the temperature of sol—gel phase transition (Tsg)

200
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Figure S. Phase diagram of LPF/SCB and DPF/5CB LC gels.

is much higher than that of isotropic—nematic transition (Tpy).
The phase diagram indicates a consecutive phase transition
from isotropic liquid to isotropic gel and then to nematic gel
upon cooling. In addition, distinct from the gelator-

independent Tiy, the Tgg continuously increases from ~100
to ~140 °C with the augmentation of gelator content from 0.1
to 0.5 wt %. The high value of T indicates a good thermal
stability. The T of DPF is always slightly higher than that of
LPF, implying a subtle higher gelation capability of DPF. This
observation is in good accordance with the thicker DPF fiber in
3D networks (Figure 3).

3.5. Dynamic Rheological Behaviors of LPF and DPF
LC Physical Gels. Gels provide a mechanical support to the
fluidic LCs, which is expected to enable flexible LC devices.
Mechanical resistance of LC gels to external forces can be
easily characterized by dynamic rheological shearing. In
general, dynamic frequency sweep within the linear viscoelastic
region at 25 °C was exerted. As shown in Figure 6, the addition
of LPF and DPF facilitates the formation of LC gels. These
gels hold a nearly one order of magnitude higher storage
modulus (G’) than loss modulus (G”). Both G’ and G”
continuously increase with an augmentation of gelator content
from 0.1 to 0.5 wt %. Interestingly, up to 10* Pa of storage
modulus is obtained when loading 0.5 wt % DPF, which is
much higher than that of many other gels at the same loading
concentration.”” The outstanding mechanical performance
with a storage modulus higher than 10* Pa promises good
mechanical properties to LC gels.”

As well accepted,”” the storage modulus of a gel increases
with an increase of gelator content, and eventually levels off.
The relation can be quantitatively described by a sigmoidal
curve with Gompertz function®*

_a—kle=co)

G =Gie© (1)
where the Gg is the saturated modulus, ¢, stands for the
inflection point, and k signifies a constant. Interestingly, with
good nonlinearly overlaid fits over the experimental data, 2.1 X
10* and 2.8 X 10* Pa of G{ for LPF and DPF gels, respectively,
and an identical ¢, of 0.5 wt % for both LPF and DPF LC gels
are obtained. The results indicate that both LPF and DPF gels
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Figure 7. Threshold voltage (V) and saturated voltages (V,,,) of LC physical gels with (a) LPF and (b) DPF, and response time under the electric
field of LC physical gels with (c) LPF and (d) DPF, respectively. An alternative current (ac) voltage at a frequency of 1 kHz was used to drive the
LC devices. The peak-to-peak amplitude was 100 V when driving LC gels, whereas it was SO V when driving the pure SCB.

are potentially able to reach the saturation platform at a higher
gelator loading. However, more gelators cannot be dissolved in
SCB.

3.6. Electro-Optic Properties of LC Physical Gels with
LPF and DPF. Because the LC is immobilized by the gel
network with tiny interfacial confinement, LC physical gels
display significant potential for low-voltage electro-optic
display in the light-scattering mode. As displayed in Figure 7,
LC gels with both LPF and DPF exhibit high contrast electro-
optic switching between the light scattering (field-off) and light
transmission (field-on) states. The former is caused by the
refractive index mismatch between LC droplets and the fibrillar
network, whereas the latter results from the uniform LC
orientation along the electric field. For the gels with 0.1 to 0.5
wt % of LPF or DPF, the threshold voltage (Vy,) and saturated
voltage (V,,,) increase slightly with the gelator content (Table
1). In addition, the switch-on time (z,,) and switch-off time
(7o) of these LC gels are longer than those of LC gels with
1,3:2,4-di-O—benzylidene-D-sorbitol.37 However, the responsive
time of the gels has a tendency to reduce as the gelator content

Table 1. Electro-Optic Properties of LPF and DPF LC
Physical Gels

increases. The anchoring energies between the network and
LCs play a crucial role in the electro-optic performance of LC
gels. The thicker nanofibers result in larger anchoring energies,
giving rise to the higher driving voltage and faster switch-off
response. As aforementioned, the gelation capability of both
LPF and DPF is so strong that our gels can still have a very
high modulus even at a very low gelator concentration. Lower
content of gelator provides few interfaces and lower anchoring
energy, and thus affording a lower driving voltage. Clearly, the
mechanical performance of LC gels with LPF or DPF is
superior in comparison with other reported LC gels at the
same Ioading,37 and the driving voltage is much lower than that
of other gels with similar mechanical properties.

4. CONCLUSIONS

Two types of LC chiral physical gels were formulated with
enantiomers (e.g., LPF and DPF, respectively). Both LPF and
DPF enabled robust LC gels at a low gelator loading (e.g., 0.1—
0.5 wt %). In addition, the DPF was found to form thicker
fibrous structures than LPF at the same concentration, which
contributed to a slightly higher thermodynamic stability and

gelator content Ve, Ve T o mechanical resistance. As high as 10* Pa of storage modulus
B/ES (wt%)  (Vpm™) (Vpm™)  CR  (ms)  (ms) while as low as 0.5 V/um of threshold driving voltage were
LPF 0.1 04 29 66 40 432 obtained at a loading of 0.5 wt % of DPF. Chiral structures
LPE 02 0.5 30 83 45 418 were found to be significant to form these LC gels with high
LPE 03 06 37 106 45 380 modulus but low driving voltage, and the racemate with half
LPF 0.4 0.5 3.5 11.1 4.0 340
LPE 05 05 36 s 45 287 LPF and half DPF was not able to afford any LC gels. Our
DPE ol 04 2.9 27 45 390 chiral LC gels with high mechanical performance but low
DPF 02 0.5 2.9 84 45 369 driving voltage promise low-voltage flexible display. This
DPF 0.3 0.6 35 94 40 330 research may also provide a framework for understanding the
DPF 04 06 4.7 101 45 287 fundamental structure—property relation based on chiral
DPF 0.5 0.5 43 112 50 233 materials.
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