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Introduction

Soft and tough cellulose nanocrystals interlocked
with polyacrylate-bearing cyanobiphenyl ionogels
through a double network strategyt

Patrick K. Njenga,® Francis K. Masese,” Dennis M. Ndaya,”

M. Daniela Morales-Acosta,” Nicholas Eddy® and Rajeswari M. Kasi (2 *@°

There are several examples of double network gels prepared from cellulose nanocrystals (CNC)
conjugated with water-soluble polymers. However, soft but tough gels composed of mostly CNCs have
been challenging to design due to aggregation or precipitation of CNCs at higher concentrations in
solvated and gelled systems. We report a general strategy to introduce covalent and non-covalent
interactions within cellulose nanocrystals (CNCs) to develop tough, processable, liquid crystalline (LC)
gels. A liquid crystalline 12-methylene spacer cyanobiphenyl (CB120OH), is grafted onto acrylic acid via
Steglich esterification and subsequently copolymerized with acrylic acid via free radical polymerization
to afford an amphiphilic liquid crystalline polymer (LCP), PAACB12-r-PAA. The free carboxyl (COOH,)
groups from polyacrylic acid (PAA) in the copolymer are randomly interlocked with the hydroxyl (OH)
groups of CNC through covalent crosslinking and host—guest supramolecular hydrogen bonding in
DMSO and 1-butyl-3-methylimidazolium acetate ionic liquid. The dominant cyanobiphenyl-cyanobiphe-
nyl (CB12-CB12) interactions yield hierarchically structured, tough, free-standing liquid crystalline
nanocomposite ionogels. Rheological studies of the interlocked free-standing ionogels display a typical
crosslinked gel behavior with the storage moduli (G') ranging 103-10* Pa across the entire angular fre-
quency range. Mechanical properties are tailored by varying the concentration of CNCs in the nanocom-
posite gel. This facile design provides a general strategy to prepare soft and tough liquid crystalline gels
from renewable resources.

the structure to attain optimal viscoelastic, mechanical, and
processing features in films and gels with retention of their LC

Cellulose nanocrystals (CNCs) are rod-like, charged, semicrys-
talline materials with dimensions ranging from 5 to 20 nm in
width and 100 to 500 nm in length and prepared through either
the acidic or alkaline hydrolysis of cellulose biopolymers.'™
In lyotropic solutions, CNCs self-assemble into cholesteric or
chiral nematic (Ch*) liquid crystalline (LC) mesophases.>”
Dried thermotropic films of CNCs show retention of the
cholesteric mesophase with optical reflection controlled by
the pitch of the cholesteric helix and the temperature of the
system.®*°

There are several roadblocks to the use of CNCs as a
sustainable and renewable LC material. CNCs have poor solu-
bility in different solvents and lack a “chemical” handle within
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properties.®*''™"> To address some of these shortcomings,
molecular liquid crystals (LCs) or liquid crystalline polymers
(LCPs) are grafted onto CNCs to (i) manipulate self-assembly
through a variety of LC-LC interactions, and produce nematic,
chiral nematic with tunable pitch length, and non-nematic
smectic mesophases™'®*® and (ii) enhance dispersion and
solubility in different solvents including ionic liquids.®"® For
example, Hegman and Chang showed that 4 or 5-methylene
spacers are used to attach thermotropic LCs to CNCs to
improve the solubility of CNCs in organic solvents.>® Masese
and coworkers demonstrated that when a cyanobiphenyl LC
molecule with 12-methylene spacer (CB12) is appended onto a
CNC backbone, CB12-CB12 LC interactions dominate over
CNC-CNC LC interactions, tuning the isomorphism of CNC
from the lyotropic chiral nematic LC phase to smectic LC phase
with improved colloidal solubility in organic solvents such as
DMSO.? Covalently linking CNC with LCPs is known to enhance
the colloidal stability of resulting suspensions as shown
by Risteen and coworkers'® In another example, Muller and
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coworkers prepared photoresponsive azo molecules attached to
CNCs and these molecules are dispersed into a polyurethane
acrylate matrix at different concentrations. Samples with 10, 15,
and 20 wt% of azobenzene-bearing CNC displayed a shear
thinning tendency whereas percolation of the nanocellulose
network led to a first plateau region along with G’ > G” at
low shear stress. However, a decrease in G’ and an increase
in G” are reported at higher stress. This occurrence held till G’ =
G", the dynamic yield stress region.' These examples show that
the colloidal solubility of CNCs can be enhanced by covalently
attaching a molecular LC or LCP. However, the preparation
of tough, viscoelastic gels with quantitative retention of LC
structure and good compressive strength from CNCs remains
unexplored.

Different approaches to toughen hydrogels have gained
tremendous research effort over the last decade. For instance,
Gong and coworkers reported the classical double network
strategy proposed by Gong comprised of two structurally
contrasting interpenetrating networks (IPN): a highly cross-
linked, low concentration, brittle, and strong polyelectrolyte as
the first network and a lowly crosslinked, high concentration and
ductile network polymerized onto the swollen polyelectrolyte.””
There are several double networks (DN) from CNC with different
conventional polymers®**~° but the double network involving
CNC with different liquid crystalline polymers (LCPs) where there
is retention of LC properties (from both CNC and LCP) after
interlocking remains unexplored.®

Employing the double network strategy, we report the synth-
esis of a new platform comprising a small thermotropic liquid
crystal (CB12) grafted onto a flexible poly(acrylic acid) backbone
and subsequently interlocked with CNC using 1-ethyl-3-(3-
dimethylamino propyl) carbodiimide hydrochloride (EDC)
crosslinker. The flexible PAACB12-1-PAA acts as the dangling
chain thereby giving a high osmotic pressure that increases
the swelling degree and enhances the rigidity of the first net-
work. CNC is then introduced as the second interpenetrating
network and crosslinked with the free COOH groups from the
copolymer using EDC (Fig. 1). The presence of (i) host-guest
interactions such as hydrogen bonding, van der Waals, and LC-
LC interactions as well as (ii) chemical conjugation through
covalent bonding yields tough CNC-LCP nanocomposite gels
with retained LC structure. Adopting CNC as a filler material
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(iii) 60 °C, 8 h, 200 rpm

) t
oRHoH
O cNe

CN CN
PAACB12-r-PAA

o

OiZ o 07 0H

o 12

0 12

[e]

View Article Online

Soft Matter

leads to a breakthrough in the design of sustainable hybrid gels
with tailored toughness and morphology.

Experimental

Dual interlocking of LC-containing copolymer with CNC

Representative amounts of PAACB12-1-PAA and EDC (Table 1) are
transferred to a clean, oven-dried 50 ml round-bottomed flask
equipped with a magnetic stir bar. 0.25 ml DMSO and 0.75 ml
1-butyl-3-methylimidazolium acetate are added, and the flask is
sealed using a rubber septum. The reaction mixture is purged with
nitrogen for 5 min and stirred in an oil bath for 4 h at 60 °C. CNC
(Table 1) is dissolved in 2 ml of 1-butyl-3-methylimidazolium
acetate and 1 ml of DMSO then added dropwise to the reaction
mixture followed by purging for 5 min using nitrogen. The mixture
is allowed to react for 8 h, cooled to room temperature, and
carefully transferred into a 20 mm mold to gel gradually. The
interlocking pathway is shown in Fig. 1 below. [BMIM]AC] is
chosen as the ionic liquid since the [BMIM]' cation dissolves CNC
with the help of DMSO. In our hybrid LCP (CNC-i-PAACB12-r-PAA)
ionogels, the negligibly volatile ionic liquid is retained in the
interconnected 3D pore structure of the hybrid LCP.** [BMIM][AC]
also acts as a hydrogen bond acceptor, enhancing host-guest
interactions between CNC and COOH groups in the PAACB12-1-
PAA copolymer yielding tough-soft ionogels.*

Results and discussion
Synthesis of dual network nanocomposite gels

Synthesis of the modified liquid crystalline random copolymer
is adopted from a previous study.®" In a clean oven-dried 250 ml
flask, equipped with a magnetic stir bar, purified AACB12
(364 mg 839.5 mmol), acrylic acid, AA (94.5 mg 1310.8 mmol),
and azobisisobutyronitrile, AIBN (2.4 mg 14.7 mmol) are
charged and dissolved in 10 ml of anhydrous toluene. The
mixture is then purged for 5 min using nitrogen gas and
allowed to proceed at 70 °C and 300 rpm for 6 h.

The crude product is then precipitated in cold methanol and
dried overnight in a vacuum oven set at 45 °C. This random
copolymer is structurally a polyelectrolyte composed of a
poly(acrylic acid) backbone covalently bonded to a liquid

o

0
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o
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Soft and Tough lonogels

Fig.1 Synthetic pathway showing dual network CNC-i-PAACBI12-r-PAA nanocomposite ionogels using 40 wt% EDC in 1/3 v/v% 1-butyl-3-

methylimidazolium acetate/DMSO.

1700 | Soft Matter, 2025, 21,1699-1709

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sm01409j

Open Access Article. Published on 29 January 2025. Downloaded on 9/27/2025 1:30:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

Table 1 PAACB12-r-PAA copolymer and CNC feed ratios in nanocom-
posite ionogels using 40 wt% EDC as the crosslinker in 1/3 v/v% 1-butyl-3-
methylimidazolium acetate/DMSO

Ionogels PAACB12-1-PAA  CNC IL DMSO EDC

100_0 wt% 100 mg 0 mg 0.75ml 0.25ml 40 mg
95_5 wt% 95 mg 5 mg 0.75ml 0.25ml 40 mg
80_20 wt% 80 mg 20mg 0.75ml 0.25ml 40 mg
65_35 wt% 65 mg 35mg 0.75ml 0.25ml 40 mg
50_50 wt% 50 mg 50mg 0.75ml 0.25ml 40 mg

crystalline cyanobiphenyl unit and with free COOH units. These
available COOH functional groups are used for interlocking
and physical assembly with CNC enhancing the mechanical
properties of the resultant nanocomposite ionogels. The syn-
thetic pathway for CB120H, AACB12 monomer, as well as
PAACB12-1-PAA copolymer is shown in Fig. S1 (ESIt). Successful
synthesis of these molecules was investigated using "H NMR
(Fig. S2-S4, ESI respectively). In the stacked "H NMR (Fig. S5,
ESIt), geminal protons between 6.27 ppm and 5.59 ppm, as well
as a vicinal proton at 6.05 ppm, indicate the presence of a
double bond in the monomer. Cyanobiphenyl protons appear
at 7.05 ppm, 7.68 ppm, and 7.84 ppm indicating complete
attachment of the thermotropic LC. The ester connection peaks
at 3.97 ppm while the proton adjacent to the ether is a
contribution from the LC molecule. We further utilize free
OH functional groups from CNCs to physically (H-bonding,
LC-LC interaction, and supramolecular van der Waals forces)
and chemically (covalent bonds) interlock the copolymer via
dual crosslinking chemistry.>>** The interlocked system (CNC-
i-PAACB12-r-PAA) is identified using FTIR studies as shown in
Fig. S6 (ESIT). Bands at 2224.7 cm™ ', 1715.8 cm™ ', 3297.5 cm ™,
1247.2 ecm ™', 2850.7 ecm™ " and 2918.2 cm ™! correspond to the
strong stretching bands of C=N, C=0, O-H, C-O, and C-H
respectively. The corresponding feed ratios for PAACB12-r-PAA
and CNC are shown in Table 1 below.

Yield test

2 ml of the cooled reaction mixture is transferred to three
20 mm molds for rheological studies. From this, a 1 ml aliquot
is transferred into a 10 ml scintillation vial and allowed to gel
for 72 h for yield tests by monitoring flow. Phase map studies
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are performed by varying the feed ratios of PAACB12-r-PAA
copolymer and CNC as shown in Table 1. CNC-i-PAACB12-r-PAA
nanocomposite ionogels consisting of a porous solid whose
pores are pervaded with 1-butyl-3-methylimidazolium acetate
ionic liquid and DMSO are shown in Fig. 2.

Microstructural studies

To discern the microstructural changes resulting from side
chain LC surface functionalization onto the PAA backbone as
well as the incorporation of CNC into the copolymer network,
we conduct the wide-angle X-ray scattering (WAXS) studies of
the LC, LCP, and nanocomposite ionogels (Fig. 3). CNC used is
reported to exhibit four main diffraction peaks at 20 = 14.6°,
16.4°, 20.3° and 22.5° with a crystallinity index of 87% and a
crystallite size of about 6.3 nm. These microstructural features
resemble those exhibited by Cellulose I crystalline structure
(Monoclinic unit cell, ICDD PDF 00-056-1718).” The side chain
CB12 LC displays distinct diffraction peaks at 20 = 5.6°, 17.5°,
20.9°% 22.4° 24.8°, 25.4° and 28.7° which corresponds to LC
packing d-spacing of 15.9 A, 5.1 A, 4.1 A, 4.3 A, 3.7 A, 3.5 A and
3.1 A respectively. Upon chemical interlocking to afford CNC-i-
PAACB12-1-PAA, the WAXS diffraction pattern changes signifi-
cantly. PAACB12-1-PAA displays a strong diffraction peak at 20 =
22.4° as well as broad diffraction peaks at 26 = 25.7°and 28.7°
(corresponding to 4.0 A, 3.6 A, and 3.1 A) which represent n-n*
stacking from the cyanobiphenyl LC in the copolymer back-
bone. The sharp diffraction peak for PAACB12-r-PAA (20 = 22.4°)
compared to that of the nanocomposite ionogels suggests that
the introduction of CNC as a plasticizer to the system increases
the pliancy of the polymer chain thus modifies the microstruc-
ture of the resultant nanocomposite ionogels.>*** 80_20 wt%
ionogels have diffraction peaks at 20 = 17.9°, 20.5°, 22.4° and
24.8° with corresponding d-spacings of 5.0 A, 4.4 A, 4.1 A, and
3.7 A respectively traceable to CB12 LC packing. These two
diffraction patterns from the CB12 and LCP suggest that the
enchainment of PAA into the system does not mask the liquid
crystallinity of CB12 entirely but reduces the intensity and
shifts the peak position due to the flexibility of the chains.
Based on our prior work on cellulose-CB12 and PAA-CB12
systems, we expect that CB12-CB12 interactions result in poly-
morphic interdigitated smectic mesophase®?'° as shown by

E] Before gelation

go-.zo So: 50
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65:35

After gelation

Fig. 2 Yield results for CNC-i-PAACB12-r-PAA gels at room temperature. (a) before gelation (b) after 24 h gelation in 1-butyl-3-methylimidazolium

acetate ionic liqguid/DMSO using EDC.
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Fig. 3 Wide angle X-ray scattering (WAXS) results for CB120OH, PAACB12-r-PAA, and interlocked ionogels. Inserts: (a) 1D and 2D WAXS results for
80_20 wt% interlocked ionogels (b) table showing calculated d-spacings (nm).

the room temperature small angle X-ray scattering (SAXS)
results, Fig. S16 (ESIt).

We perform UV reflectance measurements to probe further
the mesophases formed by the liquid crystal polymers and the
interlocked system. We prepared free-standing films (~ 0.5 mm
thick) by hot pressing at 85 °C for 1 h. The sample was
quenched to room temperature using cold air to induce self-
assembly and mesophase formation. The broad reflection
spectra of CNC showed a typical 1D cholesteric mesophase
formation as shown in Fig. S13 (ESI1).*” The liquid-crystalline
PAACB12-1-PAA and the interlocked CNC-i-(PAACB12-r-PAA)
nanocomposite show the presence of a smectic mesophase
characterized by CB12 reflection in the deep UV region.*® The
large CB12 domains in PAACB12-r-PAA and CNC-i-(PAACB12-1-
PAA) reduced the transparency of the film samples, thus
increasing the scattering of incident light with maximum
wavelength (Zmay) at 275 nm and 276.5 nm, respectively, which
can be attributed to the n-n* transmission bands.***° These
two transmission wavelengths appear blue-shifted relative to
the neat CB12 moiety reported at ~300 nm.***%*' These
microstructural studies are confirmed by evaluating their sur-
face morphology using polarized optical microscopy (POM).
Images show a characteristic smectic surface PAACB12-r-PAA

and CNC-i-(PAACB12-r-PAA), as shown in Fig. S12 (a)-(c)
(ESIt).*>*® CNC exhibited a surface, typical of a cholesteric
mesogen, Fig. $12(d) (ESI{).***

Rheological properties

The effect of different concentrations of CNC on the viscoelastic
properties of the ionogels is investigated through rheological
measurements. First, amplitude sweeps as shown in Fig. 4 are
carried out to determine the linear viscoelastic (LVE) region
for the ionogels. We observe significant improvement in the
storage modulus of the CNC-i-PAACB12-r-PAA ionogels with the
addition of CNC. The modulus generally increased with an
increase in wt% of the CNC, enhancing the mechanical stability
of these ionogels.*®™*° For example, the addition of 5 wt% of
CNC led to a significant increase in the storage modulus of the
nanocomposite ionogels (~10* Pa) relative to the neat copoly-
mer gels (x10” Pa). The structure of nanocomposite ionogels
remains unperturbed below 1% strain with G’ > G” while
beyond 1% strain, the nanocomposite ionogels report a sharp
decrease in the modulus. The subsequent rheological studies
were conducted using 0.5% strain to keep the ionogels within
the LVE region.

+ 50_50_wt% nanocomposite ionogels
<= 65_35_wt% nanocomposite ionogels
¥ 80_20_wt% nanocomposite ionogels
@ 95_5_wt% nanocomposite ionogels

<= 100_0_wt% nanocomposite ionogels

10¢
w
e 105
5 3
P 1044
3 10%4
£
% 1024
s 1014
»
10° . T T T
10 10 100 10° 102 108
Oscillation strain § (%)

Fig. 4 Strain sweep results for CNC-i-PAACB12-r-PAA ionogels with varying CNC concentration.
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Polymer nanocomposite gels and blends have been reported
to undergo rearrangement in both macro and microstructure
over time.>***>? Structural changes resulting from these rear-
rangements influence their rheological behavior and can be
examined through oscillatory time sweep experiments.’*™>°
CNC-i-PAACB12-1-PAA ionogels are subjected to these oscilla-
tory time sweep studies to determine their structural stability
over time and the results for storage and loss moduli with time
reported (Fig. 5). All nanocomposite ionogels remain structu-
rally stable over the entire step time (1800 s).

Frequency sweep experiments are performed in the linear
viscoelastic range (LVR) for the neat copolymer and the nano-
composite ionogels over the frequency of 0.01-100 Hz at a
strain of 0.5% and a constant temperature of 25 °C. Fig. 6
compares the frequency dependence of the storage (G') and loss
modulus (G”) of CNC-i-PAACB12-r-PAA gels prepared using 0, 5,
20, 35, and 50 wt% of CNC. For all the gels except at higher
frequency, G’ is frequency independent and G” is one order of
magnitude smaller than G'. The values for storage modulus (G’)
dominate the loss modulus (G'’) (G’ > G”) for all the gels and
this confirms their inherent high mechanical properties, flex-
ibility, and elastic properties.’” ®® The general trend across all
gel concentrations indicates an increase in both G’ and G” with
an increase in wt% CNC for all the samples. Optimum gel
strength is reported for 50_50 wt% nanocomposite gel. This
observed trend can be attributed to the dual crosslinking net-
work resulting from the synergistic covalent attachment and
host-guest interactions between the COOH of the LC-
containing copolymer and free OH in CNC.*"®* Neat copolymer
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ionogels (100_0 wt%) had the least storage and loss moduli
relative to the rest of the nanocomposites.®*®*°® This improved
gel stability with increasing CNC concentration justifies the
reported use of CNC as a good sustainable, and biodegradable
filler material in this regime.®”~®°

Further understanding of the crosslinked ionogels’ ability to
dissipate mechanical energy or internal friction via segmental
motion,”® is seen in the tan delta with frequency plot. The
tangent of the phase angle (tan ) is plotted against frequency
where the phase angle becomes smaller as the material becomes
more elastic and increases as the material becomes less elastic
material as described by the tan delta equation below.

Loss modulus (G”)

B Storage modulus (G')

tan

A high tan delta shows less elastic material while a low tan
delta shows more elastic material. 100_0 wt% ionogel has the
highest tan delta value making it less elastic compared to the
rest of the samples. 50_50 wt% on the other hand has the least
tan delta making it the most elastic. We confirm that introdu-
cing CNC to our system increases the networking thereby
improving the elasticity of the PAACB12-r-PAA. This sweep is
conducted at a constant temperature of 25 °C as shown in Fig. 7.

We examine the viscous or unrecoverable regions of our
copolymer and nanocomposite ionogels using complex viscos-
ity with frequency sweep at constant temperature. Fig. 8 shows
the dependency of complex viscosity in the copolymer and
nanocomposite ionogels on angular frequency with varying
CNC concentrations at 25 °C. A typical non-Newtonian
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Fig. 5 Time sweep results showing structural stability of PAACB12-r-PAA copolymer and CNC-i-PAACB12-r-PAA ionogels over time at room

temperature.
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Fig. 6 Frequency dependence of the storage (G’) and loss modulus (G”) of the neat copolymer and CNC-i-PAACB12-r-PAA ionogels prepared by O, 5,
20, 35, and 50 wt% of CNC using 0.5% strain at 0.01-100 Hz frequency and a constant temperature of 25 °C.
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Fig. 7 Tan delta vs. angular frequency sweep for CNC-i-PAACB12-r-PAA nanocomposite ionogels at 25 °C.

(frequency-dependent) behavior is reported for all the sample
concentrations where we observe a significant increase in the
complex viscosity of the ionogels with increasing CNC concen-
trations. This is mostly due to the reduced volume fraction
of the unbound free solvent in the ionogels resulting from
increased CNC concentration. For a constant volume of DMSO/
IL, each additional CNC increases the interactions thereby the
network. 50_50 wt% ionogels, for instance, has a robust net-
work thus reducing the unbound solvent layer further and
reporting a complex viscosity of 2 orders of magnitude higher
than 100_0 wt% which serves as the control. This reduction in
complex viscosity with angular frequency shows that the

1704 | Soft Matter, 2025, 21,1699-1709

reciprocal of the characteristic relaxation time (1/z,) is smaller
than the angular frequency ().

Tan delta vs. temperature ramp for 50_50 wt% CNC-i-
PAACB12-1-PAA ionogel with 40 wt% EDC is conducted at 1Hz
frequency with an oscillatory strain of 0.5% and a constant tem-
perature of 25 °C as shown in Fig. S11 (ESIt). The tan delta
dramatically drops from about 1.25 to 1.0 when the sample is heated
from —70 °C to —59.6 °C then steadily drops to about 0.3 upon
heating from —59.6 °C to —45 °C. Further temperature increase
shows a gradual decrease in the tan delta to about 0.09 at 100 °C. In
this region, a slow but steady reduction in the tan delta of the
material gives it a quasi-continuous state where the tan delta

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sm01409j

Open Access Article. Published on 29 January 2025. Downloaded on 9/27/2025 1:30:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

View Article Online

Paper

107

10° 4
105
104] e
10% ]
102
1014
100

| Complex viscosity n* (Pa.s)|

+ 50_50_wt% nanocomposite ionogels
<= 65_35_wt% nanocomposite ionogels
¥ 80_20_wt% nanocomposite ionogels
@ 95_5_wt% nanocomposite ionogels

<> 100_0_wt% nanocomposite ionogels

102 10+ 10° 101

Angular frequency w (rad/s)

102 10°

Fig. 8 Complex viscosity vs. angular frequency sweep showing the frequency-dependence of PAACB12-r-PAA copolymer and CNC-i-PAACB12-r-PAA

ionogels with varying CNC concentrations at 25 °C.

decrease shows a plateau. Above 100 °C, the sample loses its
elasticity, and the tan delta measurements become unreliable.

The integration of CNC filler in the polymer network during
interlocking influences the mechanical robustness of the resultant
nanocomposite ionogels. We monitor this influence by comparing
the stress-strain curves for 100_0 wt% CNC-i-PAACB12-1-PAA
(unfilled) and 50_50 wt% CNC-i-PAACB12-1-PAA as shown in
Fig. 9 below. From the results, a 50 wt% loading of CNC into the
nanocomposite ionogels leads to an appreciable increase of 400%
in the Young’s modulus. This is due to the interaction of the
polymer network with CNC which toughens the ionogels. The
unfilled ionogel (100_0 wt% CNC-i-PAACB12-1-PAA) shows stability
up to 6% strain while the interlocked ionogel (50_50 wt% CNC-i-
PAACB12-1-PAA) remains mechanically stable below 20% strain.
This behavior shows typical soft gel behavior. We, therefore, report
a great improvement in the mechanical properties of the CNC/LCP
nanocomposite ionogels resulting from the dual interlocking. The
calculated Young’s moduli are shown below.

Youngs modulus for 1000 wt%
Rise Ao
Run Ae

_0.002 —0.0015
T 275-1.75

CNC-i-PAACBI2-1-PAA =

=5x 107*MPa

Youngs modulus for 50_50 wt%
Rise Ac
Run A

~0.02-0.0125
©12.50 — 8.75

=2x 107> MPa

CNC-i-PAACBI12-r-PAA =

To complement this stress-strain test, we use S-N curves by
dynamic mechanical analysis (DMA) which describe a materi-
al’s endurance in terms of the number of cycles to failure N(S)
when the material is repeatedly cycled at a set stress range. Fig.
S14 (ESIt) shows a typical cyclic stress-strain curve obtained
with an initial transient behavior where stress required to

This journal is © The Royal Society of Chemistry 2025

enforce initial strain decreases leading to cyclic softening and
stabilizing after subsequent loading. Initially, these nanocom-
posite ionogels reached a stress endurance limit of 12.0 MPa
which was reduced to 11.4 MPa after 1000 load cycles retaining
95% of the initial stress. Below this limit, we observe a limitless
lifetime. Hysteresis curves obtained from 10% strain subjected
to 1000 load cycles show a decay of stress over the 1000 cycles
for 50_50 wt% CNC-i-PAACB12-r-PAA nanocomposite ionogels.
This fatigue test confirms the toughness of these ionogels
where compressive stress as a function of the number of points
shows no apparent shift in cyclic stress as shown in Fig. S15
(ESTY).

Conclusion

We have designed physical-co-chemical nanocomposite iono-
gels based on CNC and a smectic LC-containing polyelectrolyte
endowed with enhanced rheological behavior and toughness.
CNC double networks with different conventional polymers
have been widely studied and the LC properties (arising from
CNC) reported.®?°2° However, double networks involving CNC
with different liquid crystalline polymers (LCPs) where there is
retention of LC properties (from both CNC and LCP) after
interlocking remain unexplored.® Our work reports on a CNC
double network with a smectic LCP and investigates LC proper-
ties resulting from interactions of these two materials. Rheolo-
gical studies of the interlocked free-standing ionogels
demonstrate a typical crosslinked gel behavior with the storage
moduli (G') ranging 10°-10* Pa across the entire angular
frequency range. Mechanical properties are tailored by varying
the concentration of CNCs in the nanocomposite gel. This is
attributed to the double network of both chemically crosslinked
and physically interlocked networks of the CNC-i-PAACB12-1-
PAA. The physical interlocking results from the host-guest
interaction between PAACB12-1-PAA and CNC which acts as
the rope binding the covalently crosslinked network. Cyclic
stress-strain test on 50_50 wt% CNC-i-PAACB12-r-PAA nano-
composite ionogels show that the material retains about 95% of
the initial stress after reducing from a stress endurance limit of
12.0 MPa to 11.4 MPa after 1000 load cycles. A dual network
wherein the CNC behaves both as a filler and as a network

Soft Matter, 2025, 21,1699-1709 | 1705
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junction improves the tensile properties of the CNC/LCP. This
general strategy can be used to develop a double network,
mechanically reinforced CNC-based liquid crystalline gels for
applications in ion-containing gels,”*”* actuators,”*’> and

sensors.”®78
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