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lon gels, polymer networks swollen by ionic liquids, are expected to
be applied to wearable devices that are tolerant to repeated
stretching. High strength and excellent stretchability was achieved
due to the numerous physical cross-links with abundant polymer
chain entanglements in addition to a small number of immobile
chemical cross-links, even though the ion gel was prepared by a
facile methodology.

Ion gels are a class of gels swollen by ionic liquids (ILs). Because ILs
are exclusively composed of ions, they have unique characteristics
such as high ion conductivity, (electro)chemical stability, ther-
mal stability, and low volatility. Owing to these features, ion gels
have attracted attention as electrolyte membranes for batteries,"
transistors,"* and supercapacitors,® gas absorption/separation mem-
branes,”® catalyst-supported membranes.”'® In addition to these
previous studies, ion gels have recently been used as electrolyte
membranes for artificial muscles and wearable devices attached to
human skin," ™ especially as strain sensors which measure body
movements such as finger/wrist/elbow/knee bending, pronouncing,
facial expressions, breathing, and pulse rate. Hydrogels are also
candidates for strain sensors,"*'® but there may be serious problems
such as the degradation of mechanical properties and the instability
against long-term strains due to high volatility. To fulfil this purpose,
many studies have focused on the design of stretchable ion gel. For
example, Liu et al applied a double network strategy, which has
been widely explored in the research field of hydrogels. The ion gel
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composed of poly(2-acrylamido-2-methyl-1-propanesulfonic acid)
(PAMPS) and 1-ethyl-3-methylimidazolium dicyanamide exhibited
an ionic conductivity as high as 1.9 S m™" with 66.4 wt% IL.*° They
also found that the ion gel sensor had excellent stretchability over a
wide temperature range between —70 and 100 °C. Sun et al. reported
a tough ion gel composed of a poly(urethane-urea) polymer network
and 1,2-dimethyl-3-ethoxyethyl-imidazolium trifluoromethyl-
sulfo;nylimide.”* The ion gels showed no degradation in rela-
tive change of electrical resistance at 5% strain, even after
severe cyclic tensile conditions of 10000 cycles. Beyond the
representative studies, a number of ion gels for wearable
devices are available, including physically cross-linked ion gels
based on intermolecular hydrogen bonding,**** self-assembled
block copolymers,> poly(ionic liquid)s,***® 27,28
However, the preparation of mechanically superior ion gels
generally requires complex polymer synthesis techniques,
accompanied by advanced knowledge of organic chemistry.
Stretchable ion gels that are easily prepared and showing
suppressed residual strain for repeated stretching and stress
relaxation—characteristics that are potentially applicable to
wearable devices—remain rudimentary.

Herein, we describe the preparation and characterization of
a stretchable ion gel with excellent mechanical properties. The
ion gel can be produced in a simple one-step procedure. As the
monomer and cross-linker, methyl methacrylate (MMA) and
ethylene glycol dimethacrylate (EGDMA), respectively, were
combined with an extremely small concentration of photoini-
tiator ([I] = 0.02 mol% against MMA monomer in feed) and
mixed with the IL, 1-ethyl-3-methylimidazolium trifluoro-
methylsulfonylimide ([C,mim][TFSI]). This mixture was irra-
diated with UV light.

We previously reported a new class of ion gels cross-linked solely
by polymer chain entanglements of ultrahigh-molecular weight
polymers that did not undergo flow deformation and were stable
over a wide range of temperatures and frequencies (UHMW ion
gels). UHMW ion gels were prepared by mixing the monomer
(MMA), solvent (JC,mim][TFSI]), and an extremely low concentration
of thermal initiator (2,2-azobis(isobutyronitrile) (AIBN)), and then

and so on.
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Fig. 1 (a) A photograph, (b) a transmittance spectrum, and (c) a schematic
illustration of the ion gel used in this study. The white bold lines represent
PMMA with a small amount of cross-linker (red spheres). The orange and
blue spheres represent the [Comim]*, and [TFSI]™, respectively.

heating the mixture to initiate free radical polymerization.>*°

Because the propagation reaction rate of free radical polymer-
ization is significantly enhanced in ILs,”" almost 100% conver-
sion of the monomer to UHMW was achieved. The synthetic
strategy presented in this report is based on this procedure.
Related to this ion gel preparation, in the research field of
hydrogels, Miyata et al. and Suo et al. independently reported
that a high monomer concentration and low cross-linker con-
tent yielded stretchable hydrogels in which polymer chain
entanglements greatly outnumbered chemical cross-links.>>"*
These pioneering works encouraged us to devise a synthetic
strategy for an ion gel with enough toughness and stretchabil-
ity, which would be applied to wearable devices. In addition, we
attempted to use photoinitiated polymerization to prepare the
ion gel instead of thermal initiation because rapid initiation
and spatial control are required for processing thin films or
flexible patterned shapes. More specifically, instead of the AIBN
thermal initiator, an extremely small amount of the 2,2-
diethoxyacetophenone (DEAP) photoinitiator, EGDMA as a
cross-linker, MMA monomer, and [C,mim][TFSI] solvent were
mixed and then irradiated with UV light (365 nm, 3 mW) to
photoinitiate the polymerization. A transparent ion gel was
obtained (Fig. 1(a)). The transmittance of 10 mm-thick ion gel
exceeded 97.5% in the visible light region (400-800 nm)
(Fig. 1(b)). The transparency was comparable to or higher than
that of the previously reported ion gels even with a longer
optical path length (Table S2, ESIt). Furthermore, the ion gel
was more thermally stable compared to the hydrogel prepared
with the same concentration of initiator, cross-linker and molar
concentration of monomer (Fig. S2, ESIT). The hydrogel shrank
to 70% of its initial size heated after 60 °C for 30 min and
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Fig. 2 (a) Tensile stress—strain curves of various ion gels with varying
cross-linker concentrations and an initiator content of 0.02 mol%. Tough-
ness (b) and Young's modulus (c) of the ion gels in relation to cross-linker
and initiator contents of 0.02 (circle), 0.04 (triangle), 0.06 (square), and
1 mol% (diamond). (c) The primary axis plots Young's modulus (Eep), as
determined from the stress—strain curve (a), while the secondary axis is the
theoretical value of the Young's modulus (Eyneo), calculated based on the
cross-linker concentration at / = 0.02 mol%.

shrank to 80% kept after room temperature for 3 h due to
solvent (water) evaporation. Contrary to this, the ion gel did not
change in size and shape even after thermal aging. The ion gel
is expected to maintain the performances longer than hydro-
gels owing to high thermal stability.

First, the dependence of the mechanical properties on the
cross-linker concentration ([CL] = 0.001-1 mol% vs. [MMA]) was
evaluated. The concentrations of the monomer and initiator
were fixed at 30 wt% and [I] = 0.02 mol% vs. [MMA], respec-
tively, where topological polymer chain entanglements were
expected to act as energy-dissipating components. A stress—
strain curve was obtained from the tensile test, as shown in
Fig. 2(a). The toughness (Fig. 2(b)), calculated from the area
under the stress-strain curve, exhibits a maximum with respect
to [CL]. Toughness increases as the [CL] increases from 0.001 to
0.01 mol%, but after passing through maximum at 1 MJ m* at
0.01 mol%, it decreases with an increase in the [CL] from
0.01 to 1 mol%. In other words, the toughness exhibits a
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nonlinear response to the concentration of the cross-linker
when the concentrations of the monomer and initiator remain
unchanged. As discussed later, the maximum toughness was
due to the synergistic effect of a large number of physical cross-
links based on polymer chain entanglements and a small
number of covalent chemical cross-links. Fig. 2(b) also plots
the toughness when the initiator concentration was increased
to 0.04 mol% and 0.06 mol%, but the toughness values are
significantly lower than those obtained at 0.02 mol%. This is
because the polymer chain entanglements that contribute to
toughness significantly decrease as the initiator concentration
increases. By contrast, the Young’s modulus (E.,) increased
slightly as the cross-linker concentration increased (Fig. 2(c)).
Thus, in contrast to the conventional trend of gels becoming
harder yet more brittle as [CL] increases, the ion gel developed
in this study hardens and toughens at [CL] = 0.001-0.01 mol%
when the monomer concentration is fixed as 30 wt% and an
extremely low concentration of photo-initiator (0.02 mol% vs.
monomer) is used.

We speculated that physical cross-links based on polymer
chain entanglements inside the gel were the cause of such
nonlinear behaviour and roughly investigated the effect of
physical cross-links by calculating the Young’s modulus.
Assuming that the chemical cross-links are uniformly dispersed
in the polymer network and that all of them contribute to the
stress, the theoretical value of the Young’s modulus (Eeo) Was
calculated from .o >"° based on the affine network model

(eqn (1) and (2)).
Viheo = CfI2 = norfl2 V (1)

where C is concentration of cross-linker, f is the cross-linker’s
functionality ( f= 4 for EGDMA), nc,, is molar quantity of cross-
linker in the feed solution and V is the volume of the feed
solution.

Etheo = 3VtheokT (2)

where k is Boltzmann constant and 7 is temperature. The
experimental Young’s modulus (Ee,) was determined from
slope of stress-strain curve in the 0-20% strain range. For
[CL] < 0.1 mol%, the experimental Young’s moduli (Eep)
clearly exceeded the theoretical Young’s moduli (Eneo)
(Fig. 2(c)) because E,e, only considered chemical cross-links;
it did not account for physical cross-links. The contribution of
physical cross-links was then evaluated from the ratio of the
whole cross-linking density that contributed to Eexp(vexp) to the
chemical cross-linking density (Vineo), Where vex, was calculated
from E.y, (eqn (3)) and vheo Was calculated from the concen-
tration of cross-linkers (eqn (1)).

Vexp = Eexpl3kT (3)

A Veyp/Viheo Tatio of >1 indicates the existence of physical cross-
links based on polymer chain entanglements as well as
chemical cross-links, while @ Vexp/Vheo Tatio of <1 implies that
not all the incorporated chemical cross-linkers actually cross-
link the polymer chains. The contribution of physical cross-
links against the total Young’s modulus tended to linearly
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Fig. 3 Relationship between the cross-linker content in the pre-gel
solution and the ratio of experimental to theoretical cross-linking densities
(Vexp/Vineo) Of the ion gels.

increase as the cross-linker concentration decreased, and for
[CL] < 0.1 mol%, Vexp/Vtheo > 1 indicates that physical cross-
links exist in addition to chemical cross-links (Fig. 3). Inter-
preting the toughness and Young’s modulus (Fig. 2(b) and (c))
from these estimations, in the region of vey/ineo > 10, where
the contribution of physical cross-links is more than 9-fold that
of chemical cross-links, the ion gels became stiffer and tougher
as the cross-linker concentration increased. This is due to the
presence of numerous mobile physical cross-links derived from
polymer chain entanglements that suppress stress concen-
tration as well as a small number of covalent chemical cross-
links. Interestingly, though vey,/Vimeo decreased linearly with an
increase of cross-linker content for the hydrogel consisting of
acrylamide (AAm) as a matrix polymer cross-linked with N,N'-
methylenebisacrylamide (BIS),*” in this study a shallower slope
was exhibited at [CL] > 0.5 mol%. The reactivity of propagating
radicals is relatively higher for BIS than for AAm, resulting
in the formation of highly cross-linked clusters inside hydro-
gel,**3® whereas the less likely formation of clusters for MMA
and EGDMA led to relatively close theoretical values at high
cross-linker concentration.

If polymer chain entanglements are significantly correlated
with the mechanical properties of the gel, particularly in the
lower region of the chemical cross-linking density, the mole-
cular weight of the polymer chain appears to directly contribute
to the probability of polymer chain entanglement inside the
polymer network. Note that the molecular weight in this dis-
cussion indicates the degree of monomer linkage of the linear
polymer, assuming that no chemical cross-links are introduced,
rather than the degree of polymerization (molecular weight)
between two cross-links along the polymer chain. In the free-
radical polymerization of linear polymers, the molecular weight
of the polymer produced is inversely proportional to the root of
the initiator concentration in the feed if no cross-linker is
added to the polymerization system. For this reason, we
explored the dependence of the toughness of the ion gels on
the initiator concentration ([I] = 0.02-2 mol%) fixing [MMA]
and [CL] at 30 wt% and 0.01 mol% vs. [MMA], respectively,
exhibiting maximum toughness (Fig. 2(b)). We also prepared
ion gels with [CL] = 0 and 1 mol% vs. [MMA] as a reference. For

This journal is © The Royal Society of Chemistry 2024
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[CL] = 1 mol%, in the case of the typical cross-linker concentra-
tions for the preparation of polymer gels, ion gels possessing
sufficient mechanical strength for handling were obtained at
all initiator concentrations ([I] = 0.02-2 mol%). However, when
a cross-linker concentration is reduced to 1/100th of the typical
initiator concentration ([CL] = 0.01 mol%), no gelation occurs at
[I] = 0.2 mol%, although the polymerization reaction appeared
to proceed (Table S1, ESIt). Although self-standing gels were
obtained at low initiator concentrations of [I] = 0.04 and
0.06 mol%, the toughness and Young’s modulus was less than
[I] = 0.02 mol%, indicating poor polymer chain entanglement
(Fig. 2(b) and (c) and Fig. S4, ESIT). To clarify the effect of the
molecular weight of the polymers synthesized in the IL, the
molecular weight of the polymers inside the gels was evaluated
by changing [I] from 0.02 to 0.04 and 0.06 mol% without adding
the cross-linker (J[CL] = 0 mol%) (Table 1). At [I] = 0.02 mol%,
the molecular weight of poly(methyl methacrylate) (PMMA)
exceeded 1000 kDa, whereas at [I] = 0.04 and 0.06 mol%, the
molecular weight was less than 1000 kDa, reducing the Young’s
modulus and toughness. To obtain ion gels with high moduli
and toughness, it is important to induce abundant polymer
chain entanglements, which can be cross-links and dissipate
energy, by lowering the amount of initiator. We have previously
reported that in the ion gels formed by UHMW polymers
(M,, > 1000 kDa) as a matrix, in the absence of cross-linkers,
the abundant polymer chain entanglements act as physical
cross-links, resulting in stable elastic gels without flow defor-
mation in a wide range of temperature and frequency regions.
Although a self-standing ion gel was obtained in the absence
of UHMW polymers (M,, = 175 kDa), flow deformation was
observed at high temperatures and in the low-frequency
range.*® The effect of molecular weight was also observed in
the ion gels loaded with a small amount of chemical cross-
linkers. Note that we have already observed that the monomer
conversion is significantly lowered when the initiator concen-
tration in the feed is less than 0.02 mol%.>° This suggests that
the remaining low-T, component of the unreacted monomer
inside the resultant gel acts as a plasticizer, which reduces the
robustness of the materials. Therefore, the amount of initiator
should be reduced, but the conversion should be kept nearly
100%, making the residual monomer concentration negligible.
To determine monomer conversion, ‘"H-NMR was measured for
the ion gels without cross-linker instead of the cross-linked ion
gels that are not soluble in deuterated solvent, and the conver-
sion was found to be almost 100% (Table 1).

Unlike chemical gels, which are formed by covalent bonds
with a permanent lifetime, physically cross-linked gels usually

Table 1 Characterization of PMMA polymerized at [CL] = 0 mol%

[1] [mol%] M, [g mol']* My /M,* Conversion” [%)]
0.02 1.11 x 10° 1.61 99.9
0.04 5.33 x 10° 2.48 99.9
0.06 2.37 x 10° 3.16 99.9

“ Estimated from GPC (eluent: DMF, standard: PMMA, detector: RID).
b Calculated from 'H-NMR (Fig. S1, ESI).

This journal is © The Royal Society of Chemistry 2024
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exhibit a reduction in stress when strain is applied, owing to
the short lifetime of the cross-links, that is, stress relaxation.
For example, UHMW ion gel®>**° exhibits excellent mechanical
properties over a wide range of frequencies and temperatures,
but the stress relaxation originating from the loop-out of the
polymer chain can be a serious drawback in the realization of
material applications such as strain sensors, which are
intended to be subjected to strain for a long period of time.
We expected that our optimized ion gel would exhibit less stress
relaxation because it not only possesses physical cross-links
based on polymer chain entanglements but also a small
amount of immobile covalent chemical cross-links. Thus, we
attempted to compare the stress relaxation behaviour of the
toughest ion gel ([CL] = 0.01 mol%, [I] = 0.02 mol%) with
an ion gel prepared without cross-linker ([CL] = 0 mol%,
[I] = 0.02 mol%) (Fig. 4). Although the initial stresses were
comparable as well as these samples exhibited similar stresses
at the initial strain (Fig. S3, ESIT), the relaxation time of the ion
gel incorporating chemical cross-linkers was more than 10
times longer than that of the ion gel without cross-linkers,
indicating that the introduction of a small amount of cross-
linker (one chemical cross-linker per 1000 kDa of MMA)
improved the long-term durability under constant strain.

In addition, to evaluate the capability of recovery from
repetitive strain, an important mechanical property for wear-
able devices such as strain sensors and flexible batteries, the
ion gels were subjected to 80 successive loading-unloading
cycles at a strain of 0-300% with 10 min intervals between
cycles (Fig. 5). In this study, we compared the toughest ion gel
([CL] = 0.01 mol%, [I] = 0.02 mol%) with the ion gel prepared
without cross-linker ([CL] = 0 mol%, [I] = 0.02 mol%). Hysteresis
was observed for both ion gels, which was attributed to energy
dissipation owing to the relaxation of polymer chain entangle-
ments. At [CL] = 0 mol%, the slope of the stress-strain curve in
the low-strain region decreased, and the residual strain gradu-
ally accumulated after the cycle. After 80 cycles, the residual
strain finally reached &~20%. By contrast, the ion gel loaded
with [CL] = 0.01 mol% showed almost no slope change, and the
final residual strain was less than only 10%. Given that the

10000

68
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100
100 1000 10000 100000
Time (s)
Fig. 4 Stress relaxation tests at y = 10% for ion gels with a cross-linker

content of 0.01 mol% (blue plot) and 0 mol% (black plot). In both samples,
the initiator content was 0.02 mol%.
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10 cm min~! for the ion gels with cross-linker contents of (a) 0.01 mol%

and (b) 0 mol% at the same initiator content of 0.02 mol%. Each cycle was
separated by a waiting time of 600 s. The inset shows magnified images.

residual strain indicates disentanglement of the polymer
chains, the introduction of a small amount of cross-linker
suppressed the disentanglement of the polymer chains,
resulting in a significant improvement in the cyclic strain
resistance of the ion gels. When physically cross-linked gels
formed by non-covalent bonds such as ionic bonds are
stretched, the initial bonds break and temporary bonds
are formed with other partners. After unloading, the tem-
porary bonds are repetitively formed and broken to return
to the initial bonds by the driving force of rubber
elasticity.®>*° In present system, physical cross-linking is
based on polymer chain entanglement, however; similar
“exchangeable cross-linking” must play important role on mechan-
ical property of material. The introduction of chemical cross-linkers,
which are permanent bonds, is expected to inhibit the formation of
temporary bonds, resulting in a higher recovery to the initial state.
To further investigate the kinetics of disentanglement and entangle-
ment for the ion gels with and without cross-linkers, we are planning
to measure the hysteresis and residual strain of the ion gel
depending on tensile speed, on deformation range and on
waiting time.

In general, there is a trade-off relationship between the
ionic conductivity guaranteed by the amount of IL and the
mechanical properties of the gels.*** Sun et al. reported a
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cyclic strain-tolerant ion gel containing 50 wt% IL as a solvent.
The ion gel showed x20% residual strain after 10 cycles with a
200% loading strain.>' Song et al. also reported that an ion gel
swollen by 40 wt% ILs showed no residual strain after 50 cycles
with a 200% loading strain.>® In this study, we prepared an
excellent expansion-strain-tolerant ion gel swelling up to
70 wt% using ILs as solvents. Compared to the previously
reported ion gels containing nearly 70 wt% IL (Table S2, ESIY),
the ion gel in this study showed low residual strain, considering
that the tensile fatigue tests were conducted under relatively
severe conditions with a 300% strain. We expected that the gel
would exhibit both good electrochemical properties and dur-
ability against cyclic strain.

For demonstration as strain sensors, the ion gel ([CL] =
0.01 mol%, [I] = 0.02 mol%) sandwiched between copper foils at
both ends were manually stretched while the current was
measured at a constant voltage. The relative resistance
responded reversibly within five cycles and increased as the
strain was increased to 10%, 25%, and 50% (Fig. S5, ESIY),
indicating that the ion gel has the ability to sense different
movements of the human body. To investigate the stability
against more repetitive stretching, the ion gel was subjected to
100 and 50 consecutive loading-unloading cycles at 10 and 50%
strain, respectively (Fig. S6, ESIT). The changes of the relative
resistance were stable throughout the overall cycles. The ion gel
detected different mechanical strains with reversible and stable
signal output.

Conclusions

In this paper, we report an ion gel consisting of a [C,mim][TFSI]
solvent and MMA as a matrix polymer cross-linked with a small
amount of EGDMA. The ion gel was obtained by a facile one-
step procedure and exhibited a high toughness of up to
~1 MJ m* and excellent recovery capability against loading-
unloading cycles when the composition of the pre-gel solution
was appropriately optimized. In contrast to the conventional
mechanical behaviour of gels, which become stiff and brittle as
the [CL] increases, the Young’s modulus and toughness
of our ion gels change non-linearly as a function of [CL] at
0.001-0.01 mol% [CL]. The comparison between Eg,c, and Eeyp
at a [CL] lower than 0.1 mol% indicates that the numerous
physical cross-links derived from the polymer chain entangle-
ments and the small amount of permanent chemical cross-
links synergistically contribute to the toughness and stiffness of
the gel.

The initiator concentration ([I]) in the pre-gel solution
also plays an important role in maintaining the mechanical
properties of the resultant ion gel. As the toughness and self-
standing capability decreased when [I] was significantly
increased, an increase in the degree of monomer linkage
(i.e., increasing the molecular weight of the polymer to
UHMW when the chemical cross-links were ignored) was
found to induce polymer chain entanglements and ensure
that the ion gel was mechanically strong. Furthermore,

This journal is © The Royal Society of Chemistry 2024
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because unreacted MMA monomers accidentally plasticize
and reduce the T, of the ion gel, [I] should be controlled to
the extent that conversion reaches ~100%. The ion gel with
the highest toughness, despite the low number of chemical
cross-linkers (one chemical cross-linker per every 10000
repeating units of MMA), demonstrated a 10-fold longer
relaxation time and less than half its the residual strain after
80 successive loading-unloading cycles than the ion gel
without a cross-linker, indicating an improvement in long-
term durability.

This study would underpin the strategic design of ion
gels useful for wearable electronics, soft robotics, and other
applications owing to its simple material preparation pro-
cedure, high strength, and high resilience to repetitive
strains.
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