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Stretchable iontronics have recently been developed as an ideal interface to promote the interaction
between humans and devices. Since the materials that use ions as charge carriers are typically
transparent and stretchable, they have been used to fabricate devices with diverse functions with
intrinsic transparency and stretchability. With the development of device design, material design has also
been investigated to mitigate the issues associated with ionic materials, such as their weak mechanical
properties, poor electrical properties, or poor environmental stabilities. In this review, we describe the
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recent progress on the design of materials in stretchable iontronics. By classifying stretchable ionic
materials into three types of components (ionic conductors, ionic semiconductors, and ionic insulators),
the issues each component has and the strategies to solve them are introduced, specifically in terms of
molecular interactions. We then discuss the existing hurdles and challenges to be handled and shine
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1. Introduction

The engineered devices that are currently being used by humans
have been developed to be thinner, lighter, and more flexible.'
Insight into the conformability of humans to use devices
harnesses the concept of wearable or epidermal electronics;*
therefore, researchers over the past few decades have
demonstrated diverse electronic devices with stretchable
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light on the possibilities and opportunities from the insight of molecular interactions.

forms, including sensors,”” actuators,®® transistors,'®** and

displays.*'® Unfortunately, as these electronic devices are
often made of rigid materials, researchers have introduced
geometric designs, composites with stretchable substrates, or
molecular engineering’®" for the stretchability. Nevertheless,
those devices have suffered from reduced performances in the
stretched state, as well as limited stretchability.

The concept of stretchable iontronics, where ions can be
used as charge carriers without electrochemical reactions in a
specific design, was developed in 2013.>> Since ionically con-
ductive materials are typically highly transparent and stretch-
able (e.g., ionic-salt-dissolved hydrogels), numerous types of
conventional electronic devices have been transformed into
intrinsically stretchable and transparent ionic devices, including

loudspeakers,* sensors, and touch pads,** > displays,**° energy
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sources and generators, actuators, electro-adhesives,
and computational elements®”*® (Fig. 1).

Along with these developments in the device design, the
design of materials has also been investigated. To design and
fabricate stretchable ionic devices, stretchable ionic compo-
nents are needed, where each component (ionic conductors,
ionic semiconductors, and ionic insulators) performs different
functions under stretch. Therefore, the preparation of proper
materials for each ionic component must precede, material
selection and combination, while considering the structures
and morphologies of polymer networks, or the micro- and
nanophases. In these processes, it is crucial to consider mole-
cular interactions for tuning and understanding the properties
of materials.

Many researchers have reported comprehensive review
papers summarizing recent progress on the device design of
stretchable iontronics;**™*' nonetheless, there have been few
papers focussing on material development in stretchable ion-
tronics. In this review, we provide a comprehensive summary of
the progress on the material design in stretchable iontronics.
We first classify the forms of stretchable ionic functional
materials, briefly explain the theory of mixing and types of
molecular interactions, and introduce representative studies
that have attempted to improve the properties of ionic materials.
In particular, we aim to highlight the studies where insights into
molecular interactions have led to significant improvements in
the materials. Lastly, we discuss the current limitations and
challenges with stretchable ionic materials, and then suggest
directions for future studies on the design of stretchable iontronic
materials.

2. Design of stretchable ionic materials
2.1. Types and forms of stretchable ionic components

Stretchable iontronics mainly consist of three components;
(i) Stretchable ionic conductors (SICs), where the stretchable
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materials contain ions and solvate them, therefore they act as
an electrolyte (Fig. 2a). (ii) Stretchable ionic semiconductors
(SISs), where the stretchable materials contain an immobile
specific charge and a mobile opposite charge, therefore they
have ion selectivity (Fig. 2b). (iii) stretchable ionic insulators
(SIIs), where the stretchable materials prevent ions from disso-
ciation, therefore they act as a dielectric (Fig. 2c).

Since the SICs should dissociate ions, they are composed of
hydrophilic and polar materials. Hydrogels are the representa-
tive materials in this case. The hydrogels consist of hydrophilic
polymer networks that are swollen by water, thus allowing
the ionic salts to be readily dissolved and hydrated in the
hydrogels. As the hydrophilic network is plasticized by a large
amount of water, the hydrogels are mechanically soft, highly
stretchable, and transparent because of their amorphous
structures. Similarly, when the polymer networks are swollen
by organic solvents or ionic liquids (ILs), they are, respectively,
called organogels or ionogels. When the organogels are made
up of polar materials, they can hydrate ions, while the ionogels
have mobile liquid ions, they both exhibit electrical behaviours
similar to those of hydrogels.

The SISs should immobilize one type of ion and mobilize the
opposite type of ion. Polymer networks containing positive or
negative charges, namely, polyelectrolytes, can be used as ionic
semiconductors. As the charged polymers are often mechani-
cally rigid, they need plasticizers, such as water, solvents, or
additional material engineering.

The SIIs should prevent ions from dissociation, so they are
composed of hydrophobic and nonpolar materials. To achieve
softness and stretchability, the SIIs would be designed with
nonpolar polymer networks. When the polymer networks are
rigid, they need nonpolar organic solvents as plasticizers.
In some cases, molecular additives are required to tune the
dielectric and mechanical properties.

All the three above-mentioned above are mostly mixtures of
diverse materials. In order to mix different materials to form
one desired material, it is important to consider the inter-
actions between the materials. Functional groups in polymer
networks, various types of ions, and molecules such as water,
liquids, or particles interact in various delicate ways (Fig. 2d).
Understanding their interactions is an essential aspect of
material design for stretchable iontronics.

2.2. Intermolecular interactions in material design

When two or more materials are mixed, an interaction occurs.
In terms of thermodynamics, the mixing phenomenon is
explained by energetic and entropic preference.**** The Gibbs
free energy of mixing is AGmix = AHmix — TASmix, Where AH,,;x is
the mixing enthalpy, AShix is the mixing entropy, and T is
temperature. Since AS,x is always positive in mixing, the
determining factor of mixing is the value of AH.;. As an
example, when component A and component B are mixed,
the components overcome their respective noncovalent disso-
ciation energies, AH, and AHg (Fig. 3a). Then, they are stabi-
lized by the formation of interactions between them. The
mixing enthalpy is AH,ix = kTN¢y, where k is the Boltzmann

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Materials science in stretchable iontronics. Examples of stretchable iontronic devices, including recognition of mechanical stimuli, luminescent or
reflective displays, electroactive actuators, energy sources or energy generator, electro-adhesions, and ionic circuit elements. The components of
stretchable iontronics are designed to be functional while having intrinsic stretchability. The engineering of the materials has originated from the
consideration of molecular interactions. The materials design for stretchable iontronics, therefore, starts from the understanding of molecular
interactions between materials. Reproduced with permission from ref. 22, 24, 25, 26, 29, 34, 35 and 37. Copyright 2013, 2016, 2018, and 2020, AAAS.
Reproduced with permission from ref. 23, 28, 36 and 38. Copyright 2014, 2018, and 2020, Wiley-VCH. Reproduced with permission from ref. 30 and
31-33. Copyright 2016, 2017, 2018, and 2019, Springer Nature. Reproduced with permission from ref. 27. Copyright 2018, The Royal Society of

Chemistry.

constant, N is the number of components, ¢ is the fraction of
a component and y is the interaction parameter. The inter-
action parameter y is proportional to the difference in the
solubility parameter ¢ of each component, which is written as
% = V(6x — Op)’/kT, where V is the volume of a component.
In addition, ¢ is relative to the dissociation enthalpy, which
is written as 0 = [(AH — kT)/V]"”. Therefore, when the two
components have similar values of AH, in other words, when
y is low, the components can be more miscible to facilitate
mixing. In contrast, when the two components have dissimilar
values of AH or high y, their phases are separated.

In nature, diverse noncovalent molecular interactions exist,
including van der Waals interaction, dipole-dipole interaction,
aromatic pi-pi interaction, hydrogen bonding, ion-dipole inter-
action, and ionic interaction (Fig. 3b). The AH values of these
interactions are distributed between thermal energy at room
temperature kg7 and covalent dissociation energies.**™
We present representative molecular forms of diverse interactions

This journal is © The Royal Society of Chemistry 2022

in polymer engineering, ranging from induced dipole inter-
actions between little-polarized groups (van der Waals, e.g
-CH,. moieties), dipole interactions between slightly polarized
groups (e.g. -CH,, —-CF,, or -COO- moieties), pi-pi interactions
and quadrupole pi-pi interactions between aromatic groups, to
various types of hydrogen bonding (H-bonding, e.g., -CONH-,
etc.), ion-dipole interactions of cations with negative dipole
groups or anions with positive dipole groups, and ionic inter-
actions (e.g. strong sulfonate and ammonium ions, or weak
carboxylic and imidazolium ions) (Fig. 3c). Diverse moieties,
including those stated above, have previously been utilized in
the design of polymers, ions, molecules, or particle surfaces, to
form miscible or multi-phase mixtures.

In the next section, we introduce the material development
of each ionic component by focusing on the strategies for
material engineering with molecular interactions. We briefly
explain the characteristics and requirements of each component,
and we discuss the trends and developments of stretchable

Soft Matter, 2022, 18, 6487-6510 | 6489
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Fig. 2 Types and forms of stretchable iontronic components. Stretchable iontronics mainly consists of three components: (a) stretchable ionic
conductors (SICs), (b) stretchable ionic semiconductors (SISs), and (c) stretchable ionic insulators (Slls). They are composed of polymer networks,
solvents, ions, molecules, or particles. (d) Diverse interactions between polymers, ions, molecules, or particles exist to form stretchable ionic

components.

iontronic materials, particularly from the perspective of molecular
interactions whenever possible.

3. Stretchable ionic conductors (SICs)

SICs are the most important components for stretchable ion-
tronics. The SICs have two requirements in terms of their
functionality; (i) stretchable networks for their shape retention,
and (ii) solvated ions for ionic conductivity. Therefore, the
interactions of polymers or solvents with ions should be
favourable. In other words, low y values between them are
preferred.

3.1. Types of SICs

Researchers have developed four types of SICs: hydrogels,
organogels, ionogels, and ionoelastomers (Fig. 4a and b).
Hydrogels are water-swollen hydrophilic networks, and organo-
gels are organic-solvent swollen networks. Their polar environ-
ment enables the solvation of ionic salts. Ionogels are IL-
containing polymer networks, so ILs act as both plasticizers
and electrolytes. Ionoelastomers are liquid-free and ionic con-
ductive polymeric networks, where the ionic salts are dissolved
without solvents or the ions are bound to polymer networks.
Each type has distinct characteristics. Briefly, the gel materials
have high ionic conductivity, but have low stabilities. Hydrogels
are highly stretchable and biocompatible, organogels are less
volatile than hydrogels,®® and ionogels are non-volatile.*
Meanwhile, although, the elastomers exhibit high stabilities,
such as no liquid leakage, a wide electrochemical window, and
non-volatility, they suffer from low ionic conductivity. In the
following section, we introduce the development of each type of
material more specifically.

6490 | Soft Matter, 2022,18, 6487-6510

3.2. Hydrogel-based SICs

Unlike electronic conductors, an ionic conductor can generate
electrochemical reactions when it is associated with an electro-
nic power source. Since the chemical reaction changes the
chemical state of a material, the ionic conductors require
specific designs to prevent electrochemical reactions.

Suo et al. presented a device design wherein a dielectric layer
was placed between two electrolyte layers, and the electrolytes
were connected to electrodes.?” Due to the very small value of
capacitance compared to the capacitance in electric double
layers, the interfaces between the electrolyte and the dielectric
took up most of the applied voltages (Fig. 5a). Therefore, the
devices are able to operate at high voltages above10 kilovolts
and high frequencies above 10 kilohertz. When the voltage is
applied, no chemical reaction occurs, as the charge is accumu-
lated at the surface of the dielectric, thus causing electrostatic
actuation. The researchers chose hydrogels for the ionic conduc-
tors because the hydrogels are highly soft, stretchable, and
transparent. They demonstrated soft and transparent actuators
and loudspeakers (Fig. 5b). Although the hydrogel-based iontronic
devices exhibit relatively higher resistivity than electronic conduc-
tors, their change in resistivity under stretch is lower than that of
all existing electronic conductors, thus representing a significant
advancement in the design of stretchable devices (Fig. 5c).

In the above study, researchers used hydrogels as SICs since
the hydrogels are highly stretchable, transparent, biocompati-
ble, and easy to fabricate. The hydrogels are made up of ~90%
of water and cross-linked polyacrylamide (PAAm) networks, and
sodium chloride salts. Water highly hydrates the ionic salts,
and the PAAm interacts with water by strong hydrogen bond-
ing, as a result, the ionically conductive hydrogels are formed.
Numerous hydrogel-based papers, describing designs with

This journal is © The Royal Society of Chemistry 2022
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molecular moieties for different intermolecular interactions.

water-soluble polymers and ionic salts, have been reported as
soft SICs.*>%>°

Unfortunately, water has inherently high vapor pressure,
which causes the hydrogel-based ionic devices to suffer from
operational stability because the evaporation of water makes
the gel brittle and non-conductive. One study reported that
high concentrations of deliquescent ionic salts (e.g., lithium
chloride) delayed the evaporation of water in hydrogels,*
although there was still 60% water loss within 2 days.

P.S. Lee et al. reported self-healable and thermally stable
hydrogel-based SICs.”” In that study, the researchers took a
three-pronged holistic approach: (i) add glycerol as an additive

This journal is © The Royal Society of Chemistry 2022

to lower the vapour pressure, (ii) adopt polyelectrolyte networks
(wherein ionic charges are attached to polymers) to prevent
phase separation between ionic salts and hydrogels during
temperature changes, and (iii) copolymerize polyelectrolyte
monomers of 3-sulfopropyl methacrylate potassium salt
(SPMA) with hydrophobic monomers of methyl methacrylate
(MMA) to increase physical crosslinking and entanglements to
enhance the mechanical properties (Fig. 5d). The designed
hydrogels are self-supported, mechanically robust, self-
healable, and thermally stable, and they demonstrated a stable
operation of dielectric elastomer actuators (DEAs) with the gels
under 100 °C for 420 min (Fig. 5e).

Soft Matter, 2022, 18, 6487-6510 | 6491
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Fig. 4 Types of SICs. (a) Characteristics of different SICs. (b) Photograph images of different SICs. Reproduced with permission from ref. 54. Copyright
2014, The American Chemical Society. Reproduced with permission from ref. 24 and 35. Copyright 2016, and 2020, AAAS. Reproduced with permission
from ref. 55 and 56. Copyright 2018, and 2022, Springer Nature.
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Fig. 5 Hydrogel-based SICs. (a) The device structure of hydrogel-based stretchable ionics. (b) Photograph images of transparent, stretchable
electroactive hydrogels. (c) Resistance changes in hydrogels by stretch compared to the electronic conductors. Reproduced with permission from
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(bottom) under 100 °C for 60 min. Reproduced with permission from ref. 57. Copyright 2019, Wiley-VCH.
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3.3. Organogel-based SICs

In response to the volatility issue of hydrogels, some research-
ers have attempted to design low-volatile organic solvent-based
organogel ionic conductors. For example, Ding et al. reported
propylene carbonate (PC)-based organogel ionic conductors.®*
The PC has been widely used as a solvent electrolyte in battery
design.®® The organogels consisted of an ionic salt of lithium
bis(trifluoromethanesulfonyl)imide (Li"TFSI™), PC solvent, and
poly(4-acryloylmorpholine) (PACMO) networks. PC hydrates the
Li'TFSI™ salts, and the liquid electrolyte interacts with the
hydrophilic PACMO networks by dipole interactions (Fig. 6a).
The designed organogels are highly stretchable, transparent,
ambient stable, and ionically conductive even at —20 °C (Fig. 6b
and c). More recently, Sun et al. reported ethylene glycol
(EG)-based organogel ionic conductors,*® where the EG is a
low-volatile solvent that enables the construction of diverse
functional organogels with PAAm networks®®®® (Fig. 6d). The
researchers fabricated stretchable threads based on the orga-
nogel ionic conductors encapsulated with surface-fluorinated
silicon elastomers. The applied voltage through the thread-
induced electrostatic forces, and the researchers utilized this
phenomenon to demonstrate artificial spiderwebs.
Furthermore, researchers have tried to develop organohy-
drogels as SICs, which are a hybrid form of hydrogels and
organogels. The organohydrogels are composed of water and
diverse organic solvents. Examples of the used hybrid solvent
systems are glycerol/water,’"®® dimethyl sulfoxide (DMSO)/
water,*’° EG/water,”* and 1,3-butandiol/water.”> The utilization
of organohydrogels as SICs exhibited hydrogel-like electrical
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properties while they overcome the limitation of hydrogel-
based SICs, such as being operative at subzero temperatures
and stable long-term operation and storage under ambient
conditions.

3.4. IL-based SICs (IL-SICs)

For the formation of SICs, solvents are needed to solvate ionic
salts. However, solvents have vapor pressure, which leads
to stability issues. Ionic liquids (ILs) are a unique class of
materials, they themselves are in the liquid states, and they
have a wide electrochemical window and negligible vapor
pressure, due to the Coulombic pairs of bulky ions.”* Therefore,
researchers have investigated fabricating IL-based SICs.

IL-based SICs (IL-SICs) are composed of polymers and ILs.
To combine polymers with ILs, it is important to find appro-
priate interactions between the functional groups of polymers
and ILs, as these interactions determine their compatibility.
The polymers can be roughly classified as polymer-based
type®>’*®® and monomer-based type,**'°° and the ILs are
composed of diverse pairs of the cationic and the anionic units
(Fig. 7a and b). The negative dipoles could interact with the
cations, whereas the positive dipoles could interact with the
anions. By considering the dipole moments and hydrophilicity
of polymers and ILs, we can expect the miscibility of candidates
and fabricate on-demand IL-SICs.

Wang et al reported poly(vinylidene fluoride-co-hexa-
fluoropropylene) (PVDF-HFP) based self-healable transparent
SICs.”* Unlike conventional PVDF-HFP (HFP ratio of ~10%),
they chose the PVDF-HFP with a high ratio of the HFP group

MBAAM EG
oc

Fig. 6 Organogel-based SICs. (a) One example of organogel-based ionic conductors. (b) The organogel ionic conductor is mechanically conformable
at —20 °C. (c) The organogel ionic conductor as a stretchable electrode. Reproduced with permission from ref. 61. Copyright 2019, The American
Chemical Society. (d) Another example of an organogel-based ionic conductor and its components. (e) Demonstration of artificial spiderwebs.

Reproduced with permission from ref. 35. Copyright 2020, AAAS.
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(~45 mol%). The amorphous and polar -CF; groups in HFP
strongly interacted with the [EMIM'] cation, and the ion-dipole
interaction enabled soft, highly stretchable, and self-healable
SICs (Fig. 8a). In a further study, by exchanging the anions with
hydrophobic [TFSI™ ], Wang and Tee et al. developed SICs that
enable underwater self-healable iontronics.”

Kim et al. reported a series of thermoplastic polyurethane
(TPU)-based IL-SICs.®" They mixed the TPU with the IL of
[EMIM|[TFSI ], where the mixtures were stabilized through
the H-bonding between urethane groups and the [EMIM']
cations. When the pressure was applied, the ILs squeezed out
from the polyurethane networks and moved to the electrode by
the visco-poroelastic mechanism, and the resulting ionic flow
detected a pressure change (Fig. 8c). In a further study, they
incorporated silanol-modified silica microparticles into the
TPU-IL mixtures, where the H-bonding between the silica
surfaces and the [TFSI™ | anions enhanced the ionic flow under
mechanical stimuli.®® As a result, they fabricated ultra-sensitive
ionic mechanoreceptors, and they also demonstrated a wear-
able aerial drone microcontroller (Fig. 8d).

Unlike the as-synthesized polymer-based fabrications, when
the IL-SICs are fabricated from monomer precursors, various-
fabricating methods and diverse monomer combinations can
be utilized. There exist many types of monomers (e.g., vinyl
monomers, acrylates, norbornenes, etc.), and the acrylate
monomers are easy to polymerize via heat, and UV light, or
click reactions. Therefore, researchers have designed various
combinations of acrylate monomers with the ILs.%*%

Yan et al. reported IL-based click-ionogels.'”" They fabri-
cated double network ionogels via thiol-ene Michael addition
reactions. The ionogels were constructed by ionically cross-
linked poly(1-butyl-3-vinyl imidazolium fluoroborate) and che-
mically cross-linked polyethylene glycol diacrylate (PEGDA)
networks. The designed ionogels were mechanically tough

6494 | Soft Matter, 2022, 18, 6487-6510

and highly stretchable, even at an extremely low temperature
of —50 °C (Fig. 9a). Due to the wide temperature range of the
liquid state of [BMIM|[BF, ], the ionogels exhibited thermal
stability from —50 to 120 °C. Jiang et al. also reported ethyl
acrylate (EA)-based double network ionogels (Fig. 9b). The
polymer networks were stabilized by the H-bonding between the
-CH,, group and [TFSI~ ] anions.” The existence of H-bonding was
evidenced by the shift in the FT-IR peak. The double network
structures enabled tough mechanical properties. Chen et al
reported hydrophobic IL-SICs composed of fully hydrophobic
materials,”® which are polymers of poly(tert-butyl acrylate), ILs of
[BMIM'|[TFSI"], and silica nanoparticles (Fig. 9c). Yue et al.
reported multi-functional ionogels composed of 2,2,2-tri-
fluoroethyl acrylate (TFEA), AAm, and [EMIM'][TFSI ]."°° They
interacted through both H-bonding and ion-dipole interactions
(Fig. 9d). Further, numerous studies have reported the virtue of
synthetic variation of monomer-based IL-SICs,?%%%939%102-109

Recently, Sun et al. reported a triboresistive touch sensor
based on the ionic PDMS.®" The ionic PDMS in that study was
composed of hydrophilic PDMS and hydrophobic IL through
H-bonding and van der Waals interactions (Fig. 9e). In general,
PDMS is a hydrophobic and nonpolar polymer, whereas the ILs
are hydrophilic and polar materials. By lengthening the alkyl
chain of the imidazolium cation and grafting the hydroxyl
group on PDMS, they could be mixed homogeneously, resulting
in ionically conductive PDMS. They fabricated skin-mountable,
mono-layered, and grid-free triboresistive touch sensors based
on the ionic PDMS, and they demonstrated the operation of a
robot arm controller, which moves a leaning egg to a target spot
through touch.

3.5. Liquid-free SICs

With the development of various SICs, researchers believed that
a problem is that any liquid could leak. As a result, researchers

This journal is © The Royal Society of Chemistry 2022
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have investigated the design of SICs without liquids to mitigate
leakage, evaporation, and solvent exchange.

First, lithium ionic (Li") salt-based SICs have been
investigated.*'**"** The ionic conduction of Li* can be facili-
tated by hopping or chain segmental motion of the ethylene
oxide chains."*® Studies have attempted to design the polymers
in two ways based on whether the ethylene oxide groups are
incorporated into the side-chain or the main chain (Fig. 10a).

A simple mixture of polyethylene oxide with lithium salt
(e.g. Li'TFSI") is ionically conductive but not stretchable.""”
Therefore, researchers have designed copolymers. Ding et al.
reported ionic-conducting elastomers composed of copolymers
of n-butyl acrylate (BA) and oligoethylene glycol methyl ether
acrylates (OEGMEA), and Li"TFSI .""° The BA and OEGMEAs
provide elastomeric properties and lower T,, thus enabling
ionically conductive without liquids (Fig. 10b). Jia et al. reported
another liquid-free ionic elastomer composed of copolymers
of isobornyl acrylate (IBA) and 2-methoxyethyl acrylate (MEA)
and Li'TFSI .*®> As the high T, of IBA chains gives a shape

This journal is © The Royal Society of Chemistry 2022

memory effect, the ionic elastomers were self-healable and 3D
printable.

In another study, by introducing microphase-separated
structures, Zhang et al. reported highly conductive ionic
elastomers.''® Their copolymers were composed of 2,2,3,4,4,4-
hexafluorobutyl acrylate (HFBA) and OEGMEA, where the Li
ions favour the hydrophilic OEGMEA phase, while the TFSI
anions favour the hydrophobic fluorinated HFBA phase. The
selectively enriched Li" domain gave high ionic conductivity to
the elastomers. The compositionally optimized ionic elastomers
also exhibited ultra-stretchability of over 60, high toughness, and
self-healability.

In addition to side-chain design, main-chain engineering for
SICs has also been investigated. Coincidently, researchers in
the field of lithium-based batteries have also investigated the
development of liquid-free SICs to meet the demand for solid-
state electrolytes for safe and non-flammable energy storage
systems. Many studies on main-chain engineering liquid-free
SICs can be found in the field of energy applications.**'"
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Bao et al. reported supramolecular lithium-ion conductors
composed of a soft segment of poly(propylene glycol)-poly-
(ethylene glycol)-poly(propylene glycol) (PPG-PEG-PPG) and
strong quadruple hydrogen-bonding functional groups of
2-ureido-4-pyrimidone (UPy).>* The UPy groups imparted
mechanical strength to the conductors, while the Li" ions were
conductive through the soft segments, therefore resulting in
mechanically robust solid-state ionic conductors. They demon-
strated fully stretchable batteries with supramolecular polymer
networks (Fig. 10c).

Pu et al. reported a self-healable solid polymer electrolyte
composed of end-group imine-functionalized PEG networks

6496 | Soft Matter, 2022, 18, 6487-6510

and LiPFs.'** The reversible imine bonds enabled a self-
healing polymer electrolyte. They also demonstrated flexible
pouch cells.

Various other liquid-free SICs have also been reported as well.
For example, Zhu et al. reported poly(IL) (PIL)-based ionoelasto-
mers, which were copolymerized with BA and [1-(6-acryloyl-
oxyhexyl)-3-ethylimidazolium*[TFSI~]."*° The ionoelastomers are
transparent, stretchable, and ionically conductive. Interestingly,
the DEA was more stably operated by the ionoelastomers than the
general ionogels (Fig. 11a). The phenomenon is attributed to the
liquid-free nature, as the IL would penetrate the dielectric layer
under a high electric field.

This journal is © The Royal Society of Chemistry 2022
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Researchers have also investigated polymerizable deep-
eutectic-solvent (DES) systems for liquid-free SICs."'* "> DESs
are eutectic phases of certain binary mixtures, with negligible
vapour pressure and thermal stability."*® When the DESs con-
sist of polymerizable monomers and ionic materials (not ILs),
they are classified as polymerizable DESs, and they act as
liquid-free SICs. A representative polymerizable ionic DES is a
combination of acrylic acid (AAc) and choline chloride (ChCl)
(Fig. 11c). Wang et al reported 3D printable solid-state

This journal is © The Royal Society of Chemistry 2022
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ionoelastomers composed of a polymerizable ionic DES, nano-
clay, and light absorber."*® The ionoelastomer networks inter-
acted with the abundant H-bonding sites of the nanoclay,
thereby constructing a robust ionic skeleton. They printed a
3D shape of piezoresistive sensors and stretchable microcircuits
(Fig. 11d). Then, by adding AAm to the polymerizable ionic DESs,
He et al reported anti-freezing, self-healable, and mechanically
robust ionoelastomers'*® (Fig. 11e).

In Sections 3.2-3.5, we have introduced various types of SICs
by focusing on the types of their constituents. Each type has
certain strengths and weaknesses, so we could properly choose
the desired type of SICs for a required environment. From here,
we introduce the other types of attractive SICs by focusing
on the structures of polymer networks rather than their
constituents.

3.6. Ampholytic materials of SICs

Ampholytes are materials that can be both acids and bases
according to their circumstances. They are also classified as
materials that have both positive and negative charges. Various
types of ampholytes exist in nature: (i) zwitterion is a molecule
that has both cation and anion, such as betaine or amino
acids. (ii) Polyzwitterion is a polymer where the monomer
contains both cation and anion, such as poly(sulfobetaines),
poly(phosphocholines), or poly(imidazolium sulfonates).
(iii) Polyampholyte is a polymer wherein the cationic mono-
mers and the anionic monomers are copolymerized in a single
network. (iv) Polyionic complex is a multiple polymer network
where the polycations and the polyanions coexist (Fig. 12a).
Researchers have utilized the interactions of ampholytic
materials to design the SICs.

Wu et al. reported ionic hydrogel elastomers consisting of
poly(acrylic acid) (PAA) and zwitterions."*® The weakly com-
plexed zwitterionic supramolecular network softens the initial
stretch, showing skin-like strain-stiffening behaviours (Fig. 12b).
The hydrogel elastomers exhibit high stretchability, negligible
hysteresis, self-healability, re-processability, and adhesive pro-
perties, thus enabling the demonstration of iontronic sensors.

They also reported ultra-stretchable ionic conductors consist-
ing of PAA, polyzwitterion of poly(3-dimethyl(methacryloyloxy-
ethylammonium propane sulfonate (PDMAPS), and IL of
[EMIM']."*” The ion-dipole interaction between the polyzwitter-
ion and the IL stabilizes mixing, which is further optimized by
the incorporation of PAA. The optimized ionic conductor showed
ultra-stretchability (>100), transparency, 3D-printability, and
self-healability (Fig. 12c).

Sun et al. reported salt-mediated polyampholyte hydrogel
ionic conductors.’®® They designed a cationic monomer to
contain the imidazolium cation and the urea group, and
copolymerizing it with the anionic SPA monomer in salty water.
The polyampholyte hydrogels were formed by electrostatic
interactions between cations and anions and hydrogen bonding
between urea groups in cations. The hydrogels exhibited robust
mechanical properties, self-healability, and ionic conductivities.
As the complexation of cations and anions in polyampholytes
increased via dialysis,>® the hydrogels were also mechanically

Soft Matter, 2022, 18, 6487-6510 | 6497
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strengthened by the dialysis, while remaining self-healable and
satisfactorily conductive (Fig. 12d).

Researchers have also reported a polyionic complex system
based on PAA and poly(quaternized-dimethylaminoethyl acry-
late) (PDMAEA-Q) (Fig. 12e). The polyionic complexes were
stretchable, and printable, thus demonstrating artificial pros-
thetic ionic skins.'*’

Ampholytic materials have been utilized to construct func-
tional ionic materials.**?*31267132 pegioning ampholytic
materials combined with unique properties could lead to the
development of superb iontronic materials.

3.7. Aligned iontronics based on liquid crystal elastomer
(LCE)

A homogenously mixed system is typically amorphous. There
have been various studies aiming to give iontronic materials a
directionality or an anisotropy. They have accomplished this by
adding ions into liquid crystalline elastomers (LCE), where
liquid crystals (LCs) are incorporated in crosslinked polymer
networks. The LCs, also called mesogens, exhibit stimuli-
responsive behaviours by adjusting their orientations to external
temperature, light, magnetic field, or mechanical stretch,'**™3°
Therefore, researchers have investigated different ways to design
aligned iontronics.

Madsen et al. reported liquid crystalline ionogels consisting
of the LC network of poly(2,2’-disulfonyl-4,4’-benzidine tere-
phthalamide) (PBDT) and the IL of [EMIM][OTf ]."*® As the
PBDT can be aligned in the magnetic field, researchers

6498 | Soft Matter, 2022, 18, 6487-6510

fabricated the aligned LCE ionogels by first aligning the PBDT
aqueous solution and then exchanging the solvent with the IL
(Fig. 13a). The LCE ionogels obtained in this way exhibited
anisotropic structures (Fig. 13b and c) and corresponding
anisotropic ionic conductivities (Fig. 13d).

Wu et al. reported a robust iontronic fibre (IonoLCE) consist-
ing of a rigid mesogen of RM257, a soft chain spacer of 2,2-
ethylenedioxy diethanethiol (EDDET), a crosslinker of pentaery-
thritol tetrakis (3-mercaptopropionate) (PETMP), and an ionic
liquid of [BMIM*][PFs]."*” The diacrylate mesogens were reacted
with the dithiol chain spacer and the tetrathiol crosslinkers via
click Michael-addition reactions, in the presence of the IL
(Fig. 13e). As the LC networks were stretched and aligned, the
networks created partial smectic domains and formed ionic
nanochannels, which enabled strain-induced ionic conductivity
boost (Fig. 13f). They investigated the IonoLCE through molecular
dynamics simulations, which confirmed that the cations are
stabilized by the chain spacer, and the anions are stabilized
by the mesogen networks (Fig. 13g). They demonstrated shape-
discernible strain sensing and photo-thermal actuation.

Numerous types of LCEs and ionic materials exist. Since the
LCEs respond to different stimuli, such as light, heat, magnetic
or electric fields, a combination of LC networks with ionic
materials would enable diverse stimuli-responsive iontronics.

3.8. Phase separation strategies for SICs

When the two materials coexist but exhibit substantially differ-
ent dissociation energies, in other words, when the y value of

This journal is © The Royal Society of Chemistry 2022
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the mixtures is high, the phase is separated. Each phase has
distinct properties. Therefore, by adopting phase-separated
morphologies, ionic materials having outstanding properties
have been developed.****%°

Dickey et al. reported strong and tough ionogels through
in situ phase separation.®® The IL of [EMIM'] is miscible with
PAA networks, and immiscible with PAAm networks. (Fig. 14a)
The optimized composition of the copolymer networks has two
bicontinuous phases: (i) the polymer-rich domain dissipates
mechanical energy and toughens via hydrogen bonding, and
(ii) the solvent-rich domain provides stretchability to the iono-
gels (Fig. 14b and c). By mixing all monomers and polymerizing
them with ultraviolet light, the researchers fabricated highly
tough and stretchable in situ phase-separated ionogels by one-
pot method, and these ionogels demonstrated robust mechan-
ical properties, self-healability, and shape-memory properties.

This journal is © The Royal Society of Chemistry 2022

Lee et al. reported elastomeric electrolytes for high-energy
solid-state lithium batteries."*° Solid-state electrolytes are
important for the safe operation of lithium metal batteries,
but they suffer from poor ionic conductivity and mechanical
properties. The researchers designed elastomer electrolytes
consisting of butyl acrylate (BA)-based elastomers and eutectic
complexes of plastic crystals of succinonitrile (SN) and
Li"TFSI~ (Fig. 14d). By mixing all the monomers and having
them in situ thermally polymerized within the battery struc-
ture, the electrolytes exhibit high conductivity, stretchability,
and high adhesion energy via polymerization-induced phase
separations. (Fig. 14e) The mechanical elasticity prevents the
formation of dendrites (Fig. 14f), and the interconnected ionic
phase enables high cumulative capacity and Coulombic effi-
ciency, thus leading to lithium metal batteries with high
specific energy.

Soft Matter, 2022, 18, 6487-6510 | 6499
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Phase separation with bicontinuous structures would be
able to give a material two distinct properties simultaneously.
The design of stretchable iontronic materials with this strategy
would open up new possibilities and opportunities for the
development of superior ionic materials.

4. Stretchable ionic semiconductors
(SISs)

Conventional electronic semiconductors are doped by impurities.
The doping enables electron-rich or hole-rich (or electron-poor)
states in the electronic semiconductors, where the junction
between them has electrical selectivity, and they operate as diodes
and transistors. The diode and transistor show electrical switch-
ing behaviour, which is called rectification, and they construct the
essential elements of computational electronic devices.'*!

In the case of iontronics since the charge carrier is ions, ion
selectivity is needed for current switching. The polyelectrolyte
networks immobilize a certain charge on the polymer networks,

6500 | Soft Matter, 2022, 18, 6487-6510

while the counterpart charge is not bound to the networks and
is relatively mobile. Therefore, the junction of the opposite
polyelectrolyte networks would behave as an ionic rectifier."*>

However, as the polyelectrolyte networks generally have high
T, due to numerous ionic pairs and their strong interactions,>
the dry polyelectrolytes have low stretchability and high stiff-
ness. Furthermore, as hard polymer networks restrict the chain
segmental motions**® and the ionic pairs are not solvated
without solvents, the ionic conductivity is typically low in dry
polyelectrolyte networks. Therefore, to provide stretchability
and ionic conductivity, plasticizers should be added to the
polyelectrolyte networks to untangle the networks and solvate
the ionic pairs. Plasticized by water, polyelectrolyte hydrogels
have been utilized as the SISs. To this end, the low y values
between polyelectrolyte networks and plasticizers are preferred
for the SIIs.

4.1. Phenomenon in polyelectrolyte junctions

When the anions are immobilized in the networks and the
cations are free to move, the networks are called polycation,

This journal is © The Royal Society of Chemistry 2022
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permission from ref. 56. Copyright 2022, Springer Nature. (d) Schematics and morphologies of the PCEE electrolytes. (e) The PCEE electrolytes have both
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from ref. 140. Copyright 2022, Springer Nature.

and they are called polyanion in the opposite situation. When
the polycation and the polyanion form a junction, it is called
an ionic diode. At the junction of the electronic diode, the
electrons and holes meet together and disappear. In the
case of an ionic diode, on the other hand, the cations and
anions do not disappear, rather they move across the
junctions. If we place the ionic heterojunction between the
reservoirs, connect it to electrodes, and apply bias voltages,
(Fig. 15a) under the forward bias, the cations move to the
negative electrode and the anions move to the positive elec-
trode. In terms of the movement of cations, when the mobile
cations enter into the polycationic region, they may be hin-
dered by the fixed cations of the polycation. However, the
mobile anions in the polycationic region neutralize charges,
which generate current flow. The same way can be applied to
the movement of anions. While under reverse bias, the mova-
ble ions in the polycation and polyanion move out to the
reservoirs, and a depletion region is formed near the junction.
At this point, due to the Donnan exclusion, the ions in the
reservoir cannot be entered into the polyelectrolytes.'**

This journal is © The Royal Society of Chemistry 2022

Therefore, the ionic heterojunction shows rectifying beha-
viour under different biases.

4.2. Materials development in stretchable ionic junctions

To realize the ionic junction with stretchable forms, research-
ers have utilized polyelectrolyte hydrogel junctions. The first
hydrogel junction was reported by Velev et al in 2007'*°
(Fig. 15b). They physically mixed the polyanion of poly-
(styrenesulfonate) sodium salt (PSS) and the polycation of
poly(diallyldimethylammonium) chloride (PDAC) with agarose
hydrogels. The agarose helped retain the shape, and the mixed
polyelectrolyte hydrogel junction showed nonlinear current
responses.

Conventional polyelectrolyte hydrogels are mechanically
poor due to their large-swelling ability due to high osmotic
pressure and subsequently degraded mechanical properties.**®
Sun et al. reported co-polyelectrolyte hydrogels with chemically
addressable polysaccharides.*® By using methacrylated hyalu-
ronic acid (HA) as co-polyanion with 3-sulfopropyl acrylate
potassium salt (SPA), and methacrylated chitosan (CTS) as

Soft Matter, 2022, 18, 6487-6510 | 6501


https://doi.org/10.1039/d2sm00733a

Published on 24 Agosti 2022. Downloaded on 11/06/2026 21:32:48.

View Article Online

Review Soft Matter
(a) .
) E ® ° 2
e > G AD - g0 Reverse , Forward
Forward ) ot R . o —o () bias bias
bias + , . © e T l
e RS ® @ ol - |
= |
© £ |
e - o — o T I
B x '®; ® + 3 !
Reverse ) + > o ® i o !
bias ) o~ JEEY 5° SEEENG © KO () !
- > o |
- 0., JCHTY © SN 0 !
o 0
b Reser\ioir Polyanion  Polycation El\ectrode Potential ——>
(®) Physically mixed hydrogels Co-polyelectrolyte hydrogels Polyelectrolyte elastomers
EDL
Polyanion |4
- PDAC SN
3 “ agarose gel layer |DL
- == PSS e -
S = <X agaro: 1l .
= grase gu Polycation|\|
: et g Carbon nanotube EDL
T — PSPA HA
l *i; W on Polyanion Polycation
PSS PDAC o &Jw% ES AT
n n -
N S0 0)\ oo oo Oy cFs
/N chemically > S 00 %
cr anchored soy =N Ne 1%
05 PATAC N SN

Na*
Agarose

% 6/ OH "
OH CH,OH \OﬁOH HN S0 ™™™ &Owo*"
QO ~17\ /1’ < HO™T
O 2 OH
OH | Cr

CTS

intrinsically
low T, polymers

= =

= e

First hydrogel
ionic junction

Fully stretchable
‘in-plane’ junction

Non-faradaic
‘out-of-plane’ junction

Fig. 15 Materials development in stretchable polyelectrolyte junctions. (a) Schematics of polyelectrolyte ionic heterojunctions between polycations and
polyanions. According to the bias direction, the ionic junction acts as an ionic semiconductor by rectifying current. (b) Development of the SISs. A first
hydrogel ionic junction was achieved by mixing polyelectrolytes with agarose scaffold. Reproduced with permission from ref. 145. Copyright 2007, The
American Chemical Society. Then, the in-plane junctions of co-polyelectrolyte hydrogels with chemical anchoring improve the mechanical and
electrical performance. Reproduced with permission from ref. 38. Copyright 2018, Wiley-VCH. The out-of-plane junction of ionoelastomers enables
non-faradaic rectification. Reproduced with permission from ref. 37. Copyright 2020, AAAS.

co-polycation with (3-acrylamidopropyl)trimethylammonium
chloride (ATAC), the researchers enhanced the mechanical
properties of polyelectrolyte hydrogels without the loss of ion
selectivity. They demonstrated fully stretchable ionic diodes
based on the hydrogels with VHB substrate (Fig. 15b).
Although there have been numerous efforts to fabricate
ionic diodes or transistors,*>™*>'*7"1%% they have suffered from
the stability of liquid electrolytes, such as evaporation, leakage,
or faradaic electrochemical processes. Suo et al. reported
ionoelastomer junctions based on PILs.”” They polymerized
the cross-linked networks of 1-ethyl-3-methyl imidazolium-
(3-sulfopropyl)acrylate (ES) as a polyanion and 1-|2-acryl-
oyloxyethyl]-3-butylimidazolium bis(trifluoromethanesulfonyl)-
imide (AT) as a polycation. As the polymers exhibit intrinsically

6502 | Soft Matter, 2022, 18, 6487-6510

low T, below 0 °C, they are intrinsically stretchable and
ionically conductive without plasticizers at room temperature,
and they have wide electrochemical windows based on the
characteristics of ionic liquids. When further coupled with a
high-surface-area carbon nanotube as an electrode/ionoelasto-
mer interface, they demonstrated non-faradaic rectification via
the out-of-plane junction, thus enabling stretchable diodes,
transistors, and electro-mechanical transducers.

Furthermore, the junction of opposite polyelectrolytes
generates an internal ionic flow under asymmetric charge
concentrations. The power generation of polyelectrolyte junc-
tions has also been studied with different ionic power
sources*>">""">? by jon concentration gradients,**'>"
onmental humidity."*>

and envir-

This journal is © The Royal Society of Chemistry 2022
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The development of SISs has been harnessed from the
paradigm by which biological systems use ions as charge
carriers. Realizing synthetic ionic devices to enable ‘real’ com-
munication with humans would be fascinating, yet there are
still several hurdles that must be resolved, such as low ionic
conductivity, low rectification ratio, or operational stabilities.
Further studies are necessary to address these issues.

5. Stretchable ionic insulators (Slls)

Along with the development of ionically conductive materials,
the role of ionic insulators has also been spotlighted. The SIIs
are placed between the SICs in the design of stretchable ionics.
When the voltage is applied to each ionic conductor, the SIIs
should prevent the penetration of ions under an electric field,
thus acting as a dielectric. The SII layer is crucial to operating
stretchable iontronic devices because otherwise, an electro-
chemical reaction occurs under applied voltages. Because of
this, the SIIs have to keep ions from dissociating within them,
in other words, the y value of SIIs with ions should be high.

The capacitance C of the dielectric is proportional to the
dielectric constant k of the dielectric, as C = kykA/d, where k, is
the dielectric constant of vacuum, A is the area of the applied
field, and d is the thickness of the dielectric. Therefore, under
the same operating conditions, the higher-k dielectrics take the
electric field more effectively.

5.1. High-k SIIs for low-voltage optoelectronics

Zinc sulphide (ZnS) ionic crystals are semiconductors, where
their band gap of 3.6 eV represents a photonic wavelength of
345 nm."*® When the ZnS is doped with Cu*, AI**, or Mn*", they
emit visible phosphorescent light with colours ranging from
deep blue to orange depending on their doping ratio, and white
colour from the combination of each colour. In particular,
they emit light under an alternate-current (AC) electric field.
Therefore, the doped ZnS has been used to fabricate AC
electroluminescence (ACEL) devices.">* As the device only
needs two parallel electrodes and a phosphor layer between
them, the ACEL device can be transformed into intrinsically
stretchable devices with the SICs (Fig. 16a).

A first attempt to fabricate a stretchable ACEL device was
conducted with stretchable electronics. Stretchable electrodes
are silver nanowire dispersions on a polydimethylsiloxane
(PDMS) substrate, and the stretchable phosphor layer is a
physically mixed composite of PDMS and phosphor. However,
the stretchability of the materials is limited to ~100%.'®

As the limit of stretchability is attributed to the stretchable
electrodes, researchers have demonstrated highly stretchable
(with stretchability over 4 to 16) ACEL devices with the
SICs.2%1°>1%¢ 1n those works, however, the luminance was low
because the role of the dielectric layer was not considered. They
used commercially available stretchable dielectrics, such as
VHB,'*® PDMS,?® or Ecoflex'*® with dielectric constants below 4.

As mentioned above, a high dielectric constant of the SII
layers can effectively apply an electric field to the phosphors.

This journal is © The Royal Society of Chemistry 2022
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Therefore, researchers have developed diverse materials engi-
neering for SIIs to enhance their dielectric constant (Fig. 16b
and c). In 2016, Tybrandt et al. reported a high-k stretchable
ACEL composite composed of PDMS with barium titanate
(BaTiO3 or BTO) nanoparticles, which exhibited ferroelectric
behaviour and accordingly high dielectric constant (from
~100 to over 10000 according to their size and crystallinity)."*®
The luminance of the high-k composite was more than 7 times
greater than that of the ACEL composite without BaTiO; under
the same operating conditions."”

Neverthless, the low dielectric constant of PDMS hinders the
development of high-k SIIs. Kong et al. reported the effect of the
dielectric constant of SII materials on the luminance of the
devices.’®® To this end, they compared several commercial
thermoplastic elastomers, such as hydrogenated styrene-ethy-
lene-butylene-styrene (H-SEBS) triblock copolymers, thermo-
plastic polyurethane (TPU), or PVDF-HFP. The higher the
dielectric constant, the brighter the luminance, as was theore-
tically expected. Park et al. reported an organic high-k compo-
site, composed of PU with high-k surfactant Triton X-100
(Fig. 16d). The surfactant plasticizes the PU and facilitates
self-recovery of mechanical damages, thus demonstrating self-
healable and deformable ACEL devices."”® Kong et al. devel-
oped the dispersity of BTO by attaching a hydrophilic PVP
ligand on its surface to enhance the miscibility with PVDF-HFP
elastomers.'® The strategy greatly reduced the operational
voltages and demonstrated an epidermal stretchable stopwatch
display. B. Tee et al. reported self-healable fluorinated high-k
composites, composed of PVDF-HFP with fluorosurfactant
Zonyl FS-300 (Fig. 16d). The composite exhibited a high dielec-
tric constant, self-healing ability, and good adhesion with
PVDF-HFP-based ionic conductors, thus demonstrating the
self-healable and extremely stretchable low-voltage ACEL
device, and its integration into soft robots.'®* Zhu et al
reported transparent high-k composites composed of PDMS
and an immiscible IL of [1-propyl-3-methylimidazolium
(PrMIm")][TFSI"]. If the PDMS and IL are miscible, they act
as an electrolyte. As the IL is solely dispersed in the PDMS with
no solvation, the composites act as a dielectric. Furthermore,
since the ILs are conductive, the electric field is concentrated
on adjacent domains. By adding 4-fluoro-1,3-dioxolan-2-one to
adjust the refractive index of the internal phase, the researchers
ultimately demonstrated transparent high-k SIIs and their
application to bright ACEL devices."”

Although we only introduce ACEL devices to meet the
need for the development of high-k SIIs, high-k materials can
also be important in the design of transistors'®* or electro-
actuators.'®® Existing studies with high-k SIIs have mainly
taken two approaches: (i) composites with inorganic addi-
tives,"®"'®  (ii) organic composites with high-k mate-
rials, or (iii) dispersions of immiscible conductive materials
into dielectrics'®® (Fig. 16c). Understandably, high-k polymers
have highly polarized groups that strongly interact with each
other, thus making the polymers brittle. Furthermore, since the
high-k materials are polar, they easily dissociate ions, and as a
result, electric failure could occur more easily under a high

158,162
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electric field. There is a trade-off between softness and polarity, Therefore, it will be a challenge to design intrinsically soft
and another trade-off between efficiency and stability for the high-k ‘ionic’ insulators. The development of such materials
device operation. will open new opportunities in stretchable iontronics.
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5.2. Low-k SIIs for stable perovskite ionic crystals

In addition to the development of high-k SIIs, low-k SIIs have
also been investigated. In terms of ionic crystals; their disso-
ciation constant depends on the dielectric constant of the

View Article Online
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medium and the dissociation constant of the ionic crystals is
represented in Fig. 17b."®® For example, when & is 3.16, which is
the value for poly(methyl methacrylate), the dissociation con-
stant D is ~10~'2, while, when k is 46.7, which is the value that

is almost that of the polar solvent DMSO, D is around zero.
Some ionic crystals behave as a semiconductor, in which case
their crystallinity greatly affects their properties. Therefore, for

medium. In a high-k medium, the ionic crystals are dissociative,
whereas, in a low-k medium, the ionic crystals are associative
(Fig. 17a). The relationship between the dielectric constant of the
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Fig. 17 Low-k SlIs for stable perovskite ionic crystals. (a) Schematics of the state of ionic crystals in different dielectric media. (b) The relationship
between the ionic dissociation constant D and k. Reproduced with permission from ref. 166. Copyright 1955, The American Chemical Society.
(c) Aromatic interaction-induced nonpolar organogels for efficient and stable perovskite emitters. Reproduced with permission from ref. 167. Copyright
2020, Springer Nature. (d) Dipole interaction-induced perovskite nanocomposites for stable and self-healable perovskite emitters. Reproduced with
permission from ref. 168. Copyright 2022, Nature.
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the stability and properties of ionic crystals, low-k SIIs will be
needed.

Perovskite nanocrystals (PNCs) have recently attracted sub-
stantial attention, due to their high optical efficiency, narrow
bandwidth, low material cost, and facile synthetic procedure.®®
However, their formation energy is low, which makes the PNCs
highly unstable under ambient conditions. To resolve this
issue, researchers have encapsulated PNCs with commercial
low-k materials.'”®'”® However, these materials are often
mechanically rigid,"’®'”" or some stretchable materials did
not efficiently encapsulate PNCs."7>'"3

Sun et al. reported aromatic interaction-induced nonpolar
organogels for efficient and stable perovskite emitters
(Fig. 17c). In general, the formation of low-k gels is limited
due to the weak intermolecular forces of low-k materials, which
leads to weak mechanical properties or solvent leakage.
By introducing aromatic interactions to the polymer-solvent
mixture system, researchers have fabricated highly stretchable,
soft, transparent, and nonpolar organogels.'®” By encapsula-
ting the PNCs covalently to the organogel networks, nano-
composites showed high photoluminescence efficiency (above
92% to 100%), stability under various environmental condi-
tions (more than 100 days in the air, water, acid, and base), and
softness and stretchability (Young’s modulus ~ 100 kPa and
stretchability ~ 11). They demonstrated intrinsically soft pure
green electroluminescent devices.

Wang et al. reported tough and self-healable dipole-dipole
interaction-induced elastomers (Fig. 17d). As the -CF; func-
tional groups have highly negative dipole moments, they can
interact with each other, and the PNCs of the positively charged
surface. The fabricated nanocomposites were mechanically
tough and self-healable, and they showed stable luminescence.
The researchers demonstrated stable pure green luminescent
films and textiles.

It is important to develop low-k soft materials for device
passivation. For the development of stretchable integrated
devices, especially displays where the constituents are highly
unstable under ambient conditions, the development of SIIs
would provide environmental stabilities under operation.'®®

6. Conclusion and outlook

Stretchable iontronics offers new opportunities for ultimate
human-oriented devices. For the material design of each
component, researchers have considered mixing materials.
They find proper solvents, ionic sources, polymer precursors,
or other functional additives and then properly combine them
to form homogeneous ionic functional materials. In some
cases, they used immiscible combinations for phase-separated
morphologies. In these processes, the library of molecular
interactions was utilized to investigate and explain the mixing
behaviours.

Hurdles would be the trade-off of the required properties in
each ionic component. For the SICs and SISs, the ionic con-
ductivity trades off with environmental stabilities. The presence

6506 | Soft Matter, 2022,18, 6487-6510
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of liquids promotes ion solvation and enhances diffusivity
and conductivity, while the liquids themselves are volatile or
flammable. For the SIIs, the high-k environment increases the
capacitive efficiency, whereas the ions are not associative in the
high-k nature. The realization of liquid-free highly ionic con-
ductive materials, or high-k ion-repulsive insulators, would be
achieved by having a comprehensive understanding of the
intermolecular interactions between diverse types of ions and
polymers.

One challenge will be the discovery of newly applicable
molecular interactions and functional groups. While there have
been numerous studies, most of them have simply combined or
slightly modified the previously reported materials. Although it
is important to understand the interactions in newly mixed
systems, the materialization of new functional groups greatly
expands the branches of interactions in multi-component
systems. To initiate new material design, as an example, it
could be an opportunity to consider the molecular interactions
in biological systems, since they are molecularly designed with
complexity and sophistication.

This paper covered the development of materials to be used
for stretchable iontronics, but the present insight and rules of
materials design are not applicable only to iontronic materials.
For the development of materials, molecular interaction is the
most fundamental and must be understood, and it is just as
challenging. Numerous elements exist in nature, and we should
aim to exploit and utilize them to find currently unexplored
functional groups and materials for the progress of stretchable
iontronics, materials science, and humankind.
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