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Holding it together: noncovalent cross-linking

".) Check for updates‘
strategies for ionogels and eutectogels
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When a hydrogel simply won't cut it — either because it dries out too quickly, or it does not tolerate
more than roughly one volt when applied in an electrochemical device — where is the savvy materials
researcher to turn? This is where two important classes of nonagueous gel counterparts, known as
ionogels and eutectogels, can truly shine. Replacing the aqueous liquid phase of a hydrogel with either
an ionic liquid (IL) or a deep eutectic solvent (DES) allows one to realize an array of versatile gel electro-
lyte materials that offer outstanding nonvolatility, wider windows of electrochemical stability, reasonably
high ionic conductivity, and nearly unlimited chemical design possibilities. In addition to choosing a specific IL
or DES, there are a myriad of options when it comes to constructing a solid, three-dimensional, volume-
spanning network (or scaffold) that will support the nonaqueous liquid phase of an ionogel or eutectogel.
In this focused review, several recent approaches to forming these gels using noncovalent scaffold assembly
and cross-linking are examined, and the primary noncovalent interactions responsible (e.g. hydrogen
bonding, solvophobicity, coulombic interactions) are identified. Noncovalent scaffold assembly in
nonaqueous, ion-dense electrolytes often leads to supramolecular gel materials that can exhibit extreme

Received 14th May 2022, stretchability, good toughness, and an ability to self-heal in many cases. After reviewing several

Accepted 5th September 2022 strategies that have been recently employed for creating ionogels and eutectogels, a brief inspection of
DOI: 10.1039/d2ma0053%e some motivating noncovalently cross-linked scaffolds reported for hydrogels is presented with the

hopes that these may provide inspiration for the future design of novel ionogels and eutectogels by the
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1. Introduction

Ionic liquids and deep eutectic solvents are two kindred classes
of next-generation liquid electrolyte materials that possess
intriguing properties and suggest a myriad of possible applica-
tions, from energy storage to wearable sensors, electrochromic
displays, gas separations, and even drug delivery." Ionic liquids
(ILs) are molten salts at or near ambient temperature, and thus
consist solely of cations and anions. The most common IL
cation/anion charge stoichiometry is +1/—1. Although recog-
nized as unique materials for over a century now,>* the number
of literature reports on ILs really began to increase substantially
around the late 1990s, following the development earlier that
decade of several aprotic ILs that could be handled safely in
air.* Deep eutectic solvents (DESs), on the other hand, are
generally formed by combining at least two different compo-
nents and are therefore mixtures by definition.”> The most
common DES type (“type III”)° consists of an organic salt
(hydrogen bond acceptor, HBA) paired with at least one charge
neutral component (hydrogen bond donor, HBD) in a eutectic
or near-eutectic composition, in order to obtain a substantially
depressed melting point of the mixture. The salt concentration
inherent to a DES is usually much higher (i.e. approximately
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4-5 mol L") than that of a dilute electrolyte solution. Following
the first DES report by Abbott” in 2003, studies of DESs in the
literature began to appear at a rapid pace since around 2010.°
Despite their inherent differences, both ILs and DESs share the
following important features: (1) a high ion density, (2) low
volatility, and (3) a wide degree of chemical tunability.”™"?

Supporting either an IL or a DES with a three-dimensional
solid scaffold, such as a cross-linked polymer network, is a well-
established method of obtaining freestanding viscoelastic com-
posite materials whose mechanical properties can be controlled
by design.”'* In the case of ILs, these materials are known
as ionogels (or ion gels, iongels, or sometimes ionic liquid
gels)."*'® When the liquid component is a DES, these materials
are referred to as eutectogels (or DES gels).">?® Implicit in
describing a material as either an ionogel or a eutectogel is
usually the following: (1) a freestanding and/or non-flowing
nature, ie. within a tilted or inverted vial; and (2) a liquid
component volume (or mass) fraction of ~50% or higher.”!
While the formation of covalent bonds between polymer chains
throughout a 3D polymer network is a straightforward method
of obtaining either class of these nonaqueous gel electrolytes,
such scaffolds tend to produce brittle ionogels/eutectogels
whose stretchability can be limited at high cross-link densities
and do not self-repair/heal due to the irreversibility of breaking
covalent bonds.*®*?> By contrast, noncovalent cross-links
(e.g. those formed by hydrogen bonds, coulombic interactions,
solvophobicity, etc.) between polymer chains, low molecular
weight gelators (LWMGS), or other colloidal nanostructures can
enable much greater energy dissipation and can often self-heal
or be readily reshaped due to the weaker, reversible nature of
the cross-links.”® A diverse array of potential noncovalent
interactions to draw from exists>® when designing ionogels
and eutectogels; however, only a fraction of these have been
utilized to date. Meanwhile, the current literature abounds with
numerous examples of noncovalently cross-linked hydrogels
that exhibit desirable physical attributes, such as: extreme
stretchability, a self-healing capability, and even underwater
adhesion.”>” The goal of this focused review is to summarize
the recent state of the field regarding ionogels and eutectogels
that feature noncovalently cross-linked scaffolds. It is meant to
be illustrative, rather than exhaustive. The focus is on materials
selection and design, not on applications. It also seeks to draw
inspiration from the comparatively broader hydrogel literature
and suggest future noncovalent scaffold assembly approaches
that may similarly be effective within ion-dense IL and/or DES
environments.

1.1. Archetypical ILs

The most commonly studied ILs can by and large be grouped
into two camps: those that are significantly water-miscible and
those that are essentially water-immiscible.® These are often
referred to as “hydrophilic” and “hydrophobic” ILs, respectively;
the extent of IL miscibility with water is naturally determined by
the specific chemical structures of the ions. An alternative way
to divide common ILs into two groups is based on their protic
or aprotic chemical nature.”® Importantly, protic ILs (such as
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Fig.1 Chemical structures of common IL cations and anions found in
ionogels.

ethylammonium nitrate) generally exist in a state of dynamic
equilibrium between protonated and deprotonated moieties,
thus perpetuating a (potentially small) population of charge
neutral species.”® To date, aprotic ILs have been utilized sub-
stantially more than protic ILs for creating ionogels and are thus
the focus in this review. Chemical structures of some of the most
common aprotic ILs reported in the literature for ionogels are
shown in Fig. 1. Several excellent reviews of ILs/ionogels and their
applications have been written in recent years, to which the reader
can be referred to learn more,"'*>162%31

Aprotic ILs having fluorinated anions are generally preferred
for electrochemical energy storage applications (e.g. batteries,
supercapacitors) due to their lower viscosities (yielding higher
ionic conductivities) and wide windows of electrochemical
stability.'® Many of these ILs are essentially water-immiscible.
An exemplar of this class is 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide (EMI TFSI). In order to
use an IL as a battery electrolyte, one typically dissolves an
appropriate metal salt into it, often featuring the same anion
(e.g. LiTFSI). Among the most common IL cations suggested
for electrochemical devices are: pyrrolidinium, imidazolium,
piperidinium, phosphonium, and ammonium.'*** Popular
anions for battery electrolyte applications are TFSI and its petit
frére, bis(fluorosulfonyl)imide, FSL*>*° More recently, asym-
metric variations on this theme have also been explored.*®
Aprotic ILs that exhibit a higher degree of water miscibility
generally include those with non-fluorinated anions such as
acetate (Ac) or ethyl sulfate.’”®

A less studied, but interesting area of IL research is the
combination of two (or more) ILs.*® In some cases, lower melting
eutectic compositions of such blends may offer advantages com-
pared to either of their individual IL components.*®™** This is an
area of great potential for future research, which dovetails nicely
into the introduction of DESs in the following section.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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1.2. Archetypical DESs

Unlike ILs, DESs are always mixtures that contain at least
one charge neutral component, usually the HBD.** The first
reported DES,” a 2:1 molar ratio mixture of urea:choline
chloride, U:ChCl (2:1) (also known as reline), is one of the
most studied to date. Urea, which melts at 134 °C, when
combined under gentle heating and stirring with choline
chloride (a solid up to its thermal decomposition near
300 °C), forms a homogeneous liquid mixture that exhibits a
freezing point of 12 °C and possesses a high salt concentration/
ionic species density of approximately 4.8 M. An extensive
hydrogen bonding network between and among urea (HBD)
molecules with the chloride anion and the hydroxyl group of
the choline cation®* gives rise to the very deep melting point
depression and low volatility of this archetypical DES. Indeed,
hydrogen bonding plays a key role in virtually every deep
eutectic mixture proposed to date.****® More recently, the
naturally occurring zwitterion trimethylglycine (or simply,
“betaine”) has been introduced as a versatile alternative HBA
to the ubiquitous choice of ChCL*” The reader is directed to
several comprehensive reviews of DESs to learn more about
these systems.>**3*%19 Chemical structures of a few common
DES components are shown in Fig. 2.

While there remains some uncertainty in the field regarding
what criterion to use when labeling a liquid eutectic mixture as
“deep” or not,” it is important to recognize that no claims
regarding a mixture’s status as a DES should really be made
without measuring and reporting accurate liquidus data for
several HBD:salt compositions (i.e. providing an experimental
solid-liquid phase diagram). Best practice would be to also
include the raw data, such as differential scanning calorimetry
(DSC) scans, that led to the proposed phase diagram.’®°!
Repeatable DSC measurements on DESs can be challenging
to obtain, however, due to the tendency of DESs to exhibit
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Fig. 2 Chemical structures of common DES components, a combination
of HBAs and HBDs.
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substantial supercooling.”” Indeed, one system that was widely
accepted as being a “true DES” for many years (a 2:1 molar
ratio of ethylene glycol (EG): choline chloride, EG:ChCl (2:1),
or ethaline) was recently shown to have a very different actual
eutectic mixture stoichiometry and a nearly ideal melting point
depression upon performing a careful DSC study.”® Neverthe-
less, the ethaline mixture has been among the most popular for
forming eutectogels to date, likely due to its low viscosity and
high room temperature ionic conductivity as compared to other
DESs.”

The vast majority of reported DESs are water-miscible,
although the development of “hydrophobic DESs” has also
been championed in recent years.”>>* It is also very likely that
many reports of purported salt:HBD binary eutectic mixtures
also contain small amounts of water, whether introduced
intentionally or inadvertently. This is important inasmuch as
water has been demonstrated, at low levels, to act as a co-HBD
in certain DESs and can result in significant changes in mixture
properties (such as viscosity).>>>® For the DES reline, it has
been found that the original DES nanostructure is retained
when adding up to approximately 40-50 wt% H,0.>” Therefore,
some DESs can tolerate modest water contents without wholly
losing their DES-like character. Besides intentionally adding a
controlled amount of water to a DES, mixtures of different
organic HBDs with a common salt®® (or vice versa®) as well as
mixtures of two different DESs are so far underexplored in
the field; these avenues should present a great opportunity
to further tune the properties of these ion-dense, low cost
electrolytes.

2. Noncovalent cross-linking
approaches

There are many noncovalent intermolecular interactions that
one could potentially exploit to form a cross-linked 3D scaffold
that supports a significant amount of liquid electrolyte, thereby
creating a freestanding gel. Some of the most common ones
that have been used to create ionogels, eutectogels, or hydrogels to
date include:

e Hydrogen bonding

e van der Waals interactions

- Solvophobicity, n-r interactions, host-guest interactions

e Coulombic interactions

- Metal-ligand coordination, zwitterionic dipole-dipole.

In order for a solid “building block” (e.g. small molecule,
polymer, or colloidal nanoparticle) to spontaneously assemble
and form a 3D noncovalently cross-linked scaffold within an
ionogel or eutectogel, a basic requirement is the existence of
somewhat stronger self interactions (i.e. solid-solid) compared
to interactions with the surrounding solvent species (i.e. solute—
solvent). However, the self interactions must also not be too
strong so as to cause aggregation/precipitation within the IL or
DES, which would preclude the ability for the solid to be well-
dispersed throughout the liquid and form a fractal, volume-
spanning network. The noncovalent interaction that has been
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most commonly employed to form cross-links within ionogels/
eutectogels to date is hydrogen bonding, either between poly-
mer segments or LMWGs. While several studies have investi-
gated colloidal silica-supported ionogels,**™®* these scaffolds
are not a focus of this review. For some polymers that can form
intra-/interchain crystalline domains that serve as noncovalent
cross-linking points within a gel, these interactions may also
often be a manifestation of hydrogen bonding (e.g. poly(vinyl
alcohol), PVA,®® and poly(vinylidene fluoride), PVDF®*). Another
important noncovalent interaction is solvophobicity, which was
the key driving force for the formation of the first triblock
copolymer-supported ionogels.®>*® Intrinsic to solvophobic
effects are the ubiquitous intermolecular attractive forces that
scale with molecular polarizabilities and dipole moments
(i.e. van der Waals interactions).®” Indeed, solvophobicity of a
solid component within a liquid is a manifestation of compara-
tively stronger self-attraction, which may often - but not
exclusively - be due to van der Waals forces. In the case of
scaffold molecules that contain aromatic ring motifs, m-n
interactions can also be another source of noncovalent
assembly.®® Host-guest interactions, such as the complemen-
tary binding between B-cyclodextrin and adamantane,*® are
often a combination of hydrogen bonding and/or van der Waals
interactions between the host functional group and its guest.
Coulombic (or charge-based) interactions are yet another
potential important source of noncovalent cross-links.”® These
are interactions involving atomic species or functional groups
bearing fixed charges, including ion-ion interactions (such as
metal ion-ligand coordination), ion-dipole interactions, as well
as dipole-dipole assemblies due to fixed charge pairs (e.g. in
the case of polyzwitterions).

The strengths of all of these noncovalent interactions can be
expected to vary with the chemical details of the specific cross-
linking units and of the liquid environment (e.g. charge densities,
dipole moments, polarizabilities), as well as with temperature.
Generally, noncovalent interaction energies near ambient condi-
tions tend to be on the order of ~5-30 k] mol™%,*” or a few times
the background molar thermal energy (2.5 k] mol™ " at 25 °C), and
they are approximately 1-2 orders of magnitude lower than typical

Table 1
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covalent bond energies (e.g. C-H, ~400 k] mol™"). The density
of ions present in the liquid phase and effective permittivity are
also clearly important factors for determining the strength of
noncovalent interactions that are driven by coulombic inter-
actions in both ILs and DESs, which inherently possess high
concentrations of ionic species.

3. lonogels with noncovalent scaffolds

A large number of different ionogel manifestations have
appeared in the literature over the past two decades. Indeed,
several review articles on the topic have been published for the
interested reader.””'*'® Here, a select number of recent exam-
ples of ionogels that have been supported using different
noncovalent cross-linking strategies is summarized, in order
to provide a sense for what approaches have been pursued as of
late. In several cases, multiple noncovalent interactions play a
role in scaffold cross-linking; this is typical of many biological
and synthetic supramolecular assemblies.”’ Some general
conclusions that can be drawn from the ionogel examples
summarized in Table 1 are:

(1) Synthetic polymers have largely been the scaffold of
choice for recently reported ionogels that feature noncovalent
cross-links.

(2) Copolymers are often employed, as different monomers
can play complementary roles within the scaffold (i.e. tuning
solubility, relative backbone flexibility/stiffness, cross-link
functionality).

(3) Hydrogen bonding and coulombic interactions are the
two most common noncovalent cross-linking strategies
employed for ionogels in recent years.

(4) While a typical ionogel polymer scaffold content is
~10-40 wt%, some polymers can enable ionogel formation at
contents as low as 1-5 wt%.

3.1. Hydrogen bonded ionogel scaffolds

Leveraging extensive hydrogen bonding between commercially
available poly(vinyl alcohol) (PVA) chains, Wang and coworkers’

lonogels supported by noncovalently cross-linked scaffolds. Overview of selected ionogel materials (entry codes listed in column 1), which have

been organized first by IL identity (column 2), and then by primary scaffold type (column 3: green = synthetic polymer; red = low molecular weight
gelator (LMWG); blue = bio-derived polymer). The main noncovalent interaction(s) responsible for scaffold cross-link formation within a particular
ionogel have been given the following abbreviations: H = hydrogen bonding, S = solvophobicity, C = coulombic interactions

Scaffold #1 Scaffold #2

Noncovalent Noncovalent
Entry IL Phase Scaffold #1 Wt.% Scaffold #1 Interaction(s) Scaffold #2 Wt.% Scaffold #2 Interaction(s) Ref.
1G1 EMI Ac PVA 20% H - - - 72
1G2 EMI OTf PBDT nanofibrils 5-30% H, C - - - 88
1G3 EMI TFSI P(S-co -[VBMI'][PF¢ 1) 40% s, C - - - 90
1G4 EMI TFSI PS-b -P(DMAAmM-co -AA) 30% H - - & 73
1G5 EMI TFSI P(VDF-co -HFP) 10% H P(FMA-co -MMA) + Bl 10% n/a (dynamic cov.) 82
1G6 EMITFSI P(MMA-co -BA) 40% S - - - 91
167 BMI BF, P([VBImM*][BF,]) 50% c 89
1G8 BMI BF, or TFSI; BMP TFSI bis(amino alcohol)oxamides ~1-3% H - - - 83
1G9 BMP TFSI methyl cellulose 3-50% H,S - - - 84
1G10 BMP TFSI + LiTFSI (1M) P(MPC-co-SBVI) 1-12.5% CS - - - 92
1G11 BMP TFSI + NaTFSI (0.5M) P(MPC-co -SBVI-co -TFEMA) 9% C - - - 94
1G12 DE-IM TFSI + LiTFSI PIL-UPy random copolymer ~20% H, C - - - 95
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Fig. 3

(a) PVA-supported ionogels containing red or blue nanophosphors. (b) Connection of the two ionogels after 2 h. (c) Stretching of the merged

ionogel after 4 h at ambient conditions. Reproduced with permission from ref. 72, copyright 2022 Wiley-VCH.

successfully formed freestanding, stretchable ionogels using
EMI TFSI (IG1, Table 1). The polymer network was formed by
dissolving PVA into the IL while heating and stirring, followed
by several freeze-thaw cycles. Inorganic phosphor nano-
particles were also incorporated into some of these ionogels,
which allowed for visible gel color tunability. Due to the
noncovalent hydrogen bonds that formed the cross-linked net-
work, these ionogels were also able to self-heal (i.e. two pieces
merged to become a single ionogel) in a matter of a few hours at
ambient conditions (Fig. 3).

In addition to homopolymers such as PVA that can promote
cross-link formation though hydrogen bonding, copolymers
have also been used to create noncovalent ionogels. Tamate
et al. synthesized diblock copolymers via sequential reversible
addition fragmentation chain transfer (RAFT) polymerization
that consisted of an IL-phobic poly(styrene) (PS) block together
with a hydrogen bonding block comprised of a statistical
copolymer of N,N-dimethylacrylamide (DMAAm) and acrylic
acid (AA).”® Tonogels were created by blending the copolymer
into the IL (EMI TFSI) using a cosolvent mixture (50:50 v/v
methanol : dichloromethane), which was subsequently removed by
heating under vacuum (IG4). The assumption of such an approach,
which is commonly employed to create ionogels when the
(co)polymer is synthesized separately (as opposed to in situ
synthesis within the IL, eg via free radical polymeriza-
tion of monomers>*’*%%), is that the cosolvent can be comple-
tely removed while the IL remains behind in its entirety.
Nevertheless, the PS-b-P(DMAAm-co-AA) diblock copolymers
of Tamate and coworkers were able to establish a three-
dimensional ionogel scaffold by self-assembly. Solubility differ-
ences between the two blocks in the IL resulted in the for-
mation of micellar structures with poly(styrene)-rich cores and
hydrogen bonded cross-links formed between the P(DMAAm-
co-AA) coronal chains (Fig. 4a). These transparent and stretch-
able ionogels could reach tensile fracture strains of 400% and
were also able to self-heal within a few hours at room tempera-
ture (Fig. 4b).

Another ionogel scaffold that leveraged hydrogen bonding
to form noncovalent cross-links was a linear amphiphilic
poly(urethane-urea) copolymer reported by Chen and Guo,
which produced highly stretchable ionogels that could also be
3D-printed.®’ While the majority of ionogels reported have
utilized a single scaffold, Tang et al. employed two distinct/
interpenetrating polymeric networks (IG5) to form ionogels
supporting EMI TFSI (so-called “double network” gels).®* The

© 2022 The Author(s). Published by the Royal Society of Chemistry

first network consisted of commercially available poly(vinylidene
fluoride-co-hexafluoropropylene), P(VDF-co-HFP). This copolymer
forms crystalline regions between PVDF segments on neigh-
boring chains, driven primarily by H-F hydrogen bonding inter-
actions, which serve as physical cross-links. Its highly fluorinated
structure facilitates good compatibility with EMI TFSI and other
ILs having similarly fluorinated anions. The second network
employed in this group of ionogels was realized by dynamic
covalent cross-linking of poly(furan-2-ylmethyl methacrylate-co-
methyl methacrylate), P(FMA-co-MMA), using controlled amounts
of N,N’-(4,4'-diphenylmethane)bismaleimide (BI). The authors
contended that heating the samples to 100 °C was sufficient to
break some of the Bl-enabled dynamic covalent bonds, which
could then re-form at lower temperatures, providing this network
with good healability.**

Hydrogen bonding between several bis(amino alcohol)-
oxamides, which can be effective LMWGSs, was employed by
Santic et al. to realize noncovalent ionogels using three differ-
ent ILs (IG8).** Typical of LMWG-supported ionogels, the
authors found that gelation could be achieved at or below
~1 wt% solids. Using a chemically-modified version of the
most abundant biopolymer on Earth, Mantravadi and coworkers
created ionogels of 1-butyl-1-methylpyrrolidinium (BMP) TFSI
supported by methylcellulose (IG9).** In this case, both hydrogen
bonding and solvophobic interactions between methylcellulose
chains played a role in forming a robust noncovalent scaffold.
The group of D’Anna has also demonstrated biopolymer-
supported ionogels,®” as well as ionogels formed using LMWGs
of ammonium/phosphonium®® or imidazolium salts,®” within
all of which hydrogen bonding was shown to be a key non-
covalent interaction.

Self-assembled helical aggregates of rigid sulfo-aramid
chains were used to support EMI trifluoromethanesulfonate
(OTf) with as low as 5 wt% of the polyanionic scaffold poly(2,2’-
disulfonyl-4,4’-benzidine terephthalamide), PBDT, as reported
by Fox et al. (1G2).%® PBDT helix formation was largely driven by
hydrogen bonding, while coulombic interactions between these
helical structures due to the large sulfonate charge density on
the polyanion likely also played an important role in forming a
physically cross-linked network. These PBDT-IL composites
were formed by casting from a dilute solution, using deionized
water as the cosolvent. Notably, they exhibited some of the
highest combinations of room temperature elastic modulus
(~GPa) and ionic conductivity (~5 mS cm ™) among ionogels
recorded to date.

Mater. Adv., 2022, 3, 7709-7725 | 7713
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Fig. 4 (a) Schematic illustration and chemical structures of diblock copolymer-supported ionogels. (b) Self-healing ability of a 30 wt% diblock

copolymer-supported ionogel. Adapted from ref. 73 with permission, copyright 2018 Wiley-VCH.

3.2. Coulombic interactions within the ionogel scaffold

Noncovalent cross-links formed by coulombic interactions
within the poly(IL), or PIL, scaffold consisting of poly(1-vinyl-
3-butylimidazolium tetrafluoroborate), P([VBIm'][BF,]) dis-
persed in BMI BF, were demonstrated by Xiang and coworkers
(1G7).*° Intuitively, such charge-based noncovalent linkages
between adjacent PIL chains must be mediated by mobile BF,
anions. These ionogels also exhibited robust adhesion to glass,
metal, and plastic surfaces. Using a slightly different IL monomer
incorporated together with styrene as a statistical copolymer,
Seo and Moon prepared EMI TFSI ionogels (IG3) supported by
a noncovalent scaffold of poly(styrene-co-1-(4-vinylbenzyl)-
3-methylimidazolium hexafluorophosphate), P(S-co-[VBMI']-
[PFs]).°° Here, both solvophobic (i.e. PS regions) and coulom-
bic (i.e. PIL regions) interactions were important for noncova-
lent cross-link formation. The authors also demonstrated
successful ionogel formation using a P([VBMI'][PFs ]) homo-
polymer, although the elastic modulus of the copolymer-supported
ionogel using the same solids content was approximately five times
larger by comparison.

3.3. Solvophobicity as a factor for ionogel scaffolds

As an exemplar of noncovalent scaffold assembly due mainly to
solvophobic interactions, statistical copolymers of poly(methyl
methacrylate-co-butyl acrylate), P(MMA-co-BA), were employed
to create EMI TFSI ionogels by Kim et al. (1G6).”" The authors
posited that the low glass transition temperature of the IL-
phobic PBA regions allowed these ionogels to exhibit greater

88-PMMA-r-PBAbasedion gel

.‘ ‘ \" :

IL-insolublelow T, region

stretchability compared to similar copolymers featuring PS as
the solvophobic component due to more effective stress dis-
sipation (Fig. 5).

3.4. Alkali metal salt/IL solutions in ionogels

With an eye toward using for ionogels as safer (nonflammable)
battery electrolytes, alkali metal salt/IL solutions are commonly
used.'® Here, the presence of Li* or Na" cations can enable
additional noncovalent coulombic interactions between charged
polymer chains. For example, the Panzer group demonstrated
robust ionogel formation in 1 M LiTFSI/BMP TFSI solution via
in situ UV-initiated free radical copolymerization of poly-
(2-methacryloyloxyethyl phosphorylcholine-co-sulfobetaine vinyl-
imidazole), P(MPC-co-SBVI) (IG10).°> This particular fully
zwitterionic (ZI) copolymer scaffold (Fig. 6) facilitated non-
covalent cross-linking due to different types of coulombic
interactions (i.e. MPC-Li'*-MPC, versus SBVI-SBVI) interactions,
which was also evidenced by the notably different solubilities of
the two ZI monomers in the IL/salt solution.”® A similar class of
ZI copolymer-supported ionogels was realized using a 0.5 M
NaTFSI/BMP TFSI solution, even as the two ZI monomers
were ‘“‘diluted” within a linear terpolymer incorporating a third,
non-ZI monomer: 2,2,2-trifluoroethyl methacrylate (TFEMA),
(IG11).°* Enhanced SBVI-Na" attraction within this IL electro-
lyte compared to the analogous Li" system was also observed.
Ionogels with a LiTFSI/1,2-dimethyl-3-ethoxyethylimida-
zolium (DE-IM) TFSI solution supported by a PIL copolymer
containing strongly hydrogen bonding ureido-pyrimidinone (UPy)

stress dissipation through stretching

Fig. 5 Schematic illustration of scaffold structure leading to highly stretchable ionogels supported by P(IMMA-co-BA) copolymers in EMI TFSI. Adapted

from ref. 91 with permission, copyright 2019 Wiley-VCH.
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moieties were reported by Guo et al. (1G12).”> Effective dimerization
between UPy units on neighboring polymer chains due to four
hydrogen bonds per pair was responsible for the majority of
noncovalent cross-links within these flexible and self-healing iono-
gels. After synthesizing and purifying the copolymer, ionogel
membranes were prepared by combining the copolymer, LiTFSI,
and DE-IM TFSI in acetone, then casting a film that was subse-
quently dried under vacuum to remove the acetone cosolvent, and
finally hot-pressed at 120 °C for 10 min (Fig. 7).

4. Eutectogels with noncovalent
scaffolds

Similar to the case of ionogels, noncovalent interactions are
also exploited to create eutectogels that can exhibit highly

stretchable mechanical behavior and often a self-healing nat-
ure. The DES liquid phase, which constitutes the majority of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic illustration of the synthesis of PIL-UPy copolymers, and (b) process used to prepare ionogel membranes. Adapted from ref. 95 with

eutectogel by volume (or mass), typically possesses an inher-
ently high ionic species density, which is comparable to that of
a typical IL. It is also characterized by significant hydrogen
bonding between its subcomponents (i.e. HBA and HBD) that
leads to thermodynamically nonideal mixture behavior. Thus, it
is perhaps not surprising to see that hydrogen bonding has also
been the most commonly employed noncovalent scaffold
assembly strategy for eutectogels reported to date. Some of
the key takeaways from the eutectogel materials summarized in
Table 2 include:

(1) Hydrogen bonding, often in conjunction with solvopho-
bic effects, is the most often used approach for noncovalent
eutectogel scaffold assembly.

(2) Low molecular weight gelators (LMWGs) and bio-derived
polymers have been more frequently employed for eutectogels
than for ionogels in recent years.

(3) The use of two distinct, complementary scaffolds (i.e. double
networks) is also more common for eutectogels, as of late.

Mater. Adv,, 2022, 3, 7709-7725 | 7715


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00539e

Open Access Article. Published on 06 September 2022. Downloaded on 1/24/2026 1:49:33 AM.

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

(cc)

Review

View Article Online

Materials Advances

Table 2 Eutectogels supported by noncovalently cross-linked scaffolds. Overview of selected eutectogel materials. The entries (column 1) have been
organized first by DES identity (column 2), and then by primary scaffold type (column 3: green = synthetic polymer; red = LWMG; blue = bio-derived
polymer). The main noncovalent interaction(s) responsible for cross-link formation within a particular scaffold are abbreviated as follows: H = hydrogen
bonding, S = solvophobicity, C = coulombic interactions, P = n—=n interactions

Scaffold #1 Scaffold #2

Noncovalent Noncovalent
Entry DES Phase Scaffold #1 Wt.% Scaffold #1 Interaction(s) Scaffold #2 Wt.% Scaffold #2 Interaction(s) Ref.
EG1 EG:ChCl (2:1) PVA ~4% H PAA ~37% H 96
EG2 EG:ChCl (2:1) PVA 6.1% H PAAM 16.2% H 97
EG3 EG:ChCl (2:1) PDMAPS 20% C PHEMA/PEGDMA 14% H 98
EG4 EG:ChCl (2:1) bisgluconamide derivative ~2% H,S PHEAA/MBA ~47% H 99
EG5 EG:ChCI (2:1) 1,3:2,4-dibenzylidene-D-sorbitol ~5% H,S - - - 101
EG6 EG:ChCl (2:1) gelatin 22% H,S < = = 104
EG7 EG:ChCI (2:1); Gly:ChCl (2:1) gelatin 20% H,S - - - 105
EG8 Gly:ChCl (2:1) bacterial cellulose ~1% H - - - 106
EG9 U:ChClI (2:1) guar gum 10-20% H - - - 107
EG10 PhAA:ChCl (2:1) L-isoleucine; L-tryptophan 3% H, 102
EG11 various ChCl-based D-gluconic acid acetal alkyl amine ~1-4% H,P,S - - - 103
EG12 1,3-PD:ChCl (2:1) (R )-12-hydroxystearic acid hydrazide ~2% H,S PHEAA/MBA ~47% H 100

(4) The vast majority of eutectogels reported to date have
employed ChCl-based DESs.

4.1. Hydrogen bonding for eutectogel formation

In 2021, Wang and coworkers®® reported the formation of
noncovalently cross-linked eutectogels in EG:ChCl (2:1) con-
taining a double network of two distinct scaffolds: the first
being a PVA commercial polymer (which formed crystalline
interchain domains, driven by hydrogen bonding interactions)
and the second being a network of poly(acrylic acid), PAA, that
can form hydrogen bonds both with PVA and with itself, which
was synthesized in situ (EG1, Table 2). While eutectogels could
also be formed using PVA alone, superior mechanical proper-
ties were achieved by casting a PVA/DES solution containing
acrylic acid monomer, which was subsequently polymerized
in situ to form the PAA second network (Fig. 8). The eutec-
togel formulation that exhibited the highest tensile strength
(2.6 MPa) and fracture toughness (8.4 MJ m™?), denoted by the

Casting

PVA eutectogel

>/ crystalline domains

>N

== Hydrogen bonds

PVA in DES (ChCVEG)

authors as PVA/PAA,, contained approximately 4 wt% PVA and
37 wt% PAA.

A similar double network approach to forming eutecto-
gels using EG:ChCl (2:1) was also reported earlier in 2021
by another group; in that case, the second network formed
in situ via UV-initiated free radical polymerization was
poly(acrylamide), PAAm (EG2).”” By heating these double net-
work eutectogels to 130 °C, melt-injection molding and fiber
extrusion of thermoplastic and self-healing composite gels
could be realized. Coulombic interactions, meanwhile, played
a supporting role in the double network eutectogels reported
by Lan and coworkers (EG3).°® Here, a zwitterionic first net-
work, poly(3-dimethyl(methacryloyloxyethyl)Jammonium pro-
pane sulfonate), PDMAPS, was paired with a covalently cross-
linked second network of poly(2-hydroxyethyl methacrylate),
PHEMA. Both scaffolds were formed in situ within the EG : ChCl
(2:1) DES through sequential UV-initiated polymerization steps

(Fig. 9).

AA and PA
v

Casting
UV irradiation

PVA/PAA, eutectogel

PVA chains #=~s=s== PAA chains

Fig. 8 Schematic illustration for the synthesis of single network PVA (left) and double network PVA/PAA (right) eutectogels. Adapted from ref. 96 with

permission, copyright 2021 American Chemical Society.
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Fig. 9 Schematic illustration of the chemical structures and formation strategy for double network eutectogels combining zwitterionic and covalently
cross-linked hydrogen bonding scaffolds. Adapted from ref. 98 with permission, copyright 2021 Elsevier.

4.2. LMWSGs for eutectogels

Gelation can also be achieved by the addition of certain small
molecule/low molecular weight gelators (LMWGs), some of
which possess a surfactant nature, into DESs. Typically, a small
amount (<5 wt%) of the LMWG is first dissolved into the DES
at an elevated temperature; upon cooling to room temperature,
self-assembly of a three-dimensional LMWG network can
occur, leading to gelation. The major noncovalent interactions
responsible for LMWG assembly in the formation of eutecto-
gels are hydrogen bonding and solvophobic interactions,
which often appear together. In 2021, the groups of Li and
Liu reported two similar manifestations of ‘“‘supramolecular-
polymer double network” eutectogels that featured both a
noncovalent LMWG first scaffold and a second, covalently
cross-linked synthetic polymer scaffold.”®'°° In each case, the
LMWG was dissolved into the DES along with the monomer
N-hydroxyethylacrylamide (HEAA) and a small amount of cova-
lent cross-linker N,N’-methylenebis(acrylamide), MBA, at an
elevated temperature. After the solution cooled and the first
eutectogel network (LMWG) had been formed, the second
network was created by in situ UV-initiated free radical copoly-
merization of HEAA and MBA to form a covalently cross-linked
poly(N-hydroxyethylacrylamide) (PHEAA) synthetic polymer
scaffold (Fig. 10). While both hydrogen bonds and solvophobic

) = o =
. ~ <
+..... - +=—.~°.=$‘$
. (=] Cooling to RT BN 2R UV initiation
. Q? + @ WMonomer .—\ @’N + ' Initiator

+ Cross-linker

OH OH

Bisgluconamide derivatives
BGA-n (n=6, 10, and 12)

Deep eutectic solvents

interactions drove the formation of the LMWG network, the
authors suggested that additional hydrogen bonding between
the two networks also contributed to the outstanding mechan-
ical properties of these eutectogels. In one of the studies
performed by this team, a series of bisgluconamide derivatives
served as LMWGs to create eutectogels based on EG: ChCl (2: 1)
(EG4).°”° For their second study, (R)-12-hydroxystearic acid
hydrazide was used as the LMWG, while the DES of interest
was a 2:1 molar ratio mixture of 1,3-propanediol (1,3-PD) with
ChCl (EG12)." In both cases, impressive eutectogel tensile
fracture strains exceeding 4000% were achieved, as well as gels
having a highly adhesive and self-healing nature.

Ruiz-Olles and coworkers reported LMWG-based single network
eutectogels that employed the small molecule 1,3:2,4-dibenzyl-
idene-p-sorbitol in EG:ChCl (2:1) (EG5) and a few other DESs.'"!
Gelation was achieved either by a heat/cool cycle or by ultra-
sonication; the latter approach was reported to significantly
reduce eutectogel formation time from around 1 h to approximately
10 s. The r-amino acids isoleucine and tryptophan were reported to
be effective LMWGs for the DES consisting of a 2:1 molar ratio of
phenylacetic acid (PhAA) and ChCl by Marullo et al. (EG10)."* In
the case of tryptophan, the authors suggested that n-n interactions
amongst the LMWGs and with the PhAA HBD may also have
contributed to the noncovalent assembly of these scaffolds.

Supramolecular-polymer
double network

" O
w0 o={ o~ oo -l

2 2 WH 2 NH NH H‘ -p-°

- ot s w 3 3 . o

S R E -,
b “H”

Poly(N-hydroxyethylacrylamide)
Inter-network H-bonds

Fig. 10 Schematic illustration of the synthesis process for supramolecular-polymer double network eutectogels based on a LMWG and a cross-linked
synthetic polymer. Adapted from ref. 99 with permission, copyright 2021 Royal Society of Chemistry.
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Fig. 11 Proposed self-assembly mechanisms of a LMWG within different ChCl-based DESs. Adapted from ref. 103 with permission, copyright 2021

Elsevier.

Zhang and coworkers synthesized a series of LMWGs in the
form of p-gluconic acid acetal alkyl amines having different
alkyl chain lengths, and such materials were able to form
eutectogels using several ChCl-based DESs (EG11)."” The
authors reported that a delicate balance of noncovalent inter-
actions among the LMWGs, including hydrogen bonding, n-n
interactions, and solvophobic effects, led to the creation of 1D
(fiber) assemblies and transparent eutectogels for EG:ChCl
(2:1) and Gly:ChCl (2:1), while 2D (sheet) structures were
formed within U:ChCl (2:1) that resulted in translucent gels
(Fig. 11). These observations highlight the need to carefully
consider the relative strengths and nature of scaffold-scaffold,
DES-DES, and scaffold-DES interactions when designing
future eutectogels with targeted properties.

4.3. Bio-derived polymer eutectogel scaffolds

The use of bio-derived polymer scaffolds in eutectogels allows
one to take advantage of both their typically biocompatible
character and to exploit some of the inherent self-assembly
strategies designed by nature (e.g. double/triple helix formation).
In 2019, the Panzer group demonstrated the formation of thermo-
reversible eutectogels using gelatin as a biopolymer scaffold
(EG6).'°* While hydrogels containing similar gelatin contents were

800

brittle and exhibited poor stretchability, it was observed that
gelatin-supported eutectogels of EG: ChCl (2:1) could be repeat-
edly compressed up to at least 90% strain and were much tougher
(Fig. 12). The DES environment therefore played a key role in
modifying gelatin self-assembly upon cooling from a heated
solution. It was posited that the number of triple helix cross-
links was reduced in the eutectogel, while a greater number of
noncovalent cross-links due to solvophobic interactions between
gelatin chains was introduced. In a follow-up study, the same
group reported that the intentional addition of a small amount of
water (~5-6 wt%) to EG:ChCl (2:1) or Gly: ChCl (2:1) DESs led
to the creation of even tougher gelatin-supported eutectogels that
also exhibited improved room temperature ionic conductivities
(EG7).'*

Smith and coworkers employed bacterial cellulose (BC) to
created eutectogels using the Gly:ChCl (2:1) DES (EG8).'*°
Here, eutectogel materials were obtained by first creating
BC-supported hydrogels, then solvent exchanging the water
for 200-proof ethanol (i.e. alcogel formation), and finally equili-
bration of the alcogel in the DES and then removing any
remaining ethanol by evaporation. Remarkably, BC-supported
eutectogels containing as low as ~1 wt% cellulose were
reported. Hydrogen bonding among the BC microfibrils

(a

~—"

600-

400+

Stress [kPa]

200

T T T T

0 20 40 60 80
Strain [%]

Fig. 12

100

(a) Compressive stress—strain response of a 22 wt% gelatin-supported eutectogel with excellent shape recovery. (b) Square knot tied using two

long, rectangular eutectogel strips. (c) Stretching the eutectogel square knot by hand. Adapted from ref. 104 with permission, copyright 2019 Royal

Society of Chemistry.

7718 | Mater. Adv., 2022, 3, 7709-7725

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00539e

Open Access Article. Published on 06 September 2022. Downloaded on 1/24/2026 1:49:33 AM.

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

(cc)

Materials Advances

themselves and between the microfibrils and DES components
were both found to be important for the scaffold self-assembly.
Another biopolymer reported to form eutectogels is guar gum, a
polysaccharide that is extracted from seeds of Cyamopsis tetra-
gonoloba (EG9).'®” Here, too, hydrogen bonding between the
biopolymer scaffold and the DES components was key to the
resulting eutectogel mechanical properties.

5. Inspiration from hydrogels
containing noncovalent scaffolds

While many promising developments have been made in the
design of novel ionogels and eutectogels in recent years, the fact
remains that hydrogels dominate the scientific literature among all
gel electrolyte materials. Indeed, a Web of Science database search
for the topic “hydrogel” (in late April 2022) yielded over 35000
documents published just within the last 5 years. For comparison,
a search for the terms “ionic liquid” and “gel” together over the
same time span yielded 1300 results, while a search for “deep
eutectic” and “gel” yielded approximately 150 items. Therefore, it
stands to reason that the much broader hydrogel literature can
likely provide inspiration for certain noncovalent scaffold designs
that may translate well to new types of ionogels and eutectogels
having desirable properties, such as the ability to self-heal.
A comprehensive summary of all previous hydrogels that have
employed noncovalent cross-linking strategies is beyond the scope
of this review; rather, a few recent examples have been selected here
to highlight some noteworthy approaches that should be of interest
to researchers who are looking for new ways to design ionogels and/
or eutectogels. For additional background, the reader is directed to
several recent reviews of hydrogel materials.>>'*¢*!*

5.1. Hydrogen bonding strategies

Ultrastiff and tough supramolecular hydrogels featuring poly-
(methacrylamide-co-methacrylic acid)scaffolds, P(MAAmM-co-MAA),

View Article Online

Review

were reported by Wang and coworkers in 2019.''> These
materials, which exhibited Young’s modulus values exceeding
200 MPa and tearing fracture energies above 20 k] m 2, were
synthesized by in situ copolymerization of methacrylamide
(MAAm) and methacrylic acid (MAA) monomers in various
molar ratios, and their outstanding mechanical properties
were attributed to extensive hydrogen bonding between the
co-monomers (Fig. 13). The authors also suggested that the
hydrophobic methyl groups on the copolymer backbone served
to enhance the stability of these dynamic hydrogen bonds while
in the presence of a competitive hydrogen bond-forming spe-
cies such as water. Indeed, they reported that the acrylate
copolymer-supported hydrogel analogues were less stable when
highly swollen with water. It appears likely, then, that metha-
crylate copolymers such as these may offer similar advantages
for the development of highly stiff and tough eutectogels in the
future, given the potential for hydrogen bonding competition
from the DES components. They may also be advantageous
for creating ionogels that feature water-miscible ILs (such as
EMI ethyl sulfate), in which hydrogen bonding can also play an
important role.

A combination of hydrogen bonding and coulombic inter-
actions served to enable the formation of zwitterionic hydrogels
described by Liu et al., which were supported by poly(acrylic
acid-co-propylsulfonate dimethylammonium propylmethacryl-
amide) scaffolds, P(AA-co-PDP).""* By tuning the co-monomer
ratio and total polymer content, highly stretchable hydrogels
(>4000% strain) that also demonstrated an ability to self-heal
were obtained. A related approach, reported by Zhang et al. in
2021, was the combination of PAA with a ZI small molecule
(e.g. betaine, trimethylglycine) to form supramolecular hydro-
gels that exhibited strain-stiffening behavior and good adhe-
sion to many different surfaces (Fig. 14)."** Such scaffolds may

also prove to be useful for future eutectogels, including those
that already contain a ZI component like betaine that serves as
the DES HBA.

Fig. 13 Schematic illustration of the formation of P(MAAmM-co-MAA) scaffolds for realizing ultrastiff and tough hydrogels via robust hydrogen bonding.
Adapted from ref. 112 with permission, copyright 2019 American Chemical Society.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Schematic illustration of the strain-stiffening hydrogel scaffold consisting of a hydrogen bonding polymer (PAA) and zwitterionic small molecule
(betaine) network. Adapted from ref. 114, published under an Open Access Creative Commons License.

5.2. Other noncovalent assembly approaches

Metal-ligand coordination, a type of coulombic interaction, can
be found in certain biological materials (including mussel
cuticles' and metalloproteins''®), and it has been widely
utilized to design hydrogels for practical applications such as
wound healing dressings. A classic example is a calcium algi-
nate hydrogel, in which negatively charged carboxylate ligands
on two neighboring alginate biopolymer chains coordinate
with/chelate a single Ca®>" divalent cation, thereby forming a
robust, yet reversible, noncovalent cross-link."’” In a recent
report, Jing and coworkers described the synthesis of a hybrid
hydrogel scaffold consisting of a combination of nanochitin,
PAA, and AI** cations."'® An abundance of carboxylate groups
presented both on the biopolymer fibers (nanochitin) as well as
on the PAA synthetic polymer facilitated the formation of
metal-ligand coordination bonds between the scaffold materials;
hydrogen bonding between the polymer chains also contributed
to the gel mechanical properties. Zhang et al. employed a similar
approach by copolymerizing acrylic acid and the ZI monomer
DMAPS with AlCl; added to a mixture of H,O and an IL (EMI

Ac).""® These materials, dubbed “ionohydrogels,” thus leveraged a
P(AA-co-DMAPS) scaffold that benefited from a combination of
metal-ligand coordination, hydrogen bonds, and ZI coulombic
interactions to generate a plethora of noncovalent cross-links
(Fig. 15). Such hybrid gels may serve to marry desirable aspects
of both hydrogels and ionogels together, thus blurring the line
between these two historically distinct classes of materials.
Another useful noncovalent assembly strategy that has been
used to realize supramolecular hydrogels is to leverage host-
guest interactions (i.e. “molecular recognition”) between two or
more subunits that utilizes some combination of hydrogen
bonding/coulombic/van der Waals contributions and typically
displays a large equilibrium binding constant. A recent example
of a noncovalent hydrogel assembled largely due to host-guest
interactions is the combination of a B-cyclodextrin polymer
(P-CD) and an adamantane-modified PAA (PAA-Ad) reported by
Hou and coworkers."”® Here, adamantane groups covalently
attached to the PAA polymer played the role of “guests” that
were tightly bound within the cavities presented by B-cyclo-
dextrin unit “hosts” of P-CD (Fig. 16). Cyclodextrins have also

~~~ Poly("A-co-DMAPS) ~Xoi\ [EMIM]* T° [OAcl © mBA @ AP

Dipole-dipole interaction

«==» Hydrogen bond

@ lon(imidazolium)-dipole(SO;’) interaction ....m Coordination bond

Fig. 15 Schematic illustration of copolymer-supported ionohydrogels (ie. IL + H,O mixture as the liquid phase) and the various noncovalent
interactions present within these materials. Adapted from ref. 119 with permission, copyright 2022 American Chemical Society.

7720 | Mater. Adv., 2022, 3, 7709-7725

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00539e

Open Access Article. Published on 06 September 2022. Downloaded on 1/24/2026 1:49:33 AM.

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

(cc)

Materials Advances

PAA-Ad solution 1

goo? coo¥

P-CD solution

B ©

B-CD Ad

Coox CooH~ Coox

Fig. 16 Schematic illustration of hydrogel formation via host—guest intera
Adapted from ref. 120 with permission, copyright 2019 Royal Society of Ch

DMSO 2

a Sol oy Exogel N b Sol
& & 8 ) &
| &
N = Solvent exchange \l L3 Q\
Bl ’\QW [ 73 - ’§i Water
/KSJQ‘ / ) -
& U /S)b DMSO

Water

= pmMsoO & Water

~ /‘s/ PVA
Fig. 17 (a) Schematic illustration of PVA “exogel” formation using a solvent
poorer one (water), which promoted a greater number of interchain hydrog

poly acrylic acid (PAA)

@ @ 9 Hydrogen bonding

View Article Online

Review

coouv’coo

g Y
S § \ Coo,,, )
A = @ 4

2 Pl

Jo,

ctions between polymers bearing -cyclodextrin and adamantane groups.
emistry.

exchange strategy to replace a good solvent (DMSO) for the polymer with a
en bonding cross-links and robust hydrogel creation. (b) Reversible sol-gel
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been combined with IL-like dicationic imidazolium salts to
realize supramolecular hydrogel networks.'*"'**> Another example
of a host-guest interaction exploited for supramolecular hydrogel
assembly was the use of a cucurbit[8]uril macrocyclic host mole-
cule to bind two different guests at the same time within its
barrel-shaped cavity, each from a distinct guest-bearing polymer
chain,'*?

While not yet extensively explored for the formation of
hydrogels, the use of halogen bonding to realize noncovalent
cross-links is also worthy of mentioning as an interesting
strategy. Bertolani et al. created halogen bonding-based hydro-
gels via iodination of a human calcitonin-derived amyloido-
genic peptide fragment, which served as a gelator.'** Meazza
and coworkers'>®> demonstrated that halogen bonding between
two complementary LMWGs (e.g. a bis(pyridyl urea) and
1,4-diiodotetrafluorobenzene) in methanol/H,O or DMSO/H,0
mixtures led to the successful formation of “co-gels.” Since
halogen bonds, in contrast to hydrogen bonds, tend to be
hydrophobic by nature, this class of noncovalent interactions
might prove to be useful for the design of future ionogels that
feature water-immiscible ILs.

Finally, a clever strategy to leverage the inherent sensitivity
of various noncovalent interactions to a change in the solvent
environment was reported in 2020 by Xu et al., who demonstrated
the formation of PVA-supported “exogels” that could be stretched
to nearly 1000% strain prior to failure.'*® Starting by dissolving
the PVA scaffold in a good solvent (DMSO), the authors then
performed a solvent exchange with water (a poorer solvent), which

© 2022 The Author(s). Published by the Royal Society of Chemistry

led to the assembly of a greater density of hydrogen bonded
cross-links between PVA chains, and thus, robust hydrogels
(Fig. 17). While this particular example utilized hydrogen
bonding to form the gel scaffold, it stands to reason that other
noncovalent interactions (coulombic, solvophobic, etc.), which
will also be sensitive to the surrounding liquid properties
(e.g. polarizability, dipolarity, etc.), could also be employed to
form “‘exogels” whereby a scaffold dispersed in a good solvent
is subsequently exchanged for an IL or DES as the poorer
solvent. A high extent of removal of the original solvent can
be promoted by repeated immersion of the gel in fresh IL/DES.

6. Conclusions and future
opportunities

This review has sought to provide an overview of strategies that
have been used to construct noncovalently cross-linked scaf-
folds for ionogels and eutectogels during the past several years.
The inherently weaker and more reversible nature of non-
covalent cross-links compared to covalent bonds can enable
the development of nonaqueous gel electrolytes that possess
outstanding stretchability and toughness, a capacity for self-
healing, moderately high ionic conductivity, and superior non-
volatility in comparison to conventional hydrogel materials.
The combination of two or more noncovalent interactions to
form multiple cross-link types (e.g. hydrogen bonding along
with coulombic and/or solvophobic effects) inside ionogels or

Mater. Adv,, 2022, 3, 7709-7725 | 7721
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eutectogels is an approach that can be used to more finely tune
their mechanical behaviors, particularly if the relative densities
of the different cross-link types within the gels can be varied.
Importantly, there are currently many more reports of nonco-
valent scaffold assemblies for hydrogels in the literature than
for ionogels and eutectogels combined. Therefore, great oppor-
tunities for translating some of these unique hydrogel
approaches to the nonaqueous, ion-dense environments of
ILs and DESs exist at the moment.

When it comes to designing ionogels that are supported by
noncovalently cross-linked scaffolds, synthetic (co)polymers
have been the most popular choice as of late. Also noteworthy
is the relatively small number of IL cations/anions that have
been employed to create these ionogels (i.e. mostly 1,3-dialkyl-
imidazolium or 1,1-dialkylpyrrolidinium cations with fluori-
nated anions, see Table 1). Since hydrogen bonding has already
been shown to be an effective strategy of forming noncovalent
cross-links within ILs, the investigation of additional bio-
derived polymer scaffolds may be one worthy direction of study.
Careful comparisons between any differences in scaffold self-
assembly that are observed between ionogels featuring water-
immiscible versus water-miscible ILs is another area that is ripe
for fundamental exploration. Recently, zwitterionic functional
groups have demonstrated an enticing ability to provide robust,
noncovalent cross-links within ionogels due to coulombic and/
or solvophobic interactions. Further studies to better under-
stand the ramifications of choosing a specific ZI group chemistry
for a given IL are thus of great interest.

In the area of eutectogels supported by noncovalent inter-
actions within the scaffold, ChCl-based DESs (especially EG:
ChCl (2:1), see Table 2) have been the primary focus in the
literature to date. Thus, utilizing a greater diversity of DES
chemistries for eutectogels, especially in the HBA identity (i.e.
“beyond ChCl”), should be a priority for future investigations.
Although both hydrogen bonding homopolymer networks and
Z1 scaffolds have each been employed in noncovalently cross-
linked eutectogels, copolymers that combine both functionalities
have been less explored to date. This could provide fertile ground
for future eutectogel scaffold design; however, care should be
taken to investigate the air stability of any eutectogels containing
ZI functional groups, as most ZI moieties are highly hygroscopic.
While small amounts of water in a eutectogel may, in some cases,
provide an enhancement of ion transport and/or mechanical
properties without disrupting the fundamental DES character,
reproducibility could become an issue if the steady-state water
content inside the gel is not controlled or quantified. Solvophobic
interactions have also been underexplored for polymeric scaffold
assembly in eutectogels up to this point. Here, synthetic copoly-
mers that combine two or more monomers, each having a
different extent of solubility in the DES, will likely provide a
promising path to interesting new materials.

Comparatively, the use of metal-ligand coordination to form
noncovalent cross-links in either ionogels or eutectogels has
been fairly rare to date. This is likely because such an assembly
strategy necessitates the addition of a multivalent salt (such as
CaCl, or AICl;) whose presence may introduce undesirable

7722 | Mater. Adv., 2022, 3, 7709-7725
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anionic species into the final gel electrolyte material, as in
the case of a >3 V class battery electrolyte. However, for the
design of eutectogels that feature a ChCl-based DES, and
thus will inherently contain a large concentration of chloride
anions, this may not be a substantial concern. Manifestations
of ionogels or eutectogels supported primarily by host-guest
interactions or halogen bonding are also not yet commonly
reported; it is expected that both of these strategies could lead
to novel materials in the years ahead. In whatever manner they
are created, ionogels and eutectogels that feature noncovalently
cross-linked scaffolds can provide fertile ground for funda-
mental discovery in the realm of soft materials. Thanks to their
superior resistance to volatilization, they will persist long after
their hydrogel cousins have evaporated.

Abbreviations

1D One-dimensional
2D Two-dimensional
3D Three-dimensional
1,3-PD 1,3-Propanediol
AA Acrylic acid

Ac Acetate anion

BA Butyl acrylate

BC Bacterial cellulose

BF, Tetrafluoroborate anion

BI N,N'-(4,4’-Diphenylmethane)-
bismaleimide

BMI 1-Butyl-3-methylimidazolium cation

BMP 1-Butyl-1-methylpyrrolidinium cation

C Coulombic interactions

Chcl Choline chloride

DE-IM 1,2-Dimethyl-3-ethoxyethylimidazolium
cation

DES Deep eutectic solvent

DSC Differential scanning calorimetry

DMAAmM N,N-Dimethylacrylamide

DMAPS 3-Dimethyl(methacryloyloxyethyl)-
ammonium propane sulfonate

DMSO Dimethyl sulfoxide

EG Ethylene glycol

EMI 1-Ethyl-3-methylimidazolium cation

FSI Bis(fluorosulfonyl)imide anion

Gly Glycerol

H Hydrogen bonding

HBA Hydrogen bond acceptor

HBD Hydrogen bond donor

HEAA N-Hydroxyethylacrylamide

IL Ionic liquid

LMWG Low molecular weight gelator
MAA Methacrylic acid

MAAmM Methacrylamide

MBA N,N-Methylenebis(acrylamide)
MPC 2-Methacryloyloxyethyl

phosphorylcholine
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OTf

P

PAA

PAA-Ad
P(AA-co-DMAPS)

P(AA-co-PDP)

PAAmM
PBA
PBDT

P-CD
P(DMAAmM-co-AA)

PDMAPS

PEGDMA
P(FMA-co-MMA)

PhAA

PHEAA

PHEMA

PIL
P(MAAmM-co-MAA)

P(MMA-co-BA)
P(MPC-co-SBVI)

PS
P(S-co-[VBMI'][PF, )

PVA
P([VBIm'][BF,"])

PVDF
P(VDF-co-HFP)
RAFT

SBVI
TFEMA
TFSI

UPy
uv
71

Trifluoromethanesulfonate anion

n-m interactions

Poly(acrylic acid)

Adamantane-modified poly(acrylic acid)
Poly(acrylic acid-co-3-dimethyl(methacryloy-
loxyethyl) ammonium propane
sulfonate)

Poly(acrylic acid-co-propylsulfonate dime-
thylammonium propylmethacrylamide)
Poly(acrylamide)

Poly(butyl acrylate)
Poly(2,2'-disulfonyl-4,4’-benzidine
terephthalamide)

B-Cyclodextrin polymer
Poly(N,N-dimethylacrylamide-co-acrylic
acid)
Poly(3-dimethyl(methacryloyloxyethyl)
ammonium propane sulfonate)
Poly(ethylene glycol)dimethacrylate
Poly(furan-2-ylmethyl methacrylate-co-methyl
methacrylate)

Phenylacetic acid
Poly(N-hydroxyethylacrylamide)
Poly(2-hydroxyethyl methacrylate)
Poly(ionic liquid)
Poly(methacrylamide-co-methyl
methacrylate)

Poly(methyl methacrylate-co-butyl acrylate)
Poly(2-methacryloyloxyethyl phosphoryl-
choline-co-sulfobetaine vinyl imidazole)
Poly(styrene)
Poly(styrene-co-1-(4-vinylbenzyl)-3-
methylimidazolium
hexafluorophosphate)

Poly(vinyl alcohol)
Poly(1-vinyl-3-butylimidazolium
tetrafluoroborate)

Poly(vinylidene fluoride)
Poly(vinylidene-co-hexafluoropropylene)
Reversible addition fragmentation chain
transfer

Solvophobicity

Sulfobetaine vinylimidazole
2,2,2-Trifluoroethyl methacrylate
Bis(trifluoromethanesulfonyl)imide
anion

Urea

Ureido-pyrimidinone

Ultraviolet

Zwitterionic
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