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Dynamic materials, which include ionic polymeric materials, contain specific bonds or interactions that
can reversibly break and reform under certain stimuli or conditions. Among them, ionic polymeric
materials leverage the dynamic and reversible nature of electrostatic interactions. lonic motifs endow
the materials with appealing stimuli-responsive properties such as shape-memory, self-healing or
mechanical energy dissipation, thereby offering the possibilities to face current challenges such as re-
cycling, fatigue resistance or material reinforcement. The present review first introduces the general
concept of dynamic materials between the distinction of associative and dissociative dynamic networks
in order to enlighten the unique properties of ionic polymeric materials. A particular emphasis is placed
on the understanding of mechanistic principles controlling these reversible mechanisms. The latest
developments in the field of ionic polymeric materials, including ionomer, polyelectrolyte and ionic
hydrogel subclasses are further exhibited. After presenting the structure—property relationships and
characteristics of recent ionic polymeric materials, the discussion extends to an overview of the appli-
cations of such systems.
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1. Introduction to dynamic
interactions: fundamentals of ionic
polymeric materials

Over the past decade, dynamic materials, wherein specific
bonds or interactions can reversibly break and reform under
certain conditions, have gained widespread attention.'™ This
concerns covalent (e.g. Diels-Alder cycloadducts,* disulfides,’
boronic derivatives,® etc.) and non-covalent bonds (e.g. hydro-
gen bonding,”® ionic interactions,”’® n-n stacking,'’ metal-
ligand coordination,'>™® etc.). Introducing such reversible
interactions into polymeric materials endows the system with
multi-responsiveness  including shape-memory,'"®  self-
healing,”'® mechanochromy,”” or even electroactivity.'®
Referred to as stimuli-responsive, dynamic materials are truly
capable of altering their chemical and/or physical properties
upon exposure to external stimuli such as temperature, pH,
water, light, stress or even electric fields,"®'® though, a rapid
bond exchange occurs either by an associative or dissociative
pathway. In an associative pathway, bond breaking and refor-
mation occur concomitantly (Fig. 1), whereas in a dissociative
pathway (relative to ionic exchanges), the linkage dissociates
first and then reforms after some time at a different location
(Fig. 1). Note that following the type of interaction, a certain
energy barrier needs to be reached in order to activate the
breaking/reforming mechanisms (Fig. 2). For instance, a range
of a few to 50 k] mol™" is required in the case of weak inter-
actions such as hydrogen bonding or n-= stacking, whereas the
activation energy of covalent bonds is on the order of a thou-
sand kJ mol™".>** Among these systems, Leibler et al. reported a
radically new class of dynamic polymers based on associative
mechanisms, called vitrimers.>' They consist of covalent net-
works, which can change their topology by thermally activated
bond-exchange reactions. Such a system can then flow (accord-
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Fig. 1 Representation of associative and dissociative network mecha-
nisms. Adapted with permission from ref. 24. Copyright 2018, American
Chemical Society. Adapted from ref. 22 with permission from the Royal
Society of Chemistry, copyright 2015.
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Fig. 2 Summary of binding energies for different interactions. Adapted
with permission from ref. 20. Copyright 2017, The Society of Rheology.
Adapted from ref. 61 with permission from the Royal Society of
Chemistry, copyright 2018.
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ing to the Arrhenius law) above the topology freezing transition
temperature (7,), whereas the bond-exchange reactions are
nearly frozen at low temperature, so that vitrimers behave
like classical thermosets.”” Vitrimers are developed when
transesterification,?* transamination,* transalkylation,*® and
disulfide exchange'” reactions are introduced and controlled.
Most vitrimer-like systems use catalysts to activate or accelerate
the breaking and restoration of reversible covalent bonds. The
exchange rate is enhanced with the addition of a catalyst and a
higher catalyst-to-crosslinker ratio, while the crosslink density
governs the overall properties below the glass transition temp-
erature (T,). These properties have been observed for vitrimers
made of different matrices, e.g. poly(lactide) (PLA),>” polycarbo-
nate (PC),*® polyurethane (PU)* or polyepoxy based on the digly-
cidyl ether of bisphenol F.** Such behavior is assigned to the
duality of vitrimers, characterized by a “frozen” thermoset topo-
logy at low temperature and fast bond-exchanges above T,. Ionic
interactions incorporated into vitrimer structures have recently
been used also to accelerate and improve these covalent bond
exchanges.*** Other methods such as introducing defects
within the network (loop interactions)*® or being away from the
chemical equilibrium can be the main vectors to allow faster
exchanges. For example, Liu et al designed a vitrimer with
improved dynamic properties (stress-relaxation and self-healing)
by being far from the equimolar ratio between amine and epoxy
groups.® Although the variety of vitrimers has become broader,
only a limited number of associative chemical systems have
been currently developed for designing vitrimer-like materials.
Most of the existing vitrimers are used as self-healing systems,
providing healing ability at high temperature while maintaining
their intrinsic properties during the healing process. Up to now,
the main challenges for future vitrimer development and emer-
ging applications are their reprocessability by traditional means
such as extrusion technology and their degradation resistance
during material processing at high temperature.
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While the concept of reversible covalent bonds brings new
properties to classical thermosetting polymer formulations in
terms of processing options and recycling ability, the diversity
of non-covalent chemistry together with a high degree of
control over their binding mechanisms offer an almost endless
number of possibilities to design advanced materials with
tailor-made properties. In comparison with associative
dynamics, dissociative systems can rapidly break and reform
under mild conditions, in which it is unnecessary to use a cata-
lyst to speed up these exchanges. However, the high reversibility
of dissociative interactions usually goes with a lack of control
over these exchange reactions and the resulting materials are
not mechanically strong. It is commonly accepted to combine
several of these types of interactions to take advantage of
different reversible mechanisms (i.e. exchange rate and bond
lifetime), conferring multi-responsive properties. Among all dis-
sociative interactions, ionic systems differentiate from other
polymeric materials as the resulting electrostatic interactions
can be easily tuned and controlled by adequately choosing the
nature, charge density and ionic strength of ions and
counterions.>>*® In the present paper, we aim at reviewing the
latest developments in this field by focusing on ionic polymeric
materials, including recent advances in the application of iono-
mers, polyelectrolytes and ionic hydrogels. The review also pro-
vides more in-depth discussions on the mechanistic pathways
of dissociative interactions as described above and highlights
ionic interaction dynamics. Finally, the review will focus on the
recent outcomes concerning structure-property relationships
and characteristics of the different categories of ionic polymeric
systems and their applications.

2. Mechanistics of dissociative networks

In contrast to associative interactions, the dissociative pathway
refers to an interchange mechanism in which the bonds break
apart first and subsequently form new bonds at another posi-
tion, after a certain time lag. The latter endows the materials
with easy reprocessability at relatively low temperature, together
with improved recyclability. Interestingly, the diversity of acces-
sible dissociative interactions and their potential combinations
offer a broader range of properties than most of the associative-
like materials. Usual strategies used to investigate the dynamics
of dissociative systems (and associative networks) are based on
rheology, creep and stress-relaxation measurements.

Several studies based on simulation of the mechanical
response of ionic materials permitted a more-in-depth
mechanistic understanding of the dissociative interactions
within polymeric materials.>’*® Such investigations aimed at
developing theoretical models to predict stress during
loading-unloading cycles based on a fit with experimental
data. While mechanistic theories are mainly built to model
ionic interactions, most of them are adaptable to other types
of dissociative networks. Note, though, that most of these
investigations have been performed on dual network (DN)
hydrogels. Recall that DN hydrogels are built of a permanent

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Summary of first mechanistic models for DN hydrogels built on
jonic interactions.38~4°

covalently crosslinked network and another physically cross-
linked network (commonly ionic network) (Fig. 3). Hyper-elas-
ticity (ca. elastic response to very large strains, with a nonlinear
stress—strain relationship), and a high level of energy dissipa-
tion are thereby achieved. However, classic viscoelastic models
are hardly appropriate to describe DN hydrogel behavior. A
model was first introduced by Wang et al. to describe DN
hydrogel behavior and gradual damage.*® The partial fracture
of the transient network is herein believed to be the main
cause of the high toughness of ionic DN hydrogels. However,
for modelling purposes, authors considered the physically
crosslinked network as being non-reversible after rupture
(Fig. 3). Such a model was able to follow damage evolution
and pseudo-elasticity of the material, showing two separate
steps, namely (1) softening due to the fracture of the transient
network and (2) extension of the stretching limit induced by
the permanent network. Following this work, Hui, Long et al.
introduced the idea that weak bonds could break and reattach
in order to explain hysteresis and plasticity during loading-
unloading cycles (Fig. 3).*° By taking into account the reattach-
ment of ionic crosslinks after breaking and stress-dissipation,
this model was able to justify toughening and rate-dependent
behaviors as well as self-healing ability. Such a model of DN
hydrogels was the first one giving access to the dissipation
energy due to transient network rupture and being extendable
to multi-network gels. Later, Mayumi et al. succeeded in
deconvoluting strain and strain-rate (i.e. time) effects over a
wide range of elongation ratios (1) and strain rates
during tensile testing.>” A master curve of reduced stress func-
tion (f* = o/(1 — 4*), where ¢ is the nominal stress) was further
obtained and it proved that f* is only time-dependent before
strain hardening. In this way, stress could be decomposed into
a strain-dependent component, related to rubber elasticity,
and another time-dependent component, related to the failure
of transient crosslinks. Therefore, nominal stress function
could be redefined with f*(¢) seen as a time-dependent elastic
modulus during uniaxial stretching, though, this model
suffered from some limitations assigned to the relaxation time
of physical crosslinks. Authors thereby showed that DN hydro-
gels are brittle above a strain rate threshold (ca. 0.3 s~ in the
present study) because of insufficient time to reversibly break
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and restore the bonds. Besides, separating strain and time
components out of stress function is not valid for a strain stiff-
ening regime because of the finite extensibility of polymer
chains. Long et al. further developed a new model for under-
standing the dynamics of DN hydrogels.*® Their model first
disproved equations as-developed by Mayumi et al. as the
nominal stress of the material reaches 0 kPa for a value of 1 > 1
during loading-unloading tests, showing the existence of non-
dissipated strain, while Mayumi’s model predicted ¢ = 0 for A =
1 (Fig. 4). This difference added to the discontinuity of the
stress curve between loading and unloading proved that the
reduced stress function f* must be further dependent on the
strain history. Adapting their model, Long et al. developed a
deeper theory based on the same assumption: transient cross-
links can reattach after breaking and relaxation.*® This time,
the kinetics of chain attachment and detachment as well as
the strain history component for stress function are taken into
account. In comparison with Hui and Long’s model, this new
model considers that reattached chains could break again,
though, the breaking kinetics becomes time dependent and
insensitive to deformation. By considering that original and
reattached chains had different kinetics (i.e. reattached chains
break faster than original ones), the model now permits us to
perfectly fit loading-unloading experimental data (Fig. 4) as
well as tensile and stress-relaxation testing. Even if high strain
fitting is still a limitation due to the strain hardening effect,
Long’s model is versatile and can be applied to any other com-
bination of non-covalent and covalent bonding. The latter
model has inspired others, being used as a framework for
novel models which are ultimately adapted to specific tests or
materials.*’ Among them, Drozdov et al upgraded Long’s
model by modelling viscoelasticity, together with a viscoplastic
behavior of DN gels."” As far as the viscoplastic response is
concerned, two mechanisms were defined based on the slip-
page of chains of the covalent network. The first one is non-
dissipative and proportional to the strain rate, while the

Bl

Nominal stress o (kPa) X

13 1 11 12 13 1 13

Stretch ratio: &

1 1.1 1.2

(4 | 12
Stretch ratio: & Stretch ratio: 2

o

Nominal stress o (kPa)

1.3 1 11 1.2 13 1 14 1.2 13
Stretch ratio: A Stretch ratio: A

1 11 12
Stretch ratio: 4

Fig. 4 Long et al. model fitting (dashed lines) with loading—unloading
cycles (solid lines). Two loading rates are presented: 0.3 s™* (A—C) and
0.01 s7* (D—F). Unloading rate varies from 0.1 s™* (A and D) to 0.001 s™*
(C and F). Reprinted with permission from ref. 38. Copyright 2014,
American Chemical Society.
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second one is a dissipative mechanism that depends on the
chain interactions. Further models have been developed in
order to study the stress softening phenomenon under quasi-
static cyclic loading, also called the Mullins effect.*® This
effect may be due to a variety of micro-mechanisms, e.g. chain
rupture or desorption. Mao et al. built a complex model simu-
lating a viscoelastic response at a large deformation of poly-
acrylamide-based hydrogels that are ionically crosslinked with
alginate.** The experiments revealed a Mullins effect under
loading-unloading experiments, as well as a rate sensitivity
during loading. Even if model prediction fits well experimental
data on a broad range of deformation, fracture behavior
cannot be modelled here. Another model was thereby devel-
oped by Kiilcu et al. to provide a deep understanding of the
micro-mechanisms responsible for the stress softening and
self-healing behavior of similar polyacrylamide/alginate hydro-
gels.”” Herein, strain softening is defined as a consequence of
energy dissipation due to transient crosslink rupture and
polymer chain orientation. The same model characterized self-
healing based on a combination of 2 factors: heating energy
and re-bonding kinetics. As far as self-healing is concerned,
Yu et al. presented a mechanistic model to provide a funda-
mental understanding of the interfacial mechanism of self-
healable materials based on diffusion-reaction theory.*® The
following theory was able to predict the mechanical behavior
and the healing efficiency over time of neat and healed
materials based on modelling of chain-length distribution and
force-dependent kinetics of dynamic bonds. Despite good
agreement with data obtained for several non-covalent revers-
ible networks (ca. ionic bonding, hydrogen bonding, and
olefin metathesis), the present theory suffers from a few limit-
ations. A more realistic distribution of the chain length (ca.
polymer chains of different lengths) and the use of a finite
element simulation should allow better fitting and analysis of
more complex geometries than uniaxial bars. It is worth
noting that previous models used elastic (or hyper- or visco-
elastic) models, like neo-Hookean or Gent models, to describe
chain mechanics, which prevents characterization of complex
molecular mechanisms (ca. self-healing) by directly linking
macroscopic mechanical properties and polymer chain
physics. In contrast, a statistical approach of the polymer
chain distribution has been used to precisely define dynamic
exchanges within the material in Vernerey’s theory, dedicated
to the description of complex mechanical responses under
inelastic or large chain deformation of reversible polymer
networks.””*® This method considers every possible distri-
bution (e.g. length, orientation, etc.) of polymer chains without
any limitation related to elastic models. By using thermo-
dynamic principles and a distribution tensor, the authors
managed to correlate the macroscopic response of the material
with the global physical conformation of polymer chains.
Extrapolation of Vernerey’s theory confirmed the efficiency of
the present approach to bind the microscopic network con-
figuration and motions to macroscopic properties. Still, only a
few theories exist to describe the mechanistic response of
dynamic polymeric networks.*® While most of them used ionic

5918 | Polym. Chem., 2020, 11, 5914-5936

View Article Online

Polymer Chemistry

DN hydrogels as reference materials to build their models,
others used conventional polymer networks with transient
crosslinks similar to Vernerey’s theory.’® Among these scarce
works, Grindy et al. combined experimental data and model-
ling on dynamic hydrogels made of a simple physical network
to identify energy dissipation modes depending on the metal-
ligand interactions between a 4-arm poly(ethylene glycol) and
different metals."” Using the basic parallel association of
Maxwell elements to fit the relaxation spectrum, the authors
managed to speed up relaxation times by modifying Cu>*/Ni**
or Zn>*/Ni*" ratios to a higher quantity of nickel cations. Such
models describing the mechanistic behavior of dynamic poly-
mers allow a better understanding of dissipation energy
mechanisms together with their rheological properties at the
macroscopic scale.’"** It is worth mentioning that all efforts
made to model the mechanical behavior of DN hydrogels or
ionic polymers are indicative of highly appealing properties,
going from full shape-memory behavior to high energy dissipa-
tion compared to conventional thermoplastics or gels. As
such, the following section will focus on the key parameters
that govern the dynamics of ionic polymeric materials, and
therefore their stimuli-responsive properties.

3. Toward the mechanisms of ionic
dissociation

As is commonly known, ionic interactions appear between cat-
ionic and anionic species and their corresponding counter-
ions. Two types of ionic interactions can be observed: either
intrinsic interactions, corresponding to a pair of cationic and
anionic polymeric functions, or extrinsic interactions, corres-
ponding to an association of polymeric ionic motifs with their
oppositely charged counterions. While the ionic polymeric
chains (either anionic or cationic) act as rigid rods in the
absence of oppositely charged ions due to electrostatic repul-
sion, adding salt forms extrinsic ionic interactions and allows
polymer chains to collapse due to a charge screening mecha-
nism.”® Further increasing the counterion valence or the coun-
terion size results in stronger ionic interactions (i.e. decrease
of relaxation time due to fast exchanges).”* The opposite be-
havior is observed for polymers containing both positive and
negative charges (e.g. polyampholytes and polyzwitterions) due
to their intrinsic ionic interactions, commonly known as the
anti-polyelectrolyte effect.”> When both intrinsic and extrinsic
ionic interactions occur within a material, four different
diffusion processes could be identified: (1) free-ion diffusion,
corresponding to extrinsic exchanges, (2) site diffusion, which
refers to a switch between intrinsic and extrinsic interactions,
(3) self-exchange, where an ionic function replaces another
one of the same polymer chain in an intrinsic interaction, and
(4) polymer diffusion, relative to macromolecular motions
(Fig. 5).°® Dynamic properties of ionic materials rely on these
diffusion processes and differ depending on the values of the
diffusion coefficient, which shows dependence on parameters
such as temperature, ionic strength, polymer concentration,

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Intrinsic and extrinsic diffusion processes within ionic polymer
materials ranked according to their diffusion coefficients. Reprinted with
permission from ref. 56. Copyright 2017, American Chemical Society.

and nature of ions and counterions. As an example, the
addition of salt can lead to faster exchanges as a higher
diffusion coefficient and thus a lower energy barrier are
reached (Fig. 6).>” It is established that when charged mole-
cules interact together, the strength of ionic interactions is
directly related to their respective pK,.>® Commonly used ionic
motifs with respect to their pK, are thereby listed in Fig. 7. The
latter explains e.g the weaker electrostatic interactions
between an amine and a carboxylic acid against the same
amine and a sulfonic acid. While weak ionic interactions have
an extremely short lifetime due to their high reversibility,
strong ionic interactions are expected to be more stable
because of their high activation energy level. The energy acti-
vation herein describes how strongly two ionic motifs interact
together. The required energy to break ionic interactions fully

-~

A P ~F25 kT

N /

/

B \ ~9KT

Fig. 6 Rearrangement of ionic interactions (A) in the absence of salt
(intrinsic exchange), and (B) in the presence of salt counterions (extrinsic
exchanges). Reprinted with permission from ref. 57. Copyright 2019,
American Chemical Society.
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controls the dynamics of ionic networks (i.e. exchange rate and
bond lifetime). A broad range of energy activation can be
achieved for ionic exchanges depending on many parameters
such as ionic strength, counterions, or even the intermolecular
distance between ionic motifs.>® Thus, the lifetime of ionic
bonds in aqueous solution can spread from milliseconds to
tens of years.®® This control of the strength of ionic inter-
actions and the associated energy activation represents one of
the key parameters for the development of a broad range of
ionic polymeric materials. Besides, it offers a good compro-
mise between the weakness of hydrogen bonding and strong
covalent bonds. Based on their energy activation, electrostatic
interactions are thereby associated with specific applications
where fast recombination or stable interactions are needed.
In other words, a combination of ionic interactions of various
strengths is often used to design tough materials since revers-
ible interactions will break at different stress levels. Note that
the strength of ionic interactions might be measured by calcu-
lating relaxation times or energy activation.®*

The distribution of ionic functions along the polymer
chains is another key parameter to tailor the dynamic
exchanges. Lytle et al. and Rumyantsev et al. herein high-
lighted that a perfect random distribution of cations along a
polyelectrolyte sequence reduces the strength of coacervates,
while multi-block sequences improve the association of
electrostatic interactions and create denser, more salt-resistant
coacervates.>®® In opposition to highly ionically functiona-
lized polymers (i.e. polyelectrolytes), polymers with a lower
amount of ionic functions (i.e. ionomers) show more ability to
collapse due to less electrostatic repulsion forces.®* Since less
repulsive interactions are present within an ionomer, multiple
ionic functions can interact with counterions at the same
location, leading to the formation of ionic clusters. Note that
charge delocalization stabilizes ionic clusters, thus locally
strengthening electrostatic forces within these nanodomains.®
Like polyelectrolytes, the architecture of ionomers strongly
affects the morphology and therefore ionic interaction
strength.®® Tonic cluster structures (discrete or percolated) and
shapes (globular, spherical, or disk) can be tuned depending

Polym. Chem., 2020, 1, 5914-5936 | 5919
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on parameters such as the polymer architecture (linear,
grafted or star-shaped polymers), distribution of ionic moieties
(random, periodic, or telechelic) and ionic functions.®®"®® For
instance, it has been theoretically and experimentally proven
that the largest and strongest clusters are obtained for the tele-
chelic architecture, while ionic clusters are smaller for iono-
mers with periodic distribution of ionic moieties compared to
ionomers with random distribution.®® It is therein obvious
that the structures and compositions of ionic systems will have
a strong impact on the underlying dynamic mechanisms, thus
controlling the overall performance of ionic polymeric
materials. While ionomers are characterized by their ionic
aggregates (clusters) and polyelectrolytes by ion-pairing, few
studies focused on the transition between ionomer and poly-
electrolyte-like behaviors.”” By adapting the amount of ionic
moieties on a copolymer, Enokida et al. proved that a gradual
transition occurred with the coexistence of both ion clusters
and a continuous ionic phase.”’ They also observed that sig-
nificantly increasing the size of counterions allowed ion
cluster dissociation due to screened ionic interactions.”* Other
studies reported that ion aggregation could be enhanced by
crosslinking or reducing backbone polarity, whereas plasticiza-
tion led to ion dissociation.”®”* With the large variety of ionic
motifs and their controlled distribution along polymer chains,
a broad range of ionic interaction energies can be achieved.
Note that due to the interaction strength and their rapidity to
rebond, some materials containing strong ionic interactions
can show a behavior close to Arrhenius law under a stress-
relaxation experiment (i.e. vitrimer-like behavior). However, to
the best of our knowledge, up to now, no ionic polymeric
systems have shown a purely associative-like (vitrimer-like) be-
havior. Indeed, associative systems are today only represented
by covalent adaptive networks (CANs) in which the bonds
break and reform simultaneously (leading to a constant cross-
link density).*” Nevertheless, the development of ionic poly-
meric materials built on strong ionic interactions might be a
possible pathway to design new vitrimer-like materials or to
take advantage of associative/dissociative double interaction
systems.

4. Classification of ionic polymeric
materials

Ionic polymeric materials can be subdivided in three classes
namely ionomers, polyelectrolytes and ionic hydrogels.
Ionomers and polyelectrolytes are defined as charged polymers
in which repeated ionic units are present respectively at low
(from 1 to 15 mol%) and high concentrations (higher than 10
to 15 mol%). On the other hand, ionic hydrogels present phys-
ically (and chemically) crosslinked networks (made of iono-
mers or polyelectrolytes) that are able to hold a large amount
of water by swelling. The following section will present these
three classes of ionic polymeric materials and the role of
reversible bonds will be revealed through specific physico-
mechanical properties.
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4.1. Ionomers

Ionomers are defined as polymers where a fraction of repeated
units contains an ionic functionality, usually in the range of 1
to 15 mol%. Eisenberg et al. proposed a more precise defi-
nition based on the overall properties of the material, defining
ionomers as “polymers in which the bulk properties are gov-
erned by ionic interactions in discrete regions of the
material”.”®> Herein, “discrete regions” referred to small aggre-
gates formed by the association of numerous, tightly packed
ionic groups, also called ionic clusters (Fig. 8). The effect of
ionic bonding on the polymer structure was first evidenced by
Rees, Vaughan et al using commercial poly(ethylene-co-
methacrylic acid)-based thermoplastic as-developed by
Dupont™ under the name Surlyn®.”® Surlyn® has been widely
studied and has shown interesting mechanical and thermal-
responsive properties. Driven by not only the crystallization
process and thermal transitions, but also by the presence of
ionic clusters within the materials, Surlyn® exhibits multiple
shape-memory effects, and reversibly responds to temperature,
i.e. expanding under cooling and shrinking under heating
leading to the so-called “two-way reversible actuation”.'>””
Besides, the self-healing ability of neat Surlyn® during ballistic
penetration was investigated by Varley et al.”® Herein, Surlyn®
presents better self-healing and more elastomeric properties
above its melting temperature (7},,) due to the high mobility of
ions within these ionic clusters.”® Besides, better healing pro-
perties are obtained above the T;,, by neutralizing the ionomer
to a large extent with sodium cations (formation of ionic inter-
actions and ionic clusters).*® While common thermoplastics
flow above their Ty, it is worth mentioning that ionomers pre-
serve good mechanical stability due to the presence of ionic
clusters. Post et al. thereby designed healable Surlyn®/magne-
tite nanoparticle blends.*’ Herein, the resulting nano-
composite heals when a magnetic field is applied on the
material, inducing a local temperature change at the vicinity of
damaged areas. Note also that increasing the local mobility of
clustered ions (e.g. under heating or via plasticization) leads to
better self-healing properties because of a faster reforming
mechanism of ionic clusters.?” It is worth mentioning that the
overall properties of ionomers are driven by the size and size
distribution of clusters, which are influenced by ionic density
and the nature of counterions. Free-ions and ionic clusters are
constantly in equilibrium. By adding or changing counterions
(Na*, Zn®", etc), macroscopic modifications of ionomer pro-
perties are observed due to a displacement of free-ion/ionic

A -
{524 ] !Q
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Fig. 8 Schematic representation of the hierarchical formation of the
ionomer morphology. From left to right: ion pairs, multiplets, ionic clus-
ters, and network. Reproduced from ref. 64 with permission from the
Royal Society of Chemistry, copyright 2014.
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cluster equilibrium.* For instance, neutralizing Surlyn® using
sodium or potassium cations affects not only its crystallization
and rheological properties but also its mechanical character-
istics. As such, Qiao, Weiss et al. focused on the rheological be-
havior of sulfonate polystyrene, showing that the addition of
metallic cations shifts the equilibrium in favor of clustered
ion-pairs, which in turn increases the rigidity and melt vis-
cosity.®* Besides, Bose et al. correlated healing performances
of poly(butyl acrylate) ionomers with the amount and type of
metallic cations (Na*, Co®>", and Zn*") and observed faster
reversible interactions of higher valence metal ions or
increased ionic content.®*® In particular, they confirmed that
the kinetics of cluster formation, as-controlled by the ionic
content, was the limiting parameter to the healing kinetics
compared to network relaxation. Note that, while clusters are
commonly located in the amorphous phase, high concen-
tration of clusters locally increases the stiffness and forms vitr-
eous ion-rich regions (Fig. 9).%° Due to the presence of ionic
clusters avoiding chain rearrangement, ionomers usually have
low crystallinity (<15%) and a low crystallization rate.®**”
Apart from Surlyn®, other commercially available ionomers
have been developed such as Nafion®, a poly(tetrafluoroethyl-
ene) (PTFE)-based ionomer bearing sulfonate-ended pendant
chains mainly used as a proton conductor for proton exchange
membranes. Interestingly, Nafion® possesses multiple shape
memory properties within a large range of temperatures.®®
Kohlmeyer et al reported independently activated shape
memory effects upon different stimuli (i.e. thermal and infra-
red and chemical stimuli) for Nafion®/carbon nanotube nano-
composites.®® Besides, acrylic acid, methacrylic acid, and phos-
phonium groups likely represent the most common partners
to design negatively charged ionomers. As such, Middleton
et al. investigated the effect of lithium neutralization of poly
(ethylene-co-acrylic acid) under stretching.’® Herein, high ionic
content, i.e. favoring interactions within ionic clusters, led to
improved Young’s modulus and yield stress. A similar effect
was highlighted for phosphonate-functionalized poly(ethylene
terephthalate) ionomers.”" As far as cationic ionomers are con-
cerned, imidazolium and quaternary ammonium-functiona-
lized polymers are among the most representative ionic
functions.”>®* Interestingly, Odent et al. designed multi-
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Fig. 9 Schematic morphological solid-state evolution of sodium neu-
tralized poly(ethylene-ran-methacrylic acid) (E/MAA-Na*) ionomers
under thermal annealing. Reprinted with permission from ref. 86.
Copyright 1995, American Chemical Society.
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responsive nanocomposites based on imidazolium-functiona-
lized PUs and well-defined sulfonate surface-modified silica
nanoparticles.'»* Unlike previous ionomers, unique and
unconventional strain-rate dependent behavior (ie. simul-
taneous increase of Young’s modulus, yield strength and
strain at break with increasing strain rates) is observed. This
new design also exhibited remarkable shape memory and self-
healing characteristics.

4.2. Polyelectrolytes

In contrast to ionomers, polyelectrolytes are charged polymers
whose repeated ionic units are present at high concentration,
usually higher than 10 to 15 mol%. Again, Eisenberg et al.
further defined polyelectrolytes as “polymers in which solution
properties (i.e. viscosity) in solvents of high dielectric con-
stants are governed by electrostatic interactions over distance
larger than typical molecular dimension”.”® Note that polyelec-
trolytes are commonly classified as weak or strong depending
on their ability to fully dissociate in solution. That is, mixing
oppositely charged polyelectrolytes in aqueous solution forms
polyelectrolyte complexes (PECs). Several types of complex for-
mations can be observed such as macroscopic PECs, soluble
complexes or micelles. As previously exposed, three major
diffusion processes take place within PECs: (1) free-ion
diffusion, (2) polymer reptation, and (3) local rearrangement
of ionic repeated units, also called ionic site diffusion. The
latter is responsible for PEC dynamics and is strongly influ-
enced by temperature and ionic strength.”® Remember that
PEC properties are ruled out by intrinsic (between oppositely
charged polyelectrolytes) and extrinsic (counterion/polyelectro-
Iyte electrostatic interactions) exchanges. By investigating the
linear viscoelastic response for a series of PECs made from
different pairs of poly[3-(methacryloylamino)propyltrimethyl-
ammonium chloride] and poly(sodium methacrylate), Yang
et al. demonstrated a faster ion-pair exchange rate between
polyelectrolytes in the presence of salt.”” It is well-known that
charge density and ionic strength (i.e. salt concentration) influ-
ence the relaxation process (i.e. reversible formation/rupture)
of PECS, which is a 2 step-process decomposed into (1) for-
mation of an initial complex, and (2) rearrangement toward an
equilibrium state.’® The first step is driven by diffusion of ions
with the release of counterions, while the second step is driven
by an increase in configurational entropy. This second step is
much slower since polyelectrolytes rearrange through exchange
reactions toward an equilibrium state.”” Usually, a fast relax-
ation process leads to liquid-like complexes, so-called complex
coacervates. Note that weak polyelectrolytes tend to form these
types of complexes, while strong polyelectrolytes (with slower
relaxation due to stronger ionic interactions) tend to become
solid PECs. Concerning weak polyelectrolytes, it is established
that the dissociation (and association) process is influenced by
the oppositely charged polyelectrolyte. Indeed, Rathee et al.
highlighted that the local charge of a weak polyelectrolyte
increased when in contact with the other oppositely charged
polyelectrolyte, explaining the stabilization of complex coacer-
vates due to local strong ionic interactions.”® Nevertheless,
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mechanisms related to the formation of PECs made of weak
polyelectrolytes are still not clearly elucidated.’® In addition to
salt-dependence, the polymer architecture affects the relax-
ation process and the final form of the PECs. For instance,
multi-block sequences instead of random distribution of
cations along a polyelectrolyte sequence strengthen electro-
static  interactions and create more  salt-resistant
coacervates.®>® Besides, polyelectrolytes are highly ionic (or
ionizable) polymers, so variation of acidity of the solution
easily affects the interactions within PECs and leads to impor-
tant modifications of the overall properties. Interestingly, chit-
osan/alginate self-assemblies can form either a fiber structure
or colloidal nanoparticles in acidic or low basic solutions,
respectively.’® pH and thermo-responsiveness are also
revealed for poly(N-isopropylacrylamide)/alginate-chitosan
core-shell particles, also characterized by their excellent inter-
face strength due to alginate-chitosan ionic interactions.'*!
Interestingly, the higher the number of ionic groups along
polyelectrolyte chains, the better the chain mobility and the
faster the ionic exchanges. Song et al. thereby took advantage
of electrostatic interactions between polyethyleneimine and
polyacrylic acid to design a self-healable multilayered coating
as-prepared by layer-by-layer deposition.'”” 1t is worth men-
tioning that the strong electrostatic interactions in the system
permitted the reduction of the free-volume within the coating,
leading to strong oxygen barrier properties.

Poly(ionic liquid)s (PILs) are a subclass of polyelectrolytes
where the repetitive units are made of ionic liquids. High
thermal and electrochemical stability, negligible vapor
pressure, and high ionic conductivity are among the interest-
ing properties of PILs. Based on the broad variety of available
ionic liquids, a large range of chemical structures and architec-
tures are accessible for designing PILs. Among these investi-
gations, Erwin et al. compared viscoelastic and dielectric pro-
perties of linear and star-shaped imidazolium-based PILs,
showing similar ionic conductivity but morphologies and
rheological properties that can be tuned since linear PILs
show lower melt viscosity and improved dynamics of ionic
interactions.'” Zhang et al. designed PIL-based nanoparticles
from 1-vinyl-1,2,4-triazolium-type ionic liquids with a controlla-
ble shape and highly ordered internal morphologies.'®* Herein,
the shape of the nanoparticles turned from <“gasp-like” to
“onion-like” upon the increase of the alkyl chain length on the
triazolium moieties (i.e. by increasing the hydrophobicity). A
porous membrane made of poly(imidazolium) ionically interact-
ing with poly(acrylic acid) was designed by Wu et al, and it
showed recyclability using high ionic strength solutions.'®®
Others developed thermo- and pH-responsive membranes
based on PILs made of acrylic acid, N-isopropylacrylamide, acry-
lonitrile and butyl-imidazolium repetitive units (Fig. 10)."°° The
resulting membrane is either transparent under heating or alka-
line conditions, or twisted at a high pH value, depending on the
predominance of hydrogen bonding or electrostatic inter-
actions. Indeed, hydrogen bonding is dominant at room temp-
erature while increasing the temperature or pH value intensifies
ionic interactions within the PIL.
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Fig. 10 Reaction scheme for the preparation of PIL-based membranes
via in situ photo-crosslinking and their mechanism of thermo- and pH-
responsive behaviors. Reproduced from ref. 106 with permission from
the Royal Society of Chemistry, copyright 2016.

Polyampholytes (or amphoteric polyelectrolytes) are another
subclass of polyelectrolytes, i.e. polymers with both anionic
and cationic charges. In opposition to polyanions and polyca-
tions, polyampholytes are able to interact with themselves
through intra-ionic interactions.”®'%” For instance, Peng et al.
designed high-molecular-weight polyampholytes with high
self-healing characteristics using butyl acrylate, acrylic acid
and dimethylaminoethyl methacrylate as monomers.'%®
Herein, a trade-off among toughness, stiffness and self-healing
efficiency was reached thanks to the progressive rupture of
ionic clusters and thus a high level of energy dissipation. Also,
in opposition to purely cationic or anionic polyelectrolytes,
polyampholytes show an “anti-polyelectrolyte effect”, which
has been described as an increase of the viscosity of a polyelec-
trolyte solution by the addition of a low-molecular weight salt
(Fig. 11)."% Indeed, the rupture of intra-chain ionic inter-
actions by the addition of salt results in an expansion of the
polymer chains by disintegrating the ionic network."'® Among
polyampholytes, polyzwitterions (PZw) are characterized by an
overall electrical charge of zero as they contain the same
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Fig. 11 Schematic representation of polyelectrolyte and antipolyelec-
trolyte effects. Cationic and anionic moieties are represented in red and
blue, respectively, while salt ions are depicted as green and yellow
squares.
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Polyelectrolytes Polyelectrolyte Complexes

Polyampholytes Polyzwitterions

Fig. 12 Schematic representation of polyelectrolytes, polyelectrolyte
complexes (association of oppositely charged polyelectrolytes), polyam-
pholytes (polyelectrolytes bearing both cationic and anionic charges)
and polyzwitterions (polyampholytes with the same amount of cationic
and anionic functions on a repetitive unit).

number of cationic and anionic functions on a repetitive unit
(Fig. 12). Gao et al. thereby compared the swelling properties
of polyampholytes and polyzwitterions with different charge
stoichiometric ratios but identical ionic moieties.""" Higher
swelling ratios are observed for balanced polyampholytes due
to weaker inter-chain interactions compared to PZw. Indeed,
PZw possesses stronger inter-chain ionic interactions based on
the proximity of oppositely charged functions on PZw repeti-
tive units. Moreover, Sun et al. designed ionogels made of poly-
zwitterion-based hydrogels bearing imidazolium and sulfonate
moieties and swollen with an imidazolium-based ionic
liquid.""*> Combining PZw and ILs within a single material
allows maximization of electrostatic interactions (PZw-PZw
and PZw-IL ionic interactions). Thereby, ion-based physical
crosslinks endow the material with similar mechanical pro-
perties to covalently crosslinked gels. As the ionic liquids
embedded within the ionogels act as a plasticizer, the final
material is softer, though, able to self-heal and recover up to
80% of its original strength.

4.3. Ionic hydrogels

Ionic hydrogels are physically crosslinked hydrogels bearing
ionic motifs (made of ionomers or polyelectrolytes) that are
able to hold a large amount of water by swelling. In opposition
to covalently crosslinked hydrogels, ionic hydrogels show self-
healing properties and high toughness. Taking advantage of
reversible sacrificial bonds, ionic hydrogels can also overcome
limitations related to softness and brittleness. For instance,
Yuan et al. designed hydrogels that consist of a mixture of two
polycations, ie. (poly(diallyldimethylammonium chloride)
(PDDA) and poly(ethyleneimine) (PEI)), and two polyanions,
i.e. (poly(sodium 4-styrenesulfonate) (PSS) and poly(acrylic
acid) (PAA)) (Fig. 13).'"® Combining several ionic polymers
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Fig. 13 lonic polymers used by Yuan et al. to design tough hydrogels.
Adapted with permission from ref. 113. Copyright 2019, American
Chemical Society.

with different acid dissociation constants (pK,) introduces
electrostatic interactions of various strengths. The overall per-
formance of the resulting hydrogels is driven by the (1) weak
electrostatic interactions of all components, (2) strong ionic
interactions between PDDA and PSS, resulting in nanodomain
formation, and (3) hydrogen bonding between PEI and PAA.
Combining such interactions within a single hydrogel endows
the material with excellent self-healing and mechanical pro-
perties as well as recyclability after immersion in water. Many
studies have reported the coupling of dissociative interactions
(e.g. ionic bonding, hydrogen bonding, and metal-ligand
coordination) or even associative and dissociative
interactions."*™"'” Recently, Su et al. combined hydrogen
bonding and ionic interactions within a poly(2-acrylamido-2-
methyl-1-propanesulfonic acid)-based superabsorbent
material."*®* While hydrogen bonding conferred high swellabil-
ity and ductility, electrostatic interactions improved toughness
and stiffness and endowed the material with self-healing
ability. Note that another possibility to tune the ionic inter-
action strength is to vary the pH of the aqueous solution in
which the hydrogel is swollen. It is worth mentioning that the
overall properties of ionic hydrogels are strongly dependent on
their swelling ability and on the pH of their environment. For
instance, Afzal et al. studied the impact of pH on the rheologi-
cal properties of chitosan/alginate hydrogels."'® At pH values
comprised between the pK,s of polymers (4 < pH < 6), full
ionization of amine and carboxylic acid occurs and leads to
highest viscosities and moduli, while pH > 6 leads to increased
brittleness. Moreover, it is possible to tune the softness and
brittleness of these ionic hydrogels by changing alginate and
chitosan concentrations. In parallel to hydrogels made of
blends of oppositely charged polyelectrolytes, other ionic
hydrogels are composed of polyampholytes. Such polyampho-
Iytes made of randomly distributed ionic moieties (as charac-
terized by a wide range of ionic bond energies) surely rep-
resents a simple approach to design hydrogels with tunable
mechanical properties.'*® Strong ionic interactions act as per-
manent crosslinks and maintain the macroscopic structure of
the hydrogel, whereas weak interactions are reversible and
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confer toughness as well as fatigue resistance and self-healing
ability (Fig. 14). Cui et al herein proposed a method to
improve the mechanical properties of ionic hydrogels by
imposing pre-stretch and dialysis steps before tensile
testing."" Thereby, polymer chains get oriented and aligned,
resulting in stronger ionic interactions. This reinforcing effect
is thought to arise from the higher strength of ionic inter-
actions due to the greater proximity of ionic groups and
polymer chain alignment. Note that this increase of stiffness
also slightly reduces the dynamic behavior of the hydrogel
since strong ionic interactions need more energy to break and
reform. Besides, Fan et al. designed another polyampholyte-
type hydrogel that combined multiple ionic, hydrophobic and
metal-ligand coordination interactions to endow the resulting
material with dual-responsive shape-memory properties.'*?
Addition of metallic cations represents an easy way to tune
hydrogel stiffness by favoring the coordination of acrylic acid
on the metal, and thus lowering the amount of ionic inter-
actions between acrylic acid and 2-(N,N-dimethylamino)ethyl
methacrylate groups. Ionic hydrogels are further emerging
through in situ polymerization of an electrolyte in a solution
already containing an oppositely charged polyelectrolyte. For
instance, ionic hydrogels designed by Wang et al. are based on
in situ polymerized p-styrenesulfonate within poly[3-(methacry-
loylamino)propyl-trimethylammonium chloride] in saline (i.e.
NaCl) solution." The high mobility of sodium p-styrenesulfo-
nate monomers in solution allows stronger ionic interactions
after polymerization due to an improved proximity of oppo-
sitely charged polyelectrolytes. Yuan et al. used the same syn-
thesis method to prepare PAA/cationic chitosan blends with
high conductivity and self-healing characteristics."* Semi-
interpenetrating networks (semi-IPN) can be further designed
through the same procedure to obtain even stiffer hydrogels.
Banerjee et al. thereby designed semi-IPN with self-healing
and shape memory behaviors as well as electrical actuation
depending on the hydrogen-to-ionic bonding ratio within the
materials."> Such emerging properties of ionic polymeric
materials dominated by non-covalent ionic interactions will be
discussed in the following section.
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5. Key properties of ionic polymeric
materials

Key properties of ionic polymeric materials correspond to
stimuli-responsive properties driven or affected by the pres-
ence of ionic interactions, such as shape-memory, self-healing,
energy dissipation or ionic conductivity.

5.1. Shape-memory

Shape-Memory Polymers (SMPs) are an emerging class of poly-
mers with applications spanning from medical devices and
implants, self-deployable structures, fabrics, -electronics,
sensors to selective membranes."””*'” SMPs can actively
recover from a metastable state (i.e. temporary shape) to their
original shape (i.e. permanent shape) when subjected to an
external stimulus such as temperature,'*® humidity,"*® micro-
wave,'?® electric or magnetic fields."*' Herein, a shape-
memory cycle includes three steps, namely (1) programming,
i.e. applying a mechanical force to deform the material from
its original shape to its temporary shape; (2) fixation, ie.
locking the temporary shape under a “frozen stage” after
removing an applied stress, and possibly acting on the
environment if necessary (e.g. cooling the material down); (3)
recovery, ie. partial or full restoration of the original shape
upon application of an external stimulus. For each cycle, the
strain fixity rate (R¢) quantifies the ability to fix a mechanical
deformation resulting in a temporary shape while the strain
recovery rate (R,) quantifies the ability to restore the mechani-
cal deformation of the permanent shape. Among possible
stimuli, thermal treatment probably represents the easiest way
to trigger shape-memory properties. Building on ionic motifs,
ionic polymeric materials have the ability to endow the
materials with thermally induced shape-memory character-
istics.’*? Indeed, the reversible behavior of ionic interactions
permits the breaking of the physical network upon heating
(i.e. during programming and recovery steps) and its re-for-
mation at lower temperature (i.e. fixation step). For instance,
Wang et al. combined covalent and non-covalent crosslinks to
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Fig. 15 (a) Photographs demonstrating the shape-memory behavior of an ionic rubber and (b) schematic evolution of non-covalent bonds during
shape-memory cycles. Reproduced from ref. 115 with permission from the Royal Society of Chemistry, copyright 2015.

design multifunctional rubber materials with excellent shape-
memory properties as characterized by both R and R, above
95% (Fig. 15).""> The shape-memory behavior was achieved
using reversible ionic crosslinks between carboxylic acid and
amine groups to fix the temporary shape and covalent cross-
links to recover its permanent shape. A shape memory mecha-
nism was then proposed: the dynamic ionic bonds break upon
heating so that the material can be deformed. When the
deformed material is cooled down, the ionic bonds reform,
thus locking the temporary shape. Reheating will break again
the reversible association in the temporary shaped sample, so
that the stored strain is released and the sample returns to the
permanent shape driven by the recovery stress arising from the
covalently cross-linked network. Taking advantage of both
electrostatic and hydrogen interactions, and soft/hard segment
dissociation, ionic PU also present interesting thermally acti-
vated shape-memory behavior. Indeed, distinction of soft and
hard segments on PU chains improves shape memory, while
ionic clusters within hard segments act as fixing agents."**'*
Interestingly, Peng et al. confirmed the role of ionic cluster
size and energy level in thermally triggered shape memory by
designing polymethacrylate-based polyelectrolytes bearing car-
boxylic acid and amine groups (Fig. 16)."°® Note that the size
of ionic clusters is proportionally related to their strength
since increasing the amount of ionic interactions allows a
better charge delocalization, and thus more stable inter-
actions. Such a system enables multi-shape memory functions
as the strongest ionic interactions (i.e. largest ionic clusters)
act during the stationary phase to prevent chain relaxation and
memorize the permanent shape, whereas the weakest ionic
interactions (i.e. small ionic clusters and free ions) form tem-
porary networks and store strain energy after shape fixing.
Ionic hybrids with attractive thermally induced shape-memory
properties have been further developed by Odent et al'?
Therein, synthesizing ionic hybrids made of blends of cationic
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Fig. 16 (a) Schematic evolution of a non-covalent network under
stretching, (b) electrostatic interactions and the chain backbone, and (c)
AFM phase diagram of ionic polymethacrylate. Reproduced from ref.
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2018.

imidazolium-terminated oligomers and anionic sulfonate
functionalized silica nanoparticles within commercial polylac-
tide led to Ry and R, up to 100 and 79%, respectively. In this
work, electrostatic interactions between polymeric and particle
partners endowed the creation of a transient network that gov-
erned the significant shape memory behavior observed.
Importantly, the overall morphology and the specific location
of silica nanoparticles were consistent with optimized ionic
interactions between the sulfonate and imidazolium groups.
Water-induced (or moisture-induced) shape memory materials
have recently gained interest based on the mild conditions to
trigger shape recovery. Compared to thermally activated shape-
memory materials, moisture sensitive shape-memory opens a
new door for future biomedical applications such as body
implants, or controlled drug release. This water-induced shape-
memory behavior relies on the penetration of water molecules
within amorphous areas, thus leading to a significant change of
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mobility due to the plasticizing effect. Working on zwitterionic
PU, Zhuo et al. managed to reconfigure the permanent shape
during a shape-fixation sequence by applying water treatment on
the thermally deformed shape.'®® By exposing the material to
water, cationic and anionic moieties dissociate and both soft and
hard PU segments are rearranged. The authors also showed that
the recovery speed was proportionally related to relative humidity.
Finally, the shape-memory behavior of these zwitterionic poly-
urethanes could be both thermally and water activated under
human body conditions.*® Li et al. also reported a water-trig-
gered shape-memory behavior for a zwitterionic polymer."*”
Again, moisture absorption led to breaking of ionic interactions
and a plasticizing effect, which allows an improved strain release
and recovery to the permanent shape.

Like water-triggered shape memory properties, pH responsive-
ness can offer many biomedical applications."*® pH-Responsive
shape memory has recently been observed for polyampholytes
made of sodium p-styrenesulfonate, methacrylic acid and 3-
(methacryloylamino)propyltrimethylammonium chloride.'*
Shape memory mechanism is herein triggered by immersion in
NaOH solution after fixation into HCl solution (Fig. 17). The
shape memory can be repeated many times thanks to spon-
taneous twisting after new exposition to HCL Swelling kinetics
and residual stress are responsible for this last phenomenon,
while bonding and rupture of carboxylate-ammonium inter-
actions govern the shape memory mechanism.

Among all its appealing applications, shape-memory pro-
perties can be applied to improve or activate a self-healing
mechanism. This so-called shape-memory assisted self-healing
(SMASH) has been mentioned a few times in the
literature."**'*! During a SMASH process, the activation of the
shape-memory effect can bring the cracked surfaces back
together (zipping), thus making molecular diffusion possible
for self-healing.'*> SMASH can be a pathway to heal large frac-
ture (especially for coatings) by a zipping/rebonding two-step
process. To the best of our knowledge, no ion-based materials
have currently shown SMASH properties. However, we expect
that the combination of self-healing and shape-memory pro-
perties exhibited by numerous ionic polymer materials could
lead to the development of SMASH behavior.

5.2. Self-healing

Depending on the application, polymeric materials can be sub-
jected to several constraints, environmental conditions, ageing

Original - Temporary
shape If shape

Fig. 17 Example of pH responsive shape-memory by Zhang et al. From
left to right: (a) as-prepared; (b) original shape after treatment in 0.1 M
NaOH; (c) fixed temporary shape in 0.1 M HCl; and (d) recovered shape
in 0.1 M NaOH. Reprinted with permission from ref. 139. Copyright
2018, John Wiley & Sons, Inc.

5926 | Polym. Chem., 2020, 11, 5914-5936

View Article Online

Polymer Chemistry

factors, etc. that may compromise materials and structural
integrity with various consequences from being harmful to
users to causing economical loss. Self-healing materials which
have the ability to repair themselves and recover functionality
after damage are therefore highly appealing. Herein, dynamic
ionic interactions surely represent an effective way to endow the
resulting ionic polymeric materials with self-healing character-
istics. In other terms, self-healing properties can be conferred by
weak ionic interactions due to their relatively short bond-
exchange time and fast reforming process. For instance, Das
et al. developed imidazolium functionalized rubber with self-
healing ability at room temperature.'*> While self-healing at
room temperature is rare for non-dynamic materials, addition of
ionic dynamic interactions allows overcoming this limitation. By
increasing temperature, though, the elevated chain mobility
increases, thus improving healing efficiency. Similar tempera-
ture-dependence on self-healing materials was observed on poly-
ampholyte hydrogels by Thsan et al. (Fig. 18)."** Herein, a higher
ionic bond fraction and lower covalent crosslinking is seen as a
means to enhance self-healing efficiency. Other authors referred
to room-temperature self-healable zwitterion-based hydrogels
based on sulfonate-amine or carboxylate-amine
interactions."*>'*® Besides, hydrogels with time-independent
healing efficiency have been presented by Bai et al.'*® In such a
system, the time lapse (up to 24 h) between cutting and putting
back together the two parts of the material does not influence
healing efficiency. The latter time-independent healing efficiency
is attributed to the absence of the local reconfiguration of the
surface due to stable hydration.

Although polymeric self-healing (nano)composites have
great potential, the healing performance is still limited
because the segmental motion is slowed down by the presence
of (nano)particles. An alternative to confer self-healing to
(nano)composites was found in the function of particle surface
modification chemistry to achieve enhanced polymer-particle
interactions. Following such a strategy, Zheng et al. grafted
poly(2-dimethylaminoethyl methacrylate) on silica nano-
particles and dispersed them into poly(acrylic acid), achieving
a healing efficiency of ca. 100% after 12 h at room temperature
compared to 50% without functionalization of silica.'*’
Likewise, Odent et al. designed sulfonate modified silica nano-
particles and dispersed them into imidazolium-functionalized
poly(ethylene glycol)-based PU to endow the material with self-
healing ability upon heating for ca. 5 h at 50 °C.°* Ionic poly-
meric systems also allow water (or other solvent)-induced self-
healing."** It is worth mentioning that moisture can act as a
local plasticizer at the cut surfaces, increasing local mobility
and liberating free ionic groups to heal local damage."*” For
instance, Wen et al. designed zwitterionic PU bearing pyridi-
nium and sulfonate moieties."*® Within such systems, a high
zwitterion amount led to higher self-healing performance
(from ca. 45 to 100% by doubling the sulfonate function
amount) due to higher charge density on the damaged surface.
The chain mobility of ionomers and polyelectrolytes is not
only temperature-dependent but is also affected by the salt
concentration and type. Spruijt et al. and Ali et al. found that
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Fig. 18 Self-healing mechanism for ionic polymer systems. Reprinted with permission from ref. 144. Copyright 2016, American Chemical Society.

some polyelectrolyte complexes not only obey the time-temp-
erature superposition (TTS) principle, but also time-salt super-
position (TSS) (meaning that equivalent mechanical properties
can be obtained by shifting frequencies for different salt con-
centrations), and time-ionic strength superposition (TISS).
This opens a pathway to easily tune chain mobility based on
the salt concentration and types.'**™' For instance,
Zacharia’s group highlighted that the self-healing properties of
a poly(ethylene imine)/poly(acrylic acid) complex could be
modified by exposing the material to different salts."”*'*?
While NaCl treatment screens charges resulting in an improve-
ment of chain mobility and self-healing ability, the use of tran-
sition metal ion containing salts such as CuCl, forms new
crosslinks (ionic interactions and coordination bonds) which
worsen self-healing. Likewise, Li et al. presented self-healing
zwitterionic-based polymethacrylate and reported the influ-
ence of salt on healing efficiency."*” Adding NaCl salt
increased the ionic exchange rate, which in turn led to higher
strain at break after self-healing treatment due to destabiliza-
tion of the polyion complex, also called an antipolyelectrolyte
effect. This effect may not be an improvement of steady-state
healing but rather a faster healing process due to an increased
exchange probability with the polymer and salts. Finally, Yang
et al. presented an ionically modified aerogel (i.e. extremely
low density material made of open-nanoporous 3D networks)
that is able to heal when cut surfaces are spread by water, thus
promoting a surface rearrangement due to ionic interaction
dissociation, increasing contact area and ionic exchange prob-
ability.">® The final material not only healed but was also
reinforced due to higher local ionic crosslink density after re-
association of electrostatic interactions.

5.3. Energy dissipation

The constant rearrangement of ionic interactions gives oppor-
tunity to materials to dissipate energy under mechanical

This journal is © The Royal Society of Chemistry 2020

testing or thermal treatment. Such a dissipative process allows
potential applications in e.g. the automotive industry as com-
ponents of bumpers, or as ballistic protections.”®***> Under
stretching, ionic polymeric chains usually align along the
stretching direction, concentrating mechanical energy. The
rupture of ionic bonds thereby allows polymeric chains to dis-
sipate mechanical energy and relax before reattaching with
other oppositely charged sites. The latter is well illustrated in
the literature with the example of ionic hydrogels.®"'>>'°
Besides, the broad range of accessible energy levels available
in the case of ionic interactions offers many design opportu-
nities for these ionic polymers as energy dissipation systems.
That is, ionic bonds break and reform so that the materials are
endowed with a high level of dissipated energy, as well as high
toughness and fatigue resistance thanks to the fast and con-
stant reversible exchanges. Among others, Xu et al. evidenced
the key role of physical and/or chemical crosslinks in energy
dissipation mechanisms within dual network hydrogels using
latex particles as physical crosslinks.'”” During the loading-
unloading process, the resulting dual network hydrogels
dissipated a higher level of energy than a separated purely
chemical and physical hydrogel combination. Physical inter-
actions (ie. ionic and hydrogen bonds) are herein envisioned
to break at a low strain level, dissipating the major part of the
energy, while chemical crosslinks (i.e. covalent bonds) tend to
break due to finite elongation capacity. Comi et al. also quanti-
fied the tensile energy dissipation during the loading-unload-
ing cycle of polyurethanes bearing tertiary amines and car-
boxylic acids.® Herein, short chain acids and equimolar
amine/acid ratios enable a higher level of energy dissipation.
Besides, the energy dissipation exponentially increases with
the imposed strain on loading-unloading process. It is worth
mentioning that the ability to dissipate energy is directly
linked to the density of ionic moieties in the polymeric system.
This phenomenon can be highlighted through the strain-rate
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dependency of mechanical characteristics. Such a strain-
dependence was further observed by Odent et al. using ionic
nanocomposites that leverage the electrostatic interactions
between imidazolium-functionalized PUs and sulfonate
surface-modified silica nanoparticles®” as well as by Deschanel
et al. using either an ethylene methacrylic acid copolymer or
ethylene methacrylic butyl acrylate copolymer.’>® As such,
Young’s modulus, yield strength and, very uncommonly,
elongation at break increase simultaneously with the strain
rate. Authors assumed that the strain-rate behavior is the
result of the ionic nature of the system with the relaxation rate
of these dynamic crosslinks probably in the range of applied
strain rates. Potaufeux et al. further designed ultra-tough PLA-
based ionic nanocomposites and presented a detailed
mechanistic study aiming at elucidating the energy-dissipative
toughening (up to 25-fold increase compared to neat PLA)
under quasi-static and high speed loadings (Fig. 19).">> The
high toughness is especially due to the morphology, maximiz-
ing electrostatic interactions between the sulfonate and imida-
zolium groups on the silica and PU chains, respectively.

5.4. Ionic conductivity

Tonic conductivity is a fundamental property that involves the
motion of free ions within the material. As such, counterion
migration in ionic polymeric materials endows the materials
with high ionic conductivity depending on the nature and size
of the involved counterions. First sighting of ionically conduc-
tive polymeric systems appeared on incorporating various salts

-H_ im-PU
Nano SiO,

Fig. 19 Design of ultra-tough PLA-based ionic nhanocomposites, based
on polymer/particle ionic interactions with impact of a modifier-like
morphology. Adapted from ref. 155. Copyright 2020 with permission
from Elsevier.
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into swollen hydrogels.>>"*® Recall that water acted as a plasti-
cizer, improving free-ion motion and chain mobility, to confer
conductive behavior. Ionic composite hydrogels that leverage
electrostatic interactions between sulfonate surface-modified
silica nanoparticles and ammonium-containing hydrogels
revealed an ionic conductivity of 2.9 S m™" for a low voltage of
50 mV (ionic conductivity improved 1000 times compared to
that of the reference polyacrylamide), which is related to the
presence of their mobile counterions, Na' and Cl~, respect-
%% Note that, it is commonly admitted that ionic conduc-
tivity above 0.1 S m™" is necessary for the development of
advanced applications such as batteries."®" In addition, owing
to the high ionic conductivity, the resulting ionic composite
hydrogels can be rapidly 3D-printed at high resolution using
commercial stereolithography technology, providing opportu-
nities for a variety of practical applications such as actuators,
compliant conductors and sensors for e.g. soft robotics
(Fig. 20). Similarly, Liu et al. designed a 3D printed double-
network hydrogel combining crosslinked k-carrageenan ioni-
cally interacting with covalently crosslinked polyacrylamide of
high conductivity and excellent electrical restoration after
healing (>99%)."®* In order to improve conductivity and avoid
any undesired swelling due to water absorption, aqueous solu-
tions are progressively replaced with ionic liquids. For
instance, Shen et al. synthesized a crosslinked poly(ionic
liquid) with an imidazolium backbone and bis(trifluoro-
methane sulfonimide) counterions.'®® An electro-responsive
actuator was further designed by implementing this as-syn-
thesized poly(ionic liquid) between two carbon nanotube
sheets. The resulting actuator bent on applying a voltage as a
result of charge accumulation on one of the carbon nanotube
sheets due to ion transport. They further showed that the ionic
conductivity decreased with the crosslink density and the
hydrophobicity of the poly(ionic liquid), resulting in a reduced
performance of the actuator. Sensors have been further
designed by using the high conductivity of ionic polymeric
materials (Fig. 21). For instance, Liao et al. developed an imi-
dazolium-based poly(ionic liquid) with acetate as free
anions.'® Herein, thermo-dependent conductivity (15%
increase of conductivity by heating of only 1 °C) was observed
in the same way as conductivity increasing with temperature
for ionic liquids. Taking advantage of this property, authors

ively.
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Fig. 20 (a) Chemistry of ionic composite hydrogels via photo-polymerization; (b) fast bottom-up fabrication of high-resolution features from the chem-
istry above using stereolithography; and (c) 3D printed Eiffel Tower. Adapted with permission from ref. 160. Copyright 2017, John Wiley & Sons, Inc.
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Fig. 21 lonic polymer as part of a device for designing ionic skin. (a) A
strain sensor is fabricated by sandwiching a layer of a stretchable dielec-
tric between two layers of a stretchable ionic conductor (salt-containing
hydrogel), which are then connected to two metallic electrodes. (b) The
strain sensor is attached to a straight finger. (c) The bending of the
finger stretched the strain sensor. (d) The capacitance is measured as
the finger bent repeatedly. (e) The strain sensor was fully transparent.
The scale bars in (b), (c) and (e) are 2 cm. Reprinted with permission
from ref. 180. Copyright 2014, John Wiley & Sons, Inc.

designed an electronic sensor based on the thermal sensing
performance which could be used to monitor body tempera-
ture. Similarly, Darabi et al. designed multicomponent hydro-
gels with tunable conductivity depending on the compression
strength by combining ionic interactions and metal-ligand
coordination.'® Although the design is highly conductive in
the presence of ferric ions, ionic components aimed to avoid
ferric aggregates and improved free-ion motion. By introducing
this metallic hydrogel between two poly(dimethylsiloxane)
membranes, a wireless motion sensor was produced.

6. Applications of ionic polymeric
materials

The broad range of properties and stimuli-responsiveness of
ionic polymeric materials offers many applications in different
fields, including soft robotics (e.g. such as sensors, actuators
or membranes),'®'°®'%” biomedical applications,'®® water
treatment,'® or energy storage.'’® Recently, the rise of soft
robotics has led to the design of biomimetic actuators and arti-
ficial muscles.'®'*>'%® In general, actuators are devices that
can convert an external stimulus to mechanical motion.
Taking advantage of the multiple shape-memory behaviors of
ionomers, many actuators were designed using ionic polymeric
materials. For instance, Shen et al. created a Nafion®-based
actuator which is able to bend, twist or oscillate under electri-
cal and thermal stimuli.'”"'”*> While Nafion® is often used as
an electrolyte, the nature of electrodes can vary in order to
improve interface efficiency and ion mobility. Thus, Ru et al.
developed an electroactive actuator made of two nanoporous
carbon nanotube sheets and a mixture of Nafion® and imida-
zolium-based ionic liquid as the electrolyte.'”® Other authors
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referred to poly(3,4 ethylenedioxythiophene)-poly(styrenesulfo-
nate) (PEDOT-PSS)"’* or nanodispersed platinum salt'” to
enhance the ionic conductivity at the interface between the
electrodes and electrolyte. Khan et al. chose poly(1,4-pheny-
lene ether-ether sulfone) (containing no fluorine unlike
Nafion®) to design ionic polymer-metal composite actuators,
showing large and fast deformation in response to electrical
stimuli for artificial muscle applications."”®'”” With sulfonate-
functionalized chitosan, Jeon et al developed a biobased
actuator by optimizing ionic interactions among chitosan, the
ionic liquid and graphene oxide (Fig. 22)."”® Despite the rise of
ionic polymeric materials as actuators, the latter is often
found suffering from limitations such as fatigue resistance,
water retention and strong adhesion with other components
(like hydrophobic elastomers) which can deteriorate actuator
efficiency with time."®® In the field of soft-robotics, sensors
also represent one of the main applications of ionic polymeric
materials. Among sensors, so-called ionic skin referred to
devices able to detect environmental stimuli (e.g. heat,
pressure, and moisture) while protecting skin or other
tissues.'”? For instance, Darabi et al. combined highly conduc-
tive polypyrrole with a tough DN-hydrogel in order to design a
pressure-sensitive device for human motion detection.'®
Likewise, Liu et al. built a strain sensor based on a DN-hydro-
gel, showing excellent conductive stability and electrical restor-
ation performance (>99%)."®* Covalently crosslinked polyacryl-
amide hydrogels are often associated with salts (NaCl and
LiCl) to develop highly ionic conductive pressure-sensitive
ionic touch panels.'®”'®! Since ionic skin is often designed
with ionic hydrogels (or hydrogels containing free-ions), these
devices suffer from poor environmental stability. Therefore,
one of the future challenges is to overcome unstable hydration,
swelling, and possible ion leakage in an aqueous environ-
ment."® Poly(ionic liquid)s also represent interesting candi-
dates for designing other sensing devices as they are highly
conductive while becoming even more conductive upon an
increase of temperature.'® The ability of ionic polymeric
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Fig. 22 Biobased membrane with enhanced ionic interactions for the
design of artificial muscles. Reprinted with permission from ref. 178.
Copyright 2013, John Wiley & Sons, Inc.
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materials to sense or transmit a signal not only refers to their
ionic conductivity, but can also take advantage of pH, solvent
or other responsiveness.'®>'®* For instance, a carbon disulfide
sensor (accuracy of a few ppm) was designed by Saha et al
using a leucine-based polyampholyte showing red lumine-
scence in the presence of CS,.'® Sun et al. developed an ultra-
sensitive weak-acid detector (with an acetic acid concentration
up to 107° mol L") based on a porous structure made of an
imidazolium-based PIL.'®*® For specific biomarker detection,
Chou et al. designed a PZw hydrogel that could be functiona-
lized with antibodies for potential diagnostic applications.'®”
It is worth mentioning that ionic hydrogels are well-used in
biomedical applications as they show biocompatibility, low
cytotoxicity and antimicrobial properties. One of the most
promising pathways for application of ionic polymeric
materials in the biomedical fields regroups drug,"'®'%%'%
gene,*®'!  nucleic acid'®® and protein'®®
Incorporating a zwitterionic sequence within polypeptides,
adding phosphonium groups into PEG-based hydrogels,"®> or
functionalizing chitosan-PEG nanoparticles'®® are among
recent strategies to design drug delivery systems. Besides, poly-
ethyleneimines and phosphonium-based ionomers depict
non-viral vectors to target tumors or cancers as they show high
cellular uptake efficiency and easy assembly with small inter-
fering RNA through electrostatic interactions."®”"*° For tissue
engineering, tough hydrogels made of polyacrylamide, algi-
nate, chitosan, and ionic polymethacrylates were recently
investigated for such applications."*°* Indeed, combining chit-
osan and sodium alginate further allows the design of biocom-
patible and biodegradable ionic hydrogels used for biomedical
applications such as cell growth,**" cartilage reconstruction®’>
or wound dressing.”®® Since one of the keys to design tissue
engineering scaffolds is to minimize cytotoxicity and maximize
cell adhesion so that tissues could adhere and be regenerated,
polyampholyte hydrogels can also represent excellent candi-
dates for tissue engineering.'®®*°* Besides, a layer-by-layer
method was often used to precisely design biomedical
scaffolds from polyampholytes and ionic hydrogels for poten-
tial applications as cell culture devices, and also as nano-
carriers and biosensors.”*> %’ Future challenges for many
ionic polymer materials in the biomedical fields will be deeper

investigation of responsive properties in an in vivo
168,204

delivery.

194

environment.

The development of ionic polymeric materials also led to
numerous water-treatment applications by designing mem-
branes, leveraging electrostatic interactions to remove heavy
metals, nanoparticles or even amino acids.”’’®*?'* Layer-by-
layer assembly of oppositely charged polyelectrolytes probably
represents a simple method to design membranes with
efficient selectivity against heavy metal cations, large tunability
and pH-responsiveness.>'**'> Many authors further reported
the grafting of zwitterionic species as an efficient pathway to
enhance water flux and antifouling performances, showing
great filtration efficiency with regard to proteins.'®**'® Another
method to create selective membranes relies on the assembly
of particles that are fully or partially made of
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polyelectrolytes.”’”*'® pH and ionic strength responsiveness of
polyelectrolytes enables precise control of particles and pore
size of such membranes, and thus excellent size-selective fil-
tration. To solve water pollution issues, biocatalytic mem-
branes were further developed by immobilizing enzymes like
trypsin or laccase on polyelectrolyte membranes to show high
efficiency against micropollutants (e.g. bisphenol A), inorganic
salts and proteins.>'>?*?° Note that, the well-known antifouling
properties of some ionic polymeric materials give them a clear
advantage to be designed as commercial membranes.
However, the current challenge for the use of ionic polymeric
materials as membranes is to achieve nanofiltration efficiency
and selectivity.

Polyelectrolyte membranes are not only used for biomedical
and environmental applications but can also be applied to
electrochemical devices such as batteries, and fuel or solar
cells.?®"?*> Concerning fuel cell applications, proton exchange
membranes require high proton conductivity, low methanol
permeability and high chemical and thermal stability under
operating conditions. Note that the simple exchange of coun-
terions and ionic moieties for polyelectrolytes allows maximiz-
ing of fuel cell performances.*** Nafion® was among the first
ionic polymers used as proton exchange membranes, though,
limited to operating temperatures below 80 °C due to some
losses related to water evaporation.?”! Note that, the common
use of water is still one of the major limitations to the use of
ionic hydrogels as energy-storage devices. Besides, improve-
ment of electrochemical and mechanical properties would also
help develop new batteries and capacitors from ionic poly-
meric materials.”*® In order to improve proton conductivity,
addition of nanofillers such as montmorillonite, or silica
nanoparticles to ionic polymers has been proposed to enlarge
applications for batteries and fuel cell applications.**®**”
Besides, poly(ionic liquid)s are also excellent candidates for
such applications.”*®**° Poly(ionic liquid)s are recognized as
good binders (i.e. materials ensuring good interface among
the electrolyte, fuel and conductor) for fuel cells and lithium
ion batteries."”® Moreover, either highly conductive polyelec-
trolytes or poly(ionic liquid)s were utilized to immobilize elec-
trolytes and improve lithium ion battery performances.>>>**°
Finally, polyelectrolytes have recently found new application in
the development of microbial fuel cells (i.e. fuel cells where
fuel is replaced with microorganisms).>*'>** In addition to as-
described applications, ionic polymeric materials can also be
designed for textile,***** packaging,*****” dentistry,>****°
explosive,**® CO, conversion,**'*** and 3D printing®**
applications.

7. Conclusion and outlooks

Ionic interactions can undergo breaking and reformation in
response to any immediate environmental change. Various
ionic polymeric materials have been recently developed over
the last few decades including: (1) ionomers, containing 1 to
15 mol% of ionic functions, (2) polyelectrolytes, containing
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more than 10 to 15 mol% of ionic functions, and (3) ionic
hydrogels, corresponding to physically crosslinked hydrogels
bearing ionic motifs able to hold a large amount of water by
swelling. The review first provides a deep understanding of the
mechanistic pathways of electrostatic interactions within such
ionic polymeric materials. The nature of ions and counterions,
the related ionic strength and the addition of salts are among
the key parameters controlling the overall performance of
ionic systems. Herein, mechanistic models based of ionic
hydrogels offer the possibility to fundamentally understand
key parameters relative to reversible breaking and formation of
ionic bonding. Besides, the structure-property relationships
and characteristics of ionic polymeric materials are presented
with respect to the underlying dynamic mechanisms, control-
ling the general performance of ionic polymeric materials.
While the overall properties of ionomers appear to be mainly
governed by the presence of ionic clusters due to their low ionic
content, polyelectrolytes appeared to be more sensitive to the
presence and the nature of salts (polyelectrolyte or anti-polyelec-
trolyte effects) when ionic hydrogels are highly dependent on
the nature and density of their physical crosslinks. Finally, the
present review further approached the stimuli-responsiveness of
ionic polymeric materials, including shape-memory, self-
healing, or energy dissipation. That is, ionic polymeric materials
can be triggered by a wide range of stimuli including heat,
water, pH and mechanical activation. All in all, ionic motifs
provide opportunities for designing “smart” polymeric devices
for various applications, including but not limited to, new
actuators or sensors for soft robotics, biomedical implants or
scaffolds for drug delivery or tissue engineering and mem-
branes for environmental or energy applications. No doubt that
in the foreseeable future, ionic polymeric materials will gain
more and more importance in research fields, leading to devel-
opment of new innovative applications.
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