Published on 02 juli 2024. Downloaded on 22.10.2025 19:40:11.

7 ROYAL SOCIETY

Journal of OF CHEMISTRY

Materials Chemistry C -

REVl EW View Article Online

View Journal | View Issue

W) Cheok for updates Dry ionic conductive elastomers based on
polymeric deep eutectic solvents

Cite this: J. Mater. Chem. C, . .

2024, 12, 11265 for bioelectronics

Matias L. Picchio, {2 *® Antonio Dominguez-Alfaro,© Roque J. Minari, (2°

) ae

Josué D. Mota-Morales (2 ¢ and David Mecerreyes

Polymerizable deep eutectic solvents (PDESs), also known as deep eutectic monomers, have emerged
as a versatile material platform for fabricating dry ionic conductive elastomers (ICEs). ICE materials
present numerous opportunities for wearable sensors, bioelectrodes, and biomedical device integration.
Recent advances have been pursued to expand the current PDES library, incorporating innovative
building blocks with multifunctional properties and allowing new families of ionic polymers known as
polyDES. In this review, we delve into the central features of PDES, highlighting its macromolecular
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Scheme 1 Schematic illustration summarizing different applications for
ionic conductive elastomers as wearable sensors and bioelectrodes in
bioelectronics.

biological tissues and electronic systems is challenging due to
the inherent mismatch in mechanical properties (soft vs. rigid)
and electrical communication (ionic vs. electronic signals).’
Recent advances in materials design have allowed the develop-
ment of flexible and stretchable conductors to bridge this gap,
enabling compliant electrode coupling to biological systems."°
Therefore, soft materials have played a pivotal role in the past
decade, broadening the scope of bioelectronics and showing
great promise for revolutionizing healthcare.™

Polymeric hydrogels are perhaps the most popular soft con-
ductors intensively used in bioelectronics, which can be engi-
neered at the molecular level to exhibit precise control over their
mechanical, ionic, electrical, and biochemical features.'***
Furthermore, their water-rich nature and biocompatibility
minimize adverse reactions when interfaced with biological
systems.”>'® Conductive polymers,"”'® such as poly(3,4-ethyl-
enedioxythiophene) (PEDOT)," polyaniline (PANI),>® polypyrrole
(PPy),”" and polythiophene,** or inorganic conductive additives,*
including carbon nanotubes (CNTs), graphene, metal nanowires,
liquid metal droplets,> and 2D transition metal carbides/nitrides
(MXenes)*® are commonly incorporated into the hydrogel matrix
to construct flexible electronics. Although they have several ben-
efits, hydrogels fail in long-term recording in bioelectronic appli-
cations as they dehydrate when exposed to the open air.>**
Besides, water freezing at sub-zero temperatures in hydrogels
limits their operation range.?®

In the last few years, ionogels made of ionic liquids with very
low vapor pressure have been proposed to overcome these draw-
backs of hydrogels, and they have been investigated in several
applications, including devices for electrophysiology,”*° artificial
skin,*'"** sensors,**** and organic transistors.***” Several review
articles addressing ionogels for bioelectronics have been recently
published for interested readers.**™*°

As the bioelectronic field is continuously seeking innovative
soft conducting materials, the emergence of deep eutectic
solvents (DESs) as novel green electrolytes has recently moved
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the focus from ionogels to eutectogels and dry elastomers
based on polymerizable deep eutectic solvents (PDESs).*'™**
In particular, PDESs are attracting significant attention due to
their environmentally friendly nature and the tunable proper-
ties of the resultant ionic polymers that can eventually solve the
leakage of liquid components that is a problem of ionogels and
eutectogels. Most of these eutectic polymers feature good ionic
conductivity, high elasticity, and potential biosafety as they are
prepared from non-toxic precursors, perfectly matching the
main bioelectronics demands.

In this review, we primarily analyze the most relevant
advances in dry ionic conductive elastomers (ICEs) for bioelec-
tronics synthesized from PDESs. First, we will introduce the
concept of DESs and discuss the main points of this topic. Next,
we will focus on the emerging types of PDES prepared from
multifunctional building blocks, providing them with innova-
tive properties, and will go into the main features of the
resulting ionic polymers. Finally, we will highlight the emer-
ging trends and future perspectives of this exciting realm.

2. Deep eutectic solvents (DESs): a
thermodynamic point of view

The discovery of eutectic systems dates back to the 19th century
when F. Guthrie described the ‘“Eutexia” phenomenon in
mixtures of two or more components showing a minimum
liquefaction temperature at a particular composition (eutectic
point).** Nowadays, it is known that all mixtures of pure
compounds that are entirely or partly immiscible in the solid
phase and miscible in the liquid phase present a eutectic
point.*® However, in 2003, Abbot et al. reported an abnormally
large melting point depression in the mixture dubbed “reline”
(melting point, Ty,, & 12 °C), a combination of choline chloride
(ChCl, T, ~ 302 °C) and urea (U, Ty,, &~ 133 °C) at a 1:2 mol
fraction.*® This landmark study coined the term DES and
postulated the hydrogen bonding between the mixture compo-
nents, typically called a hydrogen bond donor (HBD) and
hydrogen bond acceptor (HBA), as the root cause of their
unexpected liquid behavior.

To date, there has been no firm consensus on the differ-
ences between traditional eutectic solvents and DES, and an
established working definition for these neoteric systems is
missing in the scientific community. Substantial progress has
been made by Couthino et al.,, who defined DES from the
thermodynamic point of view as eutectic solvents whose com-
ponents present enthalpic-driven negative deviations from
ideality (see Fig. 1)," as this behavior is observed in the
archetypical reline, which shows asymmetrical deviations in
the urea liquidus curve. In general terms and for a binary
mixture of components A and B, negative deviations occur
when the interactions between them are stronger than the
interactions with themselves in the pure state (A-B > A-A, B-
B). Therefore, marked negative deviations from thermodynamic
ideality could create low-temperature melting mixtures, provid-
ing unusual liquid environments for new chemistries.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic illustration of solid-liquid equilibrium phase diagrams
for mixtures of components A and B showing thermodynamic ideal
behavior (dashed black line) or negative (dashed red line) or asymmetric
(dashed blue line) deviations from thermodynamic ideality. Melting point
depressions due to ideal liquid-phase behavior is an example of a eutectic
solvent, while depression due to a negative non-ideality in the liquid phase
is the case of a deep eutectic solvent. Adapted from ref. 47.

Despite these efforts, an important question remains: how
significant should the magnitude of the negative deviations be
for the eutectic mixture to be regarded as a DES? Many recent
studies overlooked this point, and others labeled eutectic
mixtures as DES even without knowing their solid-liquid
equilibrium phase behavior. In this matter, van den Bruinhorst
and Costa Gomes have recently proposed an empirical descrip-
tor (D.) that can assist the classification of DESs, quantifying
the eutectic depth.*® This is an important first step, although a
strict definition of DES based on D, still requires setting an
arbitrary threshold value. In our opinion, we should go back to
the origins and call all the mixtures (deep or not) just eutectic
solvents, as the relevant point is that they can be in a liquid
state at a desired working temperature beyond their thermo-
dynamic behavior. This ultimately enables tailored solvation
environments and novel chemical reactions when they serve as
solvents.

Another controversial point in the literature is whether
mixtures that show a glass transition temperature (Ty) in a
broad composition range instead of a melting point can be
defined as a DES, as is the case of several systems labeled PDES,
as we will discuss later. Some authors have used the term low-
transition-temperature mixtures (LTTMs) to define them,*’ and
they may be treated outside of the DES family, although we will
not make this distinction in this review.

3. Polymerizable deep eutectic
solvents (PDESs): types and properties

PDESs are DESs that contain a polymerizable functional group,
typically a (meth)acrylic moiety, and can be used as monomers.

This journal is © The Royal Society of Chemistry 2024
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Liquid PDES monomers usually undergo a free-radical poly-
merization process while taking part in a DES, being applied to
design new ionic polymers named polyDESs.>>*! In these
systems, the eutectic solvent plays a dual role as the reaction
media and the reactant. At this point, it is noteworthy to
mention that the reactive component of a PDES is consumed
upon polymerization, leaving behind the inert component
embedded in the polymer product and losing its liquid state.
This is not a minor issue to be considered, as some recent work
has wrongly labeled polyDES as a ‘“gel” and vice versa, as we will
discuss later, making it more challenging to undertake a
profound revision of the field. Traditional PDESs rely on
mixtures of neutral HBD monomers such as itaconic acid
(IA), maleic acid (MA), acrylic acid (AA), methacrylic acid
(MAA), hydroxyethyl methacrylate (HEMA), and acrylamide
(AAm), among others, with HBA ammonium salts.>>™> After
polymerization, the resulting ionic polymers exhibit a homo-
geneous composition despite the absence of any solvent during
the process. Mota-Morales et al. pioneered this PDES class,
reporting the thermal frontal polymerization of AA/ChCl and
similar PDESs.>®*” More recent advances by Li et al have
unveiled the impact of hydrogen bonding interaction energy
on the polymerization kinetics of these systems, exploring an
array of quaternary ammonium salt homologs and AA.*®

On the other hand, the second class of PDES consists of
polymerizable ammonium salts and appropriate HBDs, like
organic acids and amine compounds. Isik et al. first introduced
the free-radical polymerization of PDES based on cholinium
bromide methacrylate and renewable chemicals such as citric
acid, malonic acid, and maleic acid, among others.*® These
eutectic monomers were liquid at room temperature and, like
many others, showed an apparent T, and no melting point.
More recently, Mori et al. reported the preparation of a PDES by
combining urea with commercial quaternary ammonium
monomers, including methacroylcholine chloride, diallyldi-
methyl ammonium chloride, and 2-(acryloyloxy)ethyl trimethyl
ammonium chloride.*®

These PDES examples benefit from tuneable viscosity and
relatively low vapor pressure, allowing polymerizations at una-
vailable conditions for traditional organic solvents or water,
besides offering a greener alternative for being all-in-one sys-
tems (solventless or bulk conditions). Scheme 2 summarizes
the chemical structures of typical HBDs and HBAs used for
PDES preparation and illustrates the synthesis of polyDES by
photopolymerization, resulting in ICEs for flexible electronics.

Regrettably, most PDESs show limited functional features
beyond their intrinsic ionic conductivity, and recent scientific
efforts have been devoted to seeking innovative active compo-
nents for multifunctional material design. General routes to
improve the PDES properties include the addition of monomers
for chemical cross-linking or H-bonding forming molecules for
physical cross-linking.

For instance, de Lacalle et al. recently proposed polyphenols
as building blocks of PDES (Fig. 2(A)).®" These emerging
materials can be tuned from adhesive to elastomers thanks to
the chemical versatility of the natural phenolic molecules.

J. Mater. Chem. C, 2024, 12, 11265-11284 | 11267
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Besides, the resulting polymers display bioactive properties
stemming from the polyphenols, such as antimicrobial activity,
and have an extraordinary ability for metal-ligand coordina-
tion. In the same line, Zhou et al prepared antibacterial
polyDES from a ternary PDES based on natural tannic acid
(TA), ChCl, and HEMA.®* In another exciting study, Thickett
et al. proposed thermoresponsive polymer gels from PDES
based on N-isopropylacrylamide and ChCl or acetylcholine
chloride (AcChCl).** These materials featured a reduced swel-
ling capacity and increased mechanical strength compared to
those prepared by aqueous polymerization because of the
significant increase in cross-linking density. Hoa et al. have
recently reported the first luminescent polyDES prepared from
a PDES based on AAm and SbCl;, which was utilized as a
fluorescent anti-counterfeit ink, successfully used in fluores-
cence encryption (Fig. 2(B)).**

Altogether, the possibility of tailor-made composition of
PDES from the vast library of HBD and HBA allows the fabrica-
tion of polyDES with a broad range of properties, from adhe-
sives to dry elastomers. These traits and their intrinsic ionic
nature have driven a new era of soft ionic materials that have
found multiple applications in the bioelectronic field. The
following section presents and discusses a detailed description
of these systems as wearable electronic devices published over
the last few years.

1268 | J Mater. Chem. C, 2024,12, 11265-11284

4. Dry ionic elastomer polyDESs in
bioelectronics
4.1 polyDES elastomers from traditional PDESs

Soft ionic materials immobilizing an ionically conducting
liquid phase, including hydrogels, ionogels, and eutectogels,
suffer from critical limitations, such as freezing at extreme
temperatures and leakage when subjected to mechanical
stress.®®> Although the emergence of ionogels and eutectogels
has alleviated some drawbacks, several challenges require new
materials designs. The arrival of dry ionic conductive elasto-
mers (ICEs) based on polyDES has changed the panorama of
ionotropic devices, achieving precision and reliability for
recording conductivity/resistance changes under harsh
conditions.”® The ion-solvation capacity of the polymer network
allows the dry ICEs to exhibit good ionic conductivity while
preserving their elasticity and flexibility. This point is favorable
in PDES, where ion miscibility is highly probable due to the
compatibility of the HBD and HBA in the liquid phase. This
represents a considerable advantage compared to standard
methods for obtaining ICEs, which involve blending solid salts
into the polymer matrix,*® and can lead to macroscopic phase
separation. For this reason, PDES are increasingly being used to
design liquid-free ICEs. The Minghui He’s group significantly
advanced in this field, exploring different ICEs based on

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4tc01732c

Published on 02 jali 2024. Downloaded on 22.10.2025 19:40:11.

Journal of Materials Chemistry C

HBAs HBDs PDES

View Article Online

Review

Spray \ Electrostatic
Polymerization spinning

polyDES

Fig. 2 (A) Structure of polyphenols and quaternary ammonium monomers used for multifunctional PDES (top) and schematic representation of the
PDES preparation procedure and photopolymerization step to fabricate phenolic polyDES (bottom). TA: tannic acid, VA: vanillyl alcohol, PGA: pyrogallol,
GA: gallic acid, HCA: hydrocaffeic acid, PCA: protocatechuic acid, M1: [2-(methacryloyloxy) ethyl] trimethylammonium chloride, M2: [2-(acryloyloxy)
ethyl] trimethylammonium chloride. Adapted from ref. 61 with permission from the American Chemical Society. (B) Schematic illustration of
polymerization-induced fluorescence in polyDES and its anti-counterfeiting application (top). Images of filter papers impregned with poly(AAm/SbCls)
showing fluorescent patterns under UV light (bottom). Adapted from ref. 64 with permission from Wiley-VCH GmbH.

neutral monomers/quaternary ammonium salt PDESs. For
instance, they developed 3D patternable and transparent elas-
tomers based on the mixture of AA:ChCl (2:1 mole ratio, Ty, =
—5 °C).°”°® These polyDESs were obtained by photopolymer-
ization using polyethylene glycol diacrylate (PEGDA) as the
crosslinker (1-5 wt%) and Irgacure 2959 as the UV photoini-
tiator, showing acceptable stretchability (strain up to 150%)
and good conductivity (~0.2 S m™ ). The polyDES was 3D-
shaped in a starfish architecture (Fig. 3(A) and (B)) and inte-
grated into a tactile sensor, displaying good sensitivity to detect
pressure values ranging from 220-1400 Pa (Fig. 3(C)). Moreover,
these elastomers could also be used in strain sensors to
monitor human motions, as shown in Fig. 3(D), where the
electrical resistance variation is followed over time when the
polyDES is attached to an index finger and bent at different
angles (Fig. 3(D)). In follow-up articles, these authors designed
electroconductive hybrid materials filling the channels and pores
of delignified wood or a nanopaper substrate made of cellulose
nanofibrils with this polyDES via in situ photopolymerization,
which provided the materials with stretchability (~7-80% strain)
and good ionic conductivity (0.13-0.16 S m™").°>”° These hybrid
ionic composites exhibited impressive functional sensing abilities
to external stimuli, including pressure and strain.

4.2 Dynamic polyDES elastomers from multifunctional
crosslinkers

Recent research efforts have focused on improving the mechan-
ical properties of dry elastomers and providing them with

This journal is © The Royal Society of Chemistry 2024

self-healing properties. Apart from the chemical crosslinkers
bearing (meth)acrylate functionalities, one attractive strategy
explored includes multifunctional molecules with a hydrogen
bonding ability in the PDES formulation to synergize dynamic
interactions and covalent bonds. For example, Li et al. used
phytic acid in the archetypical AA: ChCl (2: 1 mole ratio) PDES
combined with PEGDA to fabricate transparent ultrastretchable
(~1300% strain) polyDES (T, ranging from —53.5 °C to
—74.3 °C) with good strength (~0.45 MPa) and a fast self-
healing ability (within 2 s).”* The authors found that only
polyDES/phytic acid showed effective self-healing compared to
polyDES alone and a poly(AA)/phytic acid mixture. With an
excellent self-healing efficiency (91.5% within 48 h), these
dynamic elastomers could follow the bending of a finger joint
and detect small vibrations caused by human vocalization
(figure, showing almost identical signal patterns before damage
and after healing for 24 h).

In a follow-up article, the authors replaced ChCl in this
formulation with tetramethylammonium chloride (TMAC)
(PDES T, = ranging from —12.7 °C to —20.3 °C), reaching the
highest mechanical performance reported for ICEs to date, with
a tensile strength, strain at break, and toughness of 31.21 MPa,
3645%, and 615 MJ m ™, respectively (Fig. 4(A)).”> Phytic acid
allows easy modulation of the stretchability of these elasto-
mers, which varied from 22% to 6164% with concentrations of
this natural molecule from 0 to 15 wt%. Ionic conductivity also
changed from 0.007 to 0.037 S m™ " for this concentration
range. The authors demonstrated by density functional theory

J. Mater. Chem. C, 2024, 12, 11265-11284 | 11269
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Fig. 3 (A) Schematic illustration of fabricating a starfish-shaped 3D polyDES architecture. (B) Digital images of this 3D architecture reversibly deforming
without (left)/with (right) external pressure. Plot of the resistance of 3D polyDES architectures as a function of time when subjected to pressure (C) and
bending deformation (D). Adapted from ref. 67 with permission from the Royal Society of Chemistry.

(DFT) modeling that the extraordinary mechanical behavior of
these elastomers is because of intermolecular solid interactions
(dynamic bonds) between TMAC and phytic acid. When this
dynamic elastomer was cut into two pieces (Fig. 4(B), left), it
recovered electrical conductivity immediately after they were
brought into contact, recovering to 99% of its initial value
within 0.26 s (Fig. 4(B), middle and right), demonstrating the
impressive electrical self-healing ability provided by the multi-
functional phytic acid. Indeed, microscopically analyzing the
damaged elastomers revealed that hydrogen bonds allow poly-
meric chains to inter-diffuse across fractured interfaces and
cross-links reformation, gradually disappearing the cutting scar
after 24 h (Fig. 4(C)). The polyDESs were then integrated into
running shoes to monitor different human motions (stand,
walk, and jump) with great sensitivity. Furthermore, the sensor
showed excellent stability, maintaining constant electrical sig-
nals for over 7000 cycles under 50% strain.

Similarly, self-healing and transparent flexible electronics
from a ternary eutectic mixture of AA, ChCl, and AlCl;-6H,0
(Ty = —100 °C) were also developed.” In these materials, the
hydrated metal halide was introduced for ion coordination with
carboxylic groups of the monomers, reaching dynamic interac-
tions that allowed high stress at break (~5 MPa), excellent
stretchability (x~900%), and good self-healing efficiency
(~82.8% in 72 h at room temperature without an external
stimulus). Furthermore, unlike other metal cations, such as
Fe(m), Al(m) gives transparent and colorless polyDES. These
elastomers were further covalently cross-linked with PEGDA,
where this dual cross-linking strategy produced mechanically
tough networks (~22 MJ m?). With ionic conductivity values

1270 | J Mater. Chem. C, 2024,12,11265-11284

of 9 x 107 S m™ ', these polyDES performed well as strain
sensors to monitor human motions.

4.3 Copolymeric polyDES elastomers from ternary PDES
mixtures

Another smart approach to modulate the elastomeric and self-
healing behavior of polyDES is the copolymerization of soft and
hard monomers using ternary PDES mixtures. Minghui He’s
group pioneered this concept by fabricating elastomers based
on AAm:MA:ChCl PDES (7T, = —72.5 °C) (Fig. 5(A)).”* In these
materials, the hard poly(AAm/ChCl) chain segments increased
the mechanical strength and T, (ranging from —72.2 to
—92.8 °C), while the soft poly(MA/ChCI) promoted the flexibility
of the polymeric network. The resulting elastomers showed
good elasticity (strain up to 450%) and strength (stress at break
up to 0.65 MPa), good conductivity (4.0 x 107> S m™ "), and self-
healing (healing efficiency up to 94% in 72 h at 60 °C) over a
wide temperature range (—23 to 60 °C) thanks to the formation
of strong hydrogen bonding interactions. It was demonstrated
that these polyDESs could be used as movement sensors with
reliable recording over a wide temperature range (—23-60 °C)
even after being damaged and healed (Fig. 5(B)). Then, the
authors extended this concept to AA:MA:ChCl ternary PDES
mixtures (T, = —78.3 °C), obtaining poly(AA/ChCl-co-MA/ChCl)
copolymers (T, ranging from —57.4 to —75.1 °C) that out-
performed the poly(AAm/ChCl-co-MA/ChCl) elastomers in
terms of stretchability (strain up to 1450%), and excellent ionic
conductivity (0.43 S m™"), but with limited strength (stress at
break up to 0.18 MPa).”” This fact suggests that in these types of
dynamic copolymers, -COOH/-COOH interactions are weaker

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (A) Schematic illustration of the extremely tough and ultra-stretchable polyDES based on TMAC, AA, and phytic acid molecules. (B) Digital images
of the electrical self-healing process for a broken ICE in series with an LED. The film's resistance could recover rapidly to its original value without external
stimuli within 0.26 s. (C) Optical microscope images of the self-healed ICE (10 wt% phytic acid) at room temperature for 24 h. Adapted from ref. 72 with

permission from the Royal Society of Chemistry.

than -COOH/-NH, ones, even though the authors found
almost identical solvation electronic energy for both systems;
—18.0 kcal mol™' for poly(AA/ChCl-co-MA/ChCl) vs.
—18.3 kecal mol ' for poly(AAm/ChCl-co-MA/ChCI). Interest-
ingly, dynamic interactions in poly(AA/ChCl-co-MA/ChCI) elas-
tomers provided them with organic solvent resistance
(Fig. 5(C)), maintaining their morphology and self-healing
properties in acetone to hexane for 24 h. These polyDESs also
showed excellent recording sensitivity when integrated into
movement soft sensors after healing even in acetone for
24 h, opening new pathways for autonomous self-healing
IECs. Similarly, Sang et al introduced acrylamide-2-
methylpropanesulfonic acid (AMPS) as a hard monomer in

This journal is © The Royal Society of Chemistry 2024

the archetypical AA/ChCl PDES system, modulating the T, of
the polyDES from —72.7 °C to —93.7 °C.”® Because the AMPS
monomer contains the sulfonic acid group (-SO3;H) with strong
hydrogen bond interaction ability, these elastomers showed
excellent mechanical strength (5.7 MPa) and stretchability
(870%), fast self-healing (within 4 h for complete mechanical
recovery) and ionic conductivity of 0.7 x 107> S m™ .

Inspired by these studies, more recently, Jin et al. prepared
poly(AA/ChCl-co-IA/ChCI) elastomers (T, ranging from —16 to
8 °C) (Fig. 5(A)).”® Using even a small amount of IA in the PDES
formulation (AA:IA:ChCl = 2:0.3:1 mole ratio) produced
polyDES with superb mechanical properties (maximum strain
and stress at break of around 1456% and 5.3 MPa, respectively),
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Fig. 5 (A) Demonstration of the healing process and chemical structure of poly(AAmM/ChCl-co-MAc/ChCl) elastomers (bottom left). Hydrogen bonds

between binary building blocks of the poly(AAm/ChCl-co-MAc/ChCl) system (bottom right). (B) Time evolution of the electrical signal when the
elastomers were integrated upon the knee of a robot to record its movements at —23 °C in a refrigerator (left) and 60 °C in an oven (right). Adapted from
ref. 74 with permission from the American Chemical Society. (C) The poly(AA/ChCl-co-MA/ChCl) elastomers healed in various organic solvents. Adapted
from ref. 75 with permission from the Royal Society of Chemistry. (D) Antibacterial properties of poly(AA/ChCl/IA/DMA) determined by the bacteriostatic
circle method against E. coli. Adapted from ref. 77 with permission from the Royal Society of Chemistry.

revealing the superior ability of this dicarboxylic acid for
hydrogen bonding compared to MA and AMPS. However,
higher non-covalent cross-linking in these elastomers could
stunt the free movement of ions, negatively affecting
their ionic conductivity, which was 2.76 x 10~* S m™', signifi-
cantly lower than those for poly(AAm/ChCl-co-MA/ChCl) and
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poly(AA/ChCl-co-MA/ChCI). The authors fabric