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ABSTRACT

Deep eutectic solvent (DES) gel electrolytes have recently emerged as promising alternatives to
ionic liquid- or water-based gels for “ionic skin” sensor applications. Researchers have also been
exploring the effects that varying amounts of water may have on the local hydrogen bonding
environment within a few model DES systems. In this study, the physical properties and ionic
conductivities of biopolymer (gelatin)-supported gels featuring two established DESs and three
DES/water mixture formulations are investigated and compared. The DES/water mixtures are
formed by combining choline chloride with one of three organic hydrogen bond donors (HBDs):
ethylene glycol, glycerol, or 1,2-propanediol, in a 1:2 molar ratio, together with a controlled
amount of water, 25 mol% (approximately 5-6 wt.% water). For the same fixed gelatin content
(20 wt.%), DES/water mixture gel Young’s modulus values are found to be tunable based on the
organic HBD identity, increasing six-fold from 7 kPa (1,2-propanediol) to 42 kPa (glycerol).
Furthermore, large differences are observed in the resulting gel properties when water has been
intentionally added to well-studied DESs. Coformulation with water is found to increase
ethylene glycol-based DES gel toughness, measured via tensile testing, from 23 to 68 kJ/m’
while simultaneously boosting gel room temperature ionic conductivity from 3.3 to 5.2 mS/cm.
These results highlight the multiple roles that controlled amounts of water-in-DES can play
within gelatin-supported DES/mixture gel electrolytes, such as influencing gelatin self-assembly

and reducing local viscosity to promote facile ion transport.



INTRODUCTION

Intimate interfacing between flexible devices and biological tissue is essential for precise,
continuous monitoring of underlying biophysical activity. In particular, smart sensing “skin”
requires mimicry of human skin-like capabilities, such as withstanding repetitive mechanical
deformation during bending and stretching, all while maintaining conformal contact with the
biological tissue. “Ionic skins” comprised of salty hydrogels'? or ionogels™* are optically
transparent, mechanically compliant composites that have emerged as potential platforms for this
kind of biomimetic device. However, the electrolytes used in these systems are currently limited
either by poor stability in air due to evaporation in the case of aqueous electrolytes, or by high

cost and toxicity in the case of many ionic liquids.

Deep eutectic solvents (DESs) are liquid mixtures at or near a eutectic composition that exhibit a
high degree of nonideality due to significant attractive hydrogen bonding interactions between
their constituent components. Archetypical DESs are binary combinations of a quaternary
ammonium salt, such as choline chloride (ChCl), and a suitable hydrogen bond donor (HBD) that
induces charge delocalization to produce a significantly depressed eutectic melting point.’
Importantly, this class of ion-dense electrolytes possesses many of the crucial merits of ionic
liquids, such as an ultralow volatility and wider electrochemical stability window compared to

aqueous electrolytes, together with a biofriendly nature and lower cost.””’

Researchers have recently started to investigate more closely the role of water within DES
systems, as DES components are often hygroscopic, to determine whether it behaves like bulk

water on the molecular level or if it can play the role of an additional HBD.* '

It has already
been reported that H,O may act as a co-HBD at low H,O concentrations within hydrated DES

mixtures;’ this has the added benefit of reducing the mixture viscosity, which improves both



ionic conductivity and liquid processability.'' To date, most studies have focused on the DES
dubbed reline, a 1:2 molar ratio mixture of ChCl:urea,”'® with some studies of the 1:2 molar
ratio mixture of ChCl:glycerol (Gly) and the 1:2 molar ratio mixture of ChCl:ethylene glycol
(EG) DESs."” '™ Across computational and experimental studies alike, researchers have
demonstrated the existence of two distinct regimes: one in which the DES/H,O mixture exhibits
typical DES characteristics (at low water concentrations), and another in which water has diluted
the DES to the point where characteristic DES motifs can no longer be observed.®'*'*"* To our
knowledge, however, there have not yet appeared any studies of the effects of water on polymer-

supported gel electrolytes featuring a low water concentration DES/H,O mixture.

Our group recently reported the creation of a biopolymer-supported DES gel electrolyte (1:2
ChCIL:EG DES gelled using gelatin from porcine skin), which we employed in a capacitive tactile
sensor.’ The DES gel exhibited remarkable stretchability and toughness unparalleled by its
hydrogel analogue. Stark differences observed in the mechanical properties of DES gels versus
hydrogels with the same gelatin content highlight the crucial role of the solvent during the
gelation process. We postulated that these differences were due to an increase in the number of
dynamic (nonhelical) crosslinks, driven by the presence of ChCl in the DES, in addition to
changes in the self-assembled gelatin triple helices that formed within the EG versus H,O HBD
environments.® Although this was the first report to demonstrate the application of gelatin-
supported DES gels in nonvolatile, skin-like sensors, there is still a need for a greater
fundamental understanding of how the individual DES components may dictate gelatin self-

assembly during the in situ gelation process.

In this work, we have investigated how HBD selection and the presence of small, controlled

amounts of water influence both the room temperature ionic conductivity and physical properties



of DES/H,O mixtures and their corresponding freestanding, gelatin-supported gel electrolytes.
Five different formulations of ChCl-based mixtures are prepared using EG, Gly, 1,2-propanediol
(PD), and water to examine specific HBD effects on the gelatin self-assembly upon cooling from
a warm solution (coil-to-helix transition) and how DES/mixture gel properties relevant to ionic
skin applications can be tuned. While both the Gly and PD HBDs possess molecular structures
similar to EG (see Figure 1), the results of this study reveal that the mechanical properties of
gelatin-supported DES/mixture gel electrolytes, such as tensile strain at break, Young’s modulus,
and toughness, are clearly HBD-dependent. FTIR spectroscopy and thermal analysis are used to
probe relative triple helix content and helix length among the various gels. We use these findings
to postulate how DES components interact with each other and the gelatin scaffold, thus
providing greater insights into gelatin self-assembly within different DESs and DES/H,O
mixtures. Our enhanced understanding of these systems can enable the improved design of ionic
skin mechanical properties to better match those of underlying tissue without modifying the

polymer scaffold itself.

EXPERIMENTAL METHODS

Materials. All materials were used as received without further purification. Ethylene glycol
(99%, Acros Organics) and glycerol (99%, Alfa Aesar) were purchased from Fisher Scientific.
1,2-propanediol (99.5%) and gelatin from porcine skin (Type A, gel strength ~175 g Bloom)
were purchased from Sigma Aldrich. Choline chloride (JT Baker, Baker analyzed reagent) was
purchased from Fisher Scientific and stored in a recirculating nitrogen-filled glove box (O, H,O
< 0.1 ppm) to prevent water absorption from the ambient environment. All other chemicals were

stored in the dark prior to use.



DES/Mixture Formation and Gel Fabrication. The EG- and Gly-based DESs were formed by
mixing ChCl and the respective hydrogen bond donor (HBD) in a 1:2 molar ratio. The DES/H,0
mixture formulations were created by combining ChCl, the respective HBD, and deionized H,O
in a 1:2:1 molar ratio. This selected molar ratio resulted in H,O contents of approximately 5-6
wt.% within the DES/H,O mixtures (Table S1, Supporting Information). All mixtures were
stirred vigorously in a sealed vessel on a hotplate set at 90 O for two hours or until a clear,

homogeneous liquid was formed.

To create a gel precursor solution, gelatin was placed in a separate glass vial to which a small
volume (approximately one fifth of the total DES/mixture to be added) of room temperature
DES/mixture liquid was added to “bloom” the gelatin for improved dissolution. The remaining
DES/mixture was heated on a hotplate at 80 0 and subsequently added to the bloomed gelatin
vial to create an overall 20 wt.% gelatin solution. This gel precursor solution was stirred on the
hotplate at 80 O for one hour, or until a transparent solution was formed. The warm solution was
then poured into silicone or poly(tetrafluoroethylene) (PTFE) molds to define the gel shape and

refrigerated at 4 0 in a covered container for at least 24 hours.

Electrical Characterization. AC impedance spectra were measured for each liquid and gel
formulation in triplicate using a VersaSTAT 3 Potentiostat with a built-in frequency response
analyzer (Princeton Applied Research). Gel precursor solutions were poured into custom PTFE
cells with gold-coated electrodes and chilled in situ at 4 O for at least 24 hours. AC impedance
spectroscopy was performed under ambient conditions (22 O and 43% relative humidity, RH)
over a 1 Hz to 100 kHz frequency range using a 10 mV sinusoidal applied voltage witha 0 V DC

offset. The high frequency plateau of impedance values were converted to ionic conductivities



using a constant geometrical factor that was determined via cell calibration with three different

neat ionic liquid electrolytes of known ionic conductivities.

Mechanical Characterization. Compression and tensile testing of each gel formulation was
performed using a RSA III Dynamic Mechanical Analyzer (TA Instruments). For compression
tests (see Supporting Information), samples were gelled inside of a cylindrical silicone mold
(11.5 mm diameter, 5 mm height) and compressed at a rate of 0.01 mm/s. For tensile tests,
samples were gelled inside a rectangular prismatic PTFE mold (4 mm width x 3 mm height x 20
mm length). Gels were manually clamped on both ends to set an initial distance of 10 mm

between the instrument clamps. The tensile stretch rate used was 0.1 mm/s.

Thermal Characterization. Differential Scanning Calorimetry (DSC) measurements were
performed using a TA Instruments Q100 with a nitrogen gas flow rate of 50 mL/min. Samples
with masses of 16-19 mg were prepared in aluminum pans. The samples were first heated to 80
O for 20 min in order to eliminate thermal history effects. Samples were then cooled at a rate of
10 O/min to 5 O, held at 5 °C for 60 min, then heated at a rate of 5 J/min to a final temperature

of 80 .

FTIR Spectroscopy. Fourier transform infrared (FTIR) spectroscopy was performed using a

Nicolet 6700 FTIR (Thermo Scientific, USA) and a Smart 1iTX ATR accessory.

RESULTS AND DISCUSSION
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Figure 1. (a) Molecular structures of the DES components: choline chloride (ChCI) and the three
organic HBDs employed in this study: ethylene glycol (EG), glycerol (Gly), and 1,2-propanediol
(PD). (b) Photograph of the five different 20 wt.% gelatin-supported DES/mixture gel
formulations investigated (from left to right: EG+H,0, EG, PD+H,0, Gly+H,0, Gly. See text

for the details of each formulation).

Five different solutions were prepared by stirring the requisite quantities of ChCl, organic HBD,
and water, if included, together on a hotplate until a homogeneous solution was achieved. Figure
1(a) displays the molecular structures of ChCl and the three organic HBDs employed in this
study. 1:2 molar ratio mixtures of ChCl:EG and ChCl:Gly were formed (i.e. established DESs),
as well as 1:2:1 molar ratio mixtures of ChCl:EG:H,0O, ChCI:Gly:H,0, and ChCl:PD:H,0. These
five DES/mixture formulations are henceforth referred to as EG, Gly, EG+H,0, Gly+H,0, and
PD+H,0, respectively. We chose the 1:2:1 molar ratio of ChCl:principal HBD:H,O for our three
DES/H,0 mixtures, as Hammond et al. observed that at this composition for a reline/H,O

mixture, water molecules contributed to the hydrogen-bonding DES network, but did not perturb



it (i.e. water-in-DES).” In a previous study of EG-based DES/H,O mixtures, distinct differences
in the DES structure were only observed for concentrations of water greater than 30 wt.%."> The
3 DES/H,O mixtures studied here contained just ~5-6 wt.% water (Table S1, Supporting
Information), which we expect leads to water-in-DES behavior for all of our formulations. It
should be noted that a 1:2 molar ratio mixture of anhydrous ChCl:PD did not form a
homogeneous liquid, but an opaque solid at room temperature. However, we observed that
intentionally adding a small amount of water to this mixture does permit one to obtain a
transparent, homogeneous solution at room temperature. While ChCl-based DESs are known to
be somewhat hygroscopic, intentionally coformulating DES mixtures with a controlled amount
of water can also serve to reduce the driving force for additional water vapor absorption from the

ambient surroundings.

Gelatin-supported DES/mixture gels were prepared using EG+H,O, EG, PD+H,0, Gly+H,O,
and Gly, all with a 20 wt.% gelatin (80 wt.% liquid) content. The resulting gels were optically
transparent and freestanding, as shown in Figure 1(b). Although the gel mechanical properties
are dependent upon the gelatin concentration, and our previous work demonstrated that the
ultimate tensile strength can be improved by further increasing the gelatin content for EG-based
DES gels,’ we chose 20 wt.% gelatin in this study for processing practicality. Notably, for the
Gly-based DES gels, it was difficult to repeatably obtain clear, homogeneous gel precursor
solutions without included air bubbles at concentrations well above 20 wt.% gelatin, as the

precursor solution becomes extremely viscous.
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Figure 2. Room temperature ionic conductivity values of the five DES/mixture liquid
formulations (unfilled bars) and their corresponding 20 wt.% gelatin-supported gel electrolytes
composites (filled bars). The error bars shown represent one standard deviation among replicates

(n>3) or 0.1 mS/cm, whichever was larger.

Figure 2 shows the measured room temperature ionic conductivity values of the DES/mixture
liquids and their corresponding 20 wt.% gelatin gels for each of the five formulations. As
expected, the liquids all displayed higher ionic conductivity than their gel counterparts, as the
gelatin biopolymer scaffold impedes ionic motion and is nonconductive itself. The EG+H,0O and
Gly+H,0O mixtures also displayed higher ionic conductivities compared to their nonaqueous
versions, which is due to the reduced viscosity of the water/DES mixtures that boosts ionic
mobility. The EG-based gel formulations yielded the highest ionic conductivity values: 5.2+0.1
mS/cm and 3.3+0.1 mS/cm for the EG+H,0 and EG gels, respectively. The Gly gel was the least
conductive of the five, at 0.9+0.1 mS/cm. Many previous studies have demonstrated an inverse

relationship between gel electrolyte stiffness and ionic conductivity; however, while the
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PD+H,0 gel possessed the lowest stiffness among the formulations studied here (vide infra),

interestingly, it was not the one that showed the highest ionic conductivity.

Table 1. Measured liquid densities and their comparison with literature values.

Liquid Density (this work) Density (reported™)
[g/em’] [g/em’]
Gly+H,0 1.13 -
Gly 1.18 1.18"
EG+H,0 1.12 -
EG 1.12 112"
PD+H,0 1.08 -

Table 1 presents the measured liquid densities of the five formulations studied here and
compares them with values previously reported in the literature, if available. The PD+H,0O liquid
possessed the lowest density at 1.08 g/cm’, and Gly (DES) the highest, at 1.18 g/cm’. The
density data reveals that the relative changes in the EG versus Gly DES densities due to the
incorporation of 25 mol% water are different. There is a larger decrease in density observed for
the Gly+H,O liquid compared to the anhydrous Gly DES (1.13 vs. 1.18 g/cm’) that is not
reflected in the EG+H,O and EG systems (unchanged density of 1.12 g/cm’). Future
experimental and computational studies will be helpful to probe DES/H,0O mixture density trends

over a broader range of water concentrations.

11
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Figure 3. (a) Representative tensile stress-strain curves for the investigated DES/mixture gels
(each contains 20 wt.% gelatin). (b) Average toughness values of the DES/mixture gels. Error

bars represent one standard deviation among replicates (n >3).

Tensile tests were performed in order to evaluate gel mechanical properties (see Figure S2,
Supporting Information), and representative stress-strain data are shown in Figure 3(a). From
these data, gel Young’s modulus, strain at break, and toughness values were extracted (Table 2).
The results from the tensile tests demonstrate that there are clear variations in 20 wt.% gelatin-
supported gel stiffness values, which depend on the principal (organic) HBD within the DES.
Gly-based gels exhibited greater Young’s moduli than EG-based gels, while the PD+H,0O gel
exhibited the lowest modulus of all samples at 7 + 2 kPa. These results indicate that HBD
selection has a large effect on DES/H,O gel mechanical properties, which suggests that the HBD
may greatly impact how gelatin self-assembles upon cooling in situ within the DES/H,0O mixture
environment. Therefore, HBD identity is a second parameter, besides polymer content, that can
be used to tune the mechanical properties of these gel electrolytes. This could have great
implications for designing ionic skins that more closely resemble the resiliency of the underlying

tissues that they intend to mimic or interface with.
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Table 2. Mechanical properties extracted from tensile test data for the investigated DES/mixture
gels (each contains 20 wt.% gelatin). Error represents one standard deviation among replicates (n

>3).

Gel Formulation Modulus (kPa) Strain at Break (%) Toughness (kJ/m’)

Gly+H,0 42+8 374 + 31 198 £31
Gly 32+11 193 + 58 46 + 25

EG+H,0 26+ 6 270 + 64 68 £26
EG 15+1 190 + 17 23+5

PD+H,0 7+2 270 £ 59 14+£6

Another major finding from the tensile testing data is the impact that the intentional addition of
water has on the resulting DES/mixture gel mechanical properties. While gelatin-supported
hydrogels formed in deionized water alone exhibit both low stiffness and a brittle character,’ the
coformulation of 25 mol% water in both the Gly and EG DESs results in gelatin-supported
DES/H,0 mixture gels that possess even higher stiffnesses and improved stretchability compared
to their nonaqueous DES gel counterparts. Toughness values of both the EG+H,0 and Gly+H,0
gels were found to increase substantially, approximately three- to four-fold, compared to those of

the nonaqueous EG and Gly gels, respectively (see Figure 3(b) and Table 2).

13
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Figure 4. FTIR spectra of 20 wt.% gelatin-supported DES/mixture gels spanning the 1600-1700
cm™ wavenumber region that corresponds to the amide I band inherent to gelatin (background

spectra from each liquid formulation have been subtracted).

Figure 4 displays the FTIR absorbance spectra of the five DES/mixture gel formulations with the
corresponding liquid absorption spectra subtracted out as a background signal. Due to the strong
IR absorbance of water around 1640 cm™,'® each liquid spectrum was subtracted in order to
elucidate the IR absorbance contributions from the gelatin polymeric scaffold itself, which is
particularly important for the three HBD+H,O formulations. The raw FTIR spectra of the gels
and their neat liquids are provided in Figures S2(a) and S2(b), respectively. The wavenumber
region shown in Figure 4, 1600-1700 cm™, is a common range of interest for examining the
amide I band, which reveals information regarding the secondary structure of polypeptides,

including gelatin.'”"®

The broad absorbance signals within this band have previously been
attributed to both gelatin triple helices (peak located at a higher wavenumber within this range,
~1660 cm™ here) and to nonhelical gelatin strands (peak located at a lower wavenumber within

this range, ~1640 cm™ here).'®" The spectra shown in Figure 4 therefore indicate that gelatin

triple helices do indeed form within both DES and DES/H,O mixture systems, as this is the

14



dominant peak observed in the spectra. Furthermore, the spectra for all gel samples are broad,

indicating the coexistence of both triple helix and random coil formations of gelatin within them.
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Figure 5. (a) DSC data obtained upon heating for the DES/mixture gel formulations; curves have

been vertically offset for clarity. (b) First derivatives of the DSC traces shown in panel (a).

To further interrogate differences in the relative gelatin triple helix concentration and helical
junction length among the formulations, we performed DSC measurements on the five
DES/mixture gels. Figure 5(a) shows the DSC traces obtained upon heating, while Figure 5(b)
shows the first derivative of each trace for easier identification of the melting temperature (Ty,)
as the location of the first derivative sign change (from negative to positive). The DSC data show
a shift in the DES/H,O mixture gel Ty, values to higher temperatures as the principal HBD
identity changes from PD to EG to Gly, in a trend that mirrors the one seen in the gel mechanical
property data summarized in Table 2. The softest, least tough gel (PD+H,0) exhibits a Ty, that is

approximately 9 °C lower compared to that of the stiffest, toughest gel (Gly+H,0): 29 °C versus

38 °C, respectively.

Previous studies have shown that there exists no sharp boundary for the gelatin helix-coil

transition,”® and that T, in gelatin hydrogels is generally viewed as corresponding to the
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breaking of hydrogen bonds between gelatin chains that form triple helices. Thus, a higher T,
corresponds to a greater thermal stability of the helices. Gornall and Terentjev found that the
total helix content required to gel pure EG organogels (not EG DES gels) is reduced versus their
hydrogel analogues.”’ They attributed this to the formation of shorter triple helices that self-
assemble in the EG solvent, providing a higher crosslink density for a fixed gelatin content.
Thus, the minimum stable helix length to achieve gelation was suggested to be reduced for a
higher observed gel T.>' Guo and coworkers investigated critical nucleus structures involved in
the self-assembly of triple helices.”” They proposed two structures, a looped triple helix, whereby
a chain had multiple segments taking part in the helix formation (thus the triple helix is not made
up of three distinct chains, but rather one or two chains that have looped back on themselves),
and a non-looped triple helix, whereby three different chains interact to form the triple helix. The
authors found that the minimum stable helix length for a non-looped helix was smaller versus a
looped helix.”* With this in mind, our results from Figure 5 suggest that EG- and Gly-based
DES/mixture gels may facilitate the formation of shorter, non-looped triple helices, with Gly-
based gels exhibiting the shortest average helix length overall. On the molecular level, this may
be explained by the larger size of Gly or EG versus H,O, as the principal HBD could sterically

hinder the looping of gelatin chains back upon themselves.

This proposed model corresponds well with the gel mechanical properties summarized in Figure
3. For the same fixed concentration of gelatin, shorter average triple helices would allow for a
greater density of helical crosslinks per volume. Thus, DES/mixtures that facilitate the formation
of shorter triple helices would exhibit higher gel stiffnesses, as they contain more effective
crosslinks within the polymer network. However, we observed that the T, values of the

nonaqueous Gly and EG DES gels were slightly larger (~2 °C) than their DES/H,O mixture gel

16



212 thus

counterparts. Water may help to facilitate nonhelical interchain hydrogen bonding,
potentially creating a greater number of dynamic crosslinks within the scaffold. It may also
preferentially interact with/hydrate chloride ions within the system,* promoting the formation of
more gelatin interchain aggregates. Either of these could explain why the stretchability
(maximum strain at break) of the HBD+H,O gels was observed to be substantially larger
compared to their nonaqueous analogues (Figure 3). Our present findings collectively suggest
that the controlled amount of intentional water added in the HBD+H2O systems (i.e. 25 mol% or
~5-6 wt.% of the liquid mixture) does not behave as bulk water, consistent with the conclusions
of several previous computational studies,”'>"’ but instead participates mainly in hydrogen
bonding with the DES components and the gelatin biopolymer. There is an inherent
intermolecular competition between many different potential hydrogen bonding partners in these
systems that the field is still just beginning to understand. In a future study, we plan to more
directly probe the structural details of the gelatin scaffold within these DES/mixture gels using

radiation scattering techniques, and to investigate the hydrated DES gel molecular environment

via molecular dynamics simulations.

CONCLUSIONS

This work has explored how the organic HBD identity and/or the presence of a controlled
amount of water (5-6 wt.%) can influence the self-assembly of gelatin in situ within
DES/mixture gel electrolytes to tune their mechanical properties and ionic conductivities. We
observed an approximately 9 °C temperature difference in thermal stability between that of the
softest gel (7 kPa modulus, PD+H,0 gel) and that of the stiffest gel (42 kPa modulus, Gly+H,O

gel). We propose that the organic HBD may influence the average length of gelatin triple helices

17



that assemble in such systems, and that gels containing the shortest average helices can exhibit
the largest stiffnesses, as they may possess a greater density of helices for a fixed total polymer
content. All five of the gelatin-supported DES/mixture gel formulations tested here exhibited
tensile strain at break values of nearly 200% strain or larger. Notably, the addition of water to the
DES/mixture systems was found to improve the toughness of their resulting gelatin-supported
gels. The tensile toughness of 20 wt.% gelatin gels based on the well-studied DES 1:2 ChCL:EG
could be increased from 23 to 68 kJ/m’ by coformulating this DES with 25 mol% water, and the
increase for Gly-based gels was even larger (46 to 198 kJ/m’). We believe that this could be due
to water-chloride interactions that facilitate the formation of additional dynamic crosslinks
between polymer chains. The presence of water is also observed to increase the ionic
conductivity of both the DES/water mixtures and their corresponding gelatin-supported gels
alike, in comparison to nonaqueous DES analogues. The results of this study can serve to inform
thoughtful materials selection when designing DES gel-based ionic skins, as the choice of
HBD(s) can greatly influence the ultimate mechanical and ionic transport properties of this

emerging class of ion-dense gel electrolytes.
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