nature materials

Article

https://doi.org/10.1038/s41563-026-02604-8

Boosting ionic conductivity of single-ion
conductive polyelectrolyte elastomersvia
high-dielectricplasticizers

Received: 17 July 2025

Accepted: 12 April 2026

Published online: 03 June 2026

W Check for updates

Sangjun Ma®", Solji Ahn', Jae-Man Park’, Hakjun Lee', Seong-Yu Choi',

Yong Eun Cho', Dong-yup Lee®", Seung-Woo Lee®', Maga Kim',

Seung Won Moon', Yun Hyeok Lee ®’, Yong-Woo Kim®", Tae-Woo Lee ®"*** &
Jeong-Yun Sun®'?

lonic conduction plays avital role in biological systems, energy storage and
ionotronic devices. Polyelectrolyte elastomers have attracted growing
interest as solid-state single-ion conductors due to their inherention
selectivity, leakage-free nature and mechanical elasticity. However, existing
polyelectrolyte elastomers have relatively low ionic conductivity

(10 mS cm™), limiting their applicability as efficient ionic conductors.
Here we present a materials design approach that boosts conductivity and
preserves leakage-free operation by introducing a solid-state additive that
combines two key characteristics: a high dielectric constant toincrease
dissociated ion density (n) and a plasticizing effect to enhance ion mobility
(u). Demonstrated with succinonitrile, this approachincreases conductivity
by over two orders of magnitude at room temperature across both
polycationic and polyanionic systems, further enhancing elasticity.

By elevating conductivity across diverse polyelectrolyte networks, this work
demonstrates a versatile route to achieve stable and efficiention transport
for next-generation solid-state single-ion conductors.

lonic conduction plays a central role in both natural and artificial sys-
tems. In biological contexts, it governs phenomena such as neural
signalling' and sensory processing’. In engineered platforms, it enables
awiderange of electrochemical technologies, including energy storage
devices?, organicelectrochemical transistors* and ionotronic systems
such as soft actuators®, sensors® and logic circuits’®. Among various
ionic conductors, polymer electrolytes such as hydrogels with dissolved
salts’ orionogels'® have attracted considerable attention due to their
mechanical softness, transparency and processability.

Despite their high conductivity, the free movement of both cati-
ons and anions makes these systems less ideal for applications” that
require the selective transport of a single ionic species, such as ionic

12,13 7,14

thermoelectricdevices'“", ionic diodes”* and osmotic energy conver-
sions”. Polyelectrolyte gels, which incorporate fixed charged groups
along the polymer backbone, enable single-ion conduction and main-
tainrelatively highionic conductivity. However, their reliance on liquid
componentsintroducesissues such as leakage and evaporation, which
compromise operational stability under ambient conditions'.
Polyelectrolyte elastomers (PEs), anemerging class of solid-state
ionic conductors, address the stability issues associated with
liquid-containing gels”*"°. By covalently tethering one bulky ionic spe-
ciestoacrosslinked polymer network, PEs exhibit alow glass transition
temperature (T), allowing the mobile counterions to diffusein the dry
state and maintain mechanical elasticity*’. Despite these advantages,
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PEs exhibit low ionic conductivity in the range of 10*-10?mS cm™,
limiting their applicability in systems demanding fast or efficient ion
transport. A practical target is, therefore, to narrow this conductivity
gap by approaching thelevel of -1 mS cm™ (ref. 21), commonly reached
by liquid-based ionic conductors at room temperature?,

Many studies have attempted to address thelong-standing challenge
oflowionic conductivity in PEs. Astheionic conductivity (o) insolid-state
PEsis determined by the product of dissociated ion density (n) and their
mobility (u) (Fig.1a,b), previous approaches canbebroadly categorized
intotwotypes: oneaims toincrease nby introducing functional groups”*
orengineering structural motifs* to enhance ion dissociation, whereas
the other focuses on improving u by lowering the polymer 7, through
copolymerizationwith flexible segments'>**. Nonetheless, these strate-
gies typically showed conductivities below ~10™ mS cm™ at room tem-
perature. To further increase conductivity, liquid plasticizers are often
incorporated into single-ionelectrolyte systems®®, but such approaches
introduceissues of evaporation or leakage. We, therefore, hypothesized
that simultaneously enhancingboth nand pusingasolid-state additive,
rather thanaliquid component, would provide a more effective pathway
toachieve highionic conductivity insolid-state PEsand retain theirinher-
ent leakage-free stability (Fig. 1c).

Here we report leakage-free highly conductive polyelectrolyte
elastomers (HCPEs) enabled by incorporating a high-dielectric plas-
ticizer. Succinonitrile (SN), a solid-state plasticizer with a strong
dipolar character”, showed the simultaneous enhancement of seg-
mental mobility andion dissociation whenincorporatedinto PEs. This
approach was applicable to both polycationic and polyanionic sys-
tems, achieving conductivities of up to 0.78 and 1.57 mS cm™ at room
temperature, which are 318 and 103 times higher than their pristine
states, respectively. The HCPEs maintained their solid-state form and
elastomeric behaviours without the leakage of SN. Leveraging their
highionic conductivity, mechanical elasticity and leakage-free stabil-
ity, the HCPEs were further demonstrated as capacitive sensors with
broad-range pressure detection. Moreover, this approach extends to
diverse solid-state single-ion network polymers with different polymer
backbones and mobile counterions, substantially increasing their
ionic conductivity.

Design principles of increasing ionic conductivity
To construct single-ion-conducting PEs, we synthesized polycationic
and polyanionic acrylate monomers, following previously reported
procedures”” (Supplementary Methods and Supplementary Figs.1and
2). Although PEs exhibit intrinsicion selectivity, theirionic conductiv-
ity isfundamentally limited by two factors: low dissociated ion density
and restricted ion mobility.

Toincrease n, we focused on weakening the electrostaticinterac-
tions between ionic charges by increasing the dielectric constant of
the medium, which has also been suggested to favour ion transport
under weaker electrostatics***°. The electrostatic interaction can be
described by Coulomb’s law:
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where g, and g_are positive and negative ionic charges, respectively;
&oisthe vacuum permittivity; &is the static dielectric constant of the
medium; and ris the distance betweenionic charges. Inour elastomer
systems, allions are monovalent, so g, = e,where eisthe elementary
charge. Therefore, increasing the dielectric constant of the polymer
matrix reduces Coulombic energy, facilitating ion dissociation®. In
addition, the incorporation of additives with affinity for ionic species
may increase r, further reducing electrostatic binding. However,
enhancingionic conductivity requires more than dielectric screening
alone. For high conductivity, dissociated counterions also move effi-
ciently through the polymer matrix. In solvent-free systems, ion

mobility is known to depend on the segmental motion of polymer
chains®. Therefore, an ideal additive compatible with PEs not only
raises the dielectric constant to promote iondissociation but also acts
as a plasticizer to increase polymer chain mobility. At the same time,
to maintain theintrinsic advantages of PEs, such asion selectivity and
leakage-free properties, the additive should be an electrically neutral
solid that does not introduce additional mobile ions or form a liquid
phase proneto leakage.

Guided by these design principles, we selected SN as the
high-dielectric plasticizer. SN exhibits a relatively high dielectric
constant” (Supplementary Fig. 3a) and acts as an effective plasti-
cizer®. It also possesses a wide electrochemical window®, sup-
porting its electrochemical stability in ion-conducting systems.
Furthermore, SN is non-ionic and remains solid at room temperature
(Supplementary Fig.3b-d), which preserves theinherention-selective
and leakage-free properties of PEs.

SNwasintroducedinto as-prepared PEs by afacile post-treatment
process (Supplementary Fig. 4), and the loading range was limited to
avoid phase separation (Supplementary Fig.5). Onthe basis of the pre-
cipitation threshold, we defined aseries of HCPE compositions: SN 0.2,
SN 0.4 and SN 0.6 for polycation; and SN 0.3, SN 0.6 and SN 0.9 for poly-
anion. The numerical label represents the weight ratio of SN relative to
thedry elastomer matrix. The resulting HCPEs remained transparent,
indicating auniformdistribution of SN (Supplementary Fig. 6a). Raman
mapping, X-ray diffraction and differential scanning calorimetry fur-
ther showed that SN was uniformly dispersed in the network with-
out forming a separate crystalline phase (Supplementary Figs. 6-8).
Attenuated total reflection (ATR) Fourier transform infrared (FTIR)
confirmed the successful incorporation of SN and the absence of
dichloromethane (DCM), validating the solvent-free nature of the
final elastomers (Supplementary Fig. 9).

To experimentally examine these design principles, we compared
fouradditives with distinct dielectric constants and plasticizing abilities:
dimethyl carbonate (DMC; &, =~ 3)*, a zwitterionic liquid (ZIL; &5~ 285)
(Supplementary Fig. 10), polyethylene glycol 200 (PEG 200; &, ~18)*
and SN (&= 55) (Fig.1d). These additives wereincorporated into the PEs,
and impedance-based spectroscopy was used to decouple the effects
on dissociated ion density (n) and effective ion mobility (u) (Supple-
mentary Note 1, Supplementary Figs. 11 and 12 and Supplementary
Table1). DMC, alow-dielectric plasticizer, showed negligible changesin
conductivity or ion dissociation, with only a slight increase in mobility.
ZIL enhanced ion dissociation due to its high polarity, but failed to
improve mobility and evenreducedit, resultingin limited conductivity
gain. PEG200increased both parameters moderately and, thus, showed
improved conductivity. Among these, SN led to the most pronounced
increases inboth nand g, resulting in the highest conductivity among
all additives. These results demonstrate that effective conductivity
enhancement in solid-state polyelectrolytes cannot be achieved by
improving either dielectric screening or polymer plasticization solely;
rather, both must be simultaneously considered. Withinthis framework,
SN-containing HCPEs achieve conductivities of 0.78 and 1.57 mS cm™at
roomtemperaturein polycationic and polyanionic systems, respectively.
These conductivities are about one order of magnitude higher than the
highest values previously reported for solid-state single-ion conductors
(Supplementary Fig.13).In particular, despite their solid-state single-ion
nature, their conductivities approach those of dual-ionic conductors
such as neat ionic liquids, ionogels and ionic elastomers
(Supplementary Table 2). To further elucidate the pronounced conduc-
tivity enhancement by SN, we next examined how variationin SN content
influences theionic transport behaviour of HCPEs.

Enhancingion dissociation by high-dielectric
property

To quantify the dielectric environment of the polyelectrolyte matrix,
we measured the frequency-dependent permittivity of both polycation
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Fig.1| Design principle for HCPEs. a, Schematic of an equivalent circuitand ion
transportin PEs. PEs consist of tethered ions and mobile counterions, which exist
ineither dissociated or associated states. Only dissociated counterions
contribute toionic conductivity. The systemincludes bulk resistance (R;),
electrode resistance (R;), and capacitive components such as bulk capacitance
(Cg) and electrical double-layer capacitance (Cgp, ). b, Conceptual relationship
between g, nand u, where o o« n X p. Charge transport occurs via migration of
dissociated counterions through the polymer matrix, and Ry reflects the
resistance associated with this migration process. ¢, Schematic of the design

+PEG 200

strategy to enhance ionic conductivity in PEs. An effective solid-state additive
should exhibit both high dielectric constant to promote ion dissociation and
plasticizing characteristics to enhance ion mobility. d, Comparison of ionic
conductivity, dissociated ion density and effective ion mobility for polycationic
(solid bars) and polyanionic (hatched bars) elastomers. Pristine PEs and those
containing various additives are shown: alow-dielectric plasticizer (DMC), a very
high-dielectric non-plasticizing additive (ZIL), an intermediate-dielectric
plasticizer (PEG 200) and a high-dielectric plasticizer (SN). Data are presented as
mean values + standard deviation from three independent replicates.

and polyanion. The dielectric constant increased with SN content in
both polycation and polyanion systems (Supplementary Fig.14), con-
firming that SN enhances the polarizability of the matrix. On the basis
ofthe elevated dielectric constant, SN incorporation attenuates elec-
trostatic interactions between tethered ions and mobile counterions,
thereby facilitatingion dissociation (Fig. 2a and Supplementary Fig. 15).

This screening effect was investigated by analysing the
mobile counterions using ATR-FTIR, Raman and nuclear mag-
netic resonance (NMR) spectroscopy. In polycation systems, the
bis(trifluoromethanesulfonyl)imide anion ([TFSI]") exhibited

characteristic blueshifts with increasing SN content: the SO, asym-
metric stretching band®*** shifted from 1,346.7 t0 1,349.5 cm™, CF,
asymmetric stretching®® from 1,176.7 to 1,183.9 cm™, SO, symmet-
ric stretching® from 1,131.3 to 1,134.3 cm™, and S-N-S asymmetric
stretching® from 1,050.7 to0 1,055.3 cm™ (Fig. 2b). These consistent
blueshifts indicate progressive weakening of the Coulombic asso-
ciation between [TFSI] and the fixed imidazolium cation®*"**, The *F
NMR spectraof [TFSI]  inthe polycationic monomer showed agradual
downfield shift withincreasing SN content, supporting the weakening
of electrostaticinteractionbetween theions® (Fig. 2c). Similarly, in the
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Fig.2|Molecular interactions between ions in HCPEs. a, Schematic of the effect
of SNincorporation on Coulombic interactions in polycation-based systems.

SN reduces the Coulomb force between ions, promoting ion dissociation in
HCPEs. b, ATR-FTIR spectra of mobile anions in polycations with various SN
concentrations. Peak shifts are observed for SO, asymmetric stretching (SO,
asym str), CF; asymmetric stretching (CF; asym str), SO, symmetric stretching
(SO, sym str) and SNS asymmetric stretching (SNS asym str). ¢, ’F NMR spectra of
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mobile anions in a polycationic monomer with various SN concentrations. d, ATR-
FTIR spectra of mobile cations in polyanions with various SN concentrations.
Peak shifts correspond to C(, 5H symmetric stretching and ring NC(H)NCH
stretching. e, Raman spectra of mobile cations in polyanions (SN0 and SN 0.9).
Peak shifts are observed for ring CH;HCH symmetric stretching and CH;(N)CN
stretching. f,"H NMR spectra of mobile cations in polyanionic monomer with
various SN concentrations.

polyanion system, the FTIR spectra of 1-ethyl-3-methylimidazolium
cation ([EMIM]") revealed similar shifts: the C, 5,H symmetric stretch-
ing band” moved from 3,154.9 t0 3,157.7 cm™ and the ring NC(H)NCH
stretching band” shifted from 3,116.1 to 3,118.1 cm™ (Fig. 2d). Raman
vibrational modes for ring CH;HCH symmetric stretching®® and CH,(N)
CN stretching®**° also shifted from 2,935.6 to 2,948.8 cm™ and from
1,421.1t01,425.2 cm™, respectively, supporting weakened electrostatic
interaction between tethered ions and mobile counterions (Fig. 2e).
The 'H NMR spectra also exhibited upfield shifts in the C,-H, C,~H
and C;-H peaks of [EMIMT", consistent with weakened hydrogen bond-
ing and electrostatic association between ions* (Fig. 2f). Therefore,
these results confirm that SN incorporation weakens Coulombic

interactions by enhancing the matrix dielectric constant, thereby
promotingion dissociation.

Plasticization effect onionic transport properties
of HCPEs

Insolvent-free, chemically crosslinked polymer networks, long-range
polymer chain motion is restricted. In such cases, mobile counteri-
ons migrate predominantly via segmental-motion-assisted hopping
between neighbouring coordination sites*’. Therefore, ionic mobil-
ity becomes decoupled from the macroscopic viscosity of the elec-
trolyte and instead becomes dependent on the segmental motion of
polymer chains®.
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Fig. 3| Plasticizing characteristics to enhance ion mobility. a, Temperature-
dependent g4 . of polycationic elastomers. Below the glass transition temperature
(T<T, glassy state), restricted segmental motion limits counterion mobility and
04..(T) follows Arrhenius behaviour. Above T, (T> T,, rubbery state), activated
segmental motion enhances ion mobility, and a4 . (T) follows the VTF behaviour.
The Arrhenius-to-VTF crossover at T~ T, confirms that ion transport is coupled to
the polymer’s segmental motion. b—d, Characteristics of polycationic elastomers.

1,000/T (K™

e-g, Characteristics of polyanionic elastomers. b,e, Thermograms from differential
scanning calorimetry are presented. ¢ f, 7,as a function of SN content. SN
incorporation effectively decreases the polymer’s T,. Data are presented as mean
values + standard deviation from three independent replicates. d,g, VTF plots of
ionic conductivity with various SN concentrations. Brepresents the
pseudo-activation energy; solid lines indicate VTF fitting.

In the glassy state (7 < T,), the polymer’s segmental motion is
restricted, leading to adecoupling betweenionic motionand polymer
dynamics. In this regime, ion transport follows the Arrhenius behav-
iour, characterized by atemperature-independentactivation energy?.
Inthe rubbery state (T> T,), increased segmental motion reduces the
local friction experienced by ions, thereby promoting higher ionic
mobility. In this regime, ion transport follows the Vogel-Tammann-
Fulcher (VTF) relation®”, confirming that ion transport is facilitated
by segmental motion*. This temperature-dependent crossover from
Arrhenius to VTF behaviour typically occurs near T, (Fig. 3a and
Supplementary Fig.16). We, therefore, considered that enhancing the
polymer segmental motion would lead to improved ion mobility.

To evaluate the plasticizing effect of SN, we measured the differential
scanning calorimetry of PEs with varying SN concentrations (Fig. 3b,e).
As the SN content increased, T, gradually decreased, indicating
enhanced segmental motion due to plasticization (Fig. 3c,f). We further
investigated the temperature-dependentimpedance spectra of HCPEs
(Supplementary Figs. 17 and 18). At each temperature, the direct cur-
rent ionic conductivity (g4 ) was calculated. In our HCPEs, the con-
ductivity followed the VTF relation, and the pseudo-activation energy
(B parameter), which reflects the energetic barrier for ion transport?,
progressively decreased with increasing SN content (Fig. 3d,g and
Supplementary Table 3). These results suggest that SN acts as an effec-
tive plasticizer and thereby improves ion mobility.
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Electrical characteristics and stability of HCPEs
Theionictransport properties of HCPEs were evaluated using electro-
chemical impedance spectroscopy analysis. As the SN content
increased, both polycationic and polyanionic systems exhibited a
progressive decrease in compleximpedance (|Z]), indicating reduced
bulk resistance (Fig. 4a,d). The d.c. ionic conductivity increased with
the SN content, reaching 0.78 mS cm™ for polycationand 1.57 mScm™
for polyanion (Fig.4b,e). These values were obtained by fitting the real
partofthe conductivity spectraand were further validated by compar-
ing themwith conductivities from Nyquist-plot fitting (Supplementary
Fig. 19 and Supplementary Table 4). Both systems exhibited a sharp
conductivity increase at low SN ratios, followed by gradual saturation,
indicating that SN incorporation boosts ionic conductivity in PEs.
To understand the origin of conductivity enhancement, we revisited
the fundamentalrelation 0 = nueandindependently quantified nand
uthroughimpedance-based analysis**¢ (Supplementary Note 1 and
Supplementary Table 1). The results show that both nand g gradually
increased with SN content inboth polycation and polyanion (Fig.4b,e).
These findings highlight the importance of simultaneously enhancing
both parameters to achieve substantial conductivity improvements
insolvent-free PEs. We further validated nby independently estimat-
ing it from the ATR-FTIR spectra via peak deconvolution*”*%, which
yielded values in good agreement with those obtained from electro-
chemical impedance spectroscopy (Fig. 4c,f, Supplementary
Figs. 20 and 21 and Extended Data Table 1). Despite the enhanced
conductivity, the master curve of HCPEs’ conductivity remained
unchanged, suggesting that the conduction mechanismis preserved
(Supplementary Fig. 22)***,

To separate the thermodynamic and kinetic contributions to con-
ductivity enhancement, we analysed the temperature dependence of
04...(T) by decouplingitinto n(T) and u(7T) (Supplementary Note 3).
Similar to the segmental dynamics, the dielectric properties are also
temperature dependent (Supplementary Fig. 23); therefore, n (T)and
u(T) were quantified over the same temperature range. Across both
polycationic and polyanionic elastomers, n (T) follows an Arrhenius
relation, whereas u(7)follows a VTF relation (Extended Data Fig.1and
Supplementary Table 5), consistent with previous studies*®*'. These
results indicate that the conductivity enhancement arises
from increased ion dissociation and enhanced mobility of the
dissociated counterions.

To further investigate whether SN facilitates ionic response to the
external electricfield, we analysed the charge relaxation frequency (7¢ ™)
and loss tangent spectra. A shiftin 7. ' towards higher valuesindicates
thations respond more rapidly to the applied alternating current (a.c.)
field*” (Supplementary Note 2 and Supplementary Figs. 24-26). Con-
sistently, the loss tangent spectrumalso shifted to higher frequencies,
indicating that the optimal frequency range for the resistive behaviour
of ionic conductors moved towards shorter timescales®
(Supplementary Fig.27). Theimproved ionic transportin HCPEs ena-
bled stable electrical operation across a wide frequency range and

outperformed previously reported PEs inboth conductivity and charge
relaxation frequency (Fig. 4g and Supplementary Table 2). Todemon-
strate this, asimple light-emitting diode (LED) circuit was constructed
using polycationic samples at 1-MHz frequency. Although pristine PEs
emitted no light, SN-containing HCPEs sustained bright emission
(Fig. 4g, inset). These results indicate that our HCPEs combine
high conductivity with fast ion response, offering potential for
high-frequencyionic applications.

The long-term stability of HCPEs was assessed by monitoring
conductivity and weight over 96 h under ambient conditions (25 °C,
35% relative humidity (RH)). Both SN 0.6 (polycation) and SN 0.9
(polyanion) samples exhibited negligible changes in either param-
eter, confirming their stability in open-air conditions (Fig. 4h and
Supplementary Fig. 28). Moisture and water resistance were further
evaluated through high-humidity exposure and water contact angle
measurements. Under 90% RH conditions, both systems showed mini-
mal mass change, which was lower than PEG 200-based controls (Fig. 4h
(inset) and Supplementary Fig. 29). Polycationic samples maintained
high hydrophobicity (water contact angle, >100°) regardless of the
SN content, whereas polyanionic samples exhibited moderately lower
contact angles (70°-75°) (Fig. 4i,j). This behaviour arises from their
structural differences, as polycationic networks contain a higher frac-
tionof fluorinated components than polyanionic networks. Therefore,
these results confirm that SN incorporation does not compromise
environmental stability.

Leakage behaviour under thermal and mechanical stress was
also investigated. Samples were placed on commercial oil paper
and heated at 60 °C, which is above the melting point of SN for1h
(Supplementary Fig. 30a). To compare the wetting behaviour of SN
and PEG 200 on oil paper, we measured the contact angles of molten
SN and PEG 200 on the same oil paper at 60 °C. Both liquids exhibited
similar contact angles, indicating comparable wetting onthe commer-
cial oil paper (Supplementary Fig. 31). Although PEG 200-containing
samples left visible residue after detachment, SN-containing HCPEs
showed no signs of leakage or staining (Supplementary Fig. 30b).
No leakage was observed even under manually applied firm pressure
(Fig.4k). Tofurther evaluate leakage under cyclic mechanical stress, the
sample weight was monitored over repeated pressure cycles (Fig. 41).
A constant pressure of 25 kPawas applied repeatedly up to1,000 cycles
(Supplementary Fig. 32). Both polycationic (SN 0.6) and polyanionic
(SN 0.9) HCPEs exhibited minimal mass change, whereas the ionogel
control showed noticeable mass loss (Fig. 4m). These results confirm
the stable integration of SN within the elastomer matrix.

Elastomeric properties and demonstrations of
HCPEs

To verify that the incorporation of SN does not compromise the
solid-state nature of the polymer films, we evaluated their viscoelastic
properties using arheometer. In both polycationic and polyanionic
systems, the tan§ values remained below 1 across all SN loadings,

Fig. 4 | Electrical characteristics and stability of HCPEs. a-c, Electrical
characteristics of polycationic elastomers. d-f, Electrical characteristics of
polyanionic elastomers. a,d, Compleximpedance spectra with various SN
concentrations. Inset: magnified view for SN 0.4 and SN 0.6 in the range of
10%-107 Hz (a). The solid lines represent fits to the equivalent circuit model shown
intheinset ofd.b,e, d.c.ionic conductivity, dissociated ion density and effective
ion mobility at different SN ratios at 25 °C. c,f, Comparison of dissociated ion
density by independent methods: electrochemical impedance spectroscopy
(EIS) fitting and FTIR deconvolution. Data fromb, ¢, eand f are presented as mean
values + standard deviation from three independent replicates. g, Comparison of
04..and 7 of HCPEs to pristine and reported PEs. Insets: LED photographs at
1MHz for pristine PEs and HCPEs. Scale bars, 1 cm. h, Normalized conductivity
(0/ay) of polycationic (SN 0.6) and polyanionic (SN 0.9) elastomers stored at
25°Cand35%RH, where o, denotes the initial conductivity. Inset: normalized

weight (w/wg) of polycationic (SN 0.6) and polyanionic (SN 0.9) elastomers
stored at 25 °Cand 90% RH, where w, denotes the initial weight. i,j, Water contact
angles (WCA) for polycationic (i) and polyanionic (j) elastomers. Data are
presented as mean values + standard deviation from three independent
replicates. k, Leakage test of HCPEs. (i) Polycationic (SN 0.6) and polyanionic
(SN 0.9) elastomers were attached to oil paper. (ii) Firm pressure was manually
applied. (iii) After detaching the samples, no visible leakage was observed. Scale
bars,1cm. 1, Schematic of the experimental setup for leakage test under cyclic
pressure. The sample was placed on oil paper and compressed repeatedly.

m, Normalized weight over the number of pressure cycles for polycationic

(SN 0.6), polyanionic (SN 0.9) and a control ionogel composed of PVDF-HFP

and [EMIM][TFSI]. The test was conducted using amaximum pressure of 25 kPa.
CPEp,, constant phase element representing the non-ideal electric double-
layer response.
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indicative of solid-like behaviour (Fig. 5a,b). This suggests that although
T,isreduced, the HCPEs behave as solid films (Fig. 5¢). To evaluate the
elastomeric nature of HCPEs under deformation, we conducted load-
ing-unloading tests. Increasing the SN content in HCPEs improves
elasticrecovery with smaller hysteresis (Fig. 5d,e and Supplementary
Figs. 33 and 34). Despite decreased fracture toughness due to lower
energy dissipation (Fig. 5g), both HCPEs still exhibited low mechanical
hysteresis over1,000 cycles (Fig. 5f). As the addition of SN disruptsion

associations, the Young modulus decreased withincreasing SN content
(Fig. 5g and Supplementary Figs. 35-37).

Leveraging the enhanced ionic conduction, leakage-free behav-
iour and elasticity of HCPEs, we explored their applicationin capacitive
pressure sensing. Unlike conventional capacitive sensors that rely on
dielectric layers, electric double-layer (EDL)-based sensors use ionic
conductors between metal electrodes'®*. Because the equivalent
circuit of anionic conductor is frequency dependent, effective EDL
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Fig. 5| Elastomeric behaviour of HCPEs and its application as pressure sensors.
a,b, Storage modulus (G, filled symbols) and loss factor (tand, open symbols) of
polycationic (a) and polyanionic (b) elastomers, as a function of frequency with
various SN concentrations. ¢, Photographs of polycationic (top) and polyanionic
(bottom) elastomers with and without SN. Scale bar,1cm. d,e, Mechanical
hysteresis of polycationic (d) and polyanionic (e) elastomers at different SN
ratios. Insets: the stress-strain curves during loading-unloading, where 20%
strainis applied for each sample. For visual clarity, curves for SN 0.2, SN 0.4 and
SN 0.6 (d) and SN 0.3, SN 0.6 and SN 0.9 (e) are horizontally shifted by 10%
intervals along the strain axis. Dotsind and e represent raw data (n = 3).

f, Long-term mechanical hysteresis under 20% tensile strain over 1,000 loading-
unloading cycles for polycationic and polyanionic elastomers, comparing
samples with and without SN. g, Young modulus and toughness of polycationic

and polyanionic elastomers with various SN concentrations. Datafromd,eand g
are presented as mean values + standard deviation from three independent
replicates. h, Schematic of EDL capacitive sensors. When the external a.c. field
has a frequency below the 7.7, the C;becomes negligible, leaving Cy;, as the
dominant capacitive component. When pressure is applied, the effective contact
areaincreases, resulting inachangein Cy, . i, Schematic of acomparison of EDL
capacitive sensors using pristine PEs and HCPEs. At the electrode-electrolyte
interface, HCPEs exhibit greater ionic accumulation due to enhanced ion
dissociation and mobility, leading to alarger Cyp,, . This resultsin animproved
SNR.j, Capacitance of PEs with (top) and without (bottom) SN under a broad
range of applied pressures. HCPEs show higher capacitance and enable sensing
across awide pressure range (2.5-500 kPa), indicating an enhanced SNR.

sensingrequires the applied a.c.frequency to be lower thanthe charge
relaxationfrequency ( f, .. < 7c").Inthisregime, the bulk capacitance
becomes negligible and the EDL capacitance dominates the capacitive
response (Fig.5h). When pressureis applied, the contact areabetween
the electrode and ionic conductor increases, enabling pressure sens-
ing®. The EDL capacitance (Cp,) is proportional to the accumulation

ofionsattheinterface betweentheelectrode and the electrolyte. We,
therefore, expected that our approachtoincrease nand pwould allow
moreionstoreachtheinterface more quickly, thereby increasing C;,
(Fig. 5i). Since the signal-to-noise ratio (SNR) is determined by the
magnitude of capacitance change (AC) under pressure, our strategy
enables high signal output, as ACis proportional to Cyp,, (Fig. 5i). Capaci-
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Fig. 6 | Versatile conductivity enhancement by a high-dielectric plasticizer
indiverse single-ion-conducting polyelectrolyte networks. a,b, Chemical
structures of the reference polycationic (a) and polyanionic (b) networks.

RT, room temperature. c-f, d.c.ionic conductivity at different SN ratios

for polycationic networks with different polymer backbones (c) and with
different mobile counterions (d-f; bromide (d), hexafluorophosphate (e) and
dicyanamide (f)), compared with the reference network ina. g-j, d.c.ionic
conductivity at different SN ratios for polyanionic networks with different
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polymer backbones (g) and with different mobile counterions (h-j; potassium
(h), 1-butyl-1-methylpyrrolidinium (i) and tetrabutylammonium (j)), compared
with the reference network in b. Measurement temperatures are indicated
ineach panel. Filled bars show data measured at 333 K (c) or 323K (e), and
additional room-temperature data for SN 0.6 (c) and SN 0.8 (e) are shown as
hollow bars separated by a dashed line. Data from c—j are presented as mean
values + standard deviation from three independent replicates.

tance measurements over time under varying pressures revealed that
pristine PEs (without SN) could not distinguish capacitance changes
from background noise below 100 kPa. By contrast, SN-containing
HCPEs exhibited clear responses over a broad pressure range
(2.5-500 kPa), indicatingenhanced SNR (Fig. 5j, Supplementary Figs. 38
and 39 and Supplementary Table 6). To examine sensing performance
under comparable mechanical deformation, we compared capacitance
responses under the same compressive strain for PEs with and without
SN. Only SN-containing HCPEs showed discernible capacitance
changes, whereas pristine PEs remained at the noise level, indicating

that the improved sensing performance is mainly governed by
enhanced ionic conduction (Supplementary Fig. 40). These results
demonstrate the potential of HCPEs as EDL capacitive sensors with
enhanced signal clarity, enabled by improved ionic conduction
and elasticity.

Versatile conductivity enhancementin diverse
single-ion networks

To demonstrate the versatility of our high-dielectric plasticizer strat-
egy, we applied SN to a series of chemically crosslinked single-
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ion-conducting polyelectrolyte networks with different polymer back-
bones and counterions, spanning both polycationic and polyanionic
systems (Fig. 6 and Supplementary Figs. 41-50). Specifically, we used
1-[2-acryloyloxyethyl]-3-butylimidazoliumbis(trifluoromethane) sul-
fonimide (AT) (Fig. 6a) and 1-ethyl-3-methylimidazolium 3-[[[(trifluo-
romethyl)sulfonyl]Jamino]sulfonyl]propyl acrylate (EA) (Fig. 6b) as
reference polycationic and polyanionic networks, respectively, and
thenvaried either the polymer backbone (Fig. 6¢,g) or the counterion
species (Fig. 6d-f,h-j) and maintained the chemically crosslinked
single-ion architecture. Across all networks, SN incorporation led to
substantial conductivity enhancements, typically increasing o4 . from
1075-10° mS cm™to0 0.1-2 mS cm ™ at the measured temperatures, cor-
responding to roughly 10>-10°fold increases. For networks that are
glassy atroomtemperature, the changein o4 . was evaluated at elevated
temperatures (Fig. 6¢,e). Nevertheless, after SN incorporation, these
networks reached conductivities exceeding 0.1 mS cm™even atroom
temperature. Therefore, these results demonstrate that high-dielectric
plasticization by SN provides an effective approach to boost ionic con-
ductivity across diverse polyelectrolyte networks.

Discussion

In this study, we demonstrated HCPEs with leakage-free operation.
The central design principle is to introduce a solid, electrically neu-
tral, high-dielectric plasticizer that can be stably retained within poly-
mer networks, thereby preserving the leakage-free and ion-selective
nature of PEs and simultaneously promoting ion dissociation and ion
mobility. Despite the single-ion constraint that allows only one ionic
species to be mobile, the resulting conductivities approached those
of liquid-based dual-ion conductors such as ionogels and ionic lig-
uids. Consistently enhancing conductivity across chemically distinct
networks, this strategy expands the application scope of solid-state
single-ion conductorsthat have been constrained by their intrinsically
low conductivity. Considering that the limitations of ionic transport
stem from both strong ion pairing and limited segmental dynamics,
itwould be valuable to design high-dielectric plasticizers with tailored
molecular architectures for a range of solid-state ionic conductors.
We anticipate that the strategy demonstrated here will contribute
broadly to the development of next-generation solid-stateionic devices
requiring fast, stable and selective ion transport such as wearable
energy storage devices, ionic thermoelectric devices, ionic diodes
and flexible electrochemical systems.
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Methods

Materials

1-Butylimidazole, poly(ethylene glycol) diacrylate (PEGDA; average M,,
250), 3-sulfopropylacrylate potassiumsalt, potassium hydrogenfluoride,
SN, triethylene glycol monomethylether,imidazole, silver nitrate, 2-(meth-
acryloyloxy)ethyltrimethylammonium chloride, potassium hexafluoro-
phosphate, 1-butyl-1-methylpyrrolidinium chloride, tetrabutylammonium
chloride, dimethyl sulfoxide-d, deuterated chloroform and DMC were
purchased from Sigma-Aldrich. 2-Bromoethyl acrylate (stabilized with
900-1,500 ppm of 4-methoxyphenol), oxalyl chloride, potassium car-
bonate and 1-ethyl-3-methylimidazolium chloride were purchased from
AlfaAesar. Trifluoromethanesulfonamide, lithium bis(trifluoromethane)
sulfonimide, 2,2-dimethoxy-2-phenylacetophenone (DMPA), PEG 200,
p-toluenesulfonylchloride, sodium dicyanamide and1,4-butanesultone
were purchased from TCI Chemicals. N,N-Dimethylformamide (DMF;
99.8%), DCM (>99.8%), tetrahydrofuran (99.8%), acetonitrile (MeCN;
99.8%), ethylacetate (99.8%) and sodium hydroxide were purchased from
DaejungIndustry. Allchemicals were used asreceived, whereas DMF was
used after being dried over 4-A molecular sieves.

Preparation of pristine PEs

The monomers for AT and EA were synthesized following previous
work™ (Supplementary Methods and Supplementary Figs. 1and 2).
PEGDA (2 mol%) was mixed with AT and EA monomer. Next, 0.5 mol%
of DMPA solution in ethanol (100 mg ml™) was added as a photoinitia-
tor. After mixing, ethanol was removed under a vacuum of <10 torr at
room temperature. The viscous AT (or EA) mixture was then injected
into a polytetrafluoroethylene mould separated by 400-pum-thick
poly(ethylene terephthalate) spacers. Free radical polymerization
was initiated by exposure to 365-nm ultraviolet light for 30 min. After
polymerization, the residual monomers were washed out by soak-
ing the PEs in DCM overnight. Finally, the PEs were dried at 60 °Cina
vacuum oven to completely remove residual solvents.

Preparation of HCPEs

Tofabricate HCPEs, the as-prepared PEs (polycation or polyanion) were
first weighed to determine the required amount of SN. SN was dissolved
in DCM at a weight ratio of 1:1.2 (SN:DCM) to prepare a homogeneous
casting solution. The SN/DCM solution was then uniformly applied
onto the PEs. The samples were sealed in a Petri dish and incubated at
40 °Cfor12 htoallowthe thorough diffusion of SN into the elastomer
network. The resulting elastomers were optically transparent with-
out signs of phase separation or crystallized SN domains. To remove
the residual solvent, the samples were subsequently placed under a
vacuum of <107 torr at 40 °C for an additional 2 h.

Preparation of PEs with other additives

To prepare PEs containing alternative additives, the as-prepared PEs
(polycation or polyanion) were first weighed to determine the appro-
priate additive loading. A suitable amount of PEG 200 or DMC was
dissolved in DCM to form a homogeneous solution, which was then
uniformly applied onto the PEs. The samples were sealed and incu-
bated at 40 °C for 12 h to allow additive diffusion into the elastomer
network. Residual DCM was subsequently removed by drying the
samples under vacuum (<107 torr) at 40 °C for an additional 2 h. For
theZIL, ahigh-dielectric additive, the synthesis scheme and dielectric
property are provided in Supplementary Fig.10. A suitable amount of
ZIL was dissolved in MeCN and uniformly applied onto the PEs. The
samples were placed at 40 °C for 12 h to promote diffusion, followed
by vacuumdrying at 60 °C for 4 hto remove residual MeCN.

Preparation of various polyelectrolyte networks

Various polyelectrolyte networks were prepared using ionic mon-
omers synthesized according to the procedures described in the
Supplementary Methods and characterized by NMR spectroscopy

(Supplementary Figs. 41-48). For all monomers except potassium
3-[[[(trifluoromethyl)sulfonyl]amino]sulfonyllpropyl acrylate, the
polymerization and washing steps were identical to those used for the
pristine AT and EA PEs.

For potassium 3-[[[(trifluoromethyl)sulfonyl]amino]sulfonyl]
propyl acrylate, the solid monomer was first dissolved in DMF at a
mass ratio of 1:0.6 (monomer:DMF) with stirring to obtain a viscous
solution. PEGDA (2 mol%) and DMPA (0.5 mol%) were then added and
stirred thoroughly. Theresulting precursor mixture was degassed for
10 min. The viscous mixture wasinjected into a polytetrafluoroethylene
mould separated by 400-pm-thick poly(ethylene terephthalate) spac-
ers. Free radical polymerization was initiated by exposure to 365-nm
ultraviolet light for 4 h. After polymerization, the residual monomers
were washed out by soaking the obtained polyelectrolyte networksin
MeCN overnight. Finally, the networks were dried at 60 °Cinavacuum
oven for 24 hto completely remove residual solvents.

Preparation of highly conductive polyelectrolyte networks

To prepare highly conductive polyelectrolyte networks, SN was intro-
duced into the as-prepared polyelectrolyte networks using the same
solvent-swelling method as described for HCPEs.

For the networks prepared from potassium 3-[[[(trifluoromethyl)
sulfonyl]lamino]sulfonyl]propyl acrylate and 1-[2-acryloyloxyethyl]-
3-butylimidazolium bromide, SN was introduced in an analogous man-
ner, except that MeCN was used instead of DCM. The samples were
placed at 40 °C for 12 h to promote diffusion, followed by vacuum
dryingat 60 °C for 4 hto remove residual MeCN.

Preparation of PVDF-HFP/[EMIM][TFSI] ionogel

PVDF-HFP (8 g) was dissolved in acetone (72 ml) under stirring for
30 min at room temperature. [EMIM][TFSI] (8 g) was then added and
the mixture was stirred for a further 10 min at room temperature to
obtain a homogeneous precursor solution. The resulting solution
was cast onto a glass Petri dish, and left at room temperature for 24 h
to allow the evaporation of acetone. The dried film was subsequently
transferred to a vacuum oven and dried at 40 °C for 1 h to remove the
residual solvent, yielding the PVDF-HFP/[EMIM][TFSI] ionogel.

NMR, FTIR and Raman characterizations

The 'H and °F NMR spectra were collected on a 400-MHz NMR spec-
trometer (AVANCE NEO 400, Bruker) at the National Instrumentation
Center for Environmental Management, Seoul National University. For
SN-containing samples, SN was directly dissolved into the synthesized
monomer and stirred for 15 min to form a homogeneous solution.
Approximately 20 mg of the resulting solution was then dissolved in
deuterated chloroform for NMR analysis. The synthesized monomers
were dissolved in dimethyl sulfoxide-d, and characterized using a
600-MHz NMR spectrometer (AVANCE Il HD, Bruker).

An FTIR spectrometer (Nicolet iS50, Thermo Fisher Scientific)
was used to conduct the FTIR spectroscopic analysis. All data were
measured in the ATR mode. Peak shifts in HCPEs were confirmed by
the FTIR spectra.

Ramanspectrawere acquired usingaLabRAMHR Evolution Raman
spectrometer (HORIBA) equipped with a 633-nmlaser at the Research
Institute of Advanced Materials, Seoul National University. The laser
power was set to 50%. For point measurements, the spectra were col-
lected with anacquisition time of 100 sand one accumulation. Raman
mapping was performed under identical laser conditions (633 nm, 50%
power) withan acquisition time of 10 s and one accumulation per point.
A spectral range of 2,200-2,500 cm™ was scanned over a10 x 10 grid
with astep size of 3.3 um.

Electrical characterizations
Impedance and dielectric measurements were conducted using a
Novocontrol Concept 40 dielectric spectrometer equipped with a
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Quatro Cryosystem temperature control unit. Measurements were
performed over afrequency range of 10" to 10’ Hzwith an applied a.c.
voltage of 40 mV (root meansquare (r.m.s.)). Samples were sandwiched
between a pair of disposable gold-plated electrodes (BDS1301) witha
fixed sample diameter of 9 mm and placed in the ZGS sample cell. To
ensure measurementreliability, allmeasurements were carried outin
atemperature-controlled chamber at 25 °C. The complex impedance
data were transformed into complex conductivity, with the real part
of conductivity (0’(w)) calculated as

0 (w) = l X AC)

A" 72  + 7wy

where [ is the sample thickness; Ais the electrode area; and Z'(w) and
7' (w) are the real and imaginary components of impedance, respec-
tively. The frequency-independent plateau region of ¢’ (w) was identi-
fiedasthed.c.conductivity (o4 ). Additionally, the plateau conductivity
obtained from high-frequency random barrier model fitting was taken
as 04 (Supplementary Fig.19). The d.c. conductivity was alsoindepen-
dently calculated from the bulk resistance (Rp) extracted from Nyquist
plots using the relation o = l[/ARg.

Temperature-dependent conductivity measurements were per-
formed from 0 to 70 °C in 10-K increments, with a stabilization time
of 15 min at each temperature. Measurements were performed over
afrequency range of 10°-10” Hz with an applied a.c. voltage of 40 mV
(r.m.s.). To confirm the Arrhenius-to-VTF crossover, the polycation
elastomer (SN 0) was further examined over an extended range from
-60t050 °Cin10-Kintervals, with a stabilization time of 15 min ateach
temperature. Measurements were performed over afrequency range of
10't010” Hz with the same bias. Below the glass transition temperature,
the conductivity followed the Arrhenius relation

o(n=opexp|-75].

where E, is the activation energy and R is the gas constant. Above T,
the conductivity followed the VTF relation®
o(T) =AT %5 exp [—L] ,
R(T-Ty)
where Aisa pre-exponential factor, Bis the pseudo-activation energy
and T, is the Vogel temperature.

For environmental stability tests under ambientand 90% RH, d.c.
conductivity was measured using a precision LCR meter (E4980A,
Agilent Technologies), over a frequency range of 20-10° Hz with an
applied a.c. voltage of 40 mV (r.m.s.). The calculation method for d.c.
conductivity was consistent with that described above.

Jonscher’s power law (0 (w) = 04, [1 + (w/w,)"], where n is the
power-law exponent (0 < n<1) and w, is ion hopping frequency) was
used to constructamaster curve of HCPEs’ conductivity across differ-
ent SN compositions. Scaling of the frequency-dependent a.c.

conductivity is
()
Og.c. (‘)p

where F is a scaling function independent of concentration
and temperature.

Mechanical characterization

Allmechanical tests were performed using a universal testing machine
(Instron 3343) equipped with a 50-N load cell. Elastomer samples
were cut into rectangular shapes and adhered to acrylic-sheet-based
grippers using Krazy glue (Supplementary Fig. 35). The gauge length
between grippers was fixed at 5 mm. The stretch rate was maintained at
aconstant rate of 4 min throughout the tests. The Young modulus was

determined from the initial slope of the stress—strain curves. Tensile
loading-unloading tests were performed using the same setup, under
anapplied strain of 20%. For fracture toughness measurements, anotch
with alength equal to half of the sample width was introduced before
testing. Additional measurements were conducted at various strain
rates to investigate mechanical hysteresis. Unless otherwise noted,
the strain rate was set to 0.1s™. Hysteresis was quantified following a
previously reported method**.

The viscoelastic properties of the PEs were investigated using
arheometer (DHR-2, TA Instruments). Samples were cut into cir-
cular discs with a diameter of 10 mm and a thickness of 500 um. A
parallel-plate geometry was used, and the applied normal preload was
set to 0.3 N. Frequency sweep tests were conducted over an angular
frequency range of 100 to 0.1 rad s under a constant shear strain of
3%.Storage modulus (G’), loss modulus (G”) and loss factor (tané) were
measured as a function of angular frequency.

Contact angle measurement

Acontactangleanalyser (FEMTOFAB, SmartDrop) was used to measure
the contact angle. A 4-pl droplet of deionized water was placed on the
sample surface at room temperature, and the contact angle was meas-
ured 30 s after water deposition. To evaluate wettability on commercial
oil paper using liquid SNand PEG 200, a Peltier device was placed beneath
the oil paper and maintained at 60 °C. Each liquid was preheated at
60°C for 30 min, after which a4-pl droplet was placed onto the oil paper
surface. The contact angle was measured 30 s after droplet deposition.

Device demonstration system

For device demonstration, pristine PEs and HCPEs were prepared.
Each sample was fabricated into a disc shape with adiameter of 9 mm
and athickness of 400 pm. A metal-insulator-metal (MIM) structure
was assembled by placing each sample between two gold electrodes.

The assembled MIM devices were then integrated into a circuit
containing awaveform generator (Agilent 33600A series) and acom-
mercial LED. An a.c. signal with a peak-to-peak voltage of 6 Vwas applied
to the devices and the LED threshold voltage (V,;,) was 2 V. The LED
response was monitored to evaluate the ionic conduction behaviour
of the elastomers.

For pressure-sensing applications, MIM devices were mounted on
auniversal testing machine (Instron 3343) equipped with a 1-kN load
cell,and compressed under defined pressures. The capacitance of the
sensor was measured using a precision LCR meter (E4980A, Agilent
Technologies). For strain-controlled measurements, samples with
identical geometry were prepared and assembled into MIM devices,
which were then compressed to a fixed compressive strain of 10%.

Data availability
Sourcedataare provided with this paper. Additional datasupporting the
findings of this study areincluded in the Supplementary Information.
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Extended Data Fig. 1| Temperature dependence of dissociated ion density
and effective ion mobility. a,b, Temperature dependence of dissociated ion
density (a) and effective ion mobility (b) of polycationic elastomers.
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ion mobility (d) of polyanionic elastomers. The dissociated ion density follows an
Arrhenius relation, whereas the effective ion mobility follows a Vogel-Tammann-
Fulcher (VTF) relation.
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Extended Data Table 1| The value of ion density by FTIR deconvolution method

Associated ions

Dissociated ions

Dissociated ion

Polymer + Additive (%) (%) & (11?)121513111 5
POI(Y:%“’“ Pristine 91.28 8.72 2.24
POI(Y:;?OH +SN0.2 77.10 22.90 5.51
POI(-‘YX;?OH +SN 0.4 66.35 33.65 7.19
Polz:%ion +SN 06 48.09 51.91 10.63
Poggl)ion Pristine 88.89 111 2.59
Pogﬁl)ion +SN0.3 77.94 22.06 4.89
Pogil)ion +SN 0.6 62.15 37.85 6.89
Pogil)ion +SN 0.9 45.04 54.96 9.34

All values are presented as mean values from three independent samples. The total ion concentration was calculated by dividing the molar amount of ions by the sample volume and

converting it to number density using Avogadro’s number.
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