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Moisture usually deteriorates polymers’ mechanical performance owing to its
plasticizing effect, causing side effects in their practical load-bearing
applications. Herein, a simple binary ionogel consisting of an amphiphilic
polymer network and a hydrophobic ionic liquid (IL) is developed with
remarkable stiffening effect after moisture absorption, demonstrating a
complete contrast to water-induced softening effect of most polymer
materials. Such a moisture-induced stiffening behavior is induced by phase
separation after hydration of this binary ionogel. Specifically, it is revealed that
hydrogen (H)-bonding structures play a dominant role in the
humidity-responsive behavior of the ionogel, where water will preferentially
interact with polymer chains through H-bonding and break the polymer-IL
H-bonds, thus leading to phase separation structures with modulus boosting.
This work may provide a facile and effective molecular engineering route to
construct mechanically adaptive polymers with water-induced dramatic
stiffening for diverse applications.

1. Introduction

Stiffness-switching presents a critical strategy for organisms in
nature to accommodate complicated living conditions. For in-
stance, fish can change its skin modulus under external stim-
uli to minimize surface friction force and escape from danger-
ous situations.[1] Sea cucumber shares the talent of rapid and
reversible altering its tissue stiffness either to prevent physi-
cal damage or move freely.[2] Inspired from nature, synthetic
polymer materials, which can change stiffness on-demand, pro-
vide a dynamic solution with simultaneous shape adaptability
and load-bearing capability, showing great potentials in mod-
ern society for diverse applications, including intelligent elec-
tronics, soft robots, artificial muscles, reversible adhesives, etc.[3]
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Currently, a series of smart polymer
materials with mechanical adaption
have been developed through introduc-
ing stimuli-induced glass transition,[4]

crystallization-melting transition[5] and
phase separation.[6] Herein, the triggers
to induce the stiffness-switching include
heat, light, solvents or electricity. Among
them, water is an abundant yet renewable
resource and poses no risks to the envi-
ronment, offering a low-carbon stimulus
to be operated in mild conditions. Never-
theless, water usually acts as a plasticizer
and weakens the molecular interactions
between polymer chains,[7] resulting in the
deterioration of polymer’s mechanical per-
formance and consequently hindering their
load-bearing applications at high humidity.

Currently, many efforts have been de-
voted to overcoming the water-induced soft-
ening of common polymer systems, includ-
ing water-mediated hydrogen bonding,[8]

hydration-triggered chemical reaction,[9] water-induced phase
separation[9b,10] etc. Phase separation may result in the decom-
position of polymer gels into dense and sparse polymer re-
gions in real space, yielding associated polymer chains in the
dense phase and thereby producing boosted stiffness. Thus, it
is indicated that phase separation would be an efficient way to
achieve water-induced enormous stiffness increasing of polymer
materials. Wooley et al.[11] demonstrated that an amphiphilic
crosslinked polymer, composed of hyperbranched fluoropolymer
and poly(ethylene glycol) (PEG), exhibits an increase in elas-
tic modulus upon absorbing water. Tan et al.[12] reported water-
triggered stiffening of shape-memory polyurethane, which fea-
tures hard segments on the main chains and soft PEG segments
on the side chains, through enhanced microphase separation. Re-
cently, Zhu et al.[13] designed a series of three-component poly-
mer gels, consisting of a hydrophobic poly(benzyl methacrylate)
network, a hydrophobic ionic liquid (IL) and a hygroscopic salt,
with dramatic mechanical stiffening in virtue of water-driven
phase separation. However, these strategies either show limited
modulus change amplitudes or require complicated molecular
design and delicate formulation optimization, which might re-
strict the practical applications.

Molecular interactions play a crucial role in the plasticizing
effect of water on polymer materials owing to the strong capa-
bility of water to form hydrogen (H) bonds with polymer chains.
From this point of view, we hypothesize that water molecules
could participate in the H-bonding competition in a binary gel
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Figure 1. Photographs and schematic illustration of water-induced phase separation and stiffening of the PNIPAM/[EMIM][TFSI] ionogel.

system, which contains an amphiphilic polymer network
and a hydrophobic solvent with modest compatibility, and
subsequently induce phase separation to realize dramatic
modulus increase. Poly(N-isopropylacrylamide) (PNIPAM)
displays an upper critical solution temperature (UCST) in
a hydrophobic IL,[14] e.g. ethyl methyl imidazolium bis (tri-
fluoromethylsulfonyl) imide ([EMIM][TFSI]), suggesting
that polymer–polymer and polymer–solvent interactions are
subtle in this system. In addition, PNIPAM chains pos-
sess both hydrophilic and hydrophobic groups and can
form H bonds with water molecules. Thus, in this work,
we fabricate a binary PNIPAM/[EMIM][TFSI] ionogel as a model
to test our hypothesis. As expected, the binary ionogel with
proper polymer contents transforms from a transparent and
soft state into an opaque and highly stiff one after moisture
absorption, which is highly reversible. It is demonstrated that
water could interact with PNIPAM chains through H-bonding
and break the PNIPAM-IL H bonds, leading to phase separation

structures with IL-rich and IL-poor phases and subsequent
modulus boosting. The current work may provide a paradigm
to develop mechanically adaptive materials with water-induced
dramatic stiffening for diverse applications.

2. Results and Discussion

2.1. Effect of Moisture Absorption on the Mechanical
Performance

The binary ionogels were facilely prepared by free radical poly-
merization of N-isopropylacrylamide in [EMIM][TFSI] in the
presence of chemical cross-linker. As shown in Figure 1, the as-
prepared ionogel is in a transparent and soft state, and could
hardly bear its own weight. Meanwhile, it transforms into a white
and rigid state after moisture absorption, and could lift a weight
of 1 kg with a strip size of 30 mm (length) × 8 mm (width)
× 1 mm (thickness), demonstrating the water-induced phase
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Figure 2. Humidity-induced mechanical performance variation of PNIPAM/[EMIM][TFSI] binary ionogel: tensile stress–strain curves a), Young’s mod-
ulus and breaking strain b) and water content c) at varied RH. DMA curves d) and corresponding cycling tests e) of E’ and E’’ with varying RH between
0 and 50%. f) DMA curves of E’ and E’’ with varying RH between 0 and 90%. g) E’ at varied RH.

separation and subsequent stiffening process. It is noted that the
binary ionogel become soft again after further water absorption.
We believed that H-bonding competition in the ionogel plays a
crucial role for the non-monotonic change in stiffness with rela-
tive humidity (RH) increasing. In the dry state, the delicate bal-
ance between polymer-polymer and polymer-IL H-bonding could
afford a homogeneous and soft binary ionogel. Water possesses
a strong tendency to form H bonds with polymer chains and
will compete with IL, leading to the disruption of polymer-IL H
bonds and consequently microphase separated structure. Such a
phase separation would bring polymer chains closer and lead to
associated chains in the dense polymer phase, thereby leading to
increased stiffness. Through further hydration, water molecules
will continue to interact with polymer chains and subsequently
break polymer–polymer H bonds, acting as a plasticizer to soften
the ionogel.

We first examine the effect of polymer concentration on the
water-responsive behavior of the binary ionogels. As displayed
in Figure S1 (Supporting Information), the as-prepared iono-
gels show a nontransparent appearance at relatively low poly-
mer fractions, while they are transparent at polymer concentra-
tions higher than 30 wt%, which is consistent with the UCST-
type phase behavior of PNIPAM in [EMIM][TFSI] determined by
the composition dependence of the entropy and energy changes
on mixing. It is observed that all the samples exhibit a stiffen-
ing behavior after moisture absorption at 50% RH owing to the
water-induced/enhanced phase separation. As shown in Figure
S2 (Supporting Information), the cloud points of the ionogels
increase notably after water absorption. Herein, the sample of
30 wt% polymer content demonstrates an obvious phase separa-
tion with large modulus change, which will be chosen for further
investigations. In the following part, the polymer content is 30
wt% unless otherwise specified.

Then, the mechanical performance of the ionogel at varied
RH was evaluated through a universal tensile test. As shown in
Figure 2a,b, the as-prepared ionogel is soft and stretchable with

Young’s Modulus (E) of 13.3 MPa and breaking strain (ɛb) of
640%. After moisture absorption, an obvious stiffening behavior
could be observed. With RH varying from 0 to 90%, E of the iono-
gel first increases remarkably from 13.3 to 226.8 MPa and then
decreases to 75.9 MPa. In contrast, ɛb of the ionogel exhibits a
sharp decrease from 640% to 67%, followed by an increase to
330%. It is noticed that the ionogel displays a maximum E of
226.8 MPa, a minimum ɛb of 67% and toughness of 2.1 MJ m−3

(Figure S3, Supporting Information) at 50% RH, possibly due
to the dense phase separation. Water content is critical in deter-
mining the mechanical properties of the ionogel. As expected,
higher RH leads to higher water content, which could be as high
as 8 wt% for the ionogel equilibrated at 90% RH (Figure 2c).
From this point of view, a proper amount of water in the iono-
gel contributes to the phase separation with boosted modulus,
whereas additional hydration of the ionogel causes plasticiz-
ing effect and deteriorates the stiffness (Figure S4, Supporting
Information).

Dynamic mechanical analysis (DMA) was further performed
to in situ monitor the mechanical change of the ionogel under
various RH, as shown in Figure 2d. With increasing the RH
from 0% to 50%, the storage modulus (E’) and loss modulus
(E’’) demonstrate a sharp increase from 1.3 to 179.6 MPa and
1.4 to 34.2 MPa, respectively. Herein, the slight decrease in mod-
ulus when equilibrated at 0% RH might be originated from trace
amount of water in the as-prepared ionogel. Meanwhile, both E’
and E’’ can return to the original values after RH decreasing to
0%, indicating that the stiffness-switching of the ionogel is highly
reversible. Such a complete reversibility can be also confirmed by
the excellent cycling performances of E’ and E’’ under repeated
RH switching between 0 and 50% (Figure 2e; Figure S5, Support-
ing Information). When increasing the RH from 0 to 90%, E’ of
the ionogel first increases dramatically and then decrease grad-
ually, suggesting a highest modulus at intermediate humidity. It
is noted that decreasing the RH from 90% to 0% affords higher
modulus in the intermediate RH when compared with the RH
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Figure 3. Water-induced phase separation of the PNIPAM/[EMIM][TFSI] binary ionogel: a) Photographs and b) transmittance of the ionogel in the
dry state and equilibrated at different RH. c) UCST and Tg curves against RH. Humidity-dependent d) SAXS-USAXS profiles in logarithmic scales and
e) scattering intensity at q = 0.01 and 0.15 Å−1. LF 19F NMR f) and LF 1H NMR g) spectra at varied RH. h,i) 2D LF 1H NMR spectra at varied RH.

increasing process, which might be explained by that decreasing
the RH would first lead to the desorption of weakly bonded water
molecules and this part of molecules acts merely as plasticizer.
Figure 2g and Figure S6 (Supporting Information) displays the
E’ values of the ionogel equilibrated at different RH and reveals
that 50% RH results in the most prominent stiffening, which par-
allels with the data from tensile tests.

2.2. Water-Induced Phase Separation

Phase separation plays a predominant role in the water-
induced stiffening behavior of PNIPAM/[EMIM][TFSI] ionogel.
Figure 3a,b shows that the ionogel gradually transforms from a
transparent state to a semi-transparent one and finally becomes
opaque with RH increasing, implying a phase transition process
thereinto. Considering the UCST-type transition of PNIPAM in

[EMIM][TFSI], we believe that the presence of water would sig-
nificantly influence the phase transition temperature of the bi-
nary ionogel. As displayed in Figures S7 and S8 (Supporting In-
formation), the as-prepared ionogel remains transparent even af-
ter cooling to −60 °C while demonstrates a UCST-type transition
of ≈70 °C when equilibrated at 50% RH. In addition to phase
separation, glass transition would also lead to stiffness change
for a polymer system. Glass transition temperatures (Tg) of the
ionogel equilibrated at varied RH are determined from rheolog-
ical measurement (Figure S9, Supporting Information). Herein,
the UCST and Tg curves are plotted against RH in Figure 3c. It
is shown that the ionogel is rigid only in the region with phase
separation below Tg, indicating that the synergy between phase
separation and glassy state of the ionogel contribute to the water-
induced stiffening.

The phase separation in ionogels induced by humidity was fur-
ther analyzed using in situ small-angle X-ray scattering (SAXS)
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and ultra small-angle X-ray scattering (USAXS) methods, as
shown in Figure 3d,e and Figures S10 and S11 (Supporting In-
formation). The scattering contribution can be roughly divided
into two regimes: the low q regime (q < 0.02 Å−¹), where the scat-
tering dominated by the large separate phases; the high q regime
(q > 0.02 Å−¹), where the scattering contributed mostly by the lo-
cal structure of the polymer matrix. Scattering is roughly divided
into 4 stages (T1–T4) according to the controlled humidity and a
developing model is used to fit the data (Supporting Information
theory part).

In the dry state (T1), the SAXS profile of the ionogel exhibits
a typical homogeneous conventional polymer gel, which can be
described by the Ornstein–Zernicke function.[15] From RH10%
onward (T2), minor changes occur in the high q range, along-
side a significant increase in scattering in the low q region. This
suggests the presence of polymer chain interactions due to wa-
ter molecules, resulting in a clustering effect within the dry film.
At the T3 stage, scattering intensity in the low q region escalates
rapidly starting from RH15%, while scattering in the high q range
weakens (except for RH15%). This is attributed to polymer chain
collapse, leading to phase separation. The scattering curve from
RH15% to RH70% is well-described using a multi-component
system model (see Supporting Information for details). Fitting re-
sults include calculated parameters such as the correlation length
(𝜉, or blob size) describing polymer chain behavior, radius of gy-
ration (Rg), morphology-related parameter n, and forward scat-
tering I0. The calculated correlation length, 𝜉, shows a slight in-
crease with humidity from 17.5 Å at RH0% to 25 Å at RH15%,
indicating initial interactions between water molecules and poly-
mer chain segments, increasing the average distance between
chains. However, beyond RH15%, polymer chains gradually col-
lapse, leading to phase separation. The correlation length initially
decreases rapidly, plateauing before continuing to decrease to
8.7 Å at RH70%. This decrease in correlation length correlates
with stiffening of the ionogel, consistent with other character-
izations. The morphology parameter n, reflecting sample mor-
phology, remains around 4 from RH15% and above, indicating
a condensed phase with clear interface in the phase-separated
system. The Rg ranges from 272 Å for RH15% to 484 Å for
RH75%. Changes in Rg and forward scattering exhibit similar
trends, indicating rapid increase in scattering intensity in the
low q region mainly due to size growth of the new separated
phase.

In the T4 stage, scattering exhibits a sudden upward turning
point at 0.0006 Å on the Log–Log plot, indicating further interac-
tion and cross-linking of the new phase under RH90% humidity.
Scattering appears flat at high q under Log–Log scale, suggesting
few discrete polymer phases in the system. Calculated Rg > 600 Å
at RH90% is significantly larger than Rg at RH70%, indicating
substantial deviation caused by mutually cross-linked separated
phases. In summary, the SAXS-USAXS characterization results
unequivocally demonstrate phase separation induced by the col-
lapse of polymer chains in samples exposed to varying humidity
levels, which correlates with their mechanical properties.

Low-field nuclear magnetic resonance (LF NMR), a power-
ful tool to probe the activity changes of certain atoms through
transverse (spin–spin) relaxation times (T2), is employed to gain
molecular insights into the phase structures of the ionogel.
First, LF 19F NMR spectra (Figure 3f) are collected to moni-

tor the behavior of [EMIM][TFSI]. For the dry ionogel, only one
T2 peak is observed, hinting the homogeneous distribution of
[EMIM][TFSI] in the ionogel. With RH increasing, the T2 peak
broadens and then splits into two peaks, suggesting the phase
transition of the ionogel into two phases after moisture absorp-
tion. Herein, the lower T2 peak with only a small portion repre-
sents [EMIM][TFSI] confined in the PNIPAM-rich phase while
the higher one represents [EMIM][TFSI] in the PNIPAM-poor
phase. Furthermore, LF 1H NMR spectra are obtained to recog-
nize all the proton species in the ionogel. As shown in Figure 3g,
two peaks could be identified from the ionogel in the dry state,
which could be related to protons in PNIPAM and [EMIM][TFSI]
from low to high T2, respectively. After hydration, the occur-
rence of phase separation results in the formation of polymer-
rich and polymer-poor phases. At intermediate RH, protons in
the polymer-rich phase, which mainly come from PNIPAM and
water, are strongly confined and bonded, thus demonstrating low
T2. Meanwhile, protons in the polymer-poor phase are mostly
contributed by [EMIM][TFSI] and less restricted, consequently
showing relatively high T2. Further increasing the RH to 90%
distinguishes two species in the polymer-rich phase, which could
be assigned to PNIPAM and water from low to high T2, respec-
tively, suggesting that water molecules are tightly bonded in the
polymer-rich phase at intermediate RH while show increased
mobility at high RH. It is noticed that the T2 of both 19F and 1H
changes significantly from 10% to 30% RH, indicating that the
phase transition occurs evidently in this RH region, which paral-
lels with the SAXS-USAXS results as well as the modulus change
in Figure 2g. 2D LF-1H NMR T1-T2 spectra, where T1 represents
longitudinal (spin-lattice) relaxation time, are obtained to provide
more precise information on the proton species in the ionogel
(Figure 3h,i; Figure S12, Supporting Information). Generally, a
higher T1/T2 ratio indicates a lower mobility and the diagonal line
with T1/T2 = 1 donates a highly mobile liquid in the bulk state.[16]

It is noteworthy that five populations can be observed in the iono-
gel after moisture absorption at 90% RH. Specifically, population
1 is considered as protons in polymer chains; population 2 and
3 are mainly contributed by water molecules; population 4 and 5
are attributed to protons in IL. Herein, the appearance of popula-
tion 5 on the diagonal line could be related to a small amount of IL
leakage at 90% RH. Moreover, the existence of two water species
at high RH indicates that additional water molecules are weakly
bonded to polymer chains and act as a plasticizer to soften the
ionogel, which is in accordance with the modulus change under
different RH.

2.3. H-Bonding Evolution During Phase Separation

H-bonding structures responsible for the water-induced phase
separation of the ionogel are further validated by infrared spec-
troscopy. Figures 4a and S13 (Supporting Information) displays
the FTIR spectra of the ionogel in the dry state and equilibrated
at varied RH. The increased intensity in 3700–3200 cm−1 re-
gion with higher RH indicates that more water molecules are
absorbed into the ionogel. In addition, the Amide I region,
mainly contributed by C═O stretching vibration, exhibits an ob-
vious shift to lower wavenumber after hydration, suggesting a H-
bonding strengthening process for C═O groups in PNIPAM. For
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Figure 4. Molecular interactions in the PNIPAM/[EMIM][TFSI] ionogel: a) FTIR spectra of ionogel in the dry state and equilibrated at different RH.
b) Curve fitted Amide I region in the dry state and equilibrated at 50% RH. c) Time-dependent FTIR spectra during moisture absorption at ≈50% RH.
d) 2Dcos synchronous and asynchronous spectra generated from (c). e) Schematic illustration of H-bonding transformation during dynamic hydration
of the ionogel.

better demonstration, the Amide I region is fitted with Gaus-
sian curve, as shown in Figure 4b and Figure S14 (Supporting
Information). In the dry ionogel, C═O groups mainly form H-
bonds with C─H groups in the imidazolium ring and NH groups
in PNIPAM and the delicate balance between C═O…H─C (imi-
dazolium ring)[14b,17] and C═O…H─N (PNIPAM)[18] H-bonding
structures affords a homogeneous phase of the ionogel. After ab-
sorbing water, which holds a strong capability to participate in H-
bonding, C═O would preferably form H-bonds with water, thus
breaking the H-bonding structure of C═O…H─C (imidazolium
ring). Consequently, the balance between polymer–polymer and
polymer-IL interactions is interrupted, leading to the occurrence
of phase separation. Since [EMIM][TFSI] is hydrophobic and
incompatible with water, the absorbed water molecules mainly
locate in the polymer-rich phase. After further increasing the
RH, the portion of C═O…H─O (water)[19] H-bonding continues

increasing, which would interrupt the C═O…H─N (PNIPAM) H-
bonding and cause plasticizing effect in the polymer-rich phase,
thus deteriorating the stiffness of the ionogel. Herein, it should
be noted that, in addition to C═O…H─O (water) H-bonding
structures, water could also form H-bonds with N─H groups in
PNIPAM (Figure S15, Supporting Information). From this point
of view, the stiffness variation of the ionogel during hydration is
closely related to the H-bonding structures in the system.

Furthermore, we in situ monitor the molecular interaction
variation in the ionogel by collecting time-dependent FTIR spec-
tra during water absorption at ≈50% RH. As shown in Figure 4c,
the Amide I region exhibits a bidirectional change with in-
tensity decreasing at higher wavenumbers while increasing at
lower wavenumbers with hydration, revealing the transforma-
tion of C═O…H─C (imidazolium ring) into C═O…H─O (wa-
ter) H-bonds. 2D correlation spectroscopy (2Dcos) is employed
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Figure 5. a) Chemical structures of [EMIM][TFSI] and [BMIM][TFSI]. b) Young’s modulus of PNIPAM/[BMIM][TFSI] ionogel at varied RH. c) Tensile
stress–strain curves of PNIPAM/[BMIM][TFSI] ionogel at 20% and 50% RH. d) Photographs showing the load-bearing capability and shape reconfigura-
bility d), soft-to-stiff transitional contact e) of the PNIPAM/[EMIM][TFSI] ionogel. f) Demonstration of PNIPAM/[EMIM][TFSI] ionogel as “smart rope”.
Scale bars in the figures are 1 cm.

to investigate the dynamic change of C═O groups during water
absorption (Figure 4d). In the 2Dcos asynchronous map, three
subtle bands at 1672, 1657, and 1622 cm−1 have been identified,
which could be assigned to C═O groups H-bonded with C─H
(imidazolium ring), N─H (PNIPAM) and OH (water) from high
to low wavenumbers, respectively. On the basis of Noda’s rule,[20]

the change sequency of all the three bands during hydration fol-
lows (“→” means “prior to”): 1622 → 1672 → 1657 cm−1, that
is, v(C═O) (H-bonded with O─H in water) → v(C═O) (H-bonded
with C─H in imidazolium ring) → v(C═O) (H-bonded with N─H
in PNIPAM), emphasizing the dominant role of polymer–water
H-bonding in the water-induced phase separation. In addition, it
is inferred that the presence of water would break the polymer-IL
and polymer-polymer H-bonding in sequence. For clarity, the H-
bonding transformation during dynamic hydration of the ionogel
is illustrated in Figure 4e.

2.4. Modulation and Applications of the Humidity-Induced
Stiffening of the Ionogel

The PNIPAM/[EMIM][TFSI] binary ionogel exhibits an obvious
stiffening even after exposure to relatively low RH, leading to
the difficulty in controlling such a stiffness-switching behav-
ior. It is speculated that the presence of more hydrophobic IL
in the ionogel might prevent water absorption in some extent,
which provides a clue to modulate the humidity-responsive prop-
erty of the ionogel. Then, we use 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl) imide ([BMIM][TFSI]) (Figure 5a),
instead of [EMIM][TFSI], to construct the binary ionogel and ex-
amine the water-induced stiffening behavior. As shown in Figure
S16 (Supporting Information), the PNIPAM/[BMIM][TFSI] iono-
gel exhibits a phase separation with apparent stiffening after
moisture absorption at 50% RH. Unlike PNIPAM/[EMIM][TFSI]
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ionogel, the PNIPAM/[BMIM][TFSI] ionogel remains soft and
apparent under 20% RH while becomes opaque with dramati-
cally increased E at 30% RH (Figure 5b,c; Figure S17, Support-
ing Information), demonstrating a delayed stiffening with RH
increasing.

Holding dramatic humidity-responsive stiffness-variation, the
PNIPAM/[EMIM][TFSI] ionogel demonstrates original capabili-
ties for a wide range of applications. Major advantages of the iono-
gel toward application are: (1) shape adaptability and shape re-
configurability; (2) spontaneous stiffening upon exposure to air.
The ionogel strip can be manually configured into diverse struc-
tures for load-bearing and support a weight over 10, 000 times
its own weight (Figure 5d). The as-prepared ionogel is adapt-
able to curved objects with increased contact area and subse-
quent humidity-induced stiffening could lock the interface for
adhesion (Figure 5e). Furthermore, the ionogel can be used as
“smart rope”, which is soft for configuration in the as-prepared
dry state and becomes stiff after moisture absorption for fixation
(Figure 5f).

3. Conclusion

In this work, we report a simple binary ionogel, composed of
PNIPAM and IL, with dramatic water-induced stiffening enabled
by H-bonding competition mediated phase separation, demon-
strating a dynamic solution for simultaneous shape adaptabil-
ity and load-bearing capability. The binary ionogel could trans-
form from a transparent and soft state into an opaque and highly
stiff one after moisture absorption. Our detailed analyzes re-
veal that the stiffness switching of the ionogel under hydration
is closely related to the H-bonding structures, where absorbed
water molecules in the ionogel could compete in H-bonding
with polymer chains and interrupt the delicate balance between
polymer–polymer and polymer-IL H-bonding, leading to phase
separation structures with boosted modulus. Meanwhile, addi-
tional water molecules would cause plasticizing effect in the
polymer-rich phase and deteriorate the stiffness of the ionogel.
Having understand the stiffening mechanism from the molecu-
lar level, we anticipate that this H-bonding competition concept
could be extended to design other stiffness switching polymer
materials for various load-bearing scenarios.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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