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New Concept Statement

In this study, we developed reprogrammable shape memory ion gels composed of
ultrahigh molecular weight polymers and ionic liquids, synthesized via a facile one-pot
radical polymerization method. This system offers a versatile platform for designing
shape memory materials with tunable properties by adjusting the polymer/ionic liquid
ratio and the ionic liquid structure. We demonstrated that the ion gels exhibited high
mechanical strength, recyclability, and excellent shape-memory performance, including
triple-shape behavior. Cyclic tests showed that ion gel retained its shape-memory function
over repeated use with minimal residual strain. Notably, this is the first study to report
permanent shape reprogramming solely through thermal relaxation of physical
entanglements. Our results challenge the conventional reliance on dynamic covalent
networks for reprogrammable plasticity and establish physical entanglements as a
dynamic, tunable, and robust crosslinking motif. We believe that our study makes a
significant contribution to the literature because it provides a versatile platform for next-
generation shape memory materials with customizable thermal and mechanical properties,

and broad applicability in smart actuators, soft robotics, and recyclable functional systems.
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Data availability
The data supporting this article have been included as part of the Supplementary

Information.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5mh01902h

Page 3 of 14

Open Access Article. Published on 14 April 2026. Downloaded on 4/15/2026 12:01:40 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Materials-Horizons

View Article Online
DOI: 10.1039/D5MH01902H

Reprogrammable Shape Memory lon Gels via Physical
Entanglement of Ultrahigh Molecular Weight Polymers

Ryota Tamate, *@® Koichiro Uto,*® Yuji Kamiyama,?® and Takeshi Ueki ¢

In this study, we develop shape memory ion gels comprising ultrahigh molecular weight (UHMW) polymers and ionic liquids
(ILs), synthesized via a facile one-pot radical polymerization method of vinyl monomers in the IL medium. The resulting ion
gels exhibit a high glass transition temperature (T;) above room temperature and a broad rubbery plateau, attributed to the
abundant physical entanglements of the UHMW polymers in the IL medium. Dynamic mechanical analysis confirms their
excellent shape-memory performance, including triple shape-memory behaviour. By leveraging the nonvolatility of IL, the
ion gels can be recycled through thermal remoulding with minimal degradation in their mechanical properties. Furthermore,
they retain their shape-memory performance over multiple deformation cycles with negligible residual strain, in contrast to
their counterparts containing lower molecular weight polymers, which suffer from chain pullout and incomplete recovery.
Notably, this study demonstrates that densely entangled polymer networks can enable shape reprogramming, highlighting
physical entanglements as a robust and dynamic crosslinking motif. Moreover, the T, can be finely tuned by adjusting the
polymer/IL composition or by selecting different IL structures, offering a versatile strategy for designing high-performance

shape memory materials.

1. Introduction

Shape memory polymers (SMPs) are a class of smart materials
capable of recovering their pre-programmed (memorized)
shape upon exposure to external stimuli such as temperature,
light, magnetic fields, and humidity.= This unique functionality
has garnered significant attention for various applications
ranging from biomedical devices and cell culture substrates to
soft actuators and responsive devices.1%-18

Thermally responsive SMPs can be broadly categorized based
on their shape-memory mechanism: those governed by the
melting temperature (Tm) of the polymer and those relying on
the glass transition temperature (Tg).1°?! T-based SMPs offer
sharp and well-defined thermal responses,??2* while Tg-based
SMPs provide the flexibility to store multiple shapes due to the
broader transition range associated with 75.25?7 The network
structures of SMPs can be established through either physical
cross-links, such as hydrogen bonding, ionic interaction, and
polymer chain entanglements with finite relaxation times,?8-30
or via chemical cross-links through multi-functional monomers
or covalent bonding introduced at side-chains or chain-ends.3!-
33 Although physically cross-linked SMPs offer superior
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moldability, they are often susceptible to creep deformation, a
limitation less pronounced in chemically cross-linked systems.
Among physically cross-linked SMPs, systems relying on chain
entanglements have been extensively explored.3*35> Notable
examples include ultrahigh molecular weight (UHMW)
polynorbornene, commercially known as Norsorex®,3637 as well
as UHMW polyethylene and poly(methyl methacrylate)
(PMMA)-grafted poly(ethylene glycol), all of which exhibit
shape memory capabilities.384° More recently, pioneering work
by Sumerlin and co-workers reported that UHMW styrenic
polymers prepared via controlled radical polymerization exhibit
shape-memory properties.*! Despite the absence of chemical
cross-linking points, SMPs based on UHMW polymers exhibit
excellent shape-memory performance owing to the dense
network of physical entanglements. However, these materials
suffer from limited tunability of Ty and often require multi-step
processing, including polymerization, purification, and
moulding.

We have previously reported the development of physically
cross-linked polymer gels comprising entangled UHMW
polymers using in situ radical polymerization in ionic liquids (ILs)
under extremely low initiator concentrations, referred to as
UHMW ion gels.*? Despite being free of chemical cross-linkers
and composed solely of polymer chain entanglements, these
gels exhibit excellent mechanical properties. Furthermore, they
demonstrate outstanding self-healing abilities and recyclability
due to the reversible nature of physical entanglements.

In this study, we developed reprogrammable shape memory ion
gels via physical entanglement of UHMW polymers. By
optimizing polymer chemical structures and compositions, we
successfully fabricated UHMW ion gels with a readily tuneable
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glass transition temperature (Tg) above room temperature and
a significantly wide rubbery plateau (Figure 1a). Relaxation
spectra are extracted from the viscoelastic master curves,
revealing that UHMW ion gels show a pronounced separation
between the relaxation peak associated with the glass
transition and that associated with terminal flow behaviour. In
addition, viscoelastic and thermal analyses demonstrated that
the resulting ion gels exhibit a broader glass transition
compared to neat PMMA and commercially available
polyurethane-based SMPs.

The developed ion gels exhibited exceptionally high mechanical
properties at room temperature, along with outstanding shape-

memory performance, including triple shape-memory
a
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behaviour driven by polymer entanglements. Furthermaresthe
gels could be readily recycled througl®!tHeYPAdIDTHoaIdME]
leveraging the reversibility of physical entanglements and the
nonvolatility and high thermal stability of ILs. In addition,
sensing of strain associated with shape deformation was
demonstrated by exploiting the ionic conductivity of the
material. Notably, this work provides the demonstration that
reprogrammable multiple shape-memory behaviour can be
achieved solely through dense physically-entangled polymer
networks, underscoring the role of physical entanglements as
both durable and adaptable cross-linking points (Figure 1b).
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Figure 1. (a) Chemical structures and schematic viscoelastic behaviour of the reprogrammable shape memory UHMW ion gels. (b)
Schematic of the shape-memory and shape-reprogramming capabilities enabled via physical entanglement of UHMW polymers.

2. Results and Discussion

We have previously reported the synthesis of UHMW polymers
with molecular weights exceeding 10® Da and nearly 100%
monomer conversion via free radical polymerization of vinyl
monomers in ILs or highly concentrated lithium salt electrolytes,
using minimal radical initiator concentrations.*?>7#> In this study,

2| J. Name., 2012, 00, 1-3

we used methyl methacrylate (MMA) as the monomer and 1-
ethyl-3-methylimidazolium

bis(nonafluorobutanesulfonyl)imide ([Ccmim][NFSI]) as IL. By
adjusting the monomer/IL ratio, we tuned Tz above room
temperature and successfully synthesized
PMMA/[Comim][NFSI] ion gels via a one-pot process, in which
the entanglement of UHMW PMMA serves as the driving force
for shape-memory properties. For comparison, we also

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5mh01902h

Page 5 of 14

Open Access Article. Published on 14 April 2026. Downloaded on 4/15/2026 12:01:40 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

synthesized composites with lower molecular weights by
increasing the initiator concentration. Additionally, an UHMW
ion gel was also prepared using
bis(trifluoromethanesulfonyl)imide (TFSI) instead of NFSI as the
anion structure. The composition of the obtained composites,
the molecular weight and molecular weight distribution of
PMMA, and the T; of the composites are summarized in Table
1. The 45wt-PMMA-H-[Comim][NFSI] sample refers to an ion gel
consisting of 45 wt% UHMW PMMA (number-averaged
molecular weight M, > 103 kDa), combined with the IL
[Camim][NFSI]. In contrast, 45wt-PMMA-M-[Comim][NFSI] and
45wt-PMMA-L-[C;mim][NFSI] denote composites incorporating
relatively medium (M, = 127 kDa) and low (M, = 45 kDa)
molecular weight PMMA, respectively. The samples 60wt-
PMMA-H-[C;mim][NFSI] and 35wt-PMMA-H-[C;mim][NFSI] are
ion gels containing UHMW PMMA at polymer concentrations of
60 and 35 wt%, respectively. Meanwhile, 45wt-PMMA-H-
[Camim][TFSI] is an ion gel comprising 45 wt% UHMW PMMA
and a different IL, [Ccmim][TFSI]. The obtained ion gels are
transparent and exhibit excellent long-term stability under
various conditions. Figure S1 shows the appearance and mass
change of disk-shaped 45wt-PMMA-H-[C;mim][NFSI] ion gels
after one week at room temperature, at elevated temperature
(100 °C), and under compression. Under all conditions, no
leakage of the IL was observed, and negligible mass change was
detected.

Table 1. The PMMA/IL composites used in this study.

Name IL Cpolymer® M®  MyP PDIP T,
structure [wt%] [kDa] [kDa] [°C]c
45wt-PMMA-H- [C;mim] 45 1,146 1,994 1.74 51
[Comim][NFSI] [NFSI]
45wt-PMMA-M- [Comim] 45 127 252 1.99 50
[Comim][NFSI] [NFSI]
45wt-PMMA-L- [Comim] 45 45 74 1.63 52
[Comim][NFSI] [NFSI]
60wt-PMMA-H- [Comim] 60 1,123 2,075 1.85 75
[Comim][NFSI] [NFSI]
35wt-PMMA-H- [Comim] 35 1,231 2,203 1.79 36
[Comim][NFSI]  [NFSI]
45wt-PMMA-H- [Comim] 45 1,214 1,982 1.63 17
[Comim][TFSI]  [TFSI]

aConcentration of PMMA in the composite. P Measured by GPC.
¢ Determined by the peak temperature of tan o obtained via
temperature sweep measurements.

Figure 2a and 2b show the temperature dependence of the
viscoelastic properties of 45 wt% PMMA/[C2mim][NFSI] systems
prepared with varying PMMA molecular weights. All samples
exhibited a high storage modulus (G') of ~108 Pa at
temperatures below room temperature, indicating a glassy
state. As the temperature increased, both G' and the loss
modulus (G") decrease sharply for all samples, with a distinct
peak in the loss tangent (tan 6, G" to G’ ratio) around 50 °C,
indicating the glass-to-rubber transition of the sample. Above
Ts, the viscoelastic behaviour diverged significantly depending

This journal is © The Royal Society of Chemistry 20xx
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on the molecular weight of PMMA. For the 45wit;RMMA-H:
[Camim][NFSI] sample with UHMW PMNR (VA 1930 146 KD G
shows a plateau up to 150 °C, revealing a very broad rubbery
elastic region. In contrast, the 45wt-PMMA-M-[Comim][NFSI]
sample with medium PMMA (M, = 127 kDa) exhibited a
crossover between G' and G" at ~136 °C, indicating the
transition from the rubbery plateau to the terminal flow regime,
while the 45wt-PMMA-L-[Comim][NFSI] sample with low PMMA
(Mn = 45 kDa) barely exhibited a rubbery region. Frequency
sweep measurements at different temperatures using the time-
temperature superposition principle further confirmed that
45wt-PMMA-H-[Comim][NFSI] has a broad rubbery elastic
region with no crossover between G' and G" within the
measurement range, in contrast to the 45wt-PMMA-M-
[Camim][NFSI] sample (Figure S2). Such results suggest that the
UHMW PMMA/[Camim][NFSI] ion gel has a very long relaxation
time due to the chain entanglement of the UHMW polymers
and behaves almost similarly to a solid over extended
timescales. Furthermore, relaxation spectra were calculated
from the obtained viscoelastic master curves (Figure 2c). The
45wt-PMMA-H-[C:mim][NFSI] ion gel exhibits a relaxation peak
associated with the glass transition comparable to that
observed for 45wt-PMMA-M-[Comim][NFSI] in the short-time
regime(< 1072 s). In contrast, the relaxation peak corresponding
to terminal flow differs by more than three orders of magnitude
in timescale between the two samples. These results indicate
that, in 45wt-PMMA-H-[C;mim][NFSI] composed of UHMW
polymers, the timescales of glass-transition-related relaxation
and the terminal flow regime are well separated. Such
pronounced separation likely contributes to the superior shape-
memory performance of this material.

Another notable characteristic of this system is the broadening
of the glass transition. Figure S3 and Table S1 compare the
temperature dependence of tan &6 for 45wt-PMMA-H-
[Comim][NFSI] with that of neat PMMA and a commercially
available  polyurethane-based  shape-memory  polymer
(KYORAKU Co., Ltd., Japan).*®4’ The 45wt-PMMA-H-
[Camim][NFSI] ion gel exhibits a significantly broader tan é peak
than both reference polymers. Consistently, differential
scanning calorimetry (DSC) analysis shows that the onset and
end temperatures of the glass transition are more widely
separated for 45wt-PMMA-H-[C;mim][NFSI], confirming a
broader Ty compared to PMMA and the polyurethane-based
SMP (Figure S4a and Table S1). Such broadened glass-transition
behaviour is particularly important for achieving multi-shape
memory effects that exploit the extended T region.*84°

To examine whether this broad transition arises from multiple
distinct transitions, modulated DSC measurements were further
conducted (Figure S4b).>%°! The T; determined from the
reversible heat flow was nearly identical to that obtained from
conventional DSC for 45wt-PMMA-H-[C:mim][NFSI], as well as
for PMMA and the polyurethane-based SMP. These results
suggest that the broadened transition in 45wt-PMMA-H-
[Camim][NFSI] originates from a single, intrinsically broadened
glass transition rather than multiple transitions.

Furthermore, the shift factor ar obtained from the time—
temperature superposition master curve was well fitted by the

J. Name., 2013, 00, 1-3 | 3
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Williams—Landel-Ferry (WLF) equation over the temperature
range up to approximately Tz + 90 °C (Figure S5). This result is
consistent with the view that the viscoelastic response of the
present ion gel near Ty is dominated by a single glass-transition-
related relaxation process. In addition, the fragility index
derived from the WLF fitting parameters was m = 61 (see the
calculation details in the Supporting Information), indicating
moderate fragility compared with previously reported
amorphous polymeric materials.>> Recent studies have shown
that, in non-charged amorphous materials, the breadth of the
relaxation spectrum generally correlates with the fragility index,
whereas glassy ionic polymer complexes and poly(ionic liquid)s
can exhibit broad relaxation spectra despite relatively low
fragility indices.>® In the present system, one possible origin of
the broadened relaxation is a distribution of local segmental
mobilities arising from polymer/IL compositing. Because the
[NFSI] anion is reported to form nano-segregation of the
fluorinated alkyl side chains,>* such local dynamic heterogeneity
may contribute to a broader distribution of segmental
environments experienced by the PMMA chains.

@ 45wt-PMMA-H-[C,mim][NFSI]
@ 45wt-PMMA-M-[C,mim][NFSI]
@ 45wt-PMMA-L-[C,mim][NFSI]
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Figure 2. (a, b) Temperature sweep measurements of the ion
gel composed of PMMA with different molecular weights and

4| J. Name., 2012, 00, 1-3

[Camim][NFSI] showing the (a) storage modulus (@), and |oss
modulus (G") and (b) loss tangent (tan §)0(e) Relazation spectra
of 45wt-PMMA-H-[Comim][NFSI] (black) and 45wt-PMMA-M-
[Camim][NFSI] (red). The dashed curves correspond to Gaussian
fits of the relaxation associated with flow deformation, and the
arrows indicate the corresponding peak relaxation times.

Moreover, unlike conventional shape-memory materials that
rely on polymer chain entanglements, this system allows facile
tuning of Tz through its UHMW polymer and IL contents. Figure
S6 presents the temperature sweep measurements of UHMW
PMMA/[Comim][NFSI] ion gels with varying polymer
concentrations. The peak of tan & increases proportionally with
the PMMA content (Table 1). Furthermore, the IL structure
significantly influences Ty and other physical properties of the
sample. The NFSI anion used in this study features a bulky,
highly hydrophobic perfluoroalkyl chain,>> enabling a higher T,
at the same polymer concentration compared to the commonly
used imide anion, TFSI (Figure S7 and Table 1). ILs are often
referred to as "designer solvents" because their properties can
be tailored by selecting from a wide variety of cation and anion
structures.>® In addition, we have previously shown that a wide
range of radically polymerizable monomers can be polymerized
to ultrahigh molecular weights in ILs.#274> Systematic tuning of
physical properties through variation of cation, anion, and
monomer structures remains an important subject for future
investigation.

To assess their mechanical performance, uniaxial tensile tests
were conducted at room temperature on the 45wt%
PMMA/[Camim][NFSI] systems with different molecular weights
(Figure 3a and Table S2). All samples exhibited very high elastic
moduli, with Young's moduli exceeding 100 MPa, and yield
stress increasing proportionally with molecular weight. The
sample with the lowest PMMA molecular weight, 45wt-PMMA-
L-[C;mim][NFSI], did not show an increase in stress after
yielding and broke at approximately 100% strain. Conversely,
45wt-PMMA-H-[Comim][NFSI] and 45wt-PMMA-M-
[Comim][NFSI] exhibited a significant increase in stress after
yielding, with tensile deformations exceeding 200%. 45wt-
PMMA-H-[C;mim][NFSI] exhibited a high fracture stress of
approximately 22 MPa, while that of 45wt-PMMA-M-
[Camim][NFSI] was approximately 19 MPa. During the fracture
process of polymeric materials, the dominant mechanisms are
thought to be main-chain scission and polymer chain
pullout.57%8 In the case of the lowest molecular weight sample,
45wt-PMMA-L-[C;mim][NFSI], the absence of post-yield stress
increase and its low fracture strain suggest fewer
entanglements and polymer chain pullout dominance, leading
to fracture at low strain and low stress. Conversely, 45wt-
PMMA-H-[C;mim][NFSI] and 45wt-PMMA-M-[Comim][NFSI]
exhibited high fracture strains and stresses, suggesting that
during the timescale of the tensile test, polymer chain pullout
due to disentanglements was limited in these samples. Instead,
fracture was primarily governed by chain scission resulting from
the extension of polymer chains between entanglement points.
Furthermore, this UHMW ion gel—comprising polymer chain
entanglements serving as reversible physical cross-links and an

This journal is © The Royal Society of Chemistry 20xx
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IL that acts as a non-volatile and non-flammable plasticizer>®-
62—can be recycled via thermal moulding. When 45wt-PMMA-
H-[Camim][NFSI] was cut into small pieces and hot-pressed at
130 °C, the material could be re-moulded into a sheet (Figure
S8). After being punched into a dumbbell shape and subjected
to tensile testing, the re-moulded sheet exhibited stress-strain
characteristics similar to those of the pristine sample. Notably,
even after five cycles of the recycling process, no significant
changes in the tensile properties were observed, and
comparable elongation at break, tensile strength, and
toughness were maintained (Figure 3b, S9, and Table S3). In
addition, the viscoelastic master curves of the pristine and
recycled samples were found to be nearly identical (Figure $10).
These results demonstrate that this ion gel possesses not only
high mechanical strength but also repeatable recyclability.
Furthermore, the present material consists of the highly
hydrophobic IL [C;mim][NFSI], containing the hydrophobic NFSI
anion, and the hydrophobic polymer PMMA, which together
impart excellent water resistance. Indeed, even after
immersion in water for one day, the 45wt-PMMA-H-
[Camim][NFSI] retained its transparency, and its mechanical
strength remained almost unchanged (Figure S11).

a — 45wt-PMMA-H-[C,mim][NFSI]
- 45wt-PMMA-M-[C,mim][NFSI]
25 — - 45wt-PMMA-L-[C,mim][NFSI]

Stress (MPa)
- )
o o

-h
o

5
0 1
0 100 200 300
Strain (%)
b 25
— Pristine
— 15t recycle
20  — 2" recycle
— 3 recycle
o — 4t recycle
DE; 15 | — 5™ recycle
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£ 10
n
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0 1 L
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Figure 3. (a) Uniaxial tensile tests of composites comprising
PMMA with different molecular weights and [Ccmim][NFSI]. (b)
Comparison of stress-strain curves between the pristine and
recycled 45wt-PMMA-H-[Comim][NFSI] ion gels.

The UHMW PMMA/[Comim][NFSI] ion gel possesses abundant
physical cross-linking points due to entanglements and exhibits

This journal is © The Royal Society of Chemistry 20xx
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a Ty above room temperature, suggesting its suifability for
shape-memory applications triggered ByPtRRARYSN BTiAIR0TA
evaluate the shape-memory properties of the ion gel, a shape-
memory test was conducted using dynamic mechanical analysis
(DMA). The rectangular sheet-shaped ion gel was subjected to
100% tensile deformation at 60 °C (above Tg) and the
deformation was fixed by cooling to 0 °C and equilibrating. The
shape fixation rate (R:) was determined from the change in
strain upon stress release, once the system reached equilibrium
at 0 °C. Furthermore, the shape recovery rate (R;) was
calculated by measuring the extent of shape recovery upon
heating to 100°C under zero-stress conditions. 45wt-PMMA-H-
[Camim][NFSI], composed of UHMW PMMA, exhibited
exceptionally high values for both R: and R: (Rs, Rr > 0.99),
indicating excellent shape-memory performance (Figure 4a). In
the DMA tests, even when the shape-fixing time after 100%
tensile deformation was extended to 12 h, the shape recovery
ratio remained extremely high (Rr = 0.99, Figure $12). This result
suggests that stress-induced creep during deformation of the
ion gel below Tg is negligible under the present conditions.
However, because this system relies on entanglement-derived
physical crosslinks rather than permanent chemical crosslinking
points, potential creep over much longer time scales (months to
years) should be considered, and this remains an important
subject for future investigation. Notably, the 45wt-PMMA-M-
[Camim][NFSI] composite, comprising PMMA of relatively lower
molecular weight, exhibited a significantly lower R. (0.89)
despite its slightly higher elongation at break than 45wt-PMMA-
H-[Comim][NFSI] in tensile tests (Figure 4b). This reduction in R,
is likely attributed to partial polymer chain disentanglement
during tensile deformation, which leads to incomplete shape
recovery driven by entropic elasticity upon heating. These
results suggest that abundant UHMW polymer entanglements
effectively suppress chain disentanglement during shape
deformation, thereby enabling excellent shape memory
properties despite the absence of chemical cross-linking.

To further assess the durability of the mechanical properties
under repeated deformation during the shape memory process,
a cyclic shape memory test was conducted on 45wt-PMMA-H-
[Camim][NFSI] using tensile testing. The sample was subjected
to uniaxial tensile deformation at 150% strain at room
temperature, followed by shape recovery at 100 °C (Figure 4c).
Remarkably, even after five cycles, the recovered sample
consistently recovered its original shape with minimal residual
strain, indicating negligible creep deformation over multiple
shape-memory cycles at 150% strain (Figure 4d). The
corresponding stress-strain curve revealed that the sample
sustained a stress of 12 MPa at 150% strain, demonstrating its
excellent mechanical performance at room temperature (Figure
4e). Notably, this stress-strain response remained virtually
unchanged throughout the five repeated tensile cycles,
suggesting  that neither significant polymer chain
disentanglement nor chain scission occurred during the cyclic
shape-memory process. In contrast, when the same test was
performed on 45wt-PMMA-M-[C;mim][NFSI], a clear residual
strain was observed after testing, and the sample exhibited
incomplete shape recovery (Figure S13). These findings further

J. Name., 2013, 00, 1-3 | 5
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highlight the critical role of dense entanglements in UHMW
polymer networks in ILs for achieving both high mechanical
strength and superior shape memory recovery.

View Article Online
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Figure 4. (a) Shape-memory tests of 45wt-PMMA-H-[Comim][NFSI] and (b) 45wt-PMMA-M-[Comim][NFSI] measured by DMA.
Process 1: Deformation of the sample to 100% strain at 60 °C. Process 2: Shape fixation by cooling to 0 °C while maintaining 100%
strain. Process 3: Shape recovery by heating to 100 °C under zero-stress conditions. The blue line represents the change in strain
over time, while the red line represents the change in temperature over time. (c) Schematic of the cyclic shape memory test for
45wt-PMMA-H-[Comim][NFSI]. (d) Photographs of the dumbbell-shaped specimen before the test (top), after the first 150% strain
(middle), and after shape recovery following the fifth cycle (bottom). (e) Stress-strain curves during 150% elongation in the

repeated test.

Next, we demonstrated actuation driven by shape recovery in a
sheet sample subjected to thermal stimuli. A rectangular-
shaped sheet of 45wt-PMMA-H-[C;mim][NFSI] (weight: 0.62 g)
was deformed to approximately 170% strain at a temperature
above its Tg, followed by cooling to room temperature to fix the
deformed shape. Subsequently, a 100-g weight was suspended
from the sheet, which was then placed in an oven at 100 °C.
Upon heating, the shape recovery of the sheet generated
sufficient force to lift the suspended weight, clearly
demonstrating its actuation capability (Figure 5a, Movie S1).
Comparison of the sheet before and after the test revealed
negligible residual strain (Figure S14), confirming that the
UHMW PMMA/[Comim][NFSI] ion gel exhibits high shape
recovery performance even under In a separate
demonstration, a rectangular-shaped sheet was deformed into

load.

a helical configuration at elevated temperature and then cooled
to fix the structure. When reheated to 100 °C, the helical-
shaped sample gradually unfolded, returning to its original
straight form (Figure 5b, Movie S2). The post-test sample
retained a shape nearly identical to its original, further
confirming the excellent shape-memory properties of the
UHMW ion gel (Figure S15). To quantitatively evaluate the work
density associated with shape recovery, loading—unloading
tensile tests were performed according to a previously reported
method (Figure $16).53 The 45wt-PMMA-H-[Comim][NFSI] ion
gel exhibited a high work density of 2,629 kJ m=3. Although

6 | J. Name., 2012, 00, 1-3

direct comparison of work density values should be approached
with caution due to variations in evaluation methods among
different studies, the present
demonstrates outstanding work density relative to previously
reported shape-memory polymers and gels (Table S4).

Above T, the ion gel shows a reasonably high conductivity

material nevertheless

(Figure S17), highlighting its potential for applications such as
strain sensors utilizing resistance changes induced by actuation.
To examine this possibility, the bulk resistance of the ion gel was
measured as a function of tensile strain at 80 °C. Figure S18a
shows that the increased proportionally with
increasing elongation ratio. As a demonstration, a 100% ion gel

resistance

sheet was stretched at 80 °C and its resistance was recorded,
followed by unloading to allow shape recovery. The stretching—
recovery process was then repeated once more, and the
resistance change was monitored. Reversible changes in bulk
resistance were clearly observed during the cyclic deformation
(Figure S18b), suggesting that the shape-memory material
developed in this study can exploit its ionic conductivity to
sense strain changes associated with actuation through
variations in bulk resistance.

Furthermore, exhibits shape-memory
behaviour based on the remarkably broad glass transition, it

since this material

benefits from a broader transition range than melting-point-
based systems and is thus expected to support multi-shape
programmability. To verify this, a triple-shape creation process
(TSCP) was conducted by DMA.2227.64 |n this process, two sub-T,

This journal is © The Royal Society of Chemistry 20xx
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temperatures were designated as shape-fixing temperatures,
and the following three-step shape-memory process was
conducted (Figure 5c): Starting from the initial shape C (zero-
strain state, & = 0%), the sample was heated to Thigh = 80 °C (>
Tg) and stretched to a strain of &, 10ad = 50% under load. It was
then cooled to Tmig = 40 °C (< Tg) and unloaded to fix shape B
with a strain of eg. Subsequently, it was further stretched to &,
load = 100% at Tmig, followed by cooling to Tiow = 0 °C (< Tmiq) and
unloading to fix shape A with a strain of &a. Finally, the sample
was reheated to Tmiq to recover shape B (strain: &, rec), and then
to Thigh to recover shape C (strain: &, rec). The result of the TSCP
measured by DMA is shown in Figure 5d. After unloading, the
strain for shape A was &\ = 98.5%, for shape B & = 30.1%, for
the recovered shape B &, rec = 29.2%, and for the recovered
shape C &, rec = 1.5%, indicating excellent triple-shape memory

ARTICLE

performance. For shape B fixed at the ntermediate
temperature Tmig, relaxation was not fullebritbletadANHe ¢A
holding time was extended from 30 min to 150 min, the
recovered shape stabilized at approximately 14% (Figure S19).
Therefore, caution is required for applications that demand
strict shape fidelity. In contrast, when Tmig was lowered from
40 °C to 35 °C, the recovered shape after 150 min was
maintained at around 31% (Figure S20). Thus, the intermediate-
temperature shape can also be controlled by tuning Tmig.

As a visual demonstration, Figure 5e shows the result of TSCP
where a strip shape was fixed as shape C, a helical shape as
shape B, and a circular shape as shape A. Upon stepwise heating
after the shape-memory process, sequential shape recovery
from the circular form to the helical form and finally to the strip
form was successfully observed.

b d 120 100
100 faich <AL { 80
o
< 80 ¢ {60 &
= [
£ Tmid S
c 60 140 &
) 2
5E,Iu:d
40 {1 20 E
-4 T, &5, rec =
20 b low {o
IE(':, rec
C ! e 100
1.0
Temporary ] 0
Temporary Shape A Recoveryto - =,
Permanent Shape B Shape B Recoveryto — 1 60 9‘;’.
Shape C Shape C o @
Z 06 3
Deformation| Defurmatlon Heating Heating % 149 ©
@Tm h Tmid 10 Tpyiq o Tyign o 2
> 5 04 1n &
Coollng Coohng 2 a
to T, to T, =
mid low 02 0
0.0 -20
0 50 100 150 200
Time (min)
: i
Deformed Deformed HE T s
at80°C at40°C [ *::%
. > :“r_ —
i iz i
Cooled Cooled ; : i Heated
to 40 °C tod°C % : to 80 °C
f

Flgure 5. (a) Snapshots of the actuatlon demonstratlon of a 45wt PMMA H- [szlm][NFSI] sheet at 0 and 90 s in the oven. (b)
Snapshots of the shape transformation demonstration of a helical-shaped 45wt-PMMA-H-[Comim][NFSI] sheet at 0 and 90 s in the
oven. (c) Schematic of TSCP by DMA. (d) Quantitative evaluation of TSCP by DMA for the 45wt-PMMA-H-[Comim][NFSI] ion gel.
The upper graph shows the changes in temperature and strain during TSCP, while the lower graph shows the changes in
temperature and stress. (e) Visual demonstration of TSCP for the 45wt-PMMA-H-[Comim][NFSI] ion gel, showing shape transition
among a strip, a helix, and a circle.

Inspired by advanced shape memory systems that achieve

permanent shape reprogramming via thermally exchangeable
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covalent bonds,®> we further explored whether similar
reprogramming could be realised in our system by leveraging
the relaxation of physical entanglements in the UHMW
polymers. To explore this possibility, we conducted a series of
three shape-memory cycles, demonstrating that permanent
shape transformation is indeed achievable in the UHMW
PMMA/[C:mim][NFSI] ion gel through high-temperature
entanglement relaxation (Figure 6, Figure S21). In Cycle 1, the
sample was stretched to 25% strain at 60 °C, cooled to 0 °C to
fix the temporary shape, and then reheated to 60 °C, resulting
in complete shape recovery and confirming conventional
thermally-induced shape-memory behaviour. In Cycle 2, we
attempted permanent shape reprogramming by first applying
25% strain at 60 °C, followed by heating to 120 °C while
maintaining the deformation. After this thermal treatment, the
sample was further stretched to 50% strain at 60 °C, cooled to
0°C to fix the new shape, and reheated to 60 °C. Upon
reheating, the sample recovered to approximately 20% strain,
indicating successful shape reprogramming, as the original
shape was erased and replaced by the newly-programmed
shape. In Cycle 3, further reprogramming was achieved by
stretching the sample to 50% strain at 60 °C, followed by
heating to 120 °C. The sample was deformed to 75% strain at
60 °C, cooled to 0 °C to fix the shape, and reheated to 60 °C,
leading to recovery to approximately 40% strain. Taken
together, these results demonstrate that permanent shape
reprogramming can be realised in our entanglement-based
UHMW ion gel by controlled thermal equilibration, in which
relaxation of physical entanglements resets the permanent
shape.

Based on the above results, a shape-reprogramming
demonstration was conducted. A strip-shaped 45wt-PMMA-H-
[Camim][NFSI] sheet was wound around a Teflon rod and fixed
into a helical shape. To induce shape reprogramming, the
sample underwent thermal treatment at 120 °C for 2 h. As a
control, a second sample was similarly fixed in the helical shape
but maintained at room temperature for the same duration.
Upon immersion in hot water, the control sample reverted to
its original strip shape, whereas the reprogrammed sample
retained its helical configuration, demonstrating successful
permanent shape reconfiguration (Figure 6a, Movie S3).
Subsequently, both samples were temporarily deformed into a
rolled shape and cooled in ice water to fix their temporary form.
Upon reheating in hot water, the reprogrammed sample
recovered its helical shape, while the control sample returned
to its original strip configuration (Figure 6b, Movie S4). These
results indicate that excellent shape-memory behaviour is
preserved even after permanent reprogramming. Finally, the
sample initially reprogrammed from a flat strip to a helical
shape was further reprogrammed into a ring-like permanent
configuration. Remarkably, this new permanent shape also
maintained outstanding shape-memory properties,
underscoring the material’s robustness and its ability to sustain
functional performance through multiple shape reprogramming
cycles (Figure 6¢, Movie S5).
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Figure 6. Shape-reprogramming tests for 45wt-PMMA-H-
[Coamim][NFSI] through consecutive shape memory tests and
thermal treatments. The upper graph shows the changes in
temperature and strain over time during the shape-
reprogramming process, while the lower graph shows the
changes in temperature and stress.

3. Conclusions

In this study, we successfully developed reprogrammable shape
memory ion gels consisting of UHMW PMMA and the IL
[Comim][NFSI] through a facile one-pot polymerization. The
resulting ion gel exhibited a high T, above room temperature,
accompanied by a broad rubbery plateau, which can be
attributed to the abundant entanglement of UHMW PMMA
chains within IL. A key advantage of this system lies in its ability
to finely tune Tg by simply adjusting the polymer/IL ratio and
selecting different IL structures, offering a versatile platform for
the design of shape memory materials with tailored properties.
DMA and uniaxial tensile tests confirmed the excellent
mechanical strength, recyclability, and outstanding shape-
memory properties of the ion gel, including triple shape-
memory behaviour. Moreover, cyclic shape memory tests
revealed that the UHMW PMMA/[C;mim][NFSI] ion gel
maintained its shape-memory capabilities even after multiple
deformation cycles, with negligible residual strain. In contrast,
composites with lower molecular weight PMMA showed
incomplete shape recovery due to polymer chain pullout,
highlighting the critical role of chain entanglement in achieving
exceptional shape-memory performance. In addition to shape-
memory capabilities-such as thermally-triggered actuation
under load and shape transformation—-permanent shape
reprogramming was achieved through thermal relaxation of

This journal is © The Royal Society of Chemistry 20xx
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physical entanglements, further showcasing the potential of the
developed ion gel for various smart applications. Overall, our

results show that a densely entangled UHMW
PMMA/[Comim][NFSI] ion gel enables permanent shape
reprogramming via thermal equilibration driven by

entanglement relaxation, while retaining its triple-shape
memory, recyclability, and strain-sensing capabilities, thereby
providing a versatile platform for advanced shape-memory
materials.

The strategy reported in this study is not limited to ion-gel
systems and is expected to be applicable to a wide range of
polymer systems. In recent years, several studies have
described the synthesis of UHMW polymers via controlled
polymerization techniques.1>66-%° In addition, we have recently
demonstrated that UHMW gels can be formed via in situ
polymerization even in highly concentrated organic electrolyte
systems.*> Building on these findings, extending the present
strategy to other polymer material systems represents an
important direction for future research. Furthermore, beyond
molecular weight, fundamental investigations into the effects
of polymer structural parameters, such as molecular weight
distribution and branching architecture, will be necessary to
achieve a more comprehensive understanding of structure—
property relationships in these systems. Our results would open
new avenues for designing reprogrammable shape memory
materials based entirely on physical entanglements.
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Materials: Methyl methacrylate (MMA) was purchased from TCI

(Japan) and purified by passing it through activated alumina.
The thermal radical polymerization initiator, 2,2'-azobis(2,4-
dimethylvaleronitrile) (V-65), was purchased from Fujifilm
Wako Pure Chemical Corporation (Japan) and used as received.
1-Ethyl-3-methylimidazolium  bromide ([Camim]Br)
purchased TCl, and potassium
bis(nonafluorobutanesulfonyl)imide (KNFSI) was obtained from
Mitsubishi Materials Electronic Chemicals Co., Ltd. (Japan). 1-
Ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
([Camim][TFSI]) was purchased from Kishida Chemical Co., Ltd.
(Japan) and used as received.

4. Experimental Section

was
from

Synthesis  of [Comim][NFSI]:
bis(nonafluorobutanesulfonyl)imide

1-Ethyl-3-methylimidazolium
([Camim][NFSI]) was
synthesized via a metathesis reaction between [C;mim]Br and
KNFSI as described below. [C;mim]Br (10.0 g, 52.3 mmol) and
KNFSI (29.2 g, 47.1 mmol) were dissolved in 45 mL of ethanol
and stirred at 60 °C overnight. The resulting precipitate, KBr,
was filtered off, and ethanol was removed using a rotary
evaporator. The residue was then washed five times with
distilled water. The recovered oil phase was stirred under
vacuum at room temperature overnight, followed by further
vacuum drying at 80 °C to obtain the desired oily product,
[Camim][NFSI] (yield: 43%).

Heating in
hot water

m—)

Heating in
hot water

Heating in
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Figure 7. (a) Demonstration of shape reprogramming from a strip shape to a helical shape for 45 wt% PMMA-H-[Comim][NFSI]. The
right sample was reprogrammed into a helical shape by fixing it at 120 °C for 2 h. The left sample is the control experiment, where
the helical shape was fixed at room temperature. (b) Shape memory tests for the reprogrammed and control samples. Both
samples were temporarily deformed into a rolled shape, cooled in cold water to fix the temporary shape, and then immersed in
hot water. (c) Second shape reprogramming test, where the helical-shaped sample was reprogrammed into a ring shape, followed
by a shape memory test in which the sample was temporarily deformed into a rolled shape and then immersed in hot water.
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Synthesis of PMMA/[C:mim][NFSI] composites: The composite
of PMMA and [Comim][NFSI] was prepared via in situ radical
polymerization of MMA in [C;mim][NFSI], following a previously
reported method.?® As a representative procedure, the
synthesis of 45wt-PMMA-H-[C;mim][NFSI] is described below.
The MMA monomer (0.940 g, 9.4 mmol), [Camim][NFSI] (1.15 g,
1.7 mmol), and initiator V-65 (0.466 mg, 1.8 umol) were mixed
in a vial to form a transparent precursor solution, which was
bubbled with argon for 15 min at room temperature. The
solution was then transferred to a mould composed of two PET
films with a silicone rubber spacer, sealed inside a glovebox
([02] < 1 ppm, [H20] < 1 ppm), and polymerized at 70 °C for 24
h to obtain a PMMA/[Comim][NFSI] composite sheet.

The molecular weight of PMMA in the composite was
determined by completely dissolving the composite in acetone,
followed by purification of PMMA through reprecipitation via
dropwise addition into an excess amount of methanol. The
obtained PMMA was dissolved in a 10-mM lithium
bromide/N,N-dimethylformamide solution, used as the eluent,
and analysed using a gel permeation chromatography (GPC)
system (Shimadzu, Japan). The molecular weight and molecular
weight distribution were determined based on a calibration
curve prepared using PMMA standards.

Rheological measurements: Temperature sweep
measurements were conducted using an MCR102 rheometer
(Anton Paar, Austria) with a parallel plate geometry of 8 mm in
diameter. Measurements were performed from 0 to 180 °C at a
heating rate of 1 °C min%, a frequency rate of 1 rad s, and a
strain amplitude of 1%.

The viscoelastic master curve was constructed using an ARES-
G2 rheometer (TA Instruments, USA) equipped with an ACS3
chiller. An 8 mm cross-hatched plate was used as the upper
plate and a 40 mm cross-hatched plate was used as the lower
plate. The master curve was constructed by performing
frequency sweep measurements at different temperatures
ranging from 40 to 200 °C and shifting the data according to the
time-temperature superposition principle. Frequency sweeps at
each temperature were performed over an angular frequency
range of 0.1-100 rad s1. The strain amplitude was initially set
to 0.01% at 40 °C and was incrementally increased during the
measurements to compensate for the reduction in torque
caused by the stiffness change across the glass transition.
Relaxation spectra were obtained in TRIOS software by
converting the viscoelastic master curves using nonlinear
regularization fitting. The obtained relaxation spectra were
fitted with a Gaussian function defined as a function of the
logarithm of the relaxation time.”® Deconvolution of the fitted
spectra resolved three relaxation components, comprising two
peaks independent of molecular weight and one peak
dependent on molecular weight. The former were associated
with the glass transition, whereas the latter was assigned to
terminal relaxation.
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Differential scanning calorimetry (DSCRODSCIGHREGSUMEMENIS
were performed using a Discovery DSC 250 (TA Instruments,
USA). The samples were cooled to -120 °C, heated to 100 °C,
cooled again to -120 °C, and then reheated to 100 °C at cooling
and heating rates of 10 °C min~l. Modulated DSC (MDSC)
measurements were conducted after the conventional DSC runs.
For MDSC, the samples were heated at 2.5 °C min~! with a
modulation amplitude of +1 °C and a period of 60 s.

Dynamic mechanical analysis (DMA): To evaluate the shape
memory properties of the composites, dynamic mechanical
analysis (DMA) was performed using a Discovery DMA 850
equipped with a liquid nitrogen cooling accessory (TA
Instruments, USA). The sample was cut into a rectangular shape
with a length of 20-25 mm and a width of 5-6 mm, then set in
the DMA apparatus with a clamp length of approximately 5 mm.
The temperature was increased from room temperature to 60
°C, followed by equilibration for 5 min. A strain of 100% was
then applied to the sample at a stretching rate of 100% min1.
While maintaining this strain, the sample was cooled from 60 to
0 °C at a cooling rate of 5.0 °C min~! and subsequently
equilibrated at 0 °C for 5 min. Finally, the stress was set to 0.0
Pa, and the temperature was increased from 0 to 100 °C at a
heating rate of 3.0 °C min=2.

The shape fixation ratio (Rf) and shape recovery ratio (R,) of the
composites were evaluated using the following equations:

Rf= & (T=0°C)/&n x 100

Rr = (&m - ey (T =100 °C)) /&m x 100

where &, (T) represents the strain in the stress-free state at
temperature T, and &, denotes the applied maximum strain,
which is set to &m = 100% in this experiment.

Tensile tests: Tensile test samples were prepared by punching
dumbbell-shaped specimens (JIS K 6251 No. 7, rectangular
portion size: 2 mm x 12 mm x 0.25 mm) from the synthesized
composite sheets. Uniaxial tensile tests were conducted using
an AGX tester (Shimadzu, Japan) at a tensile speed of 100 mm
min~1. The changes in mechanical properties during repeated
shape memory cycles were evaluated by stretching the sample
to 150% strain and then returning to the 0% loading position,
followed by shape recovery through heat treatment at 100 °Cin
an oven for 1 min. This process was repeated five times, and
changes in the stress-strain curves were examined. Additionally,
the residual strain was evaluated by comparing the sample
length before and after the cycling shape memory tests.

Electrochemical measurements: Electrochemical properties of
ion gels were evaluated using a VMP3 potentiostat/galvanostat
(Bio-Logic Science Instruments, France). lonic conductivity was
measured by electrochemical impedance spectroscopy (EIS)
over a frequency range of 0.1 Hz to 1 MHz with an AC amplitude
of 10 mV. The sample was sandwiched between two stainless
steel disk electrodes and measurements were conducted over a
temperature range of 20—100 °C.

The resistance change upon tensile deformation was evaluated
by EIS under strain using a dumbbell-shaped specimen (JIS K

This journal is © The Royal Society of Chemistry 20xx
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6251 No. 6; rectangular gauge section: 4 mm x 25 mm x 0.5 mm).

Conductive tape electrodes were attached to the rectangular
gauge section, and impedance spectra were recorded while
applying tensile strain. The bulk resistance (Rouk, hereafter
denoted as R) was determined from the Nyquist plots. The bulk
resistance at each strain was obtained, and the difference from
the resistance at zero strain (Ro) was defined as AR = R— Ro. The
relative resistance change, AR/Ro, was then evaluated as a
function of strain.
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