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Controlling mechanical properties of ultrahigh molecular
weight ion gels by chemical structure of ionic liquids and
monomers

A new class of ion gels formed by physical entanglement

of ultrahigh molecular weight polymers in ionic liquids is
synthesised via a facile one-step process. Ultrahigh molecular
weight gels exhibit superior mechanical characteristics such
as stretchability, recyclability, and self-healing ability. The
effects of the chemical structures of the ionic liquids and
monomers on the mechanical properties are investigated

in detail.

7 ROYAL SOCIETY
PP OF CHEMISTRY

As featured in:

Soft Matter

See Ryota Tamate,
Takeshi Ueki et al.,
Soft Matter, 2022, 18, 8582.

rsc.li/soft-matter-journal

Registered charity number: 207890



Open Access Article. Published on 11 November 2022. Downloaded on 12/4/2025 11:45:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Soft Matter, 2022,
18, 8582

Received 27th June 2022,
Accepted 7th October 2022

DOI: 10.1039/d2sm00853j

Controlling mechanical properties of ultrahigh
molecular weight ion gels by chemical structure
of ionic liquids and monomersf

%xab

Yuji Kamiyama,®® Ryota Tamate, (2 *<“ Kenta Fujii () and Takeshi Ueki
A new class of ion gels, termed ultrahigh molecular weight (UHMW) gels, formed by physical
entanglement of ultrahigh molecular weight polymers in ionic liquids, are synthesised using facile one
step radical polymerisation with significantly low initiator conditions, and exhibit superior mechanical
characteristics such as stretchability, recyclability, and room temperature self-healing ability. In this
study, UHMW gels are synthesised using various combinations of monomer and IL structures, and the
effect of their chemical structures on the physicochemical properties of UHMW gels are thoroughly
investigated. UHMW polymers are prepared in situ for all combinations of ILs and monomers used in this
study, indicating the wide applicability of this fabrication strategy. The structure—property relationships
between chemical structures and mechanical properties of UHMW gels are investigated in detail.
Furthermore, the differences in self-healing efficiency of UHMW gels depending on the chemical
structure is discussed in terms of individual polymer conformation and polymer—polymer interaction
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Introduction

With the advent of the Internet of things (IoT) era, wearable and
flexible electronics have received increasing attention.”” In this
regard, conductive and stretchable polymeric materials have
been intensively investigated in recent years.* '° Ion-conductive
polymeric materials are important components in flexible and
wearable devices such as secondary batteries, sensors, electric
double layer transistors, supercapacitors, and soft actuators."'™*
Dry ionic conductors such as poly(ethylene oxide) composited
with inorganic lithium salts have good mechanical toughness
and are free from solvent evaporation.'® However, ionic con-
ductivity is generally low as the ion transport is dominated by the
segmental motion of polymer chains. Although hydrogels and
organogels that dissolve inorganic salts in swollen polymer

“ Research Center for Functional Materials, National Institute for Materials Science,
1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan. E-mail: UEKI. Takeshi@nims.go.jp

b Graduate School of Life Science, Hokkaido University, Kita 10, Nishi 8, Kita-ku,
Sapporo, Hokkaido, 060-0810, Japan

¢ Center for Green Research on Energy and Environmental Materials, National
Institute for Materials Science, 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan.
E-mail: TAMATE.Ryota@nims.go.jp

4 PRESTO, JST., 7 Gobancho, Chiyoda-ku, Tokyo, 102-0076, Japan

¢ Graduate School of Sciences and Technology for Innovation, Yamaguchi University,
Ube, Yamaguchi 755-8611, Japan

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d2sm00853j

8582 | Soft Matter, 2022, 18, 8582-8590

based on molecular dynamics simulations.

networks show relatively high ionic conductivity, they are sus-
ceptible to solvent evaporation.'” Whereas, ion gels, defined as a
gel-type ionic conductor containing ionic liquids (ILs) as a
solvent, are a new class of ionically conductive soft materials
that satisfy high ionic conductivity as well as non-volatility."* >

In general, the poor mechanical properties of polymeric gels
due to high liquid content limit their applications in flexible and
wearable devices, in which tolerance for repetitive mechanical
loading is required.”” So far, various strategies for toughening
polymer gels have been proposed.”®® Recently, introduction of
self-healing functionalities into polymer gels has been investigated
to achieve significant improvement in material lifetime.>®* Several
studies have reported the fabrication of self-healing and stretchable
ion gels using intricately designed reversible bonds.>**" However,
such materials often require time-consuming preparation/purifica-
tion procedures and complicated synthesis of specially designed
functional monomers and polymer networks.

In our previous study, we have reported a facile one-step
strategy for fabrication of stretchable and self-healable ion gels
based on physical entanglement of ultrahigh molecular weight
(UHMW) polymers.** The radical polymerisation of methacrylate
monomers in ILs, for example a typical IL 1-ethyl-3-methyl-
imidazolium bis(trifluoromethanesulfonyl)imide (JC,mIm][TFSI]),
yields a monomer conversion of nearly 100% even at significantly
low initiator concentrations, which consequently produced ion
gels solely by the physical entanglements of UHMW polymers over
10° Da, which were named as UHMW gels. However, the effect of

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 The chemical structures of monomer, IL cation, and anions used in
this study.

the chemical structures of ILs and methacrylate monomers on the
polymerisation and mechanical properties of UHMW gels have
not been understood. In particular, as the possibility to control
the mechanical properties of gels through the solvent structure is
a unique feature of ion gels, investigation of the effect of IL cation
and anion structures has a great importance. Herein, UHMW gels
were synthesised from various IL and monomer structures to
investigate the effect of their chemical structures on the in situ
formed UHMW polymers. The chemical structure of monomers
and ILs are shown in Fig. 1. The IL solvents for ion gels were
selected based on the compatibility of the methacrylate polymers.
Next, the rheological, mechanical properties, and self-healing
ability of UHMW gels composed of various IL and polymer
structures were investigated in detail to elucidate the structure-
property relationship of UHMW gels. Furthermore, molecular
dynamics (MD) simulations were performed to decipher the
influence of IL and polymer structures on self-healing ability of
UHMW gels at microscopic level. It was implied that the indivi-
dual polymer conformation and interpolymer interactions were
adjusted depending on IL/polymer chemical structures, which
resulted in the difference in the self-healing ability of UHMW gels.

Experimental
Materials

1-Alkyl-3-methylimidazolium  bis(trifluoromethanesulfonyl)imide
([C,mIm][TFSI], n = 1, 2, 8, 12) and 1-ethyl-2,3-dimethy-
limidazolium bis(trifluoromethanesulfonyl)imide ([C,dmIm]-
[TFSI]) were purchased from Kanto Chemical (Japan). [C;mIm]TFSI]
was purchased from TCI (Japan). [C,mIm]|[BETI| (BETL bis-
(pentafluoroethanesulfonyl)imide) and [ComIm][IM;,] (IMj4:
(trifluoromethanesulfonyl)(nonafluorobutanesulfonyl)imide)
were synthesised according to a literature reference with slight
modifications.*® Lithium salts, Li[BETI] and Li[IM,,], which
were used for synthesis of these ILs, were purchased from
Mitsubishi Materials Electronic Chemical Co., Ltd (Japan). All
the ILs were dried under vacuum at 120 °C for 24 h prior to use.
Methyl methacrylate (MMA) and ethyl methacrylate (EMA) were
purchased from Kanto Chemical (Japan), and propyl methacry-
late (PMA) was purchased from TCI (Japan). All monomers were
purified by passing them through the basic alumina column to
remove polymerisation inhibitor. 2,2’-Azobis(isobutyronitrile)
(AIBN) were purchased from FUJIFILM Wako Pure Chemical
Corporation (Japan) and used as received.

This journal is © The Royal Society of Chemistry 2022
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Synthesis and characterisation of ultrahigh molecular
weight gels

For the synthesis of all UHMW gels, the monomer concentration
and the AIBN content were set at 40 vol% and 0.02 mol% vs.
monomer content, respectively. A representative synthetic pro-
cedure for the PMMA/[C,mIm][TFSI] UHMW gel is described as
follows. MMA (1.6 mL, 15.0 mmol), [C,mIm]TFSI] (2.4 mL,
9.32 mmol), and AIBN (0.49 mg, 3.0 x 10> mmol) were charged
in a glass cup and sealed with a rubber septum, through
which argon was bubbled for 15 min at room temperature.
Subsequently, polymerisation reaction was carried out at 80 °C
for 24 h, resulting in the formation of the transparent ion gel.
Monomer conversion was determined using 'H nuclear mag-
netic resonance (NMR) measurements for the as prepared
UHMW gels dissolved in deuterated chloroform (CDCl;). For
the determination of molecular weight of in situ formed UHMW
polymers, UHMW gels were purified by reprecipitation with
acetone as good solvent and methanol as poor solvent twice
and then vacuum dried at 60 °C, resulting in white powder of
UHMW polymers. The molecular weight and polydispersity
index (PDI) of the polymers were determined using gel permea-
tion chromatography (GPC), in which 10 mM lithium bromide
(LiBr) in N,N-dimethylformamide (DMF) solution was used as
the eluent. The GPC columns (Showa Denko, Japan) were
calibrated using PMMA standards. Prior to rheological and
mechanical measurements, UHMW gels were dried in vacuo at
80 °C overnight to remove residual monomers.

Rheological measurements

Oscillatory shear measurements were performed with an Anton
Paar MCR 102 rheometer (Anton Paar, Austria) using the parallel
plate geometry with a 12 mm diameter plate. Gap spacing was
kept at 0.5 mm for all the measurements. Frequency sweep
measurements were performed over a frequency range of 0.1-
100 rad s~ " with a strain amplitude of 1% at constant tempera-
tures from 10 to 120 °C at intervals of 10 °C. The time-
temperature superposition (tTS) master curves for UHMW gels
were constructed from the frequency sweep data at different
temperatures.

Tensile tests

Tensile tests of UHMW gels were carried out using a Shimadzu
AGS-X tester (Shimadzu, Japan). The gels cut into a dumbbell-
shape (JIS K 6251-7 size, width: 2 mm, gauge length: 12 mm)
were stretched at a speed of 10 cm min ™" with a 100 N load cell.
For the self-healing test, the dumbbell-shaped gels were cut at
the centre, subsequently the two cut surfaces were contacted
and allowed to heal at room temperature for 24 h, after which
tensile tests were performed for the healed samples.

Thermal analyses

Differential scanning calorimetry (DSC) measurements were
performed using a DSC250 instrument (TA Instruments, USA)
under a nitrogen atmosphere. The samples were placed on an
open aluminum pan and heated from 40-200 °C, followed by
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cooling to —120 °C, and then reheated to 200 °C at a cooling and
heating rate of 10 °C min . The glass transition temperature
(Ty) (the temperature at the peak top of derivative heat flow)
were determined from the DSC thermograms during the 2nd
heating step.

Molecular dynamics simulations

All-atom molecular dynamics (MD) simulations were carried
out using the GROMACS 2020.1 program under the isobaric-
isothermal (NTP) ensemble (298 K and 1 atm) in a cubic cell.
Procedures similar to that reported in our previous study were
followed in this case.*” Number of ILs and polymers in the
simulation boxes are listed in Table S1 (ESIf). A 20 mer
(approximately 2 kDa) was used as the polymer due to computing
performance issues. The total simulation time was set to be 25 ns.
From the last 500 ps, the data was collected with 0.1 ps intervals,
and analysed to determine the radial distribution function G(r).
The density values calculated from the present MD simulations
are consistent with the density values estimated from the
respective densities of the IL and the polymer, which are also
listed in Table S1 (ESIt). CLaP and OPLS-AA force fields, including
intermolecular Lennard-Jones (L]), coulombic interactions, and
intramolecular interactions (bond stretching, angle bending, and
torsion of dihedral angles) were used for the C,mIm and C;,mIm
cations, TFSI anion, and PMMA and PEMA polymers.**™*® The
radius of gyration (Ry) for the polymer was calculated from the
intramolecular component Ginu(7), according to the following
equation, where r,,,x represents the upper limit of the integration,
and here we assumed a sufficiently large r (35 A) that there is no
intramolecular correlation of the polymers:

fg'“‘“ r4n? G(r)dr

RZ =%
& (]"6"‘“ A2 G(r)dr

Results and discussion

Synthesis of UHMW gels from various IL and monomer
structures

To prepare UHMW gels with different IL structures, methyl metha-
crylate (MMA) monomer was polymerised in a wide variety of ILs
consisting of combinations of different imidazolium-based cations
(CumIm: n = 2-12 and C,dmIm) and sulfonylimide anions with
different lengths of perfluoroalkyl groups (TFSIL, BETI, and IM,,). In
addition, ethyl methacrylate (EMA) and propyl methacrylate (PMA)
were polymerised in [C,mIm][TFSI] and [C,mIm][BETI], respectively
to investigate the effect of monomer structures. Note that when
PMA was polymerised in [C,mIm][TFSI], it was too soft to be
moulded for mechanical tests probably due to its very low glass
transition temperature (T,). Therefore, polymerisation of PMA
monomer was performed in [C,mIm]|[BETI], which has a higher
T, than that of [C,mIm][TFSI]. The chemical structures of ILs and
monomers used in this study are shown in Fig. 1. For the synthesis
of UHMW gels, the monomer concentration was fixed at 40 vol%
and the initiator (2,2’-azobis(isobutyronitrile), AIBN) content was
set at as low as 0.02 mol% vs. monomer content. After argon
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bubbling of precursor solutions containing ILs, monomers and
initiator, polymerisation was allowed to proceed at 80 °C for 24 h.
For all combinations of monomers and ILs, transparent ion gels
without any macroscopic polymer-IL phase separation were
formed in situ as polymerisation proceeded, indicating that the
robust physical entanglement of UHMW polymers were formed in
ILs. The results of polymerisation (molecular weight, polydispersity
index (PDI), and monomer conversion) are summarised in Table 1.
GPC traces of synthesised polymers extracted from UHMW
gels and '"H NMR spectra of as prepared UHMW gels after
polymerisation are shown in Fig. S1 and S2 (ESIt). For all
monomer-IL combinations used in this study, UHMW polymers
with molecular weights near or above 10° Da were obtained with
high monomer conversion of over 95%. These results indicate that
the fabrication strategy of UHMW gels can be applicable for wide
variety of methacrylate polymer and IL structures, which would
render tunability of physicochemical properties of UHMW gels.
Previous experimental and computational investigations for the
radical polymerisation in ILs suggested that the rate constant of
propagation (k,) was enhanced with decrease in activation energy
due to the IL-radical interaction.””*® In addition, our previous study
that compared viscosity-tuned toluene and ILs as polymerization
media revealed that the effect of solvent viscosity that potentially
slow down the termination reaction of growing polymer on the
molecular weight was not significant, thus enhancement of k,
would be a dominant factor for the formation of UHMW polymers
in ILs.*” In the present study, consistent with the previous results,
the molecular weight of the synthesised PMMA in various ILs
tended to increase with increasing ionic concentration in the
precursor solutions (Fig. S3, ESIT), suggesting that the more the
ionic moieties around the propagation radicals, the higher the k,
due to the IL-radical interaction. Furthermore, the PDIs of obtained
UHMW polymers were slightly below 2.0, which were significantly
lower than those of high molecular weight polymers produced as a
result of decreased termination rate due to high viscosity, which
was well-known as the Trommsdorff effect.*® The relatively low PDI
in this study could be attributed to the enhanced k, and

Table 1 Characterisation results of UHMW polymers synthesised in ILs

Monomer Solvent M,%kDa M,%kDa PDI* Conversion®
MMA CimIm [TFSI] 1587 2896 1.83 98.0
C,mIm [TFSI] 1280 2377 1.85 98.1
CsmIm [TFSI] 1216 2400 1.97 97.3
CgmIm [TFSI] 1274 2235 1.75 95.9
Ci,mIm]|[TFSI] 1169 2263 1.94 97.0
C,dmIm|[TFSI] 1492 2773 1.86  96.8
C,mIm BETI] 1473 2693 1.83 97.9
C,mIm][IM,,] 1162 2652 2.28 97.8
EMA C,mIm TFSI] 988 1700 1.72 95.8
PMA C,mIm BETI] 1019 1820 1.79 95.9

“ Calculated by GPC using PMMA standards (eluent: 10 mM LiBr/DMF).
For the characterisation by GPC, polymers were extracted from ILs as
follows: UHMW gels were dissolved in acetone, subsequently UHMW
polymers were reprecipitated into excess amount of methanol. ? Calcu-
lated from "H NMR. As prepared UHMW gels were dissolved in CDCl,,
and the monomer conversion was calculated by comparing the residual
vinyl peaks of monomers with polymer peaks.

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sm00853j

Open Access Article. Published on 11 November 2022. Downloaded on 12/4/2025 11:45:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

significantly low concentration of radicals in this polymerization
condition that might lower the influence of the termination
reaction.

Rheological properties of UHMW gels

Rheological properties of UHMW gels with different polymers
and IL structures were evaluated by frequency sweep measure-
ments at different temperatures ranging from 10 to 120 °C.
Next, time-temperature superposition (tTS) master curves for
storage modulus (G’), loss modulus (G”), and tan¢ for each
UHMW gel was obtained at a reference temperature of 10 °C
(Fig. 2 and Fig. S4, ESIt). Note that, although the tTS principle
was well applicable, there was a deviation for G’ and tand at
high frequency region for all UHMW gels. This phenomenon
was observed for other ion gel systems also, and it was
originated from the relaxation related to solvent viscosity.”*>*

In all systems, a rubbery plateau region was observed over a
wide frequency range; crossover of G’ and G” and subsequent
terminal relaxation (G’ oc w” and G” oc ®) did not appear at
least within this measurement condition, which indicates that
UHMW gels behave as viscoelastic solids over very long time-
scales. This is due to the significantly slow relaxation of
physical crosslinking owing to the extremely high molecular
weight of the polymers, as the reptation theory suggests that
the relaxation time of polymer entanglement correlates with the
3rd power of molecular weight. Even at frequency sweep
measurement at 120 °C, G’ was higher than G” for all frequency
region, indicating excellent mechanical robustness against
temperature for UHMW gels (Fig. S5, ESIf).

Tensile properties of UHMW gels

Fig. 3 shows the uniaxial tensile stress-strain curves for
UHMW gels obtained with various polymer/IL combinations.

View Article Online
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The mechanical strength of all the UHMW gels was much better
than that of a conventional PMMA ion gel using a chemical
crosslinker, which was previously reported as a comparison of
the tetra-branched PEO-based stretchable ion gels.>® Tensile
properties and glass transition temperatures (T,s) of UHMW
gels are summarised in Table S2 (ESIt). Since the polymer/IL
combinations used in this study are all compatible systems, the
T, of the ion gel can be determined by DSC measurements as a
single point (Fig. S6, ESIT). When the cation structures of
UHMW gels were changed (Fig. 3a), Young’s modulus (E) varied
from 94 to 167 kPa, and the fracture stress and strain varied
from 182 to 353 kPa and 578 to 853%, respectively. On the other
hand, when the anion and polymer structures were changed
(Fig. 3b), the stress-strain curves changed much significantly
compared to changes in the UHMW gels with different cation
structures. In particular, UHMW gels from PMMA/[C,mIm]-
[BETI] and PMMA/[C,mIm][IM,,] exhibited significantly high
fracture stress. One of the possible reasons for high mechanical
strength in the PMMA/[C,mIm][BETI] UHMW gel could be
attributed to its relatively high T, of —57.2 °C (Table S2, ESIY),
which possibly contributed to stresses associated with micro-
Brownian motion of polymer segment. Note that the tensile
speed in this study is 10 cm min~', where the correlation
between T, and E was observed (Fig. S7, ESIf). This could be
attributed to the influence of the transition from rubbery
plateau to glassy region at this timescale. In contrast, the
PMMA/[C,mIm][IM,,] UHMW gel showed the upward deviation
from the correlation between T, and E. Furthermore, it exhibited
the highest fracture stress among UHMW gels in this study
despite possessing relatively low T, of —69.7 °C. A recent study
suggested that nanophase separation occurred in [C,mIm][IM,,]
due to the aggregation of the long perfluoroalkyl chains of [IM,]
anions.>® Therefore, the nanophase separated structure in the

L PMMA/[CymIm][TFSI] PMMA/[C,mIm][TFSI] [ PMMA/[C;mIm][TFSI] | PMMA/[CgmIm][TFSI] [ PMMA/[C,mIm][TFSI]
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Fig. 2 Time-temperature superposition (tTS) master curves of G’ (closed symbols) and G” (open symbols) for UHMW gels with different combinations of
polymers and ILs constructed from the frequency sweep measurements at the temperature range from 10 to 120 °C. The reference temperature = 10 °C.
In each graph, only the master curve of interest is highlighted, while the other curves are shown in grey to clarify their relative positions.
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Fig. 3 Tensile stress—strain curves for UHMW gels with (a) different cation
structures with the fixed polymer and anion structures (PMMA and [TFSI]
anion), and (b) different polymer and anion structures with the fixed cation
structure ([C,mlm] cation).

1500

UHMW gel might affect the mechanical properties of the UHMW
gel. Although the detailed mechanism is still unclear, this result
implies that the mechanical strength of UHMW gels could
be further enhanced by properly controlling the nanophase
separation structure in the gel. On the other hand, although
the PMMA/[C;,mIm][TFSI] UHMW gel had relatively high T, of
—56.1 °C almost the same as that of PMMA/[C,mIm]|[BETI], it
showed much lower Young’s modulus and fracture stress than
those of PMMA/[C,mIm][BETI]. The downward deviation from
the correlation between T, and E was also confirmed in Fig. S7
(ESIt). The long alkyl chain of [C;,mIm] cation is known to cause
polar-apolar nanophase separation,> suggesting that in this
case nanophase separation might have a negative effect on
mechanical properties. It is also possible that, although the
PMMA/[C;,mIm][TFSI] UHMW gel is transparent and thus
PMMA and [C;,mIm]TFSI| are macroscopically compatible,
the low affinity between the IL and the polymer on the micro-
scopic scale may have an influence on the mechanical proper-
ties, which will be discussed later in the molecular dynamics
(MD) simulations section. When the polymer structure was

8586 | Soft Matter, 2022, 18, 8582-8590
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changed from PMMA, it was observed that the PEMA/
[C,mIm][TFSI] UHMW gel had the highest fracture strain and
the lowest fracture stress among all UHMW gels. This can be
attributed to the lowest T, of —78.7 °C and slightly lower
molecular weight of PEMA/[C,mIm][TFSI] gel compared to other
systems (Table 1 and Fig. S2, ESIf), which may lead to low
mechanical strength and large elongation at break due to the
disentanglement of polymer chains under the timescale of the
tensile test.

Self-healing ability of UHMW gels

Next, we evaluated the self-healing behaviour of UHMW gels
from tensile tests. Our previous study revealed that the PMMA/
[C,mIm][TFSI]| UHMW gel showed novel self-healing ability at
room temperature despite the fact that UHMW gel had a quite
long relaxation time owing to the entanglement of UHMW
polymers, whereas the PEMA/[C,mIm]|TFSI] UHMW gel
showed lower healing efficiency than that of PMMA/
[C,mIm][TFSI].** This result implied that the self-healing abil-
ity was dependent on the chemical structure of the UHMW gel.
However, detailed study to understand the relationship
between polymer and IL chemical structures and self-healing
ability of the UHMW gels has not been performed so far. Fig. 4
shows the tensile stress-strain curves for the pristine and
healed ion gels for each UHMW gel with different polymer
and IL structures. For the preparation of healed ion gel samples,
dumbbell-shaped ion gels were cut at the centre, after that the
two cut surfaces were brought into contact immediately and
allowed to heal at room temperature for 24 h. In contrast to
conventional chemically cross-linked ion gels with bifunctional
chemical crosslinkers that had no self-healing ability, all UHMW
gels exhibited self-healing properties, although there were differ-
ences in healing efficiencies. For UHMW gels with different
cation structures, the healing efficiency reached to 100% for
PMMA/[C,mIm][TFSI| and PMMA/[C;mim][TFSI], whereas com-
plete healing was not observed for other gels. When the anion
structure was varied from TFSI to BETI and IM,,, the healing
efficiency was decreased to less than 40%. One of the possible
reason of low healing efficiency for the PMMA/[C,mIm]|[BETI]
and PMMA/[C,mIm][IM;,] could be attributed to the trade-off
relationship between self-healing ability and stiffness. The
higher Young’s modulus is related to lower dynamic properties
of physical cross-linking by entanglement, which might lead to
low self-healing properties. The trade-off relationship was also
reported in other self-healable polymeric materials.**>°

Fig. 5 shows the relationship between Young’s modulus and
healing efficiency for UHMW gels. While several UHMW gels
obeyed the trade-off relationship between Young’s modulus
and healing efficiency shown by the dotted straight line, some
UHMW gels deviated upward and downward from the trade-off
line. The PMMA/[C,mIm][TFSI] UHMW gel exhibited upward
deviation from the trade-off line, indicating that there exists a
driving force which accelerates the reformation of entangle-
ment across the cut surfaces. On the other hand, PMMA/
[C1,mIm]|[TFSI], PEMA/[C,mIm][TFSI], and PPMA/[C,mIm]-
[BETI] UHMW gels deviated significantly downward from the

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Tensile stress—strain curves for pristine and healed UHMW gels with different polymer and IL structures. Solid and dashed lines indicate pristine

and healed samples, respectively.

trade-off line. Notably, although the tensile stress-strain curves
for pristine PMMA/[C;,mIm][TFSI] and PMMA/[C,mIm][TFSI]
UHMW gels were nearly identical, the healing efficiencies were
quite different (Fig. S8, ESIT).

These results suggest that the self-healing behaviour of
UHMW gels is not governed only by the trade-off relationship
between the stiffness and the healing efficiency, other factors also
contribute to the self-healing phenomena. In our previous study,
MD simulations for PMMA/[C,mIm][TFSI] and PEMA/[C,mIm}
[TFSI] systems suggested that PMMA and PEMA showed different
solvation structure in [C,mIm]TFSI].*> Therefore, the deviation
from the trade-off relationship might have originated from the
difference in the microscopic interaction among polymers and IL
cations and anions, which would lead to the acceleration or
deceleration of reformation of entanglement across cut surfaces.

MD simulations for different polymer/IL systems

To further understand the polymer-IL and polymer-polymer
interactions at the microscopic scale, all-atom MD simulations
and detailed statistical analysis were performed on the PMMA/
[C,mIm][TFSI], PMMA/[C;,mIm]|[TFSI], and PEMA/[C,mIm]-
[TFSI] systems, in which healing efficiency was quite different.
The simulations were carried out in an NTP ensemble. Density
values derived from MD simulations are in good agreement
with actual systems, indicating the validity of simulated poly-
mer/IL structures (Table S1, ESIf). The radial distribution
functions for all atoms (Gioai(r) as an r-weighted difference
form, r’[G(r) — 1], is shown in Fig. S9, ESI{) were calculated
from the trajectory data obtained from the 500 ps calculations.
The radial distribution function consists of intramolecular and
intermolecular correlations for each component. The intra-
molecular radial distribution function for the polymer (Ginra(7))

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Relationship between the Young's modulus (E) and the healing
efficiency of UHMW gels. The dotted line is a guide to the eye. The healing
efficiency was defined as the ratios of mechanical toughness (the area
under the stress—strain curve) between pristine and healed gels.

is shown in Fig. 6a. The jagged peaks appearing below 5 A
corresponded to correlations between directly bonded atoms or
their neighbours in the polymer molecule. On the other hand,
the broad peak with a peak top near 10 A can be attributed to
the summation of atomic correlations within non-bonded
atoms. Therefore, the broadness of these peaks is an indicator
for the degree of expansion of individual polymers solvated by
ILs. It was observed that the PMMA/[C,mIm][TFSI]| system had
a broader peak than those of PMMA/[C;,mIm][TFSI] and PEMA/
[C,mIm][TFSI] systems, suggesting that the polymer conforma-
tion was most extended in the PMMA/[C,mIm][TFSI| system
compared to PMMA/[C1,mIm][TFSI] and PEMA/[C,mIm][TFSI]
systems. In fact, the R, calculated from the intramolecular
radial distribution function was 14.2, 13.1, and 12.3 A for
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Fig. 6 (a) Intramolecular contribution of the radial distribution function
(Gintra(n) for the PMMA/[ComIm][TFSI], PMMA/[ComIm][TFSI], and PEMA/
[ComIm][TFSI] systems. (b) Representative snapshot of individual polymer
conformations in ILs extracted from the MD simulation boxes.

PEMA in [C,mIm][TFSI]

PMMA/[C,mIm][TFSI], PMMA/[C;,mIm][TESI], and PEMA/
[C,mIm]|[TFSI], respectively. Fig. 6b shows representative poly-
mer conformations for three systems.

Furthermore, to obtain insight into the polymer-polymer
interactions in ILs, we evaluated the intermolecular radial
distribution function (Gpoly-poty(r)) that represents the correlation
between the different polymer chains (Fig. 7a). In the PMMA/
[C,mIm][TFSI] system, the upturn of the intensity was observed
around 6 A, which indicates that the correlation between poly-
mers starts to occur from this distance. On the other hand, in the
PMMA/[C;,mIm][TFSI] and the PEMA/[C,mIm][TFSI| systems,
the upturns were observed from around 9 and 12 A, respectively,
which were farther than that of the PMMA/[C,mIm][TFSI] sys-
tem. In addition, the depth of the convex curve for the PMMA/
[C1omIm][TFSI] and the PEMA/[C,mIm][TFSI] systems in Fig. 7a
was much deeper than that of the PMMA/[C,mIm][TFSI] system,
suggesting the probability of having different polymer chains in
the proximity is low. These results suggest that in the PMMA/
[C,mIm][TFSI] system, individual polymer chain has a more

a b
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Fig. 7 (a) Intermolecular contribution of the radial distribution function

(Gpoly-poylr) for the PMMA/[ComIm][TFSI, PMMA/[ComImI[TFSI], and
PEMA/[ComImI[TFSI] systems. (b) Representative snapshot of two adjacent
polymers in ILs extracted from the MD simulation boxes.
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extended conformation in the IL, and different polymer chains
are more likely to exist in the vicinity (Fig. 7b). Therefore, even at
the cut surfaces of the PMMA/[C,mIm][TFSI] UHMW gel, the
polymer chains may take an expanded form and different
polymer chains are more likely to be present in the vicinity,
which facilitates the reformation of entanglement, resulting in
the excellent self-healing ability. However, it should be noted
that in this study, MD calculations were performed for polymers
with a low polymerisation degree of 20 mers, which is quite
different from the degree of polymerisation for UHMW polymers
(>10000). Therefore, further studies to clarify the polymer
conformations and interpolymer interactions in UHMW gels
more accurately by combining the large-scale MD calculations
at polymerisation degree that exceeds the entanglement
molecular weight is under progress along with high-energy
X-ray total scattering experiments.”” In addition, the influence
of the difference in the polymer conformation calculated from
MD simulations on the linear viscoelastic master curves is still
elusive. Nonlinear rheological measurements are now underway
to investigate the effect of the difference in the polymer con-
formation in ILs on physical properties.

Conclusions

In conclusion, UHMW gels, which were formed solely by
physical entanglements of in situ polymerised UHMW polymers
in ILs, were fabricated from various IL/monomer structures.
In the rheological measurements, all UHMW gels exhibited a
wide rubbery plateau without crossover of G’ and G” over wide
frequency and temperature region, indicating that UHMW gels
can maintain solid-like integrity over long timescales. Tensile
tests suggested that stress—strain curves of UHMW gels were
significantly dependent on the IL/polymer chemical structures.
In particular, the PMMA/[C,mIm][IM;,] UHMW gel showed the
highest fracture stress despite relatively low T,, implying that
the nanophase separation of long perfluoroalkyl chain might
affect the tensile property of UHMW gels. Self-healing proper-
ties of UHMW gels evaluated by tensile tests revealed the trade-
off relationship between the stiffness and the healing effi-
ciency, whereas some UHMW gels deviated from the trade-off
line. MD simulations for different polymer/IL structures
revealed that the intramolecular polymer conformations as well
as interpolymer interactions were dependent of the polymer/IL
structures. In the combination of polymer/IL for the UHMW gel
that shows high self-healing efficiency, the polymer chain can
take an extended conformation in the IL, and that different
polymer chains are likely to be present in close proximity to
each other. In the field of polymer gel science, “the style of
cross-linking”, “polymer network”, and “solvent” are known as
the three major components of gels. So far, efforts have been
made to realise effects of the style of cross-linking and polymer
network towards unprecedented functions and excellent
mechanical properties of gels. However, solvents engineering
of gels has never received any special attention. The ability to
control the mechanical properties of gels by changing the
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solvent structure is a unique strategy that is not found in other
gels such as hydrogels and organogels. Further, our insights
into the effects of the chemical structure on the mechanical
and self-healing properties of UHMW gels provide a useful
basis for the development of a new class of ion gels for wearable
and flexible devices with desirable physicochemical properties.
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