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ABSTRACT: Linking molecular interactions to the macroscopic mechanical proper-

ties of soft materials remains a major challenge in soft-matter science. Here, we develop | + + e 22
metal—polymer soft framework (MPF) ion gels, in which metal—ligand coordination | =S e
complexes function as network-forming interchain bridges within a structurally - l R + X
homogeneous polymer network. Terpyridine-terminated TetraPEG prepolymers were i i— é

cross-linked with divalent metal ions in an ionic liquid to form uniform coordination- " . )w 3 o [Where )
bonded gel networks. The elastic modulus (G’) increased in the order Mg** < Zn** < iy § Comdl,?nzt:t’: SL‘fETLZtt?city

Co®" < Ni*", and this trend was quantitatively reproduced by modeling the equilibrium
distribution of bis-terpyridine complexes, M(tpy),”*, acting as network-forming
interchain bridges in the polymer network. By integrating coordination thermodynamics with classical rubber elasticity, we
established a quantitative framework that determines the stepwise equilibrium constants (K; and K,) for mono- and bis-terpyridine
complex formation and accurately predicts the nonmonotonic dependence of G’ on metal-ion concentration. Furthermore, the stress
relaxation time (7) was found to increase with increasing coordination bond strength, indicating that the dynamic mechanical
response is correlated with the strength of metal—ligand interactions. These results establish a quantitative framework linking
coordination thermodynamics with macroscopic gel elasticity and further suggest that coordination interactions also play an
important role in controlling the dynamic mechanical response, providing a basis for tuning the properties of coordination-bonded
soft materials.

metal-ion concentration

B INTRODUCTION

Understanding how microscopic molecular interactions govern
macroscopic mechanical properties remains a central challenge
in soft-matter chemistry.' > In polymer networks, elasticity
and relaxation dynamics emerge from the collective response
of countless transient and permanent cross-links."”* Establish-
ing a quantitative and predictive connection between the
collective behavior of molecular bonds and the bulk mechanics
of soft materials would transform the design of polymer
networks from empirical optimization to molecular-level

Metal—-ligand coordination chemistry offers an ideal
molecular handle to bridge chemical bonding and macroscopic
mechanics within such hybrid frameworks.'*~'® The reversible
formation and dissociation of coordination bonds provide
dynamic cross-linking points whose thermodynamic and
kinetic parameters are well-defined. Hydrogels and ion gels
incorporating coordination bonds, typically through catechol,
bipyridine, or terpyridine ligands, have thus been explored as
dynamic polymer networks exhibiting self-healing, stress
relaxation, and tunable v1'scoe1asticity.15’17_24 Yet, most of
these studies have been qualitative, correlating mechanical

engineering.

Ion gels, polymer networks swollen with ionic liquids (ILs),
provide a particularly attractive platform for exploring
molecular design principles.”™® The IL component is not an
inert solvent but a functional liquid that can impart ionic
conductivity, (electro)chemical stability, and thermal stability
to otherwise purely mechanical polymer networks.”~"> When
confined within the nanoscopic space of the network, the IL
behaves as a “liquid guest” whose physicochemical function-
ality coexists with, yet is distinct from, the mechanical role of
the polymer framework. In this sense, the ion gel represents a
hybrid soft framework in which the polymer network dictates
mechanical integrity, while the encapsulated IL contributes
additional physicochemical functions.
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trends with the choice of metal ion, rather than quantitatively
linking coordination chemistry to macroscopic elasticity and
relaxation. A critical requirement for achieving such a
quantitative relationship is a polymer network with molec-
ular-level structural uniformity. Conventional polymer gels
often suffer from inhomogeneous cross-linking and chain-
length distributions, which blur the direct correspondence
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between molecular-scale events and bulk mechanical re-
sponse.”>*” In sharp contrast, tetra-arm poly(ethylene glycol)
(TetraPEG) forms a nearly ideal, homogeneous network in
which the density and spatial arrangement of cross-linking
junctions are statistically uniform.”*~>* In addition, using a
nonvolatile IL as the solvent ensures that both the polymer
concentration and the coordination equilibria remain constant
throughout the measurements. This compositional stability
under fully closed conditions enables a consistent and
quantitative linkage between molecular coordination chemistry
and macroscopic mechanical response without compositional
drift, something difficult to achieve in conventional solvent
systems such as water or organic media. Owing to this
structural uniformity, TetraPEG can form not only hydrogels
but also organogels and ion gels swollen with organic
electrolytes or ILs, while maintaining well-defined and
reproducible network structures even in nonaqueous
media.”>™** This structural precision allows the mechanical
properties to be interpreted solely in terms of the chemical
nature and dynamics of the cross-links, without structural
ambiguity.

Here, we present metal—polymer soft framework (MPF) ion
gels that integrate a structurally well-defined polymer network
with coordination-bonded interchain bridges and a functional
IL environment. Terpyridine-terminated TetraPEG (Tetra-
PEG-tpy) prepolymers were cross-linked via complexation
with metal ions (Ni**, Co*, Zn**, and Mg?*) in an IL medium.
The tpy ligand was selected because its tridentate coordination
enables the formation of highly stable octahedral M(tpy),
complexes (1:2 metal-to-ligand ratio) with divalent metal ions,
particularly first-row transition metal ions. This geometry
allows the tetrafunctional TetraPEG chains to form ideal
tetrahedral (diamond-lattice-like) network junctions, providing
a structurally well-defined polymer network. Owing to the high
homogeneity of the TetraPEG network and the well-
characterized equilibrium of metal-terpyridine complexation,
this system provides a quantitative platform to correlate
coordination chemistry with macroscopic mechanics. The
elastic modulus is governed by the equilibrium concentration
of bis-terpyridine complexes, M(tpy),>*, which function as
network-forming interchain bridges in the polymer network. In
the context of rubber elasticity, these bridges correspond to
elastically active junctions that contribute to the macroscopic
elastic modulus, while the stress-relaxation time reflects the
effective lifetime associated with network rearrangement
mediated by dynamic metal—ligand coordination.

By unifying thermodynamic and kinetic descriptions of
coordination interactions within a homogeneous polymer
scaffold, we establish a molecular-level framework that
quantitatively links coordination chemistry to the mechanical
behavior of soft materials. This approach demonstrates how
the elasticity and relaxation of ion gels can be chemically
predicted from the equilibrium and dynamics of their
interchain-bridge motifs while simultaneously retaining the
unique functionalities of an IL-based medium.

B EXPERIMENTAL SECTION

Materials

1-Ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide
([C,mIm][TESA]; Kanto Chemical) was used as received without
further purification. The water content of the IL was confirmed to be
below 100 ppm by Karl Fischer titration. Hydroxyl-terminated tetra-
arm poly(ethylene glycol) (TetraPEG—OH, M,, = 20,000 g mol™’;
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SINOPEG) and 4'-chloro-2,2":6',2"-terpyridine (Tokyo Chemical
Industry), which served as the chelating ligand for end-group
modification, were also used without further purification. Zinc(II)
and Magnesium(II) bis(trifluoromethanesulfonyl)amide (Zn(TFSA),
and Mg(TFSA),; Tokyo Chemical Industry) were used as purchased,
whereas Nickel(II) and Cobalt(Il) bis(trifluoromethanesulfonyl)-
amides (Ni(TFSA), and Co(TFSA),) were synthesized according
to the following procedure. Basic metal carbonates (MCO;-2M-
(OH),4H,0, M = Ni or Co, 25 mmol; Kanto Chemical or
FUJIFILM Wako Pure Chemical) were dissolved in an aqueous
solution of bis(trifluoromethanesulfonyl)amide acid (HTFSA, 180
mmol, 30 mL; Tokyo Chemical Industry). The mixture was stirred for
S h, followed by three repetitions of recrystallization and vacuum
filtration. The obtained solids were dried under vacuum for 2 days to
afford the corresponding M(TFSA), salts.

Preparation of TetraPEG-Based MPF lon Gels

In this system, the coordination between metal ions and terpyridine-
functionalized TetraPEG connects multiple polymer arms to form a
percolated polymer network, in which the resulting metal—ligand
complexes function as network-forming interchain bridges, analogous
to well-defined network formation in tetra-functional polymer
systems.”>*>** The coordination-bonded TetraPEG ion gels were
synthesized through a two-step process:>’ terminal functionalization
of TetraPEG—OH with terpyridine (tpy) ligands, followed by gelation
via coordination complex formation between metal ions (M**) and
the tpy ligands in an ionic liquid (IL), as illustrated in Figure 1. The

Step1
OH
/ e in DMSO with KOH I
CHIO) e
DH’(CZND)“‘ Zﬂmzmmn—ou T VNJ\( N (333K, 48 h)
g e N> Purification I

Cl-terpyridine (tpy)
OH

TetraPEG-OH TetraPEG-tpy

R

Step2 /
IL solutions = | ! |
CoRY Mix two IL solutions . .
Metal-ion complexation
<+ Frf-

TetraPEG-tpy M(TFSA),

(@ M2» = N2", Co?", Zn, Mg?") TetraPEG-based

MPF ion gel

Figure 1. Schematic illustration of the synthesis procedure for
TetraPEG-based MPF ijon gels.

detailed procedure is as follows: (Step 1) TetraPEG—OH (M,, =
20,000 g mol™!, 0.05 mmol) was dissolved in dimethyl sulfoxide
(DMSO, 8 mL) in the presence of KOH (0.16 g, 3 mmol). Under an
Ar atmosphere, 4'-chloro-2,2":6',2"-terpyridine (0.16 g, 0.6 mmol)
was added to the solution, and the mixture was stirred at 333 K for 48
h to obtain the TetraPEG—tpy prepolymer. The resulting solution
was poured into cold water to precipitate unreacted terpyridine, which
was removed by vacuum filtration. The obtained DMSO solution
containing TetraPEG—tpy was transferred into a cellulose dialysis
membrane and dialyzed against deionized water for 7 days to remove
residual DMSO and KOH. The resulting aqueous TetraPEG—tpy
solution was concentrated and dried under reduced pressure, and the
solid product was further purified by precipitation using tetrahy-
drofuran (THF) as a good solvent and diethyl ether (DEE) as a poor
solvent. The yield of the synthesized TetraPEG—tpy was 65.2%. The
terminal modification ratio, determined by 'H NMR, was 97.6%,
confirming that the hydroxyl groups of TetraPEG—OH were almost
completely functionalized with terpyridine ligands (details are
provided in the Supporting Information, Figure S1). (Step 2) IL
([C,mIm][TFSA]) was used as the solvent herein to prepare two IL-
based solutions: a TetraPEG—tpy/IL solution and a metal ion/IL
solution containing M(TFSA), (M = Ni, Co, Zn or Mg). To control
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Figure 2. (a) Stress—elongation (6—4) curves of TetraPEG-based MPF ion gels cross-linked by Ni**—tpy complexation, measured at polymer
concentrations of 5, 10, and 15 wt %. The molar ratio of metal ions to total terminal tpy units was fixed at cy/cy,, = 0.5. (b) Storage (G', filled
circles) and loss (G”, open circles) moduli as a function of frequency for the same ion gels. (c) Dependence of Young’s modulus (E, black circles)

and shear modulus (G, red triangles) on polymer concentration.

the gelation time, a small amount of HTFSA was added to the
TetraPEG—tpy/IL solution. The molar ratios of HTFSA to terminal
tpy units were adjusted to approximately 2:1 (0.03 M). In contrast, no
HTFSA was added to the Mg’ system because gelation did not
proceed in the presence of HTFSA. Both IL solutions were mixed at
room temperature, during which spontaneous complexation between
M?** ions and terminal tpy ligands occurred, leading to the formation
of transparent TetraPEG-based MPF ion gels. The polymer
concentrations of the prepared ion gels were 5, 10, and 15 wt %,
and the M?* ion concentrations ranged from 7.6 to 46 mM.

Experimental Methods

Mechanical stretching measurements were performed using dumbbell-
shaped samples (rectangular portion: 2.0 X 12.0 X 2.0 mm®) of the
TetraPEG-based MPF ion gels at a constant stretching velocity of 30
mm min~" using a mechanical testing apparatus (STB-1225S; A&D
Company). Rheological measurements of the ion gels were performed
using a stress-controlled rheometer (MCR-302; Anton Paar)
equipped with a parallel-plate geometry (PP-25; 25 mm diameter),
as follows. First, the IL solution containing metal salts and dissolved
TetraPEG—tpy prepolymer was placed between the plates, and the
time dependence of the storage (G’) and loss (G”) moduli during the
gelation process was recorded at 298 K. The frequency and strain
were set to 1 Hz and 1%, respectively. After confirming the gelation
completion time, defined as the point at which G’ reached a constant
plateau value (see Figure S2), the frequency dependence and stress
relaxation of the fully gelled ion gel were subsequently measured
under the same configuration. In the frequency-dependence measure-
ments, the angular frequency was varied from 0.1 to 100 rad s at a
strain amplitude of 1%. Stress relaxation measurements were
performed under the same parallel-plate configuration. A constant
strain of 1% was applied, and the decay of the stress was monitored
until the relaxation process reached completion. The measurements
were conducted at different temperatures: 293, 323, and 353 K for the
Ni** system, and 293 K for the Co®*, Zn**, and Mg** systems. Small-
angle X-ray scattering (SAXS) measurements were performed at the
BL40B2 beamline of SPring-8 (Hyogo, Japan). The X-ray wavelength
and camera length were set to 0.10 nm and 4288.2 mm, respectively.
The measurements were conducted at room temperature (ca. 298 K)
using a PILATUS3 S 2 M (Dectris Ltd., Baden, Switzerland) detector
with an exposure time of 30 s. Repeated measurements confirmed the
absence of radiation damage. The sample solutions were gelled in situ
within quartz capillaries (Hilgenberg GmbH, Malsfeld, Germany)
with a diameter of 1 mm and used for the measurements. The
obtained scattering data were normalized by the exposure time,
transmittance, and sample thickness. Background scattering from the
capillary and the IL (solvent) was subtracted, taking into account the
volume fraction of the IL. Density functional theory (DFT)
calculations were performed using the Gaussian 09 software
package.*” Geometry optimizations for the M—tpy complexes, as
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well as for the isolated M?* ions and tpy ligands, were carried out at
the M06/def2-TZVP level of theory, followed by normal frequency
analyses to confirm that all optimized structures corresponded to true
energy minima without any imaginary frequencies. The binding
energies (AE,;4) were evaluated as the electronic energy difference
between the optimized complex and the sum of its constituent
components (M>* and tpy), without applying any basis-set super-
position error (BSSE) correction, according to the following equation,
defined as Egcp (complex) — Egep (M**) — 2Egcy (tpy). High-spin
states were used for Ni** (triplet, d*) and Co?* (quartet, d’), and a
singlet for Zn>* (d'°) and Mg*".

Bl RESULTS AND DISCUSSION

Mechanical Properties

To understand how the static mechanical properties of the
MPF gels arise from the equilibrium state of coordination
interchain bridges, we first examined their macroscopic
elasticity. Because the network topology of TetraPEG is nearly
ideal, variations in elasticity can be attributed primarily to
changes in the population of metal—ligand complexes rather
than to structural heterogeneity. Figure 2a shows the stress—
elongation (6—4) curves of the TetraPEG-based MPF ion gels
cross-linked with Ni** ions. The measurement was performed
on fully gelled samples, after confirming gelation completion,
defined as the point where G’ reached a constant plateau value
(see Figure S2). The polymer concentrations were S, 10, and
1S wt %, and the molar ratio of metal ions to terminal tpy
ligands was fixed at cy/cy,, = 0.5. The stress ¢ gradually
increased with increasing elongation ratio 4, and the breaking
stress (Gpq) reached 9.4 kPa for the S wt % ion gel (maximum
elongation, A, = 2.0), 72.8 kPa for the 10 wt % gel (Apnyy =
34), and 99.4 kPa for the 15 wt % gel (A, = 2.8),
respectively. The Young’s modulus (E) was determined from
the initial slope of the 6—A curves and found to be 9.3, 52.1,
and 115.3 kPa for the ion gels with polymer concentrations of
S, 10, and 15 wt %, respectively. Figure 2b shows the storage
(G’) and loss modulus (G”) as a function of frequency (w)
obtained for the TetraPEG-based MPF ion gels. At all polymer
concentrations examined, the G’ values remained nearly
constant over the measured @ range and were consistently
higher than the corresponding G” values. This behavior
corresponds to a typical rubbery plateau, indicating that the
formed M>'—tpy complexes acting as network-forming
interchain bridges are stable within the experimental time
scale, confirming the elastic network structure of the gels. The
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dependence of the Young’s modulus (E) and storage modulus
(G’) on polymer concentration is summarized in Figure 2c.
Both values exhibited a linear relationship with polymer
concentration, indicating that the elastic modulus of the ion
gels is directly controlled by the polymer concentration, that is,
by the density of elastically active junctions. Furthermore, the
ratio of E to G’ (E ~ 3G’) was close to the theoretical value
expected for isotropic elastic networks, implying that the
coordination-bonded polymer network is nearly homogeneous.
In addition, previous studies on TetraPEG in [C,mIm][TFSA]
have shown that the overlap concentration (c*) is approx-
imately 4—5 wt % for M,, ~ 20 000 g mol™" and scales as ¢*
M, 5" Because the polymer concentrations employed in
this study are at or above this range, the polymer chains are
expected to be in the overlap regime, where intermolecular
interactions and network formation are possible. This is
consistent with the observed development of elasticity with
increasing polymer concentration. In this concentration
regime, a percolated network is formed, which enables the
emergence of macroscopic elasticity. This interpretation is
further supported by small-angle X-ray scattering (SAXS)
measurements (see the Supporting Information: Figure S3 and
Table S1), which confirm the network homogeneity of the
present MPF ion gels, in good agreement with previous reports
on chemically interchain-bridged TetraPEG ion gels (Figure
§3a).”>*! No scattering peak arising from network inhomoge-
neity was observed; instead, all MPF ion gels examined herein
exhibited a monotonic g >-dependence (g: scattering vector),
well described by the Ornstein—Zernike function, which is
characteristic of homogeneous TetraPEG networks.””*>***
This scattering profile was retained irrespective of the metal-
ion species or polymer concentration (Figures S3b and S3c,
respectively).

Figure 3 shows the variation in the G’ values of 5 wt %
TetraPEG-based MPF ion gels as a function of metal ion

G' I kPa

CM/mM

Figure 3. Storage modulus (G’) of S wt % TetraPEG-based MPF ion
gels as a function of metal ion concentration (cy) for M** = Ni*,
Co®, Zn*, and Mg™".

concentration (cy) for M** = Ni**, Co*", Zn**, and Mg**. The
frequency-dependent data used to determine these G’ values
are provided in Figure S4. For the transition metal ions, the G’
values increased in the order Zn** < Co®* < Ni**. This trend is
consistent with the order of the thermodynamic stability of the
M—tpy complexes, as reflected in their equilibrium formation
constants, which qualitatively parallels the ligand field
stabilization energy (LFSE) sequence. For example, for the
aqua complexes [M(H,0)¢]*", the degree of stabilization
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increases in the order Zn** (0 kJ mol™) < Co*" (-89 kJ
mol™") < Ni** (—122 kJ mol™") calculated based on the ligand-
field splitting energy (10 Dgq);** see the Supporting
Information for details. These differences in stability are
directly reflected in variations in the equilibrium distribution of
the M—tpy complexes that function as network-forming
interchain bridges, as discussed later.

When Li* ions were used as the central metal ions in the
TetraPEG—tpy/IL system, no gelation occurred (Figure SS)
because the Li—tpy interaction is essentially -electrostatic,
lacking the orbital overlap required for coordination bonding;
as a result, the Li—tpy complex is not stably formed. In
contrast, Mg2+ ions induced gelation, and the resulting G’ was
lower than that of the Zn®* system (Figure 3, green). Although
Mg** lacks d orbitals for strong orbital overlap, its higher
charge density compared to Li* leads to stronger electrostatic
interactions with the tpy ligand, allowing the formation of
coordination complexes sufficient to generate a percolated
network.

When examining the dependence on the metal ion
concentration (cy), all M** systems exhibited a similar trend:
the G’ value increased sharply up to approximately 10 mM,
followed by a gradual decrease beyond this concentration. To
rationalize this behavior, a quantitative analysis was conducted
by considering the complexation equilibrium governing the
formation of the M—tpy complexes.

Quantitative Analysis of Gel Elasticity Based on
Metal—Ligand Complexation Equilibrium

In the coordination-bonded MPF ion gels investigated in this
study, the concentration of network-forming interchain bridges
(M—tpy complexes), which directly determines the elastic
modulus, can be described based on the complexation
equilibrium between the metal ions and terpyridine ligands.
Similar approaches have been reported for metal-coordinated
hydrogel systems, where quantitative relationships between
coordination equilibria and macroscopic elasticity have been
established. In such systems, the concentration of elastically
active junctions has been predicted using equilibrium constants
for metal-ligand complexation determined in aqueous
solutions together with the acid dissociation constant of the
ligand (pK,)."”** In contrast, in IL systems, experimental
determination of metal—ligand complexation equilibria re-
mains highly challenging, and experimental equilibrium
constants are rarely available.

The complexation reaction between the metal ions (M>*)
and terpyridine (tpy) ligands proceeds in two successive steps:

M+ tpy =2 M(tpy)2+

M(tpy)** + tpy = M(tpy),”"
The stepwise formation constants are defined as

K, = [M(tpy)**1/(IM**1[tpy])

and

K, = [M(tpy),>*1/ (IM(tpy)**[tpy])

Here, M(tpy)** and M(tpy),** are referred to as the mono-
and bis-complexes, respectively, and the latter functions as an
elastically active junction in the network. The total metal ion
concentration is given by ¢y = [M*] + [M(tpy)**] +
[M(tpy),**]. By solving these mass-balance equations, the
concentration distribution of each metal species (free M*,
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Figure 4. (a—d) Experimental storage moduli (G’; symbols) and calculated curves (solid lines) for S wt % TetraPEG-based MPF ion gels
containing (a) Ni**, (b) Co?, (c) Zn**, and (d) Mg** ions. The calculated curves were obtained from the equation: Gy, = avRT, using the
optimized equilibrium constants. The numerical values shown in each panel represent the molar ratio of total metal ions to total terminal tpy
ligands (cy/ Cipyt 0.5— 3), correspondmg to ¢y = 7.6—46 mM. (e—h) Equlhbrlum species distributions of the free metal ions (M*', light gray),
monotpy complexes (M(tpy)*, gray), and bis- tpy complexes (M(tpy),*, black) in the ionic liquid medium, obtained using the optimized
equilibrium constants for (e) Ni**, (f) Co*, (g) Zn**, and (h) Mg** systems. The molar fractions of each species (xy, xM(tpy), and xy(py)2) Were
defined as follows: xy = 1/(1 + Ky[tpy] + KiKy[tpy]®); snepy) = Kiltpy]/(1 + Ki[tpy] + KK [tpy]®); aai(epy) = KIKZ tpy] /(1 + K\ [tpy] +
K K,[tpy]?). The vertical lines indicate the equilibrium points at which the total tpy concentration, Cipy = xEtpy [Htpy'] + [M(tpy)*] +
2[M(tpy),>*] = 15 mM, is satisfied for each cy;/ Cpy TatiO.

M(tpy)** complex, and M(tpy),>* complex) can be obtained. was therefore solved numerically for each cy. The physically
The concentration of the M(tpy),>* complex, which acts as the meaningful solution satisfying 0 < [tpy] < c,,, was selected and
interchain bridge in the gel network, is expressed as the obtained [tpy] value was then substituted into eq 1 to
5 calculate the concentration of the bis-terpyridine complex,
[M(tpy),2H] = KK, [tpy] ear [M(tpy),**], which contributes to network connectivity and
1 + Ki[tpy] + KK, [tpy]* (1) functions as an elastically active junction within the MPF ion

gel network.
In the present MPF ion gel system, however, the Using the resulting concentration of M(tpy),*", the elastic
complexation equilibrium must be considered together with modulus of the MPF ion gels was quantitatively analyzed based

the acid—base equilibrium of the tpy ligand, because a strong

on classical rubber elasticity theory. The elasticity of the gels is
acid (HTFSA) was added to control the gelation kinetics.

expressed by the classical rubber elasticity relation (affine

Terpyriciine can bf protonated écco'rding to the equilibrium: network model), G = vRT, where v (mol m~3) is the effective
tpy + H" = Htpy ’ Where th‘_* acid dlss?aa.tlon constant of the molar density of network strands, T (K) is the absolute
protonated terpyridine species (Htpy") is defined as K, = temperature, and R (J K™' mol™") is the gas constant (R = N,k,

[H*][tpy]/[Htpy*]. As a result, only the deprotonated tpy
species is available for coordination with metal ions.
Accordingly, the total concentration of tpy ligands was
expressed as ctp = [tpy] + [Htpy'] + [M(tpy)**]
2[M(tpy),**] = 15 mM, which corresponds to the concen-
tration of termlnal tpy groups in the 5 wt % MPF ion gels. The
total proton concentration was expressed as ¢y = [H'] +
[Htpy'], where ¢y is the concentration of added HTFSA (0.03
M). By combining the acid—base equilibrium, the proton mass
balance, and the metal—ligand complexation equilibria, the
following equation for the free tpy concentration [tpy] was

with N, and k being Avogadro’s and Boltzmann’s constants,
respectively). For the present MPF ion gels, v was calculated
from the reaction efficiency (or conversion) p between the
metal ions and tpy ligands, based on the tree-like network
theory.”® The p, defined as the concentration ratio of tpy
ligands within bis-tpy complexes to total terminal tpy (i.e., p =

2[M(tpy),**]/cyy), was evaluated from the equilibrium
distribution of the free M**, mono-, and bis-tpy complexes,
calculated from K, and K,. The v was then determined from p
according to the tree-like network model,®® as described in
detail in the Supporting Information. Here, it should be noted

btained: ..

obtame that the modulus of a polymer gel is influenced not only by the
~ cultpy] K[tpy] + 2K,K,[tpy]’ netyvork connectivity' but alfo by polymer—solvent inter-
Cpy = [tpy] 2 ‘M actions. Recent studies on ideal homogeneous TetraPEG

K, + [tpyl 1 + K[tpyl + KK, [tpyl h .
ydrogels have revealed that water molecules contribute to the
@) energy elasticity through hydration effects, leading to “negative
Because ¢y, and cy are fixed experimental parameters, eq 2 energy elasticity” that reduces G'.*™* Therefore, in the
represents a nonlinear equation with respect to the [tpy] and present ion gel systems, the polymer—IL interactions must also
5727 https://doi.org/10.1021/acs.chemmater.6c00832
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be considered. To account for such effects, the calculated
modulus was defined as

G

calc

= awRT 3)

where @ is an empirical correction factor that compensates for
deviations from ideal rubber elasticity arising from polymer—IL
interactions and the highly ionic environment, and G
corresponds to the experimentally observed G’. The value of
a was determined using a chemically cross-linked TetraPEG
ion gel (polymer concentration: S wt %) prepared via a
Michael addition reaction between thiol- and maleimide-
terminated TetraPEG prepolymers®®*** in [C,mIm][TESA]
ionic liquid. From the experimentally measured modulus
(G’ shemy Figure S6) and the effective molar strand density
(Vehem), @ was calculated as @ = G’ gom/ (VepemRT)- The Ugiem
was estimated based on the tree-like theory using polymer
concentration and reaction efficiency p (determined from time-
dependent UV—vis spectroscopy; Figure S7), as detailed in the
Supporting Information. Using the obtained v, the & value
in [C,mIm][TFSA] was determined to be 0.58. With this «
value, the equilibrium constants K;, K, and K, were optimized
by least-squares fitting of the experimental storage moduli
(Gexp, = G’) to the calculated values (G,.), by minimizing the
residual sum of squares, X[G,y, — Gi)™ In the fitting, the
initial value of K, was set to pK, = 10, based on the known
shift of acid—base equilibria toward higher pK, values in
[C,mIm][TFSA] relative to aqueous solutions, as reported in
our previous potentiometric titration studies in the IL
system.”””" The optimized pK, values remained close to this
initial estimate, indicating that the fitting was not overly
sensitive to K,. The resulting fitted curves and the experimental
data are shown in Figure 4.

Figures 4a—4c present the experimentally measured G’
(symbols) and calculated G curves (solid lines) for the S wt %
TetraPEG-based MPF ion gels containing Ni**, Co*", and
Zn*, respectively. The calculated results successfully repro-
duced the experimental data for all M** systems, yielding the
optimized equilibrium constants: logK; = 11.0, logK, = 12.3,
and pK, = 10.1 for Ni**; logK; = 11.1, logK, = 12.0, and pK, =
10.2 for Co®*; logK; = 11.2, logK, = 11.4, and pK, = 10.1 for
Zn**. The Mg** system also showed good agreement between
the experimental and calculated G’ vs ¢ profiles (Figure 4d),
and the equilibrium constants were determined to be log K; =
2.3 and log K, = 2.5. These values are summarized in Table S2,
together with literature values for aqueous systems for
comparison. Compared with aqueous systems, the pK, and
complexation constants (logK;, logK,) in the IL are
appreciably larger, indicating that both ligand deprotonation
and metal-ligand coordination are substantially enhanced.
These results reflect the specific solvation and coordination
environment in ILs. Notably, this work provides a quantitative
framework to determine these equilibrium constants in IL
systems by combining equilibrium analysis with macroscopic
elasticity, which has not been established previously.

The corresponding equilibrium distributions of the free M**,
M(tpy)**, and M(tpy),** species calculated using these
optimized constants are shown in Figure 4e—h. For all the
M?** systems, the bis-complex M(tpy),*" predominates in the
low metal ion concentration region (¢ ~ 7.6—10 mM,
corresponding to cM/ctpy ratios of 0.5—0.65). As ¢y increases,
the equilibrium shifts toward dissociation, leading to the
dominance of monocomplex and free M** species. Con-
sequently, the number of interchain bridges decreases,
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resulting in a reduction of G'. Indeed, when the concentration
of the bis-terpyridine complex, [M(tpy),**], calculated from
the optimized equilibrium constants, is plotted as a function of
e (Figure S8), the resulting profiles directly correspond to the
cy-dependence of G’ shown in Figure 4a—d for all metal ion
systems. The overall trend in G’ (Mg** < Zn*" < Co** < Ni*")
is also consistent with the sequence of the attainable
concentration of M(tpy),”* determined by the equilibrium
constants.

Furthermore, because the formation of M(tpy),** depends
on the overall stoichiometric ratio of metal ions to tpy ligands
(cp/€ipy), the static mechanical properties of the MPF ion gels
can be systematically tuned by adjusting this ratio, which
provides a quantitative molecular basis for elasticity control in
coordination-bonded polymer networks. These observations
demonstrate that the equilibrium distribution of mono- and
bis-tpy complexes directly governs the macroscopic stiffness of
the MPF ion gels. This quantitative correspondence highlights
that static elasticity can be predicted from coordination
thermodynamics alone, a level of control rarely achieved in
conventional polymer networks.

Role of Coordination Bond on Stress Relaxation Behavior

While the equilibrium concentration of coordination com-
plexes determines the static elasticity, the dynamic mechanical
response of the MPF §els is closely related to the nature of
e . 953 . .
coordination bonding, To explore this connection, we
analyzed the stress relaxation behavior of the MPF ion gels,
which sensitively captures the time scale of bond dissociation
and reformation. Figure Sa shows the stress relaxation curves

(b)
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Figure S. (a) Stress relaxation curves of 5 wt % TetraPEG ion gels
(M* = Ni**, Co*, Zn*, and Mg*") at ¢y = 7.6 mM (em/cipy = 0.5).
The Ni** data represent a time—temperature superposition master
curve constructed from measurements at 293, 323, and 353 K
(referenced to 293 K), whereas the Co®*, Zn?*, and Mg?* data were
obtained at 293 K. Solid lines represent the fitting results using a
single-exponential relaxation model, G(t) = G, exp(—t/7). (b)
Correlation between the relaxation time (log 7) and the binding
energy (AE,,q) of the M(tpy),”* complexes obtained from DFT
calculations.

obtained for the 5 wt % TetraPEG-based MPF ion gels at ¢y =
7.6 mM (cy/cpy, = 0.5). Under the experimental condition
(strain amplitude, 1%), the MPF ion gels (Ni**, Co**, Zn®",
and Mg*" systems) were confirmed to exhibit linear viscoelastic
behavior, via strain-dependent measurements (Figure S9).
Structural relaxation was found to occur on longer time scales
in the order Mg”* < Zn*" < Co*" < Ni**, corresponding to the
increasing strength of the coordination bonds. The obtained
relaxation curves were fitted with a conventional single-
exponential function, G(t) = G, exp(—t/7), from which the
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relaxation time (7) was determined. The resulting 7 values
were 4.0 s for Mg**, 6.5 s for Zn?*, 3.9 X 10° s for Co**, and 1.2
x 10° s for Ni**, respectively. Figure Sb shows the
experimentally determined 7 plotted against the binding
energies (AE,;,4, shown as absolute values) of the M(tpy),*
complexes obtained from DFT calculations. The optimized
lowest-energy structures of the M—tpy complexes are provided
in Figure S10. The plot shows a qualitative positive correlation,
indicating that stronger M—tpy coordination interactions lead
to longer relaxation times. This result suggests that the
structural relaxation of the MPF ion gels is closely related to
the strength of the interchain bridges formed by the M(tpy),**
complexes. Accordingly, the nature of the metal—ligand
coordination not only governs the static elasticity but also
influences the dynamic mechanical response. These findings
suggest that the mechanical properties of MPF ion gels can be
tuned through appropriate selection of the metal ions and
ligand combinations.

B CONCLUSIONS

In summary, this study provides a quantitative molecular-level
framework linking coordination chemistry with polymer
science, thereby enabling rational control of the macroscopic
elasticity of coordination-bonded MPF ion gels. The
equilibrium-based analysis revealed that the elastic modulus
of the MPF ion gels is dominated by the concentration of bis-
terpyridine complexes (M(tpy),**) acting as network-forming
interchain bridges. In contrast, the dynamic viscoelasticity is
correlated with the strength of the metal—ligand coordination
interactions. These results clarify how molecular equilibrium
determines the static elasticity and suggest that metal—ligand
coordination interactions also play an important role in the
dynamic mechanical response of soft materials, providing a link
between molecular-level coordination interactions and macro-
scopic mechanical properties.

In particular, both the nonmonotonic dependence of G’ on
cy and its variation across different metal ions (Mg** < Zn*" <
Co®" < Ni**) can be consistently explained by the attainable
concentration of the bis-terpyridine complex. The equilibrium
constants determined for these systems were higher than those
reported in aqueous solutions, indicating a pronounced shift in
coordination equilibria in the IL environment. Furthermore,
the stress relaxation behavior shows a correlation with the
binding energy of the coordination bonds, providing a
consistent relationship between coordination strength and
relaxation dynamics. These results provide a basis for
understanding how coordination thermodynamics and inter-
actions influence macroscopic mechanical properties in this
class of materials. While further extension to a broader range of
metal ions, ligand motifs, and polymer architectures will be
necessary to establish general applicability, the present findings
suggest that coordination chemistry offers a viable strategy for
tuning the elasticity and dynamics of polymer networks within
the scope examined in this study.

B ASSOCIATED CONTENT
Data Availability Statement

A preliminary version of this work has been deposited as a
preprint on ChemRxiv.**
@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.6c00832.

5729

Experimental and analysis; 'H NMR spectrum (Figure
S1); G’ and G” as a function of reaction time (Figure
S2); SAXS profiles (Figure S3); G’ and G” as a function
of frequency (Figure S4); photograph of TetraPEG-tpy
gelation using Li* (Figure SS); G’ of chemically cross-
linked ion gel (Figure S6); time-dependent UV—vis
spectra (Figure S7); concentrations of each metal
species vs ¢y (Figure S8); strain-dependent measure-
ments (Figure S9); optimized geometries of M**—tpy
complexes (Figure S10); fitting parameters obtained
from SAXS (Table S1); equilibrium constants (Table
S2) (PDF)

B AUTHOR INFORMATION
Corresponding Authors

Kenta Fujii — Graduate School of Sciences and Technology for
Innovation, Yamaguchi University, Ube, Yamaguchi 755-
8611, Japan; © orcid.org/0000-0003-0057-1295;

Email: k-fujii@yamaguchi-u.ac.jp

Takeshi Ueki — Research Center for Macromolecules and
Biomaterials, National Institute for Materials Science,
Tsukuba, Ibaraki 305-0044, Japan; Graduate School of Life
Science, Hokkaido University, Sapporo, Hokkaido 060-0810,
Japan; ® orcid.org/0000-0001-9317-6280;

Email: UEKI. Takeshi@nims.go.jp

Authors

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

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

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

Noboru Osaka — Department of Chemistry, Faculty of Science,
Okayama University of Science, Okayama 700-0005, Japan

Yuji Kamiyama — Research Center for Macromolecules and
Biomaterials, National Institute for Materials Science,
Tsukuba, Ibaraki 305-0044, Japan

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemmater.6c00832

Author Contributions

*YK. and AM. contributed equally to this work (co-first
author).

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was financially supported by JSPS KAKENHI
[Grant Numbers, JP23H02066 (K.F.), JP23K26759 (K.F.),
JP22H00340 (K.E.), JP23H02030 (T.U.), and JP23K26723
(T.U)].

B REFERENCES

(1) Rubinstein, M.; Colby, R. H. Polymer Physics; Oxford University
Press, 2003.

(2) Treloar, L. R. G. The Physics of Rubber Elasticity, 3rd ed.; Oxford
University Press, 2008S.

https://doi.org/10.1021/acs.chemmater.6c00832
Chem. Mater. 2026, 38, 5723—-5731


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6c00832/suppl_file/cm6c00832_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.6c00832?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6c00832/suppl_file/cm6c00832_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kenta+Fujii"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0057-1295
mailto:k-fujii@yamaguchi-u.ac.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takeshi+Ueki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9317-6280
mailto:UEKI.Takeshi@nims.go.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yoshika+Kimura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Asuka+Murao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tomoya+Tashiro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Noboru+Osaka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuji+Kamiyama"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.6c00832?ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.6c00832?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

(3) Nagel, S. R. Experimental soft-matter science. Rev. Mod. Phys.
2017, 89, 025002.

(4) Doi, M.; Edwards, S. F. The Theory of Polymer Dynamics; Oxford
University Press, 1990.

(5) Lodge, T. P. Materials science: a unique platform for materials
design. Science 2008, 321, S0—S1.

(6) MacFarlane, D. R;; Tachikawa, N.; Forsyth, M.; Pringle, J. M.;
Howlett, P. C.; Elliott, G. D.; Davis, J. H.; Watanabe, M.; Simon, P.;
Angell, C. A. Energy Applications of Ionic Liquids. Energy Environ. Sci.
2014, 7, 232-250.

(7) Kitazawa, Y.; Ueno, K.; Watanabe, M. Advanced Materials Based
on Polymers and Ionic Liquids. Chem. Rec. 2018, 18, 391—409.

(8) Susan, M. A. B. H.; Kaneko, T.; Noda, A.; Watanabe, M. Ion
Gels Prepared by in Situ Radical Polymerization of Vinyl Monomers
in an Ionic Liquid and Their Characterization as Polymer Electrolytes.
J. Am. Chem. Soc. 2008, 127, 4976—4983.

(9) Welton, T. Room-Temperature Ionic Liquids. Solvents for
Synthesis and Catalysis. Chem. Rev. 1999, 99, 2071—2083.

(10) Cho, J. H; Lee, J; He, Y.; Kim, B. S.; Lodge, T. P.; Frisbie, C.
D. High-Capacitance Ion Gel Gate Dielectrics with Faster Polar-
ization Response Times for Organic Thin Film Transistors. Adv.
Mater. 2008, 20, 686—690.

(11) Macfarlane, D. R; Forsyth, M.; Howlett, P. C,; Pringle, J. M,;
Sun, J; Annat, G,; Neil, W,; Izgorodina, E. I. Ionic Liquids in
Electrochemical Devices and Processes: Managing Interfacial Electro-
chemistry. Acc. Chem. Res. 2007, 40, 1165—1173.

(12) Watanabe, M.; Thomas, M. L.; Zhang, S.; Ueno, K;; Yasuda, T.;
Dokko, K. Application of Ionic Liquids to Energy Storage and
Conversion Materials and Devices. Chem. Rev. 2017, 117, 7190—
7239.

(13) Gu, Y.; Zhang, S.; Martinetti, L.; Lee, K. H.; McIntosh, L. D.;
Frisbie, C. D.; Lodge, T. P. High toughness, high conductivity ion gels
by sequential triblock copolymer self-assembly and chemical cross-
linking. J. Am. Chem. Soc. 2013, 135, 9652—9655.

(14) Holten-Andersen, N.; Harrington, M. J.; Birkedal, H.; Lee, B.
P.; Messersmith, P. B.; Lee, K. Y.,; Waite, J. H. pH-induced metal-
ligand cross-links inspired by mussel yield self-healing polymer
networks with near-covalent elastic moduli. Proc. Natl. Acad. Sci. U. S.
A. 2011, 108, 2651—2655.

(15) Khare, E; Cazzell, S. A; Song, J; Holten-Andersen, N.;
Buehler, M. J. Molecular understanding of Ni**-nitrogen family metal-
coordinated hydrogel relaxation times using free energy landscapes.
Proc. Natl. Acad. Sci. U. S. A. 2023, 120, No. e2213160120.

(16) Park, H; Kang, T.; Kim, H; Kim, J.-C; Bao, Z,; Kang, J.
Toughening self-healing elastomer crosslinked by metal-ligand
coordination through mixed counter anion dynamics. Nat. Commun.
2023, 14, 5026.

(17) Shafig, Z.; Cui, J.; Pastor-Perez, L.; San Miguel, V.; Gropeanu,
R. A; Serrano, C,; Del Campo, A. Bioinspired underwater bonding
and debonding on demand. Angew. Chem., Int. Ed. 2012, 51, 4332—
433S.

(18) Xu, H.; Nishida, J.; Ma, W.; Wu, H.; Kobayashi, M.; Otsuka,
H.; Takahara, A. Competition between Oxidation and Coordination
in Cross-Linking of Polystyrene Copolymer Containing Catechol
Groups. ACS Macro Lett. 2012, 1, 457—460.

(19) Fullenkamp, D. E.; He, L.; Barrett, D. G.; Burghardt, W. R;
Messersmith, P. B. Mussel-inspired histidine-based transient network
metal coordination hydrogels. Macromolecules 2013, 46, 1167—1174.

(20) Krogsgaard, M.; Hansen, M. R; Birkedal, H. Metals &
polymers in the mix: fine-tuning the mechanical properties & color of
self-healing mussel-inspired hydrogels. J. Mater. Chem. B 2014, 2,
8292—-8297.

(21) Lin, C,; Li, Z; Lei, K; Jia, H; Yu, L; Zheng, Z.; Wang, X.
Bioinspired Tunable Sacrificial Bonds Endowing Tetra-PEG Based
PU Hydrogel with Tunable Mechanical Properties, Shape-Memory,
and Self-Healing Functions. Macromol. Mater. Eng. 2018, 303,
1700542.

5730

(22) Ly, L;; Tian, T.; Wy, S.; Xiang, T.; Zhou, S. A pH-induced self-
healable shape memory hydrogel with metal-coordination cross-links.
Polym. Chem. 2019, 10, 1920—1929.

(23) Ahmadi, M.; Poater, A,; Seiffert, S. Decoding Coordination
Geometry Enforcement in Metallo-supramolecular Polymer Networks
from Macroscopic Rheological Signatures. Macromolecules 2024, S7,
8803—8812.

(24) Takano, S.; Takubo, I; Ueki, T.; Fujii K. Homogeneous
Polymer Network Ion Gels Based on Metal Ion-Complexation-
Induced Cross-Linking in Ionic Liquids. ACS Appl. Polym. Mater.
2024, 6, 10149—10153.

(25) Sakai, T. Experimental Verification of Homogeneity in Polymer
Gels. Polym. J. 2014, 46, 517—523.

(26) Shibayama, M.; Li, X.; Sakai, T. Gels: From Soft Matter to
BioMatter. Ind. Eng. Chem. Res. 2018, 57, 1121—1128.

(27) Shibayama, M. Physics of polymer gels: Toyoichi Tanaka and
after. Soft Matter 2025, 21, 1995—2009.

(28) Sakai, T.; Matsunaga, T.; Yamamoto, Y.; Ito, C.; Yoshida, R;
Suzuki, S.; Sasaki, N.; Shibayama, M.,; Chung, U.-I Design and
Fabrication of a High-Strength Hydrogel with Ideally Homogeneous
Network Structure from Tetrahedron-like Macromonomers. Macro-
molecules 2008, 41, 5379—5384.

(29) Matsunaga, T.; Sakai, T.; Akagi, Y.; Chung, U.-1; Shibayama,
M. Structure Characterization of Tetra-PEG Gel by Small-Angle
Neutron Scattering. Macromolecules 2009, 42, 1344—1351.

(30) Akagi, Y.; Katashima, T.; Katsumoto, Y.; Fujii, K.; Matsunaga,
T.; Chung, U.-L; Shibayama, M.; Sakai, T. Examination of the
Theories of Rubber Elasticity Using an Ideal Polymer Network.
Macromolecules 2011, 44, 5817—5821.

(31) Sakai, T. Gelation mechanism and mechanical properties of
Tetra-PEG gel. React. Funct. Polym. 2013, 73, 898—903.

(32) Kamata, H.; Akagi, Y.; Kayasuga-Kariya, Y.; Chung, U.-L; Sakai,
T. “Nonswellable” Hydrogel Without Mechanical Hysteresis. Science
2014, 343, 873—875.

(33) Shibayama, M.; Li, X.; Sakai, T. Precision polymer network
science with tetra-PEG gels—a decade history and future. Colloid
Polym. Sci. 2019, 297, 1—-12.

(34) Li, X,; Nakagawa, S.; Tsuji, Y.; Watanabe, N.; Shibayama, M.
Polymer gel with a flexible and highly ordered three-dimensional
network synthesized via bond percolation. Sci. Adv. 2019, S,
No. eaax8647.

(35) Fujii, K.; Asai, H.; Ueki, T.; Sakai, T.; Imaizumi, S.; Chung, U.-
1.; Watanabe, M.; Shibayama, M. High-performance ion gel with tetra-
PEG network. Soft Matter 2012, 8, 1756—1759.

(36) Matsuura, S.; Shibata, M.; Han, J.; Fujii, K. Polymer Gel
Electrolyte Prepared by “Salting-In” Poly(ethylene glycol) into a
Phosphonium-Based Ionic Liquid with a Lithium Salt. ACS Appl.
Polym. Mater. 2020, 2, 1276—1282.

(37) Han, J; Osugi, M,; Ikeda, N.; Fujii, K. Lithium salt-
concentrated organogels prepared via one-step polymer network
formation in acetonitrile-based solutions. Polymer 2022, 262, 125426.

(38) Ikeda, N.; Deguchi, Y.; Sawayama, S.; Fujii, K. Unusual
Polyether Dissolution in Salt-Concentrated Ionic Liquid Electrolytes:
Application to High-Performance Ion Gels for Lithium-Ion Batteries.
ACS Appl. Polym. Mater. 2025, 7, 5546—555S.

(39) Ueki, T.; Takasaki, Y.; Bundo, K; Ueno, T.; Sakai, T.; Akagi,
Y.; Yoshida, R. Autonomous viscosity oscillation via metallo-
supramolecular terpyridine chemistry of branched poly(ethylene
glycol) driven by the Belousov—Zhabotinsky reaction. Soft Matter
2014, 10, 1349—135S.

(40) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A,; Cheeseman, J. R;; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A, et al. Gaussian 09, Revision D. 01; Gaussian, Inc.:
Wallingford CT, 2009.

(41) Asai, H.; Fujii, K; Ueki, T.; Sakai, T.; Chung, U.; Watanabe,
M,; Han, Y. S.; Kim, T. H.; Shibayama, M. Structural Analysis of High
Performance Ion-gel Comprising Tetra-PEG Network. Macromolecules
2012, 45, 3902—3909.

https://doi.org/10.1021/acs.chemmater.6c00832
Chem. Mater. 2026, 38, 5723—-5731


https://doi.org/10.1103/RevModPhys.89.025002
https://doi.org/10.1126/science.1159652
https://doi.org/10.1126/science.1159652
https://doi.org/10.1039/C3EE42099J
https://doi.org/10.1002/tcr.201700041
https://doi.org/10.1002/tcr.201700041
https://doi.org/10.1021/ja045155b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja045155b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja045155b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr980032t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr980032t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.200701069
https://doi.org/10.1002/adma.200701069
https://doi.org/10.1021/ar7000952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar7000952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar7000952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4051394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4051394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4051394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1015862108
https://doi.org/10.1073/pnas.1015862108
https://doi.org/10.1073/pnas.1015862108
https://doi.org/10.1073/pnas.2213160120
https://doi.org/10.1073/pnas.2213160120
https://doi.org/10.1038/s41467-023-40791-z
https://doi.org/10.1038/s41467-023-40791-z
https://doi.org/10.1002/anie.201108629
https://doi.org/10.1002/anie.201108629
https://doi.org/10.1021/mz200217d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mz200217d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mz200217d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma301791n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma301791n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4TB01503G
https://doi.org/10.1039/C4TB01503G
https://doi.org/10.1039/C4TB01503G
https://doi.org/10.1002/mame.201700542
https://doi.org/10.1002/mame.201700542
https://doi.org/10.1002/mame.201700542
https://doi.org/10.1039/C9PY00015A
https://doi.org/10.1039/C9PY00015A
https://doi.org/10.1021/acs.macromol.4c01380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.4c01380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.4c01380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.4c01792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.4c01792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.4c01792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/pj.2014.28
https://doi.org/10.1038/pj.2014.28
https://doi.org/10.1021/acs.iecr.7b04614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.7b04614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D4SM01418A
https://doi.org/10.1039/D4SM01418A
https://doi.org/10.1021/ma800476x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma800476x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma800476x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma802280n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma802280n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma201088r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma201088r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.reactfunctpolym.2013.03.015
https://doi.org/10.1016/j.reactfunctpolym.2013.03.015
https://doi.org/10.1126/science.1247811
https://doi.org/10.1007/s00396-018-4423-7
https://doi.org/10.1007/s00396-018-4423-7
https://doi.org/10.1126/sciadv.aax8647
https://doi.org/10.1126/sciadv.aax8647
https://doi.org/10.1039/C2SM07119C
https://doi.org/10.1039/C2SM07119C
https://doi.org/10.1021/acsapm.9b01168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.9b01168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.9b01168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.polymer.2022.125426
https://doi.org/10.1016/j.polymer.2022.125426
https://doi.org/10.1016/j.polymer.2022.125426
https://doi.org/10.1021/acsapm.5c00438?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.5c00438?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.5c00438?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C3SM51537K
https://doi.org/10.1039/C3SM51537K
https://doi.org/10.1039/C3SM51537K
https://doi.org/10.1021/ma300244u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma300244u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.6c00832?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

(42) Matsunaga, T.; Sakai, T.; Akagi, Y.; Chung, U.-L; Shibayama,
M. SANS and SLS Studies on Tetra-Arm PEG Gels in As-Prepared
and Swollen States. Macromolecules 2009, 42, 6245—6252.

(43) Sienko, M. J.; Plane, R. A. Physical Inorganic Chemistry; W.A.
Benjamin, Inc.: New York, 1963.

(44) Grindy, S. C.; Lenz, M.; Holten-Andersen, N. Engineering
Elasticity and Relaxation Time in Metal-Coordinate Cross-Linked
Hydrogels. Macromolecules 2016, 49, 8306—8312.

(45) Yoshikawa, Y.; Sakumichi, N.; Chung, U.-I; Sakai, T. Negative
Energy Elasticity in a Rubberlike Gel. Phys. Rev. X 2021, 11, 011045.

(46) Fujiyabu, T.; Sakai, T.; Kudo, R.; Yoshikawa, Y.; Katashima, T;
Chung, U. I; Sakumichi, N. Temperature Dependence of Polymer
Network Diffusion. Phys. Rev. Lett. 2021, 127, 237801.

(47) Hagita, K.; Nagahara, S.; Murashima, T.; Sakai, T.; Sakumichi,
N. All-Atom Molecular Dynamics Simulations of Poly(ethylene
glycol) Networks in Water for Evaluating Negative Energetic
Elasticity. Macromolecules 2023, 56, 8095—8105.

(48) Shirai, N. C.; Sakumichi, N. Solvent-Induced Negative
Energetic Elasticity in a Lattice Polymer Chain. Phys. Rev. Lett.
2023, 130, 148101.

(49) Shirai, N. C.; Sakumichi, N. Universal negative energetic
elasticity in polymer chains: Crossovers among random, self-avoiding,
and neighbor-avoiding walks. Phys. Rev. E 2025, 112, 025406.

(50) Fujii, K.; Hashimoto, K.; Sakai, T.; Umebayashi, Y.; Shibayama,
M. Bronsted Basicity of Solute Butylamine in an Aprotic Ionic Liquid
Investigated by Potentiometric Titration. Chem. Lett. 2013, 42, 1250—
1251.

(51) Hashimoto, K.; Fujii, K.; Nishi, K; Sakai, T.; Shibayama, M.
Nearly Ideal Polymer Network Ion Gel Prepared in pH-Buffering
Tonic Liquid. Macromolecules 2016, 49, 344—352.

(52) Rossow, T.; Habicht, A.; Seiffert, S. Relaxation and Dynamics
in Transient Polymer Model Networks. Macromolecules 2014, 47,
6473—6482.

(53) Tang, S.; Olsen, B. D. Relaxation Processes in Supramolecular
Metallogels Based on Histidine—Nickel Coordination Bonds. Macro-
molecules 2016, 49, 9163—9175.

(54) Kimura, Y.; Murao, A.; Tashiro, T.; Osaka, N; Kamiyama, Y,;
Ueki, T.; Fujii, K. Metal—Polymer Soft Framework Ion Gels: Linking
Coordination Chemistry to Macroscopic Elasticity. ChemRuxiv, 2025.

5731

STOP DIGGING
THROUGH DATA
—START MAKING
DISCOVERIES

CAS BioFinder helps you find the
right biological insights in seconds

Start your search

https://doi.org/10.1021/acs.chemmater.6c00832
Chem. Mater. 2026, 38, 5723—-5731


https://doi.org/10.1021/ma901013q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma901013q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.6b01523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.6b01523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.6b01523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevX.11.011045
https://doi.org/10.1103/PhysRevX.11.011045
https://doi.org/10.1103/PhysRevLett.127.237801
https://doi.org/10.1103/PhysRevLett.127.237801
https://doi.org/10.1021/acs.macromol.3c01121?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.3c01121?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.3c01121?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.130.148101
https://doi.org/10.1103/PhysRevLett.130.148101
https://doi.org/10.1103/pzk3-t3s5
https://doi.org/10.1103/pzk3-t3s5
https://doi.org/10.1103/pzk3-t3s5
https://doi.org/10.1246/cl.130537
https://doi.org/10.1246/cl.130537
https://doi.org/10.1021/acs.macromol.5b02360?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5b02360?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma5013144?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma5013144?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.6b01618?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.6b01618?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.26434/chemrxiv-2025-bcffq/v3
https://doi.org/10.26434/chemrxiv-2025-bcffq/v3
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.6c00832?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

