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Abstract
Meta-linked polymer topology can stabilize a frustrated solid state of ionic liquids that retains long-range
order without any detectable melting transition. Using phase-change polymerization of
poly(metabenzamide) (pMBA) in BMIM–PF6, we generate a confined ionic phase that exhibits sharp,
thermally reversible diffraction features up to 320°C, while differential scanning calorimetry shows no
melting transition between − 40°C and 350°C. Electrochemical impedance spectroscopy further reveals
finite ionic conductivity at 30°C, indicating that the ordered confined state is not fully dynamically
arrested. Control experiments show that a para-linked analogue does not stabilize the ordered ionic
phase, whereas an amorphous meta-linked host, poly(metaoxybenzamide) (pMOB), reproduces similar
behaviour without requiring a crystalline polymer lattice. These observations identify topology-controlled
chemical confinement as the governing principle and support a picture in which polymer crystallization
transfers a frustration-dominated energy landscape to the confined ionic liquid. Our findings
demonstrate that polymer architecture can decouple structural order from dynamical arrest, providing a
design principle for engineering ordered ionic materials with independently tunable structural and
transport properties.

Introduction
Ionic liquids (ILs) have attracted considerable interest owing to their negligible vapour pressure, wide
electrochemical windows, and intrinsic ionic conductivity.[1–3]

A defining characteristic of ILs is their resistance to crystallization, arising from structural asymmetry,
conformational flexibility, and frustrated packing interactions, which typically lead to disordered liquid or
glassy states rather than long-range ordered crystals.[2, 4–6]

In such disordered states, structural fluctuations enable efficient ionic motion.[7–9]

In contrast, in crystalline solids, ionic motion is generally suppressed because ions are localized at
periodic lattice sites and transport occurs only through thermally activated or defect-mediated
processes.[7–9]

This fundamental relationship has led to the widely accepted view that crystallinity and ionic mobility are
intrinsically incompatible.

This trade-off is also well recognized in solid-state ionic conductors, including lithium-ion battery
electrolytes, where high crystallinity often limits ionic transport.[7, 10]

This apparent trade-off between structural order and dynamical freedom is not unique to ionic systems,
but represents a more general feature of condensed matter.

More generally, confinement has been widely recognized as a powerful strategy to alter phase behaviour
across a broad range of molecular systems, including water, hydrocarbons, and polymers.
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In these systems, nanoconfinement and interfacial effects can induce crystallization, stabilize
metastable phases, and shift melting or freezing transitions.[11–14]

For example, nanoconfined water exhibits modified phase behaviour with reduced transition enthalpies
and spatially heterogeneous freezing processes, while alkanes and other molecular solids display
confinement-induced crystallization and polymorphism.

Despite these significant modifications, a thermodynamic phase transition generally remains observable
in all previously reported systems, albeit shifted in temperature or broadened in character.

Within this broader context, confinement strategies have been extensively explored to manipulate the
structure and phase behaviour of ionic liquids.[11–14]

For example, geometric confinement within nanostructures such as carbon nanotubes can induce
crystallization of ionic liquids into alternative solid phases that do not exist in the bulk.[15]

Similarly, chemically mediated confinement in polymer networks, including ionogels, can promote
ordering through specific intermolecular interactions.[16]

These studies demonstrate that confinement can stabilize ordered ionic states; however, in most cases,
the emergence of crystallinity is accompanied by a significant reduction in molecular dynamics,
consistent with the conventional trade-off between structural order and mobility. More recently,
confinement-induced frustration has emerged as an important concept in soft matter systems. Single-
chain confinement has been shown to broaden polymer relaxation processes over multiple length scales,
while confinement-induced packing frustration can substantially modify polymer transport and
rheological behaviour. These studies suggest that confinement may act not only as a geometric
restriction but also as a mechanism for generating frustration-dominated energy landscapes.[17, 18]

Despite these advances, a key challenge remains unresolved: whether ionic liquids can be crystallized
without completely suppressing their intrinsic dynamical freedom.

In particular, the realization of a structurally ordered ionic state that is not fully dynamically arrested has
not been clearly established.

Poly(meta-benzamide) (pMBA) and related meta-linked aramids can be prepared by phase-change
polymerization (PCP), forming highly ordered aramid crystals directly from a melt.[19–22]

Here, we address this challenge using phase-change polymerization (PCP) of meta-linked aramids,
which form highly ordered networks directly from a melt.[19–22] By carrying out PCP in BMIM–PF6 and
related ionic liquids, we show that meta-linked polymer architectures can template a frustration-
stabilized ordered state in which long-range order persists without a detectable melting transition and
residual ionic dynamics remain, and that this state can be realized in both crystalline and amorphous
meta-linked hosts.
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Results
In this work we focus on meta‑linked aramid architectures as topologically frustrated hosts for ionic
liquids. Our primary system is crystalline poly(meta‑benzamide) (pMBA) prepared by phase‑change
polymerization (PCP) in the ionic liquid 1‑butyl‑3‑methylimidazolium hexafluorophosphate (BMIM–PF₆),
which yields highly ordered lamellar crystallites that incorporate the ionic liquid in situ as the polymer
crystallizes. As a polymer‑only reference, we also prepare neat pMBA by conducting PCP in a non‑ionic
high‑boiling medium (dibenzyl toluene) under otherwise comparable conditions, providing a benchmark
for the intrinsic crystallization behaviour of the host polymer in the absence of an ionic liquid. In addition,
we examine a simple physical blend obtained by post‑mixing preformed pMBA powder with bulk BMIM–
PF₆ at the same ionic‑liquid loading as the PCP‑derived composites, in order to distinguish confinement
effects generated during PCP from those arising from drying or simple mixing. To disentangle the roles
of topology and crystallinity, we further investigate an amorphous meta‑linked analogue,
poly(meta‑oxybenzamide) (pMOB), and a para‑linked control, poly(para‑benzamide) (pPBA), which forms
highly ordered crystals but does not stabilize a crystalline BMIM–PF₆ phase under identical PCP
conditions. Together, these systems allow us to isolate topology‑controlled chemical confinement as the
key parameter governing the emergence of the frustration‑stabilized solid state.

1. In-situ crystallization under confinement

Phase-change polymerization (PCP) of poly(meta-benzamide) (pMBA) was carried out in an ionic liquid
medium (BMIM–PF₆) at 200 °C, where the monomer forms a homogeneous liquid phase prior to
polymerization. Upon heating, polymerization proceeds from the melt, and the resulting polymer
crystallizes directly from the ionic liquid.

During this process, the growing pMBA crystals develop in situ within the ionic liquid environment,
thereby imposing spatial confinement on the surrounding ionic species as the crystal forms. As a result,
the ionic liquid becomes incorporated and confined within the polymer crystal matrix during
crystallization.

Poly(meta‑oxybenzamide) was prepared by a polycondensation route analogous to pMBA, but under
conditions that yield an amorphous meta‑linked aramid network rather than a crystalline lattice,
providing a topologically similar yet structurally disordered host.

The resulting composite exhibits emergent sharp Bragg reflections at room temperature that are absent
in bulk BMIM–PF₆, indicating the formation of a crystalline ionic-liquid phase within the pMBA matrix
(Fig. 1a–c). The confined ionic phase exhibits distinct diffraction peaks at 2θ ≈ 20.0°, 21.1°, 26.8°, 29.2°,
and 39.5°, which are absent in bulk BMIM–PF₆, confirming the formation of a confinement-induced
ordered state rather than residual bulk crystallization.

In contrast, control samples prepared by post-mixing bulk BMIM–PF₆ with preformed pMBA at identical
loadings do not show these reflections (Fig. 1d), confirming that crystallization arises intrinsically from
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the PCP-driven in situ confinement process rather than from drying or surface-induced effects.

This indicates that crystallization of the ionic liquid is induced during polymer crystal growth. 

2. Lattice retention under repeated thermal cycling

Variable-temperature powder X-ray diffraction (VT-PXRD) was used to examine the stability of the
confined ionic-liquid lattice during thermal cycling between room temperature and 320 °C (Fig. 2).

The principal reflections exhibit small and fully reversible shifts in 2θ with temperature, accompanied by
only minor and reversible broadening of the full width at half maximum (FWHM). 

Control experiments on neat pMBA without ionic liquid (Fig. S1) show only smooth thermal shifts of the
polymer peaks and no additional reflections, confirming that the observed reversible peak evolution
originates from the confined BMIM–PF₆ lattice rather than from structural changes in the polymer
matrix.

Taken together, these results demonstrate that the confined ionic-liquid lattice remains intact throughout
thermal cycling, retaining structural coherence without evidence of phase segregation or irreversible
coarsening.

Importantly, the diffraction peaks associated with the pMBA matrix remain unchanged throughout the
measurements, showing only smooth thermal shifts. 

This indicates that the formation of the ionic crystalline-like phase does not perturb the underlying
polymer structure, and that the observed diffraction features arise independently from the confined ionic
liquid. 

3. Thermodynamic signatures of the confined transition

Differential scanning calorimetry (DSC) shows that the pMBA/BMIM–PF₆ composite exhibits no
endothermic signals from –40 °C to 350 °C, in stark contrast to bulk BMIM–PF₆, which displays a distinct
low‑temperature endothermic peak (Fig. 3a–c). Any residual phase transition, if present, must therefore
be either substantially broadened or suppressed below the detection limit of conventional DSC,
consistent with strong confinement-governed thermodynamics.

The complete absence of thermal transitions indicates that BMIM–PF₆ remains in a structurally ordered
confined state throughout the entire temperature range. These characteristics are consistent with
nucleation and melting processes governed by nanoscale confinement and corroborate the VT‑PXRD
results demonstrating reversible lattice retention under thermal cycling.

A key question is whether the absence of a detectable melting transition reflects simple vitrification or
kinetic arrest under confinement. However, several observations argue against this interpretation. 
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From a thermodynamic standpoint, the absence of a detectable melting transition could in principle also
arise from conventional vitrification or extreme supercooling of the ionic liquid. However, several
observations are inconsistent with this scenario.

First, the confined BMIM–PF₆ phase exhibits sharp Bragg reflections with only modest, fully reversible
broadening upon heating and cooling, whereas structural glasses typically show diffuse scattering and
irreversible relaxation signatures.

Second, no calorimetric glass transition or enthalpic relaxation is observed between −40 °C and 350 °C
within the sensitivity of our DSC measurements (≈0.1–0.2 J g⁻¹ K⁻¹), even though bulk BMIM–PF₆
displays a clear low‑temperature endotherm in the same instrument.

Third, the confined lattice responds reversibly to repeated thermal cycles and retains a finite ionic
conductivity at 30 °C, indicating that the system preserves localized degrees of freedom rather than
being fully kinetically frozen. 

Taken together, these observations are inconsistent with both conventional vitrification and metastable
supercooled states.

In this sense, we use the term “non‑ergodic state” to denote a solid‑like phase in which the system does
not explore the full equilibrium ensemble on experimental time scales, yet maintains well‑defined
long‑range correlations and residual dynamical modes. The topology‑controlled frustration field imposed
by the meta‑linked polymer effectively truncates the accessible configuration space, preventing the ionic
liquid from relaxing into either a fully periodic crystal or a conventional glass.

We therefore interpret the confined BMIM–PF₆ phase as a frustration‑stabilized, non‑ergodic solid
distinct from both supercooled liquids and structurally homogeneous glasses. 

Generality of the frustration‑stabilized state in an amorphous meta‑linked host

To test the generality of this frustration‑stabilized solid state, we examined an amorphous
meta‑substituted analogue, poly(meta‑oxybenzamide) (pMOB), as a host for BMIM–PF₆.
 The pMOB/BMIM–PF₆ composite likewise exhibits broadened but distinct diffraction features that
qualitatively resemble those of the pMBA system, despite the absence of long‑range crystallinity in the
polymer matrix (Fig. 4a).
 Differential scanning calorimetry further shows no detectable melting transition across the entire
temperature range investigated (Fig. 4b), confirming that the confined ionic phase remains in a thermally
stable ordered state without bulk‑like phase transitions, even when the host polymer is amorphous.

These observations demonstrate that the emergence of anisotropic ordering in the confined ionic phase
is not contingent on crystallographic matching with a specific host lattice, but is governed more
generally by meta‑linked polymer architectures that impose frustration under phase‑change conditions. 
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4. Thermal stability

Thermogravimetric analysis (TGA) of the pMBA/BMIM–PF₆ composite shows a gradual, intermediate
mass‑loss behaviour that differs from both neat pMBA and bulk BMIM–PF₆, whereas a simple physical
mixture of pMBA and BMIM–PF₆ exhibits two distinct decomposition onsets corresponding to the
individual components (Supplementary Fig. S2). These observations indicate that the ionic liquid is
confined within the polymer matrix and does not behave as a separate bulk phase. Thermogravimetric
analysis of the pMBA/BMIM–PF₆ composite reveals a single, intermediate onset of mass loss that is
distinct from both neat pMBA and bulk BMIM–PF₆, consistent with a confined ionic phase rather than a
simple superposition of the two components (Supplementary Fig. S2). From the relative mass loss
attributable to BMIM–PF₆, we estimate that the ionic‑liquid content in the pMBA composites is on the
order of 10 wt%, in good agreement with the intensity of the ionic‑lattice reflections in the PXRD patterns 

5. Chemical integrity under confinement

Infrared spectroscopy (IR) was performed on samples subjected to a heating cycle up to 300 °C at a rate
of 10 °C min⁻¹ and subsequently cooled to room temperature, as well as on samples without any thermal
history. The characteristic vibrational bands of the imidazolium cation and PF₆⁻ anion were preserved in
both cases, with no evidence of thermal or chemical decomposition. In contrast, the amide bands of
pMBA exhibit small but systematic frequency shifts compared with neat pMBA, indicating specific
polymer–ion interactions under confinement (Fig. S3). The presence and chemical stability of BMIM–PF₆
were further supported by XRF analyses. Characteristic P Kα signals corresponding to PF₆⁻ were
detected by XRF (Fig. S4), consistent with the IR results. 

6. Ionic response at ambient temperature

Electrochemical impedance spectroscopy was employed to assess ionic transport in the pMBA/BMIM–
PF₆ composite under blocking‑electrode conditions at 30 °C.
As shown in Fig. 5, the Nyquist plot of the confined composite exhibits a well‑defined high‑frequency
intercept, corresponding to an effective ionic conductivity of 3.7 × 10⁻⁵ S cm⁻¹.This value is substantially
lower than that of bulk BMIM–PF₆ (1~3 × 10⁻3 S cm⁻¹ at 25 °C)[4] yet clearly higher than that of neat
pMBA and simple physical mixtures, for which no measurable ionic response is detected under the same
conditions.

The measured conductivity is several orders of magnitude lower than that of bulk BMIM–PF₆, consistent
with restricted ionic motion under confinement. These observations demonstrate that ionic motion is not
completely arrested in the frustration‑stabilized solid state, even though bulk‑like melting is suppressed.

The origin of ionic transport in this frustration-stabilized state is unlikely to be explained by percolation
through a bulk-like liquid network.

This conclusion is supported by multiple independent observations. First, simple physical mixtures of
preformed pMBA with bulk BMIM–PF₆ at identical nominal loadings show no measurable conductivity
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under the same conditions, excluding macroscopic percolation pathways formed by residual liquid in
intergranular voids. Second, the PXRD patterns of the pMBA/BMIM–PF₆ composites do not display any
reflections attributable to bulk crystalline BMIM–PF₆, and thermogravimetric analysis reveals a single,
intermediate mass-loss step rather than separate decomposition events for polymer and ionic liquid,
consistent with a confined, non-phase-separated ionic fraction.

Taken together, these results indicate that ionic transport occurs within a structurally constrained and
macroscopically non-percolating environment imposed by topological confinement.

While macroscopic percolation through a bulk-like liquid network can be excluded based on control
experiments, including the distinct thermogravimetric behaviour compared to simple physical mixtures
(Supplementary Fig. S2), the presence of highly localized liquid-like regions at the nanoscale cannot be
fully ruled out. Nevertheless, even in such a scenario, the transport must occur within a structurally
constrained environment imposed by topological confinement, rather than through a continuous bulk
liquid phase.

Within this framework, two limiting transport scenarios can be considered. In one limit, ions migrate via
thermally assisted hopping within the ordered confined domains, where frustration gives rise to a sparse
network of accessible pathways. Such hopping-type and relaxation-mediated transport mechanisms are
broadly consistent with established descriptions of ion conduction in disordered solid ionic conductors.
[24,25]

In the other limit, transport is dominated by a thin, quasi-liquid interfacial layer at the polymer/ionic-
lattice boundary, whose connectivity is defined by the meta-linked confinement geometry.

The available data do not yet allow us to discriminate quantitatively between these mechanisms;
however, in both cases the conduction pathway is inherently confined and does not rely on macroscopic
liquid percolation.

Distinguishing between these mechanisms will require future studies combining frequency‑resolved
spectroscopy with spatially sensitive structural probes.

Discussion
At a broader conceptual level, this work suggests that the apparent coupling between crystallinity and
ionic motion is not necessarily fundamental, but can be rationally decoupled through topology-controlled
chemical confinement. 

Polymer topology is shown to play a key role in governing the balance between translational order and
residual degrees of freedom under confinement, enabling a structurally ordered ionic-liquid state that is
not fully dynamically arrested.
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This interpretation is consistent with the non-ergodic character of the confined state inferred from
thermodynamic and transport measurements.

From a conceptual standpoint, the confined BMIM–PF₆ phase does not represent a conventional crystal
nor a kinetically trapped melt, but rather a confinement-stabilized state in which degrees of freedom are
selectively partitioned. 

The pMBA matrix suppresses long-range translational motion through geometric confinement and lattice
templating, while allowing residual degrees of freedom to persist within the frustration-dominated
energy landscape imposed on the ionic system.

This separation weakens the otherwise rigid coupling between crystallinity and dynamical arrest,
indicating that crystallographic order does not necessarily imply complete immobilization.

This behaviour can be understood as a consequence of frustration transfer during polymer
crystallization. 

As the pMBA matrix forms a crystalline framework through phase-change polymerization, the system is
kinetically driven into a configuration that cannot fully relax to a global free-energy minimum. 

This process is expected to generate a frustration-dominated energy landscape. Importantly, this energy
landscape is not confined to the polymer itself, but is spatially propagated to the confined ionic liquid
during the crystallization process. 

As a result, the ionic liquid is constrained by an externally imposed non-equilibrium energy landscape,
which restricts its accessible crystallization pathways and prevents the formation of a fully equilibrated
crystalline phase.

Variable-temperature diffraction demonstrates reversible lattice retention far beyond the bulk melting
range; differential scanning calorimetry reveals an absence of melting transitions from –40 °C to 350 °C;
and infrared spectroscopy confirms chemical integrity and steady ionic loading across thermal cycling. 

Together, these results consistently support a confinement-stabilized state in which crystallographic
order persists without a detectable melting transition.

This qualitative change in ordering from bulk to rigid nanoconfinement and meta‑polymer confinement is
summarized schematically in Fig. 6, which contrasts disordered bulk BMIM–PF₆, a fully periodic 3D
crystal in rigid cavities, and quasi‑two‑dimensional ordering under meta‑linked polymer confinement.

This generality across crystalline pMBA and amorphous pMOB hosts shows that the key control
parameter is not a particular host lattice, but the meta‑linked polymer architecture itself, which acts as a
programmable frustration field that shapes the energy landscape of the confined ionic liquid.
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These findings go beyond a system-specific observation and point to a more general principle. We note
that qualitatively similar diffraction features have been observed in other polymer systems under
ongoing investigation in our group, such as polyimide- and polypeptide-based materials. Taken together
with recent studies on confinement-induced packing frustration, single-chain confinement, and
geometrically frustrated self-assembly, the present results support a broader view in which frustration
operates as a general design principle for generating non-equilibrium ordered states in soft matter
systems.[17,18,23]

While these observations are preliminary and not analysed in detail here, they are consistent with the
notion that quasi-two-dimensional ordering may emerge more broadly in polymer–confined systems.

In this context, we reveal a general strategy for generating non-ergodic states through polymer-induced
frustration under phase-change conditions.

Furthermore, the observed diffraction features are not consistent with any reported crystallographic
structures of BMIM–PF₆, including those identified in confined systems (see Supporting Information of
ref. [15]). 

This further supports that the present phase does not correspond to a conventional crystalline state, but
instead reflects a distinct form of structural ordering governed by a frustration-dominated energy
landscape.

A quantitative comparison of diffraction features, including peak distributions and densities, is provided
in Table S1.

Importantly, the diffraction peaks associated with the pMBA matrix remain unchanged throughout the
VT-PXRD measurements, showing only smooth thermal shifts characteristic of the polymer lattice,
without the emergence of additional reflections. 

This indicates that the formation of the ionic crystalline-like phase does not perturb the underlying
polymer structure, and that the observed diffraction features arise independently from the confined ionic
liquid. 

Thus, the polymer matrix acts as a structurally robust confinement field, imposing a frustration-
dominated energy landscape without undergoing structural reorganization.

Chemically assisted confinement offers a complementary perspective: cellulose ionogels leverage
competitive hydrogen bonding to strengthen cation–anion pairing, triggering reversible ionic-liquid
crystallization and stiffness switching [16]. 

Our pMBA system likewise shows systematic amide-band shifts consistent with specific polymer–ion
interactions, but differs in two crucial aspects—thermal durability at elevated temperatures and the
persistence of localized degrees of freedom—suggesting that the pMBA interface not only templates
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order but also sustains structurally constrained fluctuations. Specific interactions between meta-linked
aramids and ionic liquids have also been reported in solution-phase studies of PMIA/ionic-liquid
systems.[26]

The contrast between meta- and para-linked aramids provides direct evidence for the importance of
chemical confinement. 

While both pMBA and pPBA form highly ordered crystalline matrices under phase-change
polymerization, only the meta-linked topology stabilizes a crystalline ionic-liquid phase. 

In the para-linked system, no crystalline IL reflections are observed under otherwise identical conditions
(Fig. S5). 

If the observed behaviour were governed primarily by geometric constraints arising from polymer
topology, a comparable degree of ordering would be expected for other highly ordered polymer
matrices. 

The absence of such ordering in the para-linked system therefore indicates that geometric differences
alone are insufficient, and that the key factor lies in the generation and transfer of a frustration-
dominated energy landscape during polymer crystallization.　  

This distinction suggests that the role of polymer topology is not simply to impose static geometric
constraints, but to determine how frustration is generated and dynamically propagated during
crystallization.

A plausible microscopic origin of this difference lies in the intrinsic chain geometry of the meta-linked
polymer, which introduces kinks along the backbone. 

These kinks are expected to generate additional packing constraints during crystallization, leading to a
higher degree of structural frustration compared to the para-linked analogue.

Recent studies have shown that frustration generated under confined environments can profoundly alter
structural organization and molecular dynamics in soft matter systems. In polymer nanocomposites,
confinement-induced frustration modifies relaxation pathways across multiple length scales, whereas
packing frustration generated around anisotropic nanoparticle architectures creates non-trivial transport
behaviour despite strong local interactions.[17,18]

This behaviour is fundamentally distinct from conventional confinement effects, where geometric
restriction modifies phase transitions but does not eliminate them. 

In contrast, the absence of a detectable melting transition in the present system indicates that spatial
confinement alone is insufficient, and that the governing factor is the frustration-dominated energy
landscape generated during polymer crystallization.
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An additional factor that may contribute to the observed behavior is the inherent frustration of the ionic
liquid itself. 

Ionic liquids are known to exhibit frustrated packing due to structural asymmetry and competing
interactions, often preventing the formation of simple, well-ordered crystalline phases. 

In the present system, such intrinsic frustration may couple with the frustration-dominated energy
landscape imposed by the polymer matrix, further restricting the ability of the ionic liquid to relax into a
fully equilibrated crystalline state.

This suggests that the emergence of the present non-equilibrium ordered state arises from the
cooperative interplay between the intrinsic frustration of the ionic liquid and the externally imposed
frustration field generated during polymer crystallization.

Exploring other intrinsically frustrated systems under similar confinement conditions would therefore
provide a promising direction for future investigation.

A unified picture therefore emerges in which confinement operates through three coupled effects: 

(i) geometric confinement by nanoscale polymer crystallites, restricting spatial degrees of freedom; 

(ii) frustration transfer from the polymer crystallization process, imposing a non-equilibrium energy
landscape on the ionic system; and 

(iii) local interactions that modulate short-range ordering without determining the global structure.

Together, these effects enable a partial decoupling of crystallinity and dynamical arrest.

In conclusion, this work demonstrates that crystallinity and ionic mobility are not inherently incompatible,
but can be decoupled through topology-controlled chemical confinement. 

We note that the frustration‑stabilized solid state is realized at modest ionic‑liquid loadings
(approximately 10 wt% in pMBA), suggesting that the essential features of the energy landscape are
controlled more by topology and confinement than by the absolute amount of imbibed ionic liquid.

More broadly, these findings challenge the conventional paradigm that structural order necessarily
suppresses molecular motion, and establish a general design principle for engineering ordered ionic
materials with independently tunable structural and dynamical properties.

The coexistence of long‑range order, the absence of detectable melting, and finite ionic conductivity at
30 °C indicates that the confined BMIM–PF₆ phase does not behave as a fully immobilized crystalline
solid.

Although the microscopic origin of this transport—whether dominated by motion within the ordered
domains or along interfacial regions—remains to be clarified, these results support the view that
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topology‑controlled confinement can weaken the conventional coupling between crystallinity and ionic
mobility in ionic liquids.

Together with the finite ionic conductivity observed at ambient temperature, these findings indicate that
the frustration‑stabilized state retains residual ionic degrees of freedom despite its long‑range structural
order.

It is noteworthy that similar diffraction features are observed even when the polymer matrix lacks long-
range crystallinity, suggesting that the observed structural ordering of the confined ionic liquid is not
strictly dependent on the crystalline order of the host polymer. 

This observation further supports the notion that the ionic structure is governed by an underlying energy
landscape imposed by the confinement environment, rather than by specific crystallographic matching
with the polymer lattice.

We note that the frustration-stabilized state persists upon hot-pressing into dense pellets for impedance
measurements, indicating that the non-equilibrium ionic configuration is sufficiently robust to survive
mechanical processing and may in future be exploited to tune composite properties through processing
history.

Similar topology-controlled confinement strategies could, in principle, be extended to other frustrated
degrees of freedom, such as mixed-valence states or conformational isomerism, thereby opening a
broader route to stabilizing non-equilibrium configurations beyond ionic liquids.

Methods
Materials and sample preparation

Poly(m-benzamide) (pMBA)/ 1-butyl-3-methylimidazolium hexafluorophosphate (BMIM–PF₆) was
prepared from m-aminobenzoic acid via a phase‑change polymerization. 20wt% of monomer was first
dissolved to form a homogeneous liquid phase in BMIM–PF₆, followed by polymerization at 200 °C for
24h. Upon completion, the resulting highly ordered polymer crystallized out of the melt and was isolated
by filtration after cooling. For meta‑linked aramids such as pMBA, molecular weight is usually assessed
from intrinsic viscosity in concentrated sulfuric acid. In the present pMBA/BMIM–PF₆ composites, the
presence of confined ionic liquid prevents the use of this protocol, so absolute molecular‑weight values
cannot be determined reliably and are therefore not reported.

Neat poly(m-benzamide) (pMBA) was prepared from m-acetamidobenzoic acid via a phase‑change
polymerization. 1wt% of monomer was first dissolved to form a homogeneous liquid phase in dibenzyl
toluene, followed by polymerization at 340 °C for 8 h. Upon completion, the resulting highly ordered
polymer crystallized out of the melt and was isolated by filtration after cooling. Intrinsic viscosities
measured in 96 wt% sulfuric acid were 0.28 dL g⁻¹ for pMBA‑Cryst and 0.15 dL g⁻¹ for pMBA‑Amorph.

Page 13/24



After synthesis, all powder samples were thoroughly washed with hot acetone to remove residual
reagents and dried under vacuum at 200 °C for 10 h prior to characterization.

To confirm that crystalline BMIM–PF₆ does not arise from simple drying or concentration, a physical
mixture was prepared by blending neat pMBA powder (preformed) with bulk BMIM–PF₆ at the same
ionic‐liquid loading as the PCP-derived composite.
 The mixture was stirred at room temperature to ensure complete wetting of polymer particles, followed
by drying under vacuum at 200 °C for 10 h. For preparation of the physical mixture samples, preformed
pMBA powder was manually mixed with BMIM–PF₆ using a mortar and pestle at room temperature until
a visually homogeneous state was obtained. The mixture was then subjected to the same vacuum drying
conditions as the PCP-derived samples prior to characterization.

The ionic‑liquid content in the pMBA/BMIM–PF₆ composites was estimated from the TGA mass‑loss
profiles by assigning the high‑temperature residue to the pMBA matrix and the low‑temperature volatile
fraction to BMIM–PF₆. This analysis yields an IL loading of approximately 10 wt% for the pMBA
composites, consistent with the nominal composition and the relative intensity of the ionic‑lattice
reflections in PXRD.

Synthesis of poly(meta‑oxybenzamide) (pMOB).
Poly(meta‑oxybenzamide) was synthesized by step‑growth polycondensation of
m‑aminophenoxybenzoic acid (or the corresponding diacid chloride/diamine pair) under conditions
analogous to those used for pMBA, followed by quenching and work‑up designed to suppress
crystallization during cooling. As a result, the as‑prepared pMOB forms an amorphous meta‑linked
aramid network, in contrast to the highly crystalline pMBA obtained under phase‑change polymerization
conditions.

Powder X-ray diffraction (PXRD)

Phase information of the pMBA powder was further confirmed at room temperature via PXRD using a
Rigaku RINT-TTR3 diffractometer with Cu Kα radiation, operated at 40 kV – 40 mA at various
temperatures. Variable-temperature PXRD was subsequently performed under vacuum using a Rigaku
SmartLab diffractometer operated at 45 kV – 200 mA with Cu Kα radiation equipped with an Anton Paar
DCS500 cooling/heating stage. 

Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements were performed using a Mettler Toledo DSC1
instrument. DSC scans were conducted under nitrogen atmosphere from -40 °C to 350 °C at
heating/cooling rate 5 °C min-1. Tg was determined from the midpoint of the step change in heat flow
(second heating). 

Thermogravimetric analysis (TGA)
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Thermogravimetric analysis (TGA) measurements were performed using a Netzsch STA449 F1
instrument and carried out under argon atmosphere from 25 °C up to 700 °C at heating/cooling rate
10 °C min-1.  

Infrared spectroscopy (IR)

IR spectra were collected on a Jasco FT/IR-4100 spectrometer in transmission mode for powder
samples using KBr as a fixing medium (4000–400 cm⁻¹, 4 cm⁻¹ resolution, 64 samples). Samples were
measured before and after heating to 300 °C to evaluate chemical integrity of BMIM–PF₆ and polymer–
ion interactions.

X-ray fluorescence (XRF) spectroscopy
 X-ray fluorescence (XRF) spectra were collected on a Rigaku EDXL300 spectrometer (25-50 kV, 1 mA) to
confirm the presence and elemental composition of the ionic liquid in the pMBA/BMIM–PF₆ composite.
Powder samples were mounted on PTFE holders with a 5 mm aperture and a Prolene film window and
measured under vacuum at room temperature. The spectra were analyzed to identify characteristic
signals of phosphorus from the PF₆⁻ anion. Spectra collected before and after thermal treatment at
300 °C showed no detectable change in elemental composition, indicating retention of BMIM–PF₆ and its
thermal stability under the applied conditions.

Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) was performed on compression-moulded pMBA/BMIM–
PF₆ sheet specimens. The composite material was processed into free-standing circular films with a
diameter of 10 mm and a thickness of approximately 0.4–0.5 mm.

For film preparation, the pMBA/BMIM–PF₆ material (without post-annealing) was placed between
Kapton films (0.2 mm thickness) and compression-moulded between rigid plates under a uniaxial load of
approximately 12 kN at 300 °C for 5 min, yielding mechanically robust and well-formed composite sheets
suitable for impedance measurements.

EIS measurements were conducted by an external analytical service (JFE Techno-Research Corporation)
using a frequency-response analyzer in a dedicated conductivity measurement setup. The circular
composite sheet was sandwiched between stainless-steel (SUS) fixtures acting as blocking electrodes
and mechanically constrained using three M6 bolts to ensure stable electrical contact and reproducible
fixation of the specimen. Cell assembly and measurements were carried out under ambient atmosphere.
The specimen was clamped between stainless-steel blocking electrodes under a uniaxial compressive
load of 3 N, applied using calibrated bolts, to ensure stable and reproducible electrical contact during the
measurement.

AC impedance spectra were recorded over a frequency range from 1 MHz to 10 mHz with an applied AC
amplitude of 10 mV. Frequencies above 100 kHz were treated as reference data due to increased
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measurement uncertainty. All measurements were performed at a controlled temperature of 30 °C. A
single measurement was conducted for each specimen under the specified conditions.

The impedance response is presented in the form of Nyquist plots. Conductivity values were estimated
from the high-frequency intercept for representative samples; detailed equivalent-circuit modelling was
not performed. To assess the influence of electrode contact pressure, EIS measurements were
performed at clamping loads of 3 N and 5 N. The resulting spectra and conductivity values were
comparable, indicating that the measured conductivity was not strongly dependent on the applied
contact pressure within this range.

Prior to each impedance measurement, the sample was held at the target temperature for at least 30
min to ensure thermal equilibration. All measurements were conducted under blocking-electrode
conditions using stainless-steel electrodes, such that the observed impedance response reflects
intrinsic ionic dynamics within the bulk composite rather than electrode reactions. Although
measurements were carried out under ambient atmosphere, no evidence of moisture-induced
degradation or instability was observed, as confirmed by the reproducibility of impedance spectra and
complementary IR/XRF analyses.

Statistical analysis and reproducibility 

Unless otherwise stated, reported values represent the mean of three independent measurements.
Electrochemical impedance spectroscopy measurements were performed once for each specimen
under each contact-pressure condition (3 N and 5 N).
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Figures

Figure 1

In‑situ crystallization of BMIM–PF₆ within pMBA during phase‑change polymerization.
a–c, Room‑temperature PXRD patterns of bulk BMIM–PF₆, neat pMBA (prepared by PCP in dibenzyl
toluene), and the PCP‑derived pMBA/BMIM–PF₆ composite. The composite exhibits additional sharp
Bragg reflections that are absent in both bulk BMIM–PF₆ and neat pMBA, indicating the formation of a
confinement‑induced crystalline ionic‑liquid phase during PCP. d, PXRD pattern of a simple physical
mixture of preformed pMBA and bulk BMIM–PF₆ at the same ionic‑liquid loading as the PCP‑derived
composite. Only pMBA reflections are observed, with no Bragg peaks attributable to crystalline BMIM–
PF₆, demonstrating that the ionic‑lattice reflections in the composite arise uniquely from in‑situ
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confinement during PCP rather than from post‑mixing or drying effects. These results establish that
polymerization-driven confinement is essential for inducing the ordered ionic state.

Figure 2

Thermally reversible retention of the confined BMIM–PF₆ lattice. Variable‑temperature PXRD patterns
of the pMBA/BMIM–PF₆ composite recorded between room temperature and 320 °C under vacuum. The
confinement‑induced ionic‑lattice reflections persist throughout the entire temperature range and
recover fully upon cooling, with only small, reversible shifts in 2θ and minor changes in peak width. No
additional reflections associated with phase segregation or bulk‑like melting are observed. In contrast,
neat pMBA (Supplementary Fig. S1) shows only smooth thermal shifts of the polymer peaks, confirming
that the evolving reflections in the composite originate from the confined ionic‑liquid lattice rather than
from structural changes in the host polymer. This reversible behaviour indicates that structural order is
retained without irreversible relaxation, even at elevated temperatures.

Page 20/24



Figure 3

DSC evidence for the absence of bulk‑like melting transitions in the confined ionic phase.

a–c, Differential scanning calorimetry (DSC) traces of bulk BMIM–PF₆, neat pMBA and the
pMBA/BMIM–PF₆ composite recorded between −40 °C and 350 °C at 5 °C min⁻¹ under nitrogen. Bulk
BMIM–PF₆ exhibits a distinct endothermic transition from approximately −40 °C to 75 °C, whereas neat
pMBA shows only its glass transition and polymer‑related features. The composite displays no
detectable endothermic events over the entire temperature range, despite the presence of long‑range
order in PXRD, indicating that the confined BMIM–PF₆ phase does not undergo a conventional bulk‑like
melting transition. The combination of DSC and VT‑PXRD thus demonstrates that crystallographic order
in the confined ionic phase persists without a thermodynamically defined melting point. This result
provides direct thermodynamic evidence for an ordered state that does not undergo a conventional
solid–liquid transition.
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Figure 4

Frustration‑stabilized solid state reproduced in an amorphous meta‑linked host (pMOB).
a, PXRD patterns of bulk BMIM–PF₆, neat pMOB and the pMOB/BMIM–PF₆ composite at room
temperature. The composite shows broadened but distinct ionic‑lattice reflections that qualitatively
resemble those observed for the pMBA/BMIM–PF₆ system, despite the absence of long‑range
crystallinity in the pMOB matrix. b, DSC traces of bulk BMIM–PF₆, neat pMOB and the pMOB/BMIM–PF₆
composite. As in the pMBA system, the composite exhibits no detectable melting transition for the
confined ionic phase over the investigated temperature range. These results demonstrate that the
frustration-stabilized ionic phase exhibits diffraction features consistent with an ordered confined ionic
phase. This establishes the generality of topology-controlled confinement as the governing principle.

Figure 5
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Solid‑state ionic response of the confinement‑stabilized BMIM–PF₆ phase.
Nyquist plot (left) and enlarged high‑frequency region (right) of a compression‑moulded pMBA/BMIM–
PF₆ composite sheet (diameter ≈ 10 mm, thickness ≈ 0.4–0.5 mm) measured under blocking‑electrode
conditions with stainless‑steel electrodes at 30 °C. The spectrum exhibits a depressed semicircle
characteristic of an inhomogeneous ionic response. The high‑frequency intercept corresponds to an
effective ionic conductivity of approximately 3.7 × 10⁻5 S cm⁻¹, which is several orders of magnitude lower
than that of bulk BMIM–PF₆ yet clearly higher than that of neat pMBA and simple physical mixtures, for
which no measurable ionic response is detected under the same conditions. These observations show
that ionic motion is not completely arrested in the frustration‑stabilized solid state, even though bulk‑like
melting is suppressed, and confirm that the confined ionic phase retains residual dynamical degrees of
freedom. This confirms that structural order and ionic mobility coexist within the confined state.

Figure 6

Real‑space schematics of topology‑controlled confinement in BMIM–PF₆.
Left, bulk BMIM–PF₆, in which cations and anions exhibit only short‑range correlations without persistent
long‑range translational order.
Middle, BMIM–PF₆ confined within a rigid nanoscale cavity (for example, a carbon nanotube), where the
ions assemble into a fully periodic three‑dimensional crystalline arrangement.
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Right, BMIM–PF₆ confined within a meta‑linked polymer host, where the polymer topology imposes
anisotropic ionic ordering and geometric frustration, enabling long-range order to coexist with residual
ionic mobility. This schematic illustrates a distinct thermodynamic regime in which frustration limits the
development of fully periodic crystallographic order while preserving residual dynamics. In the
meta‑polymer case, crystalline pMBA nanodomains act as a rigid confinement field, while BMIM–PF₆
resides in inter‑crystalline nanodomains, forming a layered frustrated solid state exhibiting anisotropic
ionic ordering. The accompanying energy-landscape schematics are illustrative and intended to convey
the qualitative distinction between conventional crystalline ordering and frustration-stabilized
confinement.
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