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Frustration-mediated structural-state selection tunes ionic conductivity in confined polymer--ionic liquid materials
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Figure S1 | PXRD patterns of the neat polymer hosts.
PXRD patterns of crystalline pMBA (pMBA-Cryst), amorphous pMBA (pMBA-Amorph), and pMOB. The diffraction data confirm the distinct structural states of the polymer hosts used in this study, with pMBA-Cryst exhibiting clear crystalline reflections, whereas pMBA-Amorph and pMOB show predominantly amorphous diffraction profiles. The data provide the structural basis for evaluating frustration accommodation in the corresponding polymer–ionic liquid composites.
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Figure S2 | XRF confirmation of PF₆-containing ionic liquid retention.
XRF spectra of PF₆-containing composites. Characteristic phosphorus signals derived from the PF₆⁻ anion confirm successful retention of BMIM–PF₆ within the polymer matrix after methanol washing and drying.
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Figure S3 | SEM images of polymer–ionic liquid composites.
SEM micrographs of pMBA–PF₆, pMBA–FSI, pMOB–PF₆, and pMOB–FSI. All composites exhibit particulate morphologies without evidence of macroscopic phase separation, indicating relatively homogeneous incorporation of ionic-liquid domains within the polymer matrices.
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Figure S4 | Thermal behavior of the neat polymers.
DSC thermograms of crystalline pMBA, amorphous pMBA, and pMOB. The　measurements reveal the intrinsic thermal responses of the polymer hosts and provide reference data for interpreting the thermal behavior of the polymer–ionic liquid composites discussed in the main text.
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Figure S5 | Thermogravimetric analysis of polymer–ionic liquid composites.
TGA curves of pMBA–PF₆, pMBA–FSI, pMOB–PF₆, and pMOB–FSI. The retained ionic-liquid content was estimated approximately from the weight loss observed prior to the onset of significant polymer degradation. These data were used to evaluate ionic-liquid loading in the composites.
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Figure S6 | FT-IR spectra of polymer–ionic liquid composites.
FT-IR spectra of pMBA–PF₆, pMBA–FSI, pMOB–PF₆, and pMOB–FSI. Characteristic absorption bands originating from both the polymer matrix and ionic-liquid components are observed, confirming successful incorporation of the ionic liquids into the composites.
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Figure S7 | SEM images of the neat polymers.
SEM micrographs of crystalline pMBA, amorphous pMBA, and pMOB. Morphological differences between the neat polymers are shown for comparison with the corresponding polymer–ionic liquid composites.


Table S1 | Estimated ionic-liquid contents and ionic conductivities of the composites
	Composite
	Polymer/IL structural state
	ILcontent (wt%)
	Ionic conductivity (S cm⁻¹)

	pMBA–PF₆
	Crystalline / Crystalline
	~10
	3.7 × 10⁻⁵

	pMBA–FSI
	Amorphous / Amorphous
	~30
	3.7 × 10⁻⁴

	pMOB–PF₆
	Amorphous / Crystalline
	~30
	8.2 × 10⁻⁵

	pMOB–FSI
	Amorphous / Crystalline
	~40
	7.6 × 10⁻⁵



Table S2 | NMR relaxation-component analysis of meta-linked aromatic polymers.
Parameters obtained by decomposition of the solid-echo relaxation decays into short-, middle-, and long-relaxation components. The amplitude (a) represents the relative contribution of each component, and T2* represents the corresponding apparent transverse relaxation time. The analysis reveals differences in the populations of dynamically constrained and mobile environments among pMBA-Cryst, pMBA-Amorph, and pMOB.
	Sample
	Short amp.
	Middle amp.
	Long amp.
	Long T₂ (μs)

	pMBA-Cryst
	0.812
	0.121
	0.067
	200

	pMBA-Amorph
	0.941
	0.030
	0.029
	2000

	pMOB
	0.849
	0.105
	0.045
	925



Table S3 | Average TD-NMR relaxation parameters of meta-linked aromatic polymers.
Average apparent relaxation times (T2 average) and average second moments (M2 average) obtained from the relaxation-component analysis of crystalline pMBA (pMBA-Cryst), amorphous pMBA (pMBA-Amorph), and pMOB. Larger T2 average values indicate less constrained molecular dynamics, whereas larger M2 average values correspond to stronger dynamic constraints and higher residual dipolar interactions.
	Sample
	T2 average (μs)
	M2 average (1000·ms-2)

	pMBA-Cryst
	21.7
	4.24

	pMBA-Amorph
	23.8
	3.53

	pMOB
	28.2
	2.52





Table S4 | Effect of electrode–sample contact load on ionic conductivity of polymer–ionic liquid composites.
Ionic conductivities of pMBA–PF6, pMBA–FSI, pMOB–PF6, and pMOB–FSI measured at 30 °C using stainless-steel blocking electrodes under contact loads of 3 N and 5 N. The table lists the specimen thickness, resistance obtained from the impedance response, and calculated ionic conductivity for each measurement. The relative ionic-conductivity trend among the four composite formulations was retained under both contact-load conditions.
	
	Contact 
(load/ N)
	Thickness
(cm)
	Resistance
(ohm)
	Ion conductivity
(S cm-1)

	pMBA-PF6
	3
5
	0.019
0.017
	580.5
582.6
	4.2 × 10-5
3.7 × 10-5

	pMBA-FSI
	3
5
	0.025
0.025
	166.5
85.8
	1.9 × 10-4 　
3.7 × 10-4

	pMOB-PF6
	3
5
	0.056
0.056
	928.2
866.2
	7.7 × 10-5 　
8.2 × 10-5

	pMOB-FSI
	3
5
	0.037
0.036
	742.9
603.2
	6.3 × 10-5 　
7.6 × 10-5


Ionic conductivity was calculated as σ = L/(RA), where L is the specimen thickness, R is the resistance obtained from the impedance response, and A is the electrode-contact area. Values represent individual measurements performed at the indicated contact load.
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