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Extended Data Fig. 3 | Dynamic pore size analysis. a, Schematic diagram showing the largest pore size and the pore gate size in the pore network of polymer 
membranes. b, Dynamic pore gate size. c, Dynamic largest pore size. Error bars represent the standard deviation of 5 independent simulation configurations.



Extended Data Fig. 4 | Water mobility revealed by PFG-NMR. a, Water 
self-diffusion coefficients as a function of observation time. b-e, Plots of mean 
squared displacement (MSD) versus observation time. Fits 1 and 2 correspond 
to linear fitting below and above the observation time of 8 ms, respectively. 
cPIM-BP exhibits a clear deviation from linearity between MSD and observation 

time within the studied timescale, suggesting increased diffusion restriction 
compared to other cPIMs. As PFG-NMR probes long-range diffusion, this 
greater restriction is likely the result of both smaller pore sizes and the 
deficiency in the interconnectivity of hydrated phases.
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Extended Data Fig. 5 | Water self-diffusion. a, Localized (Dloc) and long-range 
(Dlr) water self-diffusion. b, The ratio of Dloc/Dlr as an indication of the degree of 
water cluster percolation. QENS data were acquired at 298 K on a picosecond 
timescale, and PFG-NMR data were obtained at 302.5 K with an observation time 
of 30 ms. c, Number of isolated water clusters in simulated boxes, derived from 
Extended Data Fig. 4. Pore size, however, may also influence the Dloc/Dlr ratio.  

To elucidate this factor, we compared Dloc among cPIMs, as it directly reflects 
the degree of pore confinement. The variation in Dloc among the membranes  
is relatively small compared to the differences in the Dloc/Dlr. For instance,  
Dloc in cPIM-BP is only 39% lower than in cPIM-Et, yet the Dloc/Dlr in cPIM-BP is 
nearly 10 times greater than that of cPIM-Et. This comparison confirms the 
direct correlation between Dloc/Dlr ratio and water cluster interconnectivity.



Extended Data Fig. 6 | Chemical composition of pore surface. a, Relative 
percentage of each structural segment within 1 Å of the pore surface calculated 
by atom count. b, Chemical structures of cPIMs with atoms color-coded based 
on different segments. c, Percentage of structural segments exposed to pore 
surface versus those buried within the polymer matrix. Upon hydration, 

carboxylate groups and oxadiazole rings in cPIM-Ph and cPIM-BP re-orient 
towards the water-filled pores, while a portion of the backbones and pendant 
groups atoms remain buried within the matrix. In contrast, cPIM−1 and cPIM-Et 
lose their structural definition, showing no clear distinction between polymer 
matrix and pore surface.
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Extended Data Fig. 7 | Redox flow battery. a, Schematic diagram showing key 
components of RFB. Ion-selective membranes allow fast conduction of small 
supporting ions for charge balancing, while blocking the undesired transport 
of redox-active species. Anions (Cl−) are not shown in the schematic. b, Cyclic 
voltammograms of 2,6-D2PEAQ and K4Fe(CN)6 redox couple. c, Electrochemical 

impedance spectra of RFB cells at 40 °C. d, Energy efficiency as a function of 
current density. e, Power density. Catholyte: 6.67 mL mixed solution of 0.75 M 
K4Fe(CN)6 and 0.75 M Na4Fe(CN)6 in deionized water at pH 7; anolyte: 5 mL  
1.1 M 2,6-D2PEAQ in mixed supporting electrolyte of 0.5 M KCl and 0.5 M NaCl 
at pH 7.




