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SUMMARY 

Ion transport is a fundamental mechanism in living systems that plays a role in cell 

proliferation, energy conversion, and maintaining homeostasis. This has inspired various 

nanofluidic applications such as electricity harvesting, molecular sensors, and molecular 

separation. Two dimensional (2D) nanoporous membranes are particularly promising for these 

applications due to their ultralow transport barriers. We investigated ion conduction across flexible 

2D membranes via extensive molecular dynamics simulations. We found that the microscopic 

fluctuations of these membranes can significantly increase ion conductance, for example, by 320% 

in Cu-HAB with 0.5 M KCl. Our analysis of ion dynamics near the flexible membranes revealed 

that ion hydration is destabilized when the membrane fluctuated within a specific frequency range 

leading to improved ion conduction. Our results show that the dynamic coupling between the 

fluctuating membrane and ions can play a crucial role in ion conduction across 2D nanoporous 

membranes.   
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INTRODUCTION 

  Living systems, including humans, rely on ion transport as a fundamental mechanism for 

various physiological processes, such as maintaining homeostasis1, regulating cell proliferation1, 

generating electricity2, and producing energy-storage molecules3,4. Ion transport across 

nanometer-sized pores exhibits unique characteristics such as selective ion transport5–8, activation 

by stimuli9,10, and mechanosensitive ion transport11,12. These features of ion transport have inspired 

a wide range of applications such as osmotic power generation13,14, ion separation15,16, DNA 

sequencing17,18, and water purification19–22. Recently, several 2D nanoporous membranes have 

been successfully fabricated using bottom-up approaches23–25 and these advances are expected to 

further advance nanopore applications owing to their ultralow transport barrier, uniform pore size, 

high pore density, and excellent flexibility. Several studies have focused on ion-transport 

phenomena across the 2D membranes providing a microscopic understanding on the effect of 

diameter26–28, surface charge density26,29, functional groups30, mechanical strain31,32, ion 

concentration26, and pore-pore interactions33–35. However, there is a lack of understanding of how 

the exceptional flexibility of 2D nanoporous membranes affects microscopic ion transport. 

Over the past few decades, researchers have studied various aspects of ion transport across 

2D nanoporous membranes. In 2008, Sint et al.36 studied ion transport through functionalized 

graphene nanopores using molecular dynamics (MD) simulations. They demonstrated that a 

graphene nanopore could be an anion or cation-selective membrane depending on the functional 

groups. In 2013, He et al.30 presented a computational study demonstrating that a graphene 

nanopore with 0.43 nm diameter and three carboxylate groups exhibited voltage-dependent 

selectivity (i.e., cation and anion-selective at low and high voltages, respectively). In 2014, Suk 

and Aluru27 studied ion transport in sub-5 nm graphene nanopores using MD simulations. They 
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demonstrated that the density and mobility of ions in a nanopore deviate from their bulk value, and 

continuum theory with corrected density and mobility can account for MD simulation results. In 

2019, Fang et al.31 studied the effect of mechanical strain on ion conduction through a graphene-

embedded crown. They observed strain-sensitive ion transport, where ion current increases by an 

order of magnitude when 2% strain is applied. In 2020, Noh and Aluru26 demonstrated that 2D 

nanopores are electrically imperfect, and ion conductance is not entirely governed by surface 

conductance. In 2022, Jiang et al.37 demonstrated a pressure-induced enhancement of ion 

conductance in single-layer graphene nanopores, which cannot be explained by the linear 

electrokinetic theory. Jiang et al. further demonstrated that ion conductance increases due to the 

pressure-driven transport of capacitively accumulated ions near the graphene surface, creating 

nonlinear electrohydrodynamic coupling. However, many prior MD simulations overlooked 

nanopore flexibility, assuming nanopores to be rigid. This assumption may not align with 

experimental studies, potentially leading to inconsistencies between simulated predictions and 

experimental results. In our current investigation, we aim to bridge this gap by accounting for 

nanopore flexibility. 

 Prior research in the fields of molecular biology and nanofluidics have demonstrated the 

importance of surface fluctuations in various microscopic phenomena. In 1999, Kohen et al.38 

studied biological catalysts and observed that the vibrational modes of enzymes are a major factor 

in their catalytic activity. In 2001, Bernèche and Roux8 studied the KcsA potassium channel and 

observed that the fluctuations of the channel structure can considerably affect the free energy 

profiles and ion selectivity. In 2004, Noskov et al.5 studied the KcsA channel and observed that 

carbonyl groups exhibit liquid-like fluctuations that are important for ion selectivity. In 2015, Ma 

et al.39 studied water transport in a double-walled carbon nanotube and observed that the 
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longitudinal vibration mode of the CNT creates oscillatory friction and enhances diffusion of 

confined water. In 2018, Marbach et al.40 theoretically showed that the effective diffusion of 

confined fluids within wiggling surfaces can be increased or decreased depending on the spectrum 

of surface fluctuations. In 2021, Noh and Aluru21 demonstrated that water permeation in a 2D 

flexible membrane is higher (up to 102%) than that in its rigid counterpart and that water 

permeation is maximized when the membrane frequency matches the vibrational frequency of 

water molecules. In subsequent work41, they demonstrated vibrational coupling-induced 

enhancement of water transport is more significant in small diameter pores (water flow increases 

up to 500% in a 0.75 nm diameter pore). In 2022, Lyu et al.42 studied chloride conduction in 

multilayered COF membranes and concluded that membrane flexibility is an important factor for 

predicting experimentally measured chloride conductivity. 

In the present study, we analyze how the flexibility of 2D nanoporous membranes affects 

ion transport. We study ion transport considering two different types (flexible and rigid) of 

nanoporous membranes and observe a considerable difference between ion current in the flexible 

membrane and its rigid counterpart. To understand the mechanisms arising from the membrane 

flexibility, we analyze the pore expansion, ion dynamics near the membranes, and microscopic 

fluctuations of the membrane and nearby ions.  
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RESULTS AND DISCUSSION 

The primary focus of this study is to understand how the flexibility of a membrane affects ion 

conduction. Toward this, we designed MD simulations as shown in Figure 1a. The nanoporous 

membrane was immersed in an electrolyte solution, and the edges of the membrane were 

constrained while the rest of the membrane fluctuates freely. For comparison, we also considered 

a rigid membrane, where all membrane atoms were fixed. A constant external electric field was 

applied along the z-direction of the system to generate an electrophoretic ion current. We 

considered two single-layer nanoporous membranes (Figures 1b and c): Cu-HAB25,43 and GNM-

321. GNM-3 is a graphene nanomesh44. The graphene-based nanopore membrane was actively 

studied for various applications20,22,30,36,45,46 and was recently synthesized on a large scale with a 

consistent pore size23. Cu-HAB25,43 is a metal–organic framework (MOF)-based 2D membrane. 

MOF-based membranes have shown great potential in numerous applications15,19,21,25,47–49. In this 

study, GNM-3 and Cu-HAB are hydrogenated and assumed to be defect free. Figures 1d and e 

demonstrate fluctuations in nanoporous membranes where the amplitudes of the fluctuations are a 

few Angstroms, which is comparable to the size of nanopore we consider. Figures 1f and g show 

the current–voltage response for 2D nanoporous membranes. For both membranes, we observe a 

linear relation between ion current and applied voltage within the tested voltage range. 

Interestingly, ion conductance (i.e., the slope of the current–voltage curve) in flexible Cu-HAB is 

approximately twice that of its rigid counterpart, where mechanical deformations and fluctuations 

are suppressed.  

On the other hand, ion conductance in the flexible GNM-3 membrane is marginally higher (9%) 

than that of its rigid counterpart. As a result, ion conductance in flexible Cu-HAB is slightly higher 

than in flexible GNM-3, although the pore size of GNM-3 is 25% higher than that of Cu-HAB. 
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Figures 2a and b show the number of ion species transported across the membranes over time. 

The transport of potassium and chloride ions increases linearly and is higher in the flexible 

membranes compared to their respective rigid counterparts. Also, it is shown that both cation and 

anion currents increase and this results in reduced ion selectivity. Specifically, we measured the 

anion selectivity using the formula: S− =
—𝐼+

𝐼−+𝐼+ , where 𝐼−  represents anion current and 𝐼+ 

represents cation current. In rigid Cu-HAB, the anion selectivity is S− = 0.68, but the anion 

selectivity is reduced to S− = 0.49 in flexible Cu-HAB. This is attributed to the slightly enlarged 

pore diameter in flexible membrane and the vibrational coupling effect. Figure 2a and b show a 

slight electroosmotic flow that is created by anion selectivity due to the positive charge of the 

nanopores. This hydrodynamic flow can slightly increase the anion transport, while slightly 

decreasing the cation transport. We note that the fluctuations of the membrane do not create 

directional water flow, as the system considered in this work is ideally symmetrical. 

To better understand the phenomenon, we conducted parametric studies considering 

different concentrations of ions, types of ions, and temperatures. Figure 2c shows that ion 

conductance is much higher in flexible Cu-HAB than in its rigid counterpart for all the tested 

concentrations. Similarly, ion conductance in flexible GNM-3 (Figure 2d) is higher than in its 

rigid counterpart for all the tested concentrations. However, the difference in ion conductance 

between the flexible and rigid membranes is lower for GNM-3 membranes than for Cu-HAB 

membranes at the same concentration (Figure 2i). Notably, ion conductance in 0.5 M KCl is 

approximately 320% higher in the flexible Cu-HAB membrane and 130% higher in the flexible 

GNM-3 membrane than in their respective rigid counterparts. We attribute this to the enhanced 

ion transport through the membrane surface in low concentration, which will be discussed further 
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later in this paper. For the types of ions considered (i.e., KCl, NaCl and NaBr), we observed that 

the conductance was considerably higher in the flexible Cu-HAB membrane (Figure 2e) and 

slightly higher in the flexible GNM-3 membrane (see Figure 2f) compared to their rigid 

counterparts. Figures 2g and h show that ion conductance increases with the increase in 

temperature for both membranes, but the ratio of conductance increase due to the membrane 

flexibility does not change much for different temperatures (Figure 2i).  

To understand the physical mechanism governing increased ion conductance due to the 

membrane flexibility, we analyzed pore expansion in flexible 2D membranes. Figure 3a shows 

that the pore radius is marginally larger in the flexible membranes than in the rigid membranes for 

Cu-HAB and GNM-3. The difference in pore radii of the rigid and flexible membranes for Cu-

HAB and GNM-3 is 3.8% and 2.9%, respectively. The larger pore radii difference in Cu-HAB 

compared to that in GNM-3 is due to the lower mechanical stiffness in Cu-HAB (34.0 N/m) 

compared to that in GNM-3 (61.2 N/m)21. Ionic conductance theory can be used to analyze the 

contribution of pore expansion to ion conductance. Electrophoretic ion current is given by 𝐼 =

𝜅 (
𝐿

𝜋𝑅2 +
1

2𝑅
)

−1
Δ𝜙 26,50–52, where 𝜅 is the ionic conductivity, 𝑅 is the nanopore radius, and Δ𝜙 is 

the electric potential difference. Using this theory, the nanopore enlargement in flexible 

membranes can only cause a small increase (up to 4%) in ionic conductance.  

Membrane fluctuation, arising from membrane flexibility, is another important mechanism 

that  has been shown to increase water transport at a certain frequency21. To understand the effect 

of membrane fluctuation on the ion conduction, we analyzed the trajectories of ions near the 

membranes. Figures 3b and c show the trajectories of potassium ions near the membranes with 

respect to time. The potassium ions diffuse more actively in the vicinity of the flexible Cu-HAB 

membrane compared to the rigid Cu-HAB membrane. For quantitative comparison, ion mobility 
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is calculated using the Einstein-Smoluchowski equation, 𝜇 =
𝑞𝐷

𝑘𝐵𝑇
, where 𝐷  is the diffusion 

coefficient, 𝑞 is the charge of a particle, 𝑘𝐵 is the Boltzmann constant, and 𝑇 is the temperature. 

Ion mobilities near the 2D flexible membranes (within 5.5 Å from the membrane) are shown in 

Figure 3d. Ion mobility near the flexible Cu-HAB is about 117 to 142% greater than near the rigid 

Cu-HAB. On the other hand, ion mobility increases by about 25 to 29% near flexible GNM-3 

compared to its rigid counterpart. On the other hand, the average ion concentration near the flexible 

membranes decreases slightly compared to the rigid membrane (1% decrease in GNM3 and 4% 

decrease in Cu-HAB). These indicate that the high ion conductance near flexible membranes is 

due to the high ion mobility near flexible membranes. The high ion mobility near the flexible 

membrane conforms with the study by Lyu et al.42, which states that ion conductivity is higher in 

a flexible multilayered covalent organic framework compared to that in the rigid counterpart. It is 

noted that the ion mobility near the rigid membranes was lower compared to bulk mobility 

(7.6 × 10−8m2V−1s−1 for potassium ion). However, ion mobility near the flexible Cu-HAB is 

higher compared to bulk mobility. Several studies have reported ion mobility higher than its bulk 

value in nanoscale channels/pores. Duan and Majumdar reported that the ion mobility in a 2 nm 

deep hydrophilic nanochannel is about 250% higher than bulk mobility53. Ma et al.54 reported that 

ion mobility in a 3nm nanopore can be higher or lower compared to bulk mobility, depending on 

the ion concentration. In addition, studies showing the enhanced diffusion dynamics of fluid 

molecules confined to wiggling surfaces40 and the longitudinal phonon mode of carbon 

nanotubes39 supports our observations of improved ion mobility in flexible nanoporous 

membranes. 

To further understand the impact of membrane fluctuations on ion mobility, we analyzed 

the velocity autocorrelation function (VACF) of ions near the membrane region. Figures 3e-f 
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show the VACF of ions near the membrane region. For Cu-HAB and GNM-3 membranes, ions 

experience forward scattering (i.e., positive value of VACF) for the first few hundred 

femtoseconds, followed by backscattering (i.e., negative value of VACF) for the remainder of time. 

Figure 3e shows that the fluctuations of Cu-HAB enhances the forward scattering and reduces 

backscattering. As a result, the ion mobility is increased. The ion mobility is calculated by the time 

integration of VACF: 𝜇 =
𝑞

𝑘𝐵𝑇
∫ 〈𝑣(𝑡 + 𝑡0)𝑣(𝑡0)〉

∞

0
𝑑𝑡, where 𝑣 is the velocity of a particle, 𝑡0 is 

the reference time, and the angle brackets denotes the time and ensemble average. On the other 

hand, the VACFs for ions near the GNM-3 membranes (Figure 3f) show that forward scattering 

is almost the same, and backscattering is slightly reduced in the flexible GNM-3 membrane 

compared to that in the rigid GNM-3 membrane. This analysis of VACFs indicates that the high 

ion conduction in fluctuating membranes is due to the dynamic coupling between the fluctuating 

membranes and nearby ions. This membrane-ion coupling is a surface phenomenon, and this 

mechanism leads to higher enhancements at low ion concentration where the surface conductance 

is dominant26,55. The impact of ion concentration on the enhanced ion conduction in flexible 2D 

membranes will be further investigated in a future study.  

To understand the membrane-dependent increase in conductance, we analyzed how the 

frequency spectrum associated with membrane fluctuations affects nearby ion mobility. For this, 

additional MD simulations were run using oscillating membranes at various frequencies 𝜔s 

(Figure 4a). In this conceptual study, the membrane oscillates in the out-of-plane direction 

following a simple sine function, and its average vibrational energy is assumed to be equal to the 

thermal energy. The VACFs of ions near the oscillating membranes are calculated (Figure 4b). 

The oscillation of membrane enhances the forward scattering and reduces the backscattering, 

similar to what is observed in the flexible Cu-HAB. The degree of that effect (forward scattering 
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enchancement and backscattering reduction) depends on the membrane frequency and is 

maximized at the membrane frequency of around 200 cm−1. In addition, the ion conductance is 

considerably improved when the membrane oscillates with frequencies of 200 cm−1  (~135% 

increase compared to rigid counterpart). The conductance improvement is almost diminished in 

frequencies higher than 800 cm−1. We compared the range of frequency where the ion conduction 

is improved by computing the vibrational density of states (VDOS) for Cu-HAB and GNM-3. The 

VDOS is given by VDOS(𝜔) = ∫ 〈𝑣(𝑡 + 𝑡0)𝑣(𝑡0)〉𝑒−2𝜋𝑖𝜔𝑡𝑑𝑡
∞

−∞
. The VDOS for Cu-HAB and 

GNM-3 (Figure 4d) show that the Cu-HAB membrane exhibits high vibrational density in 

frequencies lower than 800 cm−1, where the ion conductance is improved. The GNM-3 membrane 

exhibits lower vibrational density compared to that exhibited by Cu-HAB in that frequency regime 

where ion conductance is improved. This explains the membrane-dependent conductance increase 

between the Cu-HAB and GNM-3 membranes. 

We have identified two distinct frequency regimes in the resonance of a clamped 

membrane. The wiggling motions of the membrane, with frequencies significantly lower 

(approximately 0.05 cm−1  for a membrane with 𝐿m = 4.62 nm) than those of hydrated ions, are 

influenced by membrane size, shape, and tension. However, due to their low frequencies, these 

motions do not create significant vibrational coupling with nearby hydrated ions. Conversely, the 

atomic oscillations of the membrane, with frequencies ranging between 5 cm−1 ~ 1000 cm−1, 

exhibit strong vibrational coupling and are not influenced by the membrane's size. 

To further understand the physical origin of the frequency range where conductance is 

high, we studied the vibrational frequency of hydrated ions. Ion dehydration28,30 is one of the 

important mechanisms governing ion transport in Angstrom-scale. The ion-water stretching mode 

(Figure 4e) is the vibrational mode that is related to the ion dehydration. The VDOS of the 
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ion−water stretching modes (see the bottom plot of Figure 4d) exhibit a maximum at the frequency 

of around 200~300 cm−1, where the ion conductance is maximum. Moreover, we found that the 

vibrational match between a membrane and the ion−water stretching mode destabilizes the 

hydration shell of ions, enhancing ion conduction. The average hydration time 𝜏hyd is calculated 

by integrating the residence time autocorrelation function of water in the first hydration shell. 

Figure 4f displays the average hydration time for ions near membranes with different vibrational 

characteristics. The longest average hydration time is observed near the rigid Cu-HAB, where the 

atomic fluctuations are suppressed. This implies that ions near the rigid membrane form a 

relatively stable hydration shell that can hinder ion transport through Angstrom-scale pores. The 

hydration time is low near fluctuating membranes, and the average hydration time decreases as the 

membrane frequency approaches 200~300 cm−1. This suggests that the ion conduction and ion 

mobility near the membrane surface are improved due to the destabilized ion hydration when the 

frequency of the membrane fluctuation matches the ion–water stretching mode. This demonstrates 

that the type of electrolyte may potentially influence the degree of vibrational coupling and the 

enhancement of conductance. In terms of the effect of temperature, an increase in the temperature 

of system can increase the frequency of both the membrane and the hydrated ions. However, such 

frequency changes can only marginally alter the degree of vibrational coupling. This study expands 

the knowledge of ion transport by showing that the microscopic fluctuation of a membrane is an 

important factor in ion conduction across nanoporous membranes.  
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CONCLUSION 

We observed that ion conductance in a flexible Cu-HAB membrane is approximately 102% 

higher compared to its rigid counterpart, whereas it is 9% higher in the flexible GNM-3 membrane 

compared to its rigid counterpart. Both potassium and chloride ions experience faster transport 

across flexible membranes. The increase in conductance exists irrespective of variations in ion 

concentration, ion type, and temperature. We observed a marginal pore expansion in flexible 

membranes, which slight increase in ionic conductance. Ion mobility is about 117% to 142% 

higher near flexible Cu-HAB and about 25% to 29% higher near flexible GNM-3 than their 

respective rigid counterparts. We found that the vibrational coupling between the fluctuating 

membrane and the ion−water stretching mode (200~300 cm−1) destabilizes the ion hydration, 

which explains the membrane-dependent conductance enhancement between Cu-HAB and GNM-

3. Our findings highlight the importance of microscopic fluctuations of 2D membranes in ion 

conduction. In addition, this phenomenon holds potential for manipulation of ion conduction by 

engineering the fluctuations of the membrane, which can be applied to various applications such 

as water purification, molecular separation, and electricity generation. 

  



 

14 

 

METHODS 

We ran comprehensive MD simulations for ion transport across nanoporous membranes. As 

depicted in Figure 1a, the membrane is immersed in a 1.0 M KCl aqueous solution (we also tested 

different types of ions and different concentrations for some cases). The edges of a membrane are 

fixed, and the rest of the membrane is allowed to fluctuate during simulations. For comparison, we 

also considered cases with rigid membranes, where all the atoms of the membranes are fixed. To 

generate the electric potential gradient, we applied a uniform external electric field perpendicular 

to the membrane56. For all systems, the dimension perpendicular to the membrane is 5.80 nm. 

Periodic boundary conditions were applied in all directions. We considered two types of 2D 

membranes: Cu-HAB and GNM-3 (Figures 1b and c).21 The size of the Cu-HAB membrane is 

4.62 nm by 4.00 nm, and the size of the GNM-3 membrane is 5.01 nm by 4.43 nm. Both 

membranes contain 12 pores in a periodic cell. The electrolyte was modeled using the Coulombic 

and LJ potentials, and the membranes were modeled using the ReaxFF force field57. In the case of 

an oscillating membrane, the entire Cu-HAB membrane oscillates in the direction perpendicular 

to the membrane following 𝐴 sin 2𝜋𝜔s𝑡, where 𝐴 is the amplitude, 𝜔s is the frequency, and 𝑡 is 

the time. The vibrational energy was assumed to be equal to the thermal energy 
𝑁𝑘𝐵𝑇

2
, where 𝑁 is 

the number of atoms, 𝑘𝐵 is the Boltzmann constant, and 𝑇 is the temperature. The flexible simple 

point charge water model58 was used for water. The potential parameters described by Joung et 

al.59 were used for ions. ReaxFF potential parameters were adopted from Wood et al.60 for GNM-

3 and from Monti et al.61 for Cu-HAB. The membrane-liquid interactions were modeled based on 

LJ and Coulombic potentials, and the LJ parameters are obtained from the Lorentz−Berthelot 

mixing rule (LJ parameters from Siu et al.62 for hydrogen, Jorgensen et al.63 for nitrogen, and 

Heinz et al.64 for copper). The cut-off distance of the LJ potential was 1.2 nm. At the initial stage 
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of the MD simulation, the energy of the system was minimized. The partial charges of the 

membrane were calculated using the charge equilibration (QEq) method65 and fixed during the 

simulation. The long-range Coulombic interactions were calculated using the particle-particle 

particle-mesh method66 with an accuracy of 10−5. The temperature of the system was maintained 

using the Nosé−Hoover thermostat at around the target temperature (298 K for most cases and 358 

K for a few cases). Furthermore, atomic trajectories were computed in an NVT ensemble with 0.5 

fs time interval67. The system was equilibrated for 1 ns and the data were obtained for 4 ns to 

calculate ion current. Ion current was calculated by counting the number of ions passing through 

the pores per unit time, and the mean squared displacement of ions was used to calculate the 

diffusion coefficient. We utilized the Large-scale Atomic/Molecular Massively Parallel Simulator 

(LAMMPS)68 for MD simulations and the open visualization tool (OVITO)69 for atomic 

visualizations. 
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Figure 1 | Ion transport across 2D flexible nanoporous membranes. a. MD simulation setup 

for ion transport. The 2D membrane is immersed in an electrolyte solution, and its edges are 

constrained. A cross-membrane electric potential difference is applied. Atomic structure of b. Cu-

HAB and c. GNM-3. Fluctuations of d. Cu-HAB and e. GNM-3 (bottom) and its distribution (top). 

The opaque colors indicate the mean position of the membrane. The transparent colors indicate the 

membrane fluctuations. Current–voltage characteristics in f. Cu-HAB and g. GNM-3 membranes. 

The plotted ion currents are divided by the number of nanopores (i.e., 12) in the membrane. The 

solid lines represent a linear fit to the MD data. 
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Figure 2 | Ion transport for various parameters. The number of molecules transported across 

the membranes per pore, 𝑛pass, over time in a. Cu-HAB and b. GNM-3 at 0.5 V. In the plot, 𝑛pass 

for water molecules are reduced by the factor of the ratio between the densities of water and ion 

(i.e., 55 for 1.0 M solution). Current–voltage curves for different concentrations of KCl solution 

at 298 K in c. Cu-HAB and d. GNM-3. Current–voltage curves for different types of ions for 1.0 

M concentration at 298 K in e. Cu-HAB and f. GNM-3. Current–voltage curves for different 

temperatures for 1.0 M KCl solution in g. Cu-HAB and h. GNM-3. The symbols with solid and 

transparent colors represent flexible and rigid membranes, respectively. The solid and dashed lines 

represent a linear fit to the MD data. i. The increase in ion conductance in flexible membrane over 

its rigid counterpart is given by 𝜀 = (𝐺flexible − 𝐺Rigid) 𝐺Rigid⁄ . The effect of different parameters 

(concentration, type of ion and temperature) is shown. 
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Figure 3 | Pore expansion and increase in ion mobility in flexible membranes. a. Pore radius. 

Trajectories of potassium ions near b. rigid Cu-HAB (left), flexible Cu-HAB (right), c. rigid 

GNM-3 (left), and flexible GNM-3 (right). The displacement is given by Δ𝑧(𝑡) = 𝑧(𝑡) − 𝑧(𝑡0) 

for −5.5 Å ≤ 𝑧(𝑡0) ≤ 0, where 𝑡0 is the reference time. d. Mobility of ions near the membranes. 

Velocity autocorrelation function (VACF) of potassium ions near e. Cu-HAB and f. GNM-3. 

VACF is given by 〈𝑣(𝑡 + 𝑡0)𝑣(𝑡0)〉 〈𝑣(𝑡0)𝑣(𝑡0)〉⁄  for −5.5 Å ≤ 𝑧(𝑡0) ≤ 0. The insets show the 

“near the membranes” region used in this study.  
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Figure 4 | Ion transport through oscillating membranes. a. System for MD simulation. The 

entire membrane oscillates harmonically with a frequency 𝜔s in the out-of-plane direction. b. The 

VACF for potassium ions near the membrane for various 𝜔s. c. Ion conductance for various 𝜔s. 

The gray dashed line represents the conductance in rigid Cu-HAB. d. Vibrational density of states 

for the flexible Cu-HAB, the flexible GNM-3, and ion–water stretching mode (membrane 

fluctuation data are obtained from the system described in Figure 1a). e. Schematic of dehydration 

near the oscillating membrane. f. average hydration time near membranes for different vibrational 

characteristics. 
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