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Precise tuning of ion transport across nanoscale pores is highly desirable in a wide range of 

applications, including ionic transistors [1, 2], water purification [3], sensing [4, 5], and drug 

delivery [6]. The inspiration for achieving controllable ionic flow in solid-state systems often comes 

from protein ion channels, where it is typically controlled via voltage gating [7], ligand binding [8], 

temperature gating [9], or mechanosensitivity [10]. Here, we instead draw inspiration from the 

chemistry of complex formation between crown ethers and dissolved metal ions to demonstrate 

graphene-based strain-gated ion channels with mechanosensitivity similar to that in biological 

systems. We perform extensive room-temperature molecular dynamics (MD) simulations of the 

effect of lattice strain on ion permeation across graphene-embedded crown ether pores, which have 

been recently reported experimentally [11]. Our findings suggest the first instance of solid-state ion 

channels with an exponential permeation sensitivity to strain, yielding a current increase of over 

tenfold for two percent of isotropic lattice strain. The observed permeation tuning is also shown to be 

readily achievable with anisotropic strains. Such a high mechanosensitivity is demonstrated to arise 

from an elegant interplay between the short-range nature of ion-crown electrostatic interactions, 

atomic thinness of graphene, and the effects of ionic microsolvation.  

Artificial analogs of biological ion channels have long been of great interest, possibly starting 

with the pioneering work by Kasianowicz et al. on ion-based DNA-detection [12]. Since then, thanks to 

advances in fabrication, the research on solid-state nanopores [13] has advanced rapidly, with diverse 

applications including ionic transistors [1, 2], water desalination [3], sensing [4, 5], and drug delivery [6]. 
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Two-dimensional materials, including graphene and molybdenum disulfide (MoS2) [14-23], have 

reinvigorated the field in the past decade and the search for nanomaterials with highly controllable 

permeation properties is well under way.  

Crown ethers are cyclic derivatives of ethylene oxide, first reported in 1967 [24]. Some examples 

of crown ethers are shown in Fig. 1. Although overall electrically neutral, such molecules can “host” 

metal ion “guests” in electrostatic cavities effectively formed by radially oriented O-–C+ dipoles. One 

outstanding property of crown ethers is their high binding selectivity in aqueous solutions. This selectivity 

is driven by the balance between bulk solvation and solvent-mediated ion-crown binding sensitive to the 

ionic radius in relation to the cavity radius [25]. For instance, water-dissolved K+ ions are known to bind 

to the 18-crown-6 molecule (Fig. 1b) over an order of magnitude more frequently than the smaller Na+ 

ions [26, 27]. More generally, the competitive nature of the ion-crown and ion-water interactions allows 

some guests to form a locally dehydrated “tight fit” upon complexation with crowns, while others end up 

in a fluidic “wobbly fit.” This phenomenon has been long suggested as an effective sensing mechanism 

[28].  

Graphene-embedded crown ether pores have been recently reported experimentally, presenting a 

fairly rich crown variety compatible with the graphene lattice and showing potential promise for 

applications ranging from sensing to energy storage [11]. Two examples of crowns embeddable in 

graphene are shown in Fig. 1.  
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Figure 1. Examples of crown ether molecules and their graphene-embedded analogs: 12-crown-4 (a) and 

18-crown-6 (b). Oxygen atoms are shown in red, and carbon atoms are shown in gray. 

The possibility of precise real-time external control over the permeation barriers is of great 

interest, e.g. for controlling ionic flow via nanoporous membranes. Given how sensitively ion-crown 

binding depends on the effective crown dimensions in relation to the guest’s ionic radius, for graphene-

embedded crowns this control is attractively straightforward: it may be achieved via small tensile strains 

applied to the graphene lattice. Further, graphene-embedded crowns are considerably less flexible than 

their free counterparts and thus the binding sensitivity in solvent may be further enhanced [11]. Here, we 

study the effects of lattice strains on the ion-pore energetics, characterize the resulting changes in ionic 

permeation across strained membranes, and reveal the underlying mechanisms. 

The main system simulated in this work is based on a nanoporous graphene membrane locally 

suspended and position-restrained along its perimeter in an aqueous solution of salt (KCl or NaCl), as 

shown in Fig. 2. The lattice strains in the X and Y direction are denoted 𝜀𝑋 and 𝜀𝑌, respectively.  
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Figure 2. Simulated system: graphene membrane with nine embedded 18-crown-6 ethers in aqueous salt 

solution. Dissociated ions are shown as solid spheres and water is represented by a transparent blue 

surface. The system dimensions are 5.5 nm × 6.4 nm × 4.0 nm. Radii R1 and R2 characterize the geometry 

of the pore. 

We first consider the Gibbs free energies of the K+ ion’s interaction with a single graphene-

embedded 18-crown-6 pore in aqueous environment, as simulated separately in a system similar to that in 

Fig. 2, but with one pore. Potassium is selected because it is expected to form a stable room-temperature 

complex with the 18-crown-6 pore in the absence of lattice strain [11, 26]. The results for several values 

of isotropic strain (𝜀 = 𝜀𝑋 = 𝜀𝑌) are shown in Fig. 3. Two features are immediately apparent: pore 

binding (minimum near Z = 0) gradually weakens with increasing strain, while the hydration-induced 

permeation barrier (peaks at Z ≈ 0.3 nm) strengthens, compared with the unstrained case. The first effect 

is generally due to weakening of the ion-pore interaction arising from pore dilation (see inset a), revisited 

in detail later. The second effect is unlikely to arise directly from pore dilation. As shown in inset b, the 

entire water surface layer adjacent to the membrane densifies in response to strain. This is likely a 

manifestation of thermal ripples in graphene [29], which have been shown to destabilize the graphene-

water interface for locally suspended graphene [30]. By stretching the membrane, we “iron out” the 

ripples, effectively stabilizing the solid-liquid interface. This observation was confirmed by a separate 

simulation, in which we artificially imposed rippling suppression by restraining membrane atoms against 

displacement without applying strains (see Fig. S2 in the Supplementary Information (SI)). We note that 
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modifying rippling in atomically thin membranes (with strains, or by exciting flexural waves externally) 

regardless of the pore structure may itself be a way to establish some degree of control over permeation 

via tuned interface stability or, for wide pores, via tuned ion scattering by the fluctuations of the pore 

edge. 

 

Figure 3. Potential of mean force (PMF) curves as functions of the potassium ion’s distance from the 

pore-containing membrane, as calculated for an unstrained system and isotropic strains of 0.01 and 0.02. 

The pore plane is at Z = 0. Inset a describes radial pore dilation in terms of the time-averaged values of R1 

and R2 as functions of isotropic lattice strain (see section S1 of the SI for comparison with DFT 

calculations). Inset b shows the time-averaged water densities (averaged over XY-slices parallel to the 

membrane) as functions of distance from the membrane for different values of isotropic strain. 

Significant changes in K+ permeation in response to strains are expected, given the free energy 

curves shown in Fig. 3. For ultra-narrow pores allowing permeation of strictly one ion at a time, the 

single-channel current 𝐼𝑖𝑜𝑛 is of order 𝑞/𝜏 [31], where q is the ionic charge and 𝜏 is the average ion 

transition time. The latter is 𝜏𝑑 + 𝜏𝑎, where 𝜏𝑑 is the characteristic dissociation time, i.e. the average time 

spent by an ion trapped in the pore, while 𝜏𝑎 is the association time, or the time taken by the ion to enter 

the pore from bulk solution. From transition state theory, 𝜏𝑑 ∝ exp (
∆𝐺𝑡𝑜𝑡

𝑘𝑏𝑇
) and 𝜏𝑎 ∝ (

1

𝑐
) ×  exp (

∆𝐺ℎ𝑦𝑑

𝑘𝑏𝑇
), 

where c is the bulk salt concentration, ∆𝐺𝑡𝑜𝑡 is the “peak-to-peak” free energy difference in Fig. 3, ∆𝐺ℎ𝑦𝑑 

is the height of the peak at Z ≈ 0.3 nm, and 𝑘𝑏 and T are the Boltzmann constant and the system 

temperature (300 K), respectively. For an ion strongly binding to the pore (e.g. K+), at sufficiently large 
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ion concentrations, 𝜏𝑑 ≫ 𝜏𝑎 and thus 𝐼𝑖𝑜𝑛 ∝ exp (−
∆𝐺𝑡𝑜𝑡

𝑘𝑏𝑇
). From Fig. 3, ∆𝐺𝑡𝑜𝑡 decreases from 21.2 

kJ/mol in the unstrained case to 17.2 kJ/mol at 𝜀 = 0.01 and 15.7 kJ/mol at 𝜀 = 0.02, resulting in an 

average 𝛿∆𝐺𝑡𝑜𝑡 = 2.75 kJ/mol per one percent of isotropic strain. Therefore, permeation under infinitely 

low transmembrane bias can be expected to increase by a factor of order exp (
𝛿∆𝐺𝑡𝑜𝑡

𝑘𝑏𝑇
) ≈ 3 per 0.01 strain 

increment, or ~9 between 𝜀 = 0 and 𝜀 = 0.02.  

Ionic permeation across the membrane in the system shown in Fig. 2 was simulated in response to 

a biasing electric field Ez, which was varied from 0 to 100 MV/m in 10 MV/m increments (also, see 

Methods). Simulated currents as a function of transmembrane field, for various isotropic strains are 

shown in Fig. 4a. The main dataset is for 0.5 M KCl, while the inset shows currents normalized with 

respect to 𝐼𝐾+(𝜀 = 0) as functions of isotropic strain for various salt concentrations at Ez = 30 MV/m. 

Indeed, the effect of strains on current is significant: for 0.5 M KCl a ratio of ~11 between the unstrained 

case and 𝜀 = 0.02 is reached at Ez = 30 MV/m, reasonably close to the earlier ∆𝐺𝑡𝑜𝑡-based estimate of ~9. 

At low fields, small lattice strains essentially switch on permeation. From the inset in Fig. 4a, it is evident 

that the strain-induced current enhancement does not depend on the salt concentration, confirming that 

permeation is indeed dominated by dissociation for ions interacting strongly with the crown pores. The 

provided exponential fit 
𝐼

𝐾+(𝜀)

𝐼𝐾+(𝜀=0)
= 𝑒µ𝜀 with a constant sensitivity to strain of µ = 127.5 suggests a linear 

dependence 𝛿∆𝐺𝑡𝑜𝑡(𝜀) = (µ𝑘𝑏𝑇)𝜀. Assuming that an order of magnitude change in current corresponds 

to channel activation, the sensitivity observed here is similar to that of mechanosensitive biological ion 

channels, where membrane tension of several mN/m [10] or 𝜀 ≈ 0.01 [32] is typically needed to achieve 

half-activation. The stress required for graphene to reach this level of strain is a few N/m [33], naturally 

larger than that for a fluidic lipid membrane. This high stiffness offers the promise of considerably faster 

switching of permeation via graphene-embedded pores in comparison with their biological counterparts. 
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Figure 4. Single-pore K+ currents as functions of transmembrane field Ez for isotropic (a) and anisotropic 

(b) strains (0.5 M KCl). The inset in (a) shows normalized currents as functions of isotropic strain 𝜀 for Ez 

= 30 MV/m for KCl concentrations of 0.15 M, 0.5 M, and 1 M, along with an exponential fit to the 

simulated data. Normalization in the inset is with respect to current at 𝜀 = 0 for each corresponding 

concentration. No Cl- permeation was observed. 

The effect of strain is not limited to isotropic stretching, as shown in Fig. 4b. Uniaxial strains 

result in considerable current changes compared with 𝜀 = 0. Further, each uniaxial component contributes 

approximately half of the current change observed for isotropic strain of the same magnitude. This 

finding, although somewhat expected for a hexagonal pore symmetry, is especially promising, given that 

applying isotropic strains to atomically thin membranes can be experimentally challenging. 

To understand the mechanisms behind the observed changes in energetics driving the effects of 

strain on permeation, we recall the Gibbs free energy results in Fig. 3. Consider the ion-pore binding free 

energy ∆𝐺𝑏, which corresponds to the Z ≈ 0 minimum, relative to bulk solution. The strain-induced 

upwards shift of ∆𝐺𝑏 is particularly interesting, being caused directly by pore dilation. For a 0.01 

increment in isotropic strain, binding is weakened by an average value of ~5 kJ/mol. Although the Gibbs 

free energy is comprised of the ion-membrane, ion-water, water-membrane, and water-water 

contributions, we posit that the strain-induced shift in ∆𝐺𝑏 arises mostly from the changes in ion-

membrane and ion-water interactions. Further, we assume that most of these small, yet important changes 

are contributed at short range, which reduces the ion-membrane contribution to the ion-pore component. 

Conveniently, the MD methodology allows effective decoupling of pairwise interactions and we test our 
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hypothesis by considering the changes in the ion-pore and ion-water interaction energies, as well as their 

sum, as functions of isotropic strain.  

 

 
Figure 5. Ion-pore and ion-water interaction energies as functions of isotropic strain 𝜀, offset by the 

corresponding values at 𝜀 = 0 (a) and XZ slice of the time-averaged 3D water density at Y corresponding 

to the center of the pore for 𝜀 = 0 (b). In b, outlines of the geometric structures and the corresponding 

dimensions are added to clarify discussion in the text. 

The time-averaged results for a K+ ion trapped in the crown pore at 300 K are shown in Fig. 5a, 

except for ∆𝐸𝑖𝑜𝑛−𝑤𝑎𝑡𝑒𝑟, denoted as “calculated” (white triangles, blue outline), which will be discussed 

later. Note that the 𝜀 = 0 case is our reference and thus for clarity all plots have been offset by the 

corresponding zero-strain values (negative in all cases). From Fig. 5a, (∆𝐸𝑖𝑜𝑛−𝑝𝑜𝑟𝑒 +

∆𝐸𝑖𝑜𝑛−𝑤𝑎𝑡𝑒𝑟) (green circles) linearly shifts upwards by ~5 kJ/mol for 1 % of strain increase, in support of 

our selection of the primary contributors to the changes in ∆𝐺𝑏. Importantly, the ion-pore electrostatic 

interaction expectedly weakens from pore dilation, while the ion-water interaction strengthens.  

This apparent water “sealing” can be understood using purely geometric considerations. Consider 

the XZ-plane slice of the three-dimensional water distribution shown in Fig. 5b.  Regions inaccessible to 

water can be seen in the blue low-density areas, while two hydration shell sectors on each side of the 

membrane appear as red. The latter is essentially the ion’s first hydration shell, partially restricted by the 

surrounding confinement. The short-range part of 𝐸𝑖𝑜𝑛−𝑤𝑎𝑡𝑒𝑟 can be estimated from the corresponding 

geometry and we define  
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𝐸𝑖𝑜𝑛−𝑤𝑎𝑡𝑒𝑟,𝑠𝑟 = 𝛼𝐸𝑠1,     (1)  

where 𝛼 is the solvent accessibility factor equal to the ratio between the total surface area of the two 

spherical sector caps in Fig. 5b and that of a full sphere. The constant 𝐸𝑠1 = -272 kJ/mol is the 

independently simulated energy of ion-water interaction contributed by the first hydration shell in bulk 

solution for TIP4P water [34, 35]. Eq. (1) can be used to estimate the change in the short-range solvation 

of the ion from strain-induced dilation of the pore. Pore dilation widens the space available to both ion 

and solvent, and modifies the ion’s out-of-plane vibrational amplitude via effects on electrostatic ion-pore 

interactions and damping by solvent. The accessibility factor (see SI for the derivation) is: 

𝛼 = [1 −
ℎ𝑑

4𝛥ℎ2+𝑑2 + 2𝛥ℎ
√4𝛥ℎ2+𝑑2−ℎ2

4𝛥ℎ2+𝑑2 ],   (2) 

where h ≈ 0.35 nm is as defined in Fig. 5b and the strain-dependent 𝛥ℎ of order 0.03 nm is half the 

trapped ion’s root-mean-square displacement in the Z direction relative to the pore plane. We obtained 𝛥ℎ 

and d as functions of 𝜀 (inset of Fig. S4 in the SI and inset a of Fig. 3, respectively) and evaluated Eq. (1) 

directly. The results for 𝐸𝑖𝑜𝑛−𝑤𝑎𝑡𝑒𝑟 offset by the value at 𝜀 =  0 are shown in Fig. 5a, denoted as 

“calculated,” in excellent agreement with the simulated data. The statistically significant increase of ion-

water coordination in response to strain is further confirmed by the radial distribution functions for 

crown-bound K+ (Fig. S4 in the SI). A “continuum” view of the effect of strain on the total energy of the 

ion’s interaction with its immediate surroundings is as follows: (𝐸𝑖𝑜𝑛−𝑝𝑜𝑟𝑒 + 𝐸𝑖𝑜𝑛−𝑤𝑎𝑡𝑒𝑟) is described by 

Coulomb’s law in a polarizable medium as 
6𝑞𝐾+

𝜀𝑚
(

𝑞O

𝑅1
+

2𝑞C

𝑅2
) (𝑞O and 𝑞C are the crown’s oxygen and 

carbon atomic charges, respectively). The subtlety here is that the strain-induced effect is not solely from 

the geometric effect of pore dilation, but also from the dilation-induced modification of the effective local 

dielectric constant 𝜀𝑚. The discussion above presents an unambiguous example of the subtle, yet 

profound role played by ion microsolvation in aqueous nanoscale systems. Although biological ion 

channels also rely on electrostatics and local solvation to achieve their function [36], there are marked 

differences for the observed mechanosensitivity in graphene-embedded crown pores. As presented, they 
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include sensitive, predictable transduction of lattice strain into pore dilation and ions’ symmetric exposure 

to solvent upon complexation due to extreme thinness of the membrane. 

Our discussion so far considered the K+ ion, which binds strongly to the 18-crown-6 pore. For the 

weakly interacting Na+, 𝜏𝑑 is already small and thus Na+ permeation should be significantly less sensitive 

to pore dilation. This proposition is supported by the data in Fig. 6, where the effect of strain on 

permeation is shown to be virtually non-existent. The qualitative difference between the effects of strain 

on the permeation of strongly and weakly interacting ions across graphene-embedded crowns suggests the 

possibility of strain-tuned sieving of ion mixtures, similar to that occurring in biological ion channels. 

Partial cation currents in the simplest scenario of a KCl+NaCl salt mixture are shown in the inset of Fig. 6 

as functions of isotropic 𝜀. At 𝜀 <  0.01, K+ ions “clog” the membrane strongly and thus Na+ flow is 

commensurate with potassium’s dissociation time. At larger values of strain, permeation becomes more 

competitive (see section S3 of the SI) and overall results in increasing K+ selectivity (
𝐼

𝐾+

𝐼𝑁𝑎+
≈ 2.4 at 𝜀 =

0.02). 

 

Figure 6. Single-pore Na+ currents from 0.5 M NaCl as functions of transmembrane field Ez for the 

unstrained case and isotropic 𝜀 = 0.02. The inset shows partial K+ and Na+ currents in a 0.5 M KCl + 0.5 

M NaCl mixture as functions of 𝜀; the dash-dotted lines are visual guides. 
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Like biological potassium channels, such as the KcsA protein, ion selectivity (K+ over Na+) of the 

graphene crown ether pore is driven by the water-mediated strength of interaction between the pore and 

each ion species, relative to ionic interactions with bulk environment [36]. The flexibility of the carbonyl 

backbone of the KcsA channel has been shown to allow effective deformation of the pore, reducing the 

permeation barrier for K+ relative to that of Na+ [36].  Pores in graphene are clearly more rigid in-plane so 

that no significant deformation caused by the local electrostatics occurs. Advantageously for practical 

applications, however, this rigidity of the graphene-embedded crown allows precise transduction of 

externally applied lattice strain into the pore deformation.   

In summary, we presented a highly mechanosensitive ion-permeable 2-D membrane owing its 

properties to a subtle combination of the crown effect’s sensitivity to cavity size, direct transduction of 

lattice strain into pore dilation, and the accompanying microsolvation effects. Although the presented 

system does not appear to have direct biological analogs, it provides an excellent insight into the effects 

of local electrostatics and microsolvation at the nanoscale, known to fundamentally underlie the function 

of numerous protein ion channels. With ion type-dependent significant changes in permeation arising 

from small tensile strains, possible applications include nanoscale strain sensors, strain-gated ionic 

transistors and nanofluidic logical devices, as well as sensing and sieving in ionic mixtures. In addition, 

crown-porous membranes can be used as a highly sensitive platform for microsolvation studies. Similar 

mechanosensitivity, with a possibly richer variety of effects from ion solvation, may be obtained with 

other atomically thin materials, especially the relatively hydrophilic MoS2 monolayers. 

Methods  

The bonded interactions in the graphene model used here were described [37] and utilized [22, 

38, 39] earlier. Intermolecular interactions were modeled according to the OPLS-AA forcefield [40, 41]. 

The partial atomic charges for oxygen (𝑞O=-0.4e) and carbon (𝑞C=+0.2e) atoms in the crown cavity were 

confirmed using the CHELPG scheme [42] at the HF/6-31+G(d) theory level, performed using Gaussian 

09 software [43]. Crown’s response to isotropic strain was independently simulated using static DFT 

calculations, set up with Perdew, Burke and Ernzerhof (PBE) exchange functional [44], Gaussian plane-

wave pseudopotentials [45, 46], and the DZVP basis set [47]. D3 non-local corrections [48] were applied 

to account for polarization. DFT calculations were performed using the CP2K package [49]. 
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For MD simulations, the TIP4P model [34, 35] was used to represent water molecules. All MD 

simulations were performed using GPU-accelerated GROMACS v. 2018 software [50, 51]. Prior to 

production runs, all systems underwent 5 ns long semiisotropic (constant XY box size) NPT relaxation at 

T = 300 K and p = 0.1 MPa with a time step of 1 fs and periodic boundaries in XYZ. Each production 

simulation of ionic permeation at a given transmembrane bias field was performed in the NVT ensemble 

with a time step of 2 fs for 200 ns. Each current value was obtained as the slope of a straight line fitted to 

the cumulative charge flux across the membrane as a function of simulated time. Gibbs free energies were 

calculated as potentials of mean force using the Weighted Histogram Analysis Method [52] from 30 

solvated ion position configurations along the Z-direction relative to the plane of the crown pore, spaced 

by 0.05 nm (0 < Z < 1.5 nm), each sampled for 8 ns. Each sample included the crown nanopore and the 

surrounding graphene membrane within a cylindrical region of 1.6 nm diameter.  
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