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ABSTRACT 

Ionic selectivity in nanopores is usually based either on steric or charge exclusion mechanisms. 

By simultaneously incorporating both mechanisms into a functionalized membrane, an 

improved control over selectivity can be achieved. We describe the fabrication and 

experimental characterization of alkali metal cation-selective nanopores in heavy ion-tracked 

polyimide (PI) membranes using the soft-etched (SE) technique. The latent ion tracks in the PI 

membrane are selectively dissolved by an organic solvent to form tiny pores without affecting 

the bulk material. The ionic transport properties of SE-PI membranes are characterized using 

different electrolyte solutions containing alkali metals, divalent metals, and organic cations 

under symmetric and asymmetric electrolyte conditions. Under symmetric conditions, the pores 

exhibit ohmic behavior when exposed to alkali metal chlorides and ammonium chloride 

solutions while divalent cations cannot pass through the pores as evidenced from the current-

voltage curves. For the case of asymmetric electrolyte conditions, current rectification suggests 

pore blockage from the side of membrane exposed to divalent cations and tetraalkylammonium 

(TAA) cations. The experimental data show that the SE-PI membranes efficiently discriminate 

alkali cations from divalent metal cations and ammonium cation from TAA cations. The ionic 

conduction of the membranes is also sensitive to the mole fraction of Ca2+ in multi-ionic 

solutions. The ionic transport experiments further confirm that the nanopores allow significant 

alkali cation fluxes while rejecting divalent cations. Based on the good stability and high 

selectivity, the solvent treated PI membranes constitute remarkable candidates to be employed 

in applications concerning a wide range of electrolyte solutions. 

 

Keywords: heavy ion irradiation, track-etching, ionic transport, synthetic 

nanochannels, polymer membranes, nanofluidics 
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Introduction 

Ion channels and biological pores regulate the ionic permeation across the cell membrane 

allowing communication within the cells, nerve conduction, and signal propagation [1]. 

Because of their subnanometer diameter and the functional groups lining the channel cavity, 

they have the ability to selectively pick-up and transport specific ions, while preventing the 

passage of others [1-3]. Biomimetic membranes exhibiting both chemical and mechanical 

robustness require the functionalization of pores with diameters in the nanometer and 

subnanometer range [4, 5]. In the recent decade, synthetic nanoporous membranes have been 

used in sensing and actuating [6-15], controlled release [16-20], and energy conversion [21-

29].  

Track-etched polymer membranes show high flexibility and stability under rather 

demanding conditions. However, chemically track-etched polyethylene terephthalate (PET), 

polycarbonate (PC), and polyimide (PI) membranes typically show pores with diameters of the 

order of tens of nanometers which limit their use in the separation of small ions and molecules. 

To date, several attempts have been made to tune down the pore diameter in order to enhance 

ionic selectivity. For example, Balme and coworkers have demonstrated the preparation of 

hybrid biological/artificial solid-state membrane for the selective permeation of alkali ions [30, 

31]. The track-etched membranes have been modified by the inclusion of gold nanotubes 

through electroless deposition technique to reduce the pore diameter [32-34]. The tuning of 

pore size and surface properties has also been achieved by coating the pore surface with metal 

oxides using atomic layer deposition (ALD) technique [35-37]. Other nanopores use an 

atomically thin graphene layer supported on a PET membrane prepared by irradiation with swift 

heavy ions [38, 39]. Alternatively, the pore diameter can be tuned by grafting stimuli-responsive 

polymer brushes on the inner pore surface [40-44]. However, pore diameters required to 
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efficiently discriminate among alkali metal cations or between mono- and divalent metal 

cations are difficult to achieve. 

Recently, Wang and co-workers reported the fabrication of subnanometer pores in 

heavy ion irradiated PET membrane by using the track-UV technique, thus obtaining high 

cation selectivity and discrimination between mono- and divalent metal cations [45, 46]. 

Moreover, Lu et.al. demonstrated the fabrication of rectifying channels by growing metal-

organic frameworks (MOF) inside PET nanopores and obtained high ionic selectivities [47]. 

The pores prepared by track-UV or MOF techniques exhibit efficient alkali metal ion transport, 

showing also high discrimination between mono- and divalent cations.   

Among polymers, polyimide (PI) has the ability to maintain its physical, chemical, 

electrical and mechanical properties over a wide range of temperatures from −269 °C to +400 

°C, and is almost insoluble in all organic solvents [48]. Moreover, PI also exhibits high stability 

toward ion irradiation [49]. Therefore, based on the high chemical, electrical and heat resistance 

as well as mechanical stability, PI is a good candidate for a heavy ion track membrane in 

different fields [18, 50].  Despite of its high stability, however, the chemical etching of ion 

tracks in PI membranes requires harsh conditions compared to the case of the PC and PET 

membranes and, in particular, it is challenging to obtain membrane pores in the subnanometer-

nanometer range. 

We describe here the fabrication and characterization of PI membranes irradiated with 

different heavy ion fluences. In a typical chemical etching of ion tracked PI membrane with 

NaOCl, covalent bonds are broken by the active chlorine during the channel fabrication process. 

In this study, we have introduced a unique solvent-assisted nanochannels fabrication in PI 

membranes. In this technique, the molecular fragments in the damaged ion trails of heavy ions 

forming the latent tracks are selectively dissolved and extracted out by the organic solvent 

(EtOH, MeOH, DMF, etc) to form the nanochannels without affecting the bulk material. No 
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covalent bonds are broken, only van der Waals and hydrogen bonds. This solvent-assisted 

dissolution of the ion tracks is referred to as the soft-etching (SE) method (see Scheme 1). The 

ionic conduction behavior of the SE-PI membrane is subsequently studied using aqueous 

solutions of alkali, divalent metal, and alkylammonium chlorides under symmetric (same 

solution of both sides) and asymmetric (one side of the membrane is exposed to either KCl or 

NH4Cl solution while the other side is exposed to different divalent (M2+) metal chloride or 

R4NCl solutions) electrolyte conditions. In the symmetric case, the membranes exhibit ohmic 

behavior towards alkali solutions, showing high cation-selectivity and transmembrane ionic 

currents. On the contrary, divalent cations show a drastic current decrease because of nanopore 

blockage. For the case of asymmetric electrolyte conditions, current rectification and divalent 

cation blockage is obtained, thus suggesting that the SE-PI membranes can efficiently 

discriminate between alkali and divalent metal cations. Moreover, they can also discriminate 

the monovalent organic cations, i.e., ammonium (A+), tetramethylammonium (TMA+), 

tetraethylammonium (TEA+) and tetrabutylammonium (TBA+). The ionic conduction under 

acidic and neutral pH conditions, together with the reduced conduction observed in different 

metal anion solutions, suggest that the pore surface contains negative charges. Additional 

permeation experiments further confirm that the nanopores can transfer alkali cations and reject 

divalent cations. 

 

 

Heavy ion irradiation organic solvent

ion track formation soft-etching of ion tracks
nanoporous PI 

membrane
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Scheme 1. Scheme representing the nanopore fabrication through soft-etching (SE) technique in a heavy 

ion-tracked polyimide membrane. 

 

 

Results and discussion 

Ionic selectivity in nanopores (biological or synthetic) is caused either by: (i) steric 

exclusion (only the ions with certain size are allowed to pass through the pore) or by (ii) charge 

exclusion (electrostatic interactions between charged moieties on the inner pore surface and 

translocating ions). Ionic selectivity control can be achieved by taking into account these 

parameters. The transport data suggest that the PI membranes obtained with the SE technique 

(Scheme 1) show effective pore diameters that are close to the combined size of the hydrated 

alkali metal cations and the native chemical moieties forming the pore charge. 

When the irradiated membranes are soaked in organic solvents, the solvent molecules 

penetrate easily in the ion tracks and selectively dissolve the damaged material, leading to the 

formation of the nanopores. To facilitate the removal of dissolved material, a voltage of 3 V is 

applied across the membrane until the current become stable (time ~15 min), as shown in 

Figures S1(A) and (B). We proceed then to obtain the membrane I−V characteristics and ionic 

conductance for the DMF-treated membranes (Figures 1(A)−(D)). These data suggest that DMF 

can dissolve the damaged material in the ion track throughout the whole membrane length. 
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Fig. 1. I−V curves (A) and ionic conductances at 2 V (B) for a 100 mM KCl solution in the cases of 

membranes fabricated using different organic solvents at a fluence 109 ions/cm2. The inset shows the 

I−V curves and conductances for membranes treated with less polar solvents.  I−V curves (C) and ionic 

conductances at 1 V (D) for a 100 mM KCl solution in the cases of DMF-treated membranes irradiated 

with different ion fluences (in ions/cm2). The inset shows the I−V curves and conductances for 

membranes irradiated with low ion fluences. Note that the PI membranes employed to study the effect 

of solvent and irradiation fluence are soft-etched for ~ 24 ± 2 hrs at room temperature (~22°C). 

 

Moreover, we have studied the effect of different solvents on the soft-etching of 

nanopores in the PI membrane. Figures 1(A) and (B) show the I-V curves and ion conductances 

obtained by soaking the membrane in different solvents under the same experimental 
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conditions. The membranes exposed to DMF and DMSO exhibit much higher conductances 

than those of the other solvents because their high polarities allow to dissolve and extract 

efficiently the radiolysis products from the ion tracks. The linear I−V behaviour of the 

membrane soft-etched with DMF and DMSO indicate the symmetric dissolution of ion track to 

generate cylindrical subnanometer pores Figure 1(A). While, the membranes exposed to other 

solvent exhibit qausi-linear I−V curves (a characteristic of bi-conical shaped pores) shows that 

the ion track dissolution at the pore opening is higher compared to the interior on the membrane. 

The DMF based SE technique also allows the fabrication of pores even in the 25 and 50 µm 

thick membranes. Figures S2(A) and S2(B) show the successive decrease in ion current flow 

and conductance obtained by increasing the membrane thickness. Note that the imaging of such 

subnanometer pore under SEM is not possible because of the charging of the membrane surface 

at low resolution. Therefore, the value of transmembrane ion current and conductances 

confirmed the formation of tiny pores in PI membrane through soft-etching technique.  

We have studied also the effect of ion fluence on the I-V curves (Figure 1(C)) and the 

respective conductances Figure 1(D). In contrast to UV-track technique [45, 46], we have 

observed a non-linear increase of the ionic conductance with fluence in our SE method. It is 

likely that irradiation at high fluences leads to overlapping of the latent tracks [18], leading to 

more damage of polymer chains and radiolysis products in the ion tracks. The membrane 

polarity is thus enhanced, offering more favourable conditions for the polar solvents to 

efficiently dissolve the damaged regions, which allows a successful transformation of the latent 

tracks into nanopores without UV irradiation of the membrane (Figure S2(C)) [45, 46].  Also, 

the ohmic behavior shown by the linear I−V curves suggest the homogeneous dissolution of 

latent tracks (Figures 1(A) and (C)). The significant increase of ion current with the electrolyte 

concentration further confirms the formation of nanopores in the PI membrane with SE 

technique (Figure S2(D)). Moreover, we have also studies the effect of temperature and 
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exposure time on the dissolution of ion tracks in SE-techniques (Figure S3). The I−V data 

provided in Figure S3 shows that soft-etching of PI membrane at 50°C exhibits drastic increase 

in the ion current compared to the membrane soft etched for about four weeks at room 

temperature. This shows that at high temperature the dissolution of ion tracks is much faster 

than at room temperature using DMF solvent.  

We study now the ionic conduction characteristics of the membrane in aqueous electrolyte 

solution of alkali metal chlorides (LiCl, NaCl, KCl, RbCl and CsCl), divalent metal chlorides 

(MgCl2, CaCl2, ZnCl2) and ammonium chlorides (NH4Cl, TMACl, TEACl and TBACl). Figures 

2(A)−(F) show the I−V curves of membranes treated with MeOH and DMF under symmetric 

electrolyte conditions. Figures 2(A) and (B) demonstrate that the pores discriminate 

monovalent cations from divalent cations. While alkali cations are transported across the 

membrane, the divalent cations show significantly low ionic currents. This fact suggests a 

comparatively low surface conductance as opposed to bulk ionic conductance and/or a partial 

blocking due to the presence of a relatively high concentration of divalent ions at the negatively 

charged pore entrance.1, 39, 40 
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Fig. 2. I−V curves and normalized ion currents of MeOH- and DMF-treated membranes for 100 mM 

alkali and divalent metal chloride solutions (A−C) and 100 mM alkylammonium chloride solutions 

(D−F) under symmetrical conditions. The inset show schemes of the experimental setup and the ionic 

transport and rejection processes that occur at positive and negative voltages. Note that the voltage V is 

defined as the potential difference between the right and left solutions. 

 

Figures 2(A) and (B) clearly show that the membrane conductance trend follows the bulk 

conductivity of alkali metal chloride solutions. On the contrary, the low ionic conductances 

obtained for all divalent metal chlorides do not correlate with the bulk conductivity (Figure S4) 

of the solutions confirming further that alkali but not divalent metal cations can permeate 

through the subnanometer pores. The ionic conduction of the MeOH- and DMF-treated 

membranes can be compared by defining a normalized ion current I0 obtained as the ratio of 

the different metal chloride currents to the KCl current at voltage 2 V. From the I0 values of 

  

  

+ +
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Figure 2(C), we conclude that both MeOH- and DMF-treated membranes exhibit similar 

conduction characteristics and can discriminate between alkali and divalent cations very 

efficiently. As expected, the PI membranes obtained by SE method provide high ion currents 

even at relatively low electrolyte concentrations (100 mM) and voltages (1 V) compared with 

the case of the UV-track membranes at high concentrations (1M) and voltages (10 V) [45, 46]. 

We have also analyzed the transport of organic ammonium cations in Figures 2(D)−(F). 

The membranes conduct ammonium (A+) similarly to potassium (K+) because of their almost 

identical ionic conductivities and diffusion coefficients. Among all the organic cations studied 

here, A+ exhibits the highest ion current while a significant current decrease is noticed on 

replacing the hydrogen atoms of central nitrogen atom in ammonium with alkyl (methyl, ethyl 

and butyl) moieties. For the case of DMF-treated membrane, the highest current corresponds to 

A+ to because of its relatively small size and lower hydrophobicity compared with those of 

TMA+, TEA+ and TBA+ [51]. As expected, the ion current and conductance decrease in the 

order A+ > TMA+ > TEA+ >˃ TBA+. For the case of MeOH-treated membrane, however, a 

significant decrease in the current was observed even for the TMACl solution, suggesting the 

blockage of pores. This shows that the effective pore diameter of the MeOH-treated membrane 

is smaller than that the DMF-treated ones, as suggested also by Figures 2(A)−(C). In the case 

of Figures 2(D)−(F), the current decreases should be attributed to the effects of cation size and 

solvation, as well as to the partial blockage due to the adsorption of the bulky organic cations 

on the pore entrance. Thus, the PI membranes obtained by soft-etched technique can 

discriminate not only between alkali cations and divalent cations but also between organic 

cations of different size and hydrophobicity. Other data showing the changes in the ionic 

conductance of the MeOH- and DMF-treated membranes with respect to the bulk conductivity 

of ammonium chloride are shown in Figure S5. On the other hand, for the PI membrane 

prepared by traditional chemical track-etching technique (NaOCl as an etchant) the obtained 
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transmembrane ionic currents and conductances of alkali, divalent and alkylammonium 

chlorides are correlated with the bulk conductivity of the solutions which shows that all the 

metals and organic cations can flow across the membrane (Figure S6). 

Figures 3(A)−(F) show the behavior of SE-PI membranes under asymmetrical electrolyte 

conditions. Here, one side of the membrane is exposed to the KCl or NH4Cl solutions while the 

other side is in contact with different metal or ammonium chloride solutions. The current 

rectification observed under asymmetric conditions (Figures 3(A)−(C)) suggests that high 

currents are obtained when the monovalent cations are forced to the pore (V > 0, monovalent 

pore mode) while low currents correspond to forcing the divalent cations (V < 0, divalent pore 

mode), Figures 3(A) and (B). For the case of Figures 3(D)−(F), the ammonium ions can pass 

through pore leading to high currents at V > 0. On the contrary, the bulky cations cannot pass 

through the pore at V < 0 which leads to current rectification. Figure 3(F) clearly shows an 

increase in the rectification with the ammonium cation size.  
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Fig. 3. I−V curves of MeOH- (A) and DMF (B) -treated membranes in metal chloride solutions under 

asymmetrical conditions. One side of the membrane (working electrode, WE) is exposed to a 100 mM 

KCl solution while the other side (ground electrode, GE) is exposed to 100 mM different divalent (M2+) 

metal chloride solutions. Rectification of the MeOH- and DMF-treated membranes in metal chloride 

solutions (C).  I−V curves of MeOH- (D) and DMF (E) -treated membranes in alkyl ammonium chloride 

solutions under asymmetrical conditions. One side of the membrane is exposed to a 100 mM NH4Cl 

solution while the other side is exposed to 100 mM different alkylammonium chloride solutions. 

Rectification of the MeOH- and DMF-treated membrane in alkylammonium chloride solutions (F). The 

insets show schemes of the experimental setup and the ionic transport and rejection at positive and 

negative voltages. 

 

To better show the effects of the electrostatic interaction and size of metal cations, we 

have also considered the case of neutral and acidic conditions (Figure 4(A)). PI nanopores are 

negatively charged due to the presence of functional moieties on the pore surface that are 

  

  

(F)

+ 2+2+

+ + + +

2+
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generated during the chemical track-etching process [52, 53]. In the case of membranes 

obtained by soft-etch technique, the pores are also negatively charged and the accumulation of 

divalent cations at the pore entrance causes a partial blocking in the nanopore. Under acidic 

conditions, however, the pore surface becomes neutral and cannot interact electrically with the 

metal cations. Figure 4(A) shows the pH-dependent ionic conductance of solvent treated 

membranes obtained from the corresponding I-V curves of Figures S7(A) and (B). For the case 

of alkali cations, the conductance is decreased at acidic compared with neutral conditions due 

to the loss of cation-selectivity in the uncharged pore. On the contrary, a slight increase in the 

ionic conductance is noticed in acidic solutions of divalent metal cations compared with the 

case of neutral conditions. This suggest a negligible electrostatic interaction between divalent 

cations and pores. Figure 4(A) also shows that neutral pores still discriminate the alkali from 

divalent cations even under acidic conditions, suggesting again a nanoscale pore diameter. 
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Fig. 4 Ionic conductance of DMF-treated membranes in 100 mM metal chloride solutions at 2 V under 

close to neutral and acidic conditions (A). Ionic conductance of DMF-treated membranes in aqueous 

electrolyte solutions with different anions at 2 V (B). 

 

The ionic conductances of different anions in the DMF-treated membranes shown in 

Figure 4(B) are obtained from the respective I–V curves of Figure S7(C). In this experiment, 

sodium salts with the anions nitrate (NO3ˉ), chlorate (ClO4ˉ), acetate (OAcˉ), and potassium 
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salts of chloride (Clˉ), bicarbonate (HCO3ˉ), hexafluorophosphate (PF6ˉ), sulfate (SO4
2−), 

hydrogen phosphate (HPO4
2−), and citrate (C6H5O7

3−) are prepared in water at physiological pH 

conditions. Figure 4(B) shows that the membrane conductance series for the different 

electrolytes correlate with their bulk conductivity values shown in Figure S7(D) except for the 

case of trivalent citrate anion. In general, the anions are excluded from the negatively charged 

pores and do not interfere with the transport of cations, confirming again the cation-selective 

behavior of SE-PI membranes.  

Because of the relevant role of the calcium and potassium cations in biological [46] and 

artificial pores [46], we consider now multi-ionic systems in the  SE-membranes. Figures 

5(A)−(F) show the I–V curves and the normalized ionic conductance G0 in electrolyte solutions 

with different mole fractions (XCa) of Ca2+ under symmetric and asymmetric conditions. By 

increasing XCa, the membrane is converted from the monovalent to the divalent cation form at 

both V > 0 and V < 0 for symmetric conditions (Figures 5(A)−(C) and S8). Note the abrupt 

decrease of the membrane currents with XCa, in contrast with the increase of the bulk 

conductivity with XCa shown in Figures S8(A)−(D) [46]. First, the surface conductance of the 

divalent ions [46] should be lower than that of the monovalent ions [54] because of the strong 

interaction with the negatively charged groups on the pore surface which may also give local 

charge inversion phenomena [55]. Second, an effective electrostatic blocking due to the 

accumulation of divalent cations at the negative pore entrance can slow down the ions access 

and progression through the membrane. These effects have been qualitatively accounted for in 

Figure 5(C) by fitting the experimental data to the phenomenological equation G = G0/(1 + 

KXCa) where G0 is the reference conductance measured at XCa = 0 and K is an empirical constant. 

The small difference between the two curves obtained at positive and negative voltages 

probably reflects an inherent asymmetry of the presumed cylindrical pore. 
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For the case of asymmetric conditions (Figures 5(D)−(F) and S9), the observed current 

rectification suggests that high currents correspond to forcing the potassium cations to the pore 

(V > 0, monovalent pore mode) while low currents correspond to forcing the calcium cations to 

the pore (V < 0, divalent pore mode), in agreement with Figures 3(A) and (B). Figure 5(F) 

shows that the currents obtained in Figures 5(D) and (E) for the monovalent pore mode (V > 0) 

do not depend on the XCa value in clear contrast with the divalent pore mode (V < 0). Note that 

the fitting of the experimental data to the same phenomenological equation used in Figure 5(C) 

permits the determination of the unique parameter (K) introduced in Figure 5(F), which is of 

the order of 10 for most of the measured G vs. XCa curves. This empirical constant constitutes 

a measure of the strong interaction of the divalent cations with the pore charge groups and 

suggests that the accumulation of divalent cations at the negative pore entrance can slow down 

the access and progression through the membrane.   
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Fig. 5. I−V curves and KCl-normalized conductance of MeOH- and DMF-treated membranes at 

different Ca2+ mole fractions with [KCl + CaCl2] = 100 mM under symmetric (A−C) and asymmetric 

(D−F) electrolyte conditions. 

 

To investigate further the ion selectivity of the SE-membranes to alkali and divalent 

metal cations, we have also conducted the transport experiments. The experimental data shows 

that SE-PI membrane are not able to differentiate in between alkali cations, i.e., they can freely 

permeate across the membrane. Therefore, for permeation experiment only KCl is used to 

investigate the monovalent ion selectivity and discrimination ability of the membrane towards 

divalent cations.  To this end, the membrane separates the metal chloride feed solution (1 M) 

from the deionized water permeate solution. In this case, the transport of ions occurs because 

of the concentration gradient without applying any external field. The ionic permeation is 

monitored by the concentration increase in the permeate solution which is obtained from the 

electrical conductivity at prescribed time periods (Figure 6(A)). In the case of KCl, the permeate 

solution conductivity increases rapidly compared with those of the divalent metal chloride 

solutions, showing again that these pores conduct K+ ions efficiently and reject divalent metal 

cations. A measure of the monovalent/divalent selectivity is the KCl salt flux scaled to the 

CaCl2, MgCl2, and ZnCl2 salt fluxes (Figure 6(B)). These ratios are obtained from the slope of 

the conductivity versus time experimental data (Figure 6(A)) and show again a significant 

selectivity towards the cation charge number. 



 19 

 

Fig. 6. Permeate conductivity versus time as a measure of metal cation transport from a feed 1 M metal 

chloride solution through a DMF-treated membrane (A) and the resulting KCl salt flux scaled to the 

CaCl2, MgCl2, and ZnCl2 salt fluxes, JKCl/JMCl2, where M denotes the divalent cation (B). This ratio of 

experimental fluxes is a measure of the monovalent/divalent selectivity. It can be obtained from the 

slope of the conductivity versus time lines assuming a linear relationship between ionic conductivity 

and concentration, which includes an approximately constant factor involving the ionic diffusion 

coefficients and charge numbers.1,48  

 

Conclusions 

We have demonstrated that soft-etched PI membranes show an efficient (high currents 

and permeation rates) and selective (significant monovalent/divalent discrimination) transport 

of alkali ions. The ionic transport properties of SE-PI membranes have been studied with 

different electrolyte solutions containing alkali metal, divalent metal, and organic cations under 

symmetric and asymmetric electrolyte conditions. Under symmetric conditions, the nanopores 

show ohmic behavior for alkali metal chlorides and ammonium chloride solutions while 

divalent cations cannot pass through, as evidenced from the drastic drops of transmembrane ion 

currents. On the contrary, significant ion current rectification is obtained under asymmetric 
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conditions. The I−V curves of the PI membranes obtained by soft-etched technique show clear 

differences between alkali cations as well as between organic cations, discriminating also 

between monovalent divalent metal cations. In addition, the ionic conduction of the membranes 

is very sensitive to the mole fraction of Ca2+ in a multi-ionic electrolyte solution, thus providing 

electrostatic and steric insights on potassium and calcium selectivity in biological systems. The 

transport experiment proves that alkali cations but not divalent cations can efficiently permeate 

the membrane.  

Based on the good stability and high discrimination capability, we envision that the SE-

PI membrane fabricated and characterized here should be useful in different applications with 

electrolyte solutions and mixtures [56]. Moreover, the selectivity, sensitivity, and fast electrical 

response of these membranes could also be used to miniaturize sensing devices for the detection 

of different analytes in biological fluids. 

Materials and methods  

Chemicals: All the chemicals and solvents used in the study are purchased from Sigma-Aldrich, 

Schnelldorf, Germany, and used without further purification. The chemicals include ammonium 

chloride (NH4Cl, ≥99.5%), tetramethylammonium chloride (TMACl, ≥98.0%), 

tetraethylammonium chloride (TEACl, ≥98%), tetrabutylammonium chloride (TBACl, 

≥97.0%), lithium chloride (LiCl, ≥99.0%), sodium chloride, (NaCl, ≥99.9%), potassium 

chloride (KCl, ≥99.0%), rubidium chloride (RbCl, 99.8%) and cesium chloride (CsCl, 99.9%), 

magnesium chloride (MgCl2, ≥99.0%), calcium chloride (CaCl2, 93.0%), zinc chloride (ZnCl2, 

≥98%), sodium nitrate (NaNO3, ≥99%), sodium chlorate (NaClO4, ≥98.0%), sodium acetate 

(NaOAc, ≥99.0%), potassium bicarbonate (KHCO3, ≥99.5%), potassium hexafluorophosphate 

(KPF6, ≥99%), potassium sulphate (K2SO4, ≥99.0%), potassium phosphate dibasic (K2HPO4, 

≥98%) and potassium citrate tribasic (K3C6H5O7, ≥99.0%). The solvents are methanol (MeOH, 

99.8%), ethanol (EtOH, 99.8%), acetonitrile (ACN), trichloromethane (TCM, 99.5%e), 
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tetrahydrofuran (THF, ≥99.9%), dimethylformamide (DMF, 99.8%) and dimethylsulfoxide 

(DMSO, ≥99.9%).  

Fabrication of nanoporous membrane: The PI membranes (Kapton50 HN, DuPont; 12 μm 

thick) are irradiated with swift heavy ions (Au) of energy 11.4 MeV per nucleon at the linear 

accelerator UNILAC (GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, 

Germany). The membranes used are irradiated with ion fluences in the range 106 − 1010 

ions/cm2. The ion tracks are activated by exposing the irradiated membranes to UV light (320 

nm) on both sides for 1 hr. Subsequently, the ion-tracked membranes are immersed in an 

organic solvent (Scheme 1) for at least 24 h at room temperature and washed with distilled 

water before measurements. 

Current−voltage (I−V) curves. The membrane is fixed in between two chambers of a home-

made electrochemical cell to characterize the electrical response [21, 57]. The cell chambers 

are made of polychlorotrifluoroethylene (PCTFE), also known as Neoflon. Each chamber 

contains a circular hole of ~8 mm2 in diameter which constitutes the effective membrane area 

exposed. A maximum solution volume of ~1.5 mL can be filled in each chamber. Prior to the 

measurements, the remaining damaged material is removed from the membrane by applying a 

potential difference (voltage) in the form of rectangle wave signal using Au-electrodes until the 

current becomes stable.  For the I-V measurements, Ag|AgCl electrodes are immersed into the 

electrolyte solutions on both membrane sides to control the input potentials and output currents 

[21, 57]. The input potential, a triangular wave signal, gives the resulting current which is 

recorded with a Keithley 6487 picoammeter (Keithley Instruments, Cleveland, Ohio) [21, 57].  

Ion Transport experiment: Metal ion transport across the membrane with 109 pores/cm2 

is also studied using a two-compartment cell. The maximum volume of each chamber is ~5.0 

mL with an effective permeation membrane area of ~8 mm2. To this end, the membrane sample 
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is fixed in between the feed and permeate compartments. The feed compartment is filled with 

a 1 M aqueous solution of either a monovalent or a divalent chloride and the permeate 

compartment contains deionized water only. The solutions of both compartments are 

continuously stirred and the time-dependent concentration of ions in the permeate chamber is 

monitored by measuring the bulk conductivity of the permeate solution with a conductivity 

meter (Cond 315i /SET from WTW). 
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Fig. S1. Changes in the ion current versus time for triangular voltages of amplitudes 3 V (A) 
and 2 V (B) in the case of a DMF-treated PI membrane irradiated with heavy ions of fluence 
109 ions/cm2.  
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Fig. S2 I−V curves for DMF-treated membranes of different thickness in a 100 mM KCl 
solution (A). The ion conductance at 2 V obtained from the corresponding I−V curves for 
different PI membrane thickness (B). I−V curves for a 100 mM KCl solution and UV treated 
and non-UV treated PI membranes irradiated with a fluence 109 ions/cm2 and treated with DMF 
(C). I−V curves of DMF-treated PI membranes at different NaCl concentrations (D). 
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Fig. S3. I−V curves of MeOH- (A) and DMF (B) –treated PI membranes (109 pores /cm2) 
prepared at room temperature (22°C) and high temperature (50°C) in 100 mM LiCl solutions 
under symmetrical electrolyte conditions. 
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Fig. S4. I−V curves (left) and ion conductances (right) of MeOH (A and B) and DMF (C and 
D) –treated PI membranes in 100 mM metal chloride solutions under symmetrical electrolyte 
conditions. The bulk conductivities are shown for the sake of comparison. In most of the 
measurements the error bars are smaller than the size of the symbol. 
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Fig. S5.  I−V curves (left) and ion conductances (right) of MeOH (A and B) and DMF (C and 
D) –treated PI membranes in 100 mM alkylammonium chloride solutions under symmetrical 
electrolyte conditions. The bulk conductivities are shown for the sake of comparison. 
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Fig. S6. I−V curves (left) and ion conductances (right) of a PI membrane chemically etched 
with NaOCl in 100 mM metal chloride solutions (A and B) and alkylammonium chloride (C 
and D) under symmetrical electrolyte conditions. The bulk conductivities are shown for the 
sake of comparison. In most of the measurements the error bars are smaller than the size of 
the symbol. 
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Fig. S7 I−V curves of DMF-treated PI membranes of fluence 109 ions/cm2 in 100 mM alkali 
chloride solutions at close to neutral and acidic conditions (A and B). I−V curves and ion 
conductances of the membranes in aqueous electrolyte solutions of different anions under 
symmetric electrolyte conditions. (C and D). The bulk conductivities are shown for the sake of 
comparison. 
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Fig. S8. I−V curves and ion conductances of MeOH (A and B) and DMF (C and D) –treated PI 
membranes at different Ca2+ mole fractions with [KCl + CaCl2] = 100 mM and symmetric 
electrolyte conditions. The bulk conductivities are shown for the sake of comparison. 
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Fig. S9. I−V curves, rectification ratios, and ion conductances of MeOH (A−C) and DMF (C−F) 
–treated PI membranes at different Ca2+ mole fractions with [KCl + CaCl2] = 100 mM and 
asymmetric electrolyte conditions. WE makes reference to the working electrode bathed in a 
100 mM solution while GE corresponds to the ground electrode bathed in different solutions. 
The bulk conductivities are shown for the sake of comparison. 
 

 

 
 
 
 
 

 

 


