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filled with electrolyte solutions and the 
transport of molecules or ions through 
the pores provides the relevant informa-
tion required for each particular applica-
tion. This transport is regulated by the 
channel size and the physico-chemical 
characteristics of the channel surface. In 
biological membranes, the high selectivity 
and fast ion transport achieved are also 
ascribed to the precise channel size and 
functional groups distributed along the 
channel surface.[24–26]

A wide range of experimental tech-
niques are available to tune the channel 
diameter and surface chemistry to 
enhance ionic selectivity. They include the 
preparation of hybrid biological/artificial 
solid-state membranes,[27,28] channel size 
tuning through electroless[12,29,30] and 
atomic layer[31–33] depositions, the grafting 

of polymer brushes on the channel surface,[34–38] and the depo-
sition of an atomically thin graphene layer on the porous mem-
brane.[39,40] Molecular filtration and discrimination have been 
achieved using different membranes. For example, Martin and 
co-workers have employed gold-coated nanochannels for the 
separation of organic molecules and drug enantiomers based 
on their charge or molecular size.[12,29,30] Stroeve  et  al. have 
demonstrated the pH-responsive transport of ions and biomol-
ecules[41] and Savariar  et  al. the molecular size-, charge-, and 
hydrophobicity-based discrimination of organic molecules and 
proteins[14] using modified nanoporous membranes. Recently, 
polymer membranes with subnanometer pores have been 
obtained without specific chemical treatments. For example, 
track-UV techniques have been employed to fabricate subnano-
pores which exhibited highly selective and ultrafast ion sieving 
behavior.[42,43] Moreover, subnanometer pores in metal-organic 
frameworks integrated inside the bullet-shaped nanochannels 
of a polymer membrane also exhibited high selectivity towards 
alkali cations while rejecting divalent ions.[44,45]

Recently, we have developed a soft-etch technique to obtain 
nanochannels in polyimide (PI) membranes irradiated with 
heavy ions.[46] PI exhibits high chemical, electrical, and heat 
resistance. Therefore, the chemical etching of ion tracks in PI 
membranes requires harsh conditions. Usually, the ion tracks 
in PI are etched with a strong inorganic etchant (chlorine 
in hypochlorite) at high temperature. Contrary to chemical 
etching, in a soft-etching technique, the ion tracked PI mem-
branes are exposed to an organic solvent which selectively dis-
solves the damage trails (latent tracks) caused by the energetic 

The molecular sieving behavior of soft-etched polyimide membranes having 
negatively charged nanochannels is described experimentally and theoretically 
using alkali metal–crown ether cationic complexes and alkylammonium 
cations. To this end, the electrical conduction and current rectification obtained 
with different alkali electrolyte solutions (LiCl, NaCl, and KCl) and crown ether 
molecules (12-crown-4, 15-crown-5, and 18-crown-6) are studied. The results 
suggest that only the [Li(12C4)]+ complex can readily permeate through the 
nanochannels because significant current decreases are obtained in the cases 
of the [Na(15C5)]+ and [K(18C6)]+ complexes. In solutions of organic cations 
ranging from ammonium (NH4

+) to alkylammonium (R4N+) with increasing 
molecular size, only the smaller ions can conduct high electric currents, 
suggesting again that the membrane channels are in the nanometer range. 
Taken together, the observed current decreases and rectification phenomena 
demonstrate that the functionalized membranes allow a versatile combination 
of molecular and electrostatic sieving.
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1. Introduction

Nanoporous membranes are central to sensing,[1–8] water desal-
ination and filtration,[9–14] and osmotic power generation.[15–23] 
In most processes, the membrane separates two compartments 

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited.
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ion trajectories without affecting the bulk material. The soft-
etched membranes allow the passage of ions whose size is 
smaller than the channel diameter, excluding larger molecules.

We present here an experimental and theoretical analysis 
of the molecular size-based sieving characteristics of the soft-
etched PI membranes. The transport of alkali metal ions, cati-
onic alkali metal-crown ether complexes and alkylammonium 
cations are studied under an electric potential gradient across 
the membrane. The resulting ionic and molecular conductions 
are evaluated from the changes in the transmembrane ion cur-
rent for a wide range of electrolyte solutions.

2. Results and Discussion

2.1. Experimental Results

We have prepared PI membranes with cylindrical channels in 
the nanometer range and an areal density of 109 pores/cm2 by 

means of the soft-etch technique. The latent tracks caused by 
the heavy ions are dissolved on exposure to dimethylformamide 
(DMF) solvent without affecting the bulk material. In an effort 
to characterize these membranes, we study here the conduction 
and discrimination of cationic alkali metal-crown-ether com-
plexes and alkylammonium cations based on their molecular 
sizes (Scheme 1A,B) under an electric potential gradient. This 
case constitutes a significant experimental and theoretical 
extension of our recent work.[45]

2.1.1. Addition of Crown Ethers in Alkali Salt Solutions

Figure 1 shows the current (I)–voltage (V) curves and conduct-
ances after the addition of a fixed concentration (25 × 10–3 m) of 
the crown ethers (12C4, 15C5, and 18C6) in 100 × 10–3 m alkali 
salt (LiCl, NaCl, and KCl) solutions; see Scheme 1. For the case 
of LiCl, only small changes in the I–V curves are observed on 
addition of the crown ethers, contrary to the cases of NaCl and 

Scheme 1. A) Schematic representation of molecular size-based permeation through the membrane channels and B) the different cationic species 
used in the experiments.

Figure 1. Changes in the I−V curves obtained with the nanoporous membrane after the addition of the different crown ethers at concentration  
25 × 10–3 m dissolved in 100 × 10–3 m solutions of A) LiCl, B) NaCl, and C) KCl. D) Changes in the normalized dimensionless conductance obtained 
from the corresponding I−V curves at 2 V. The blank case makes reference to the absence of crowns in solution.
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KCl. It is well known that only Li+ (effective diameter 0.14 nm) 
can be accommodated in the cavity of the 12C4 crown ring 
(0.09–0.12  nm in diameter),[47] forming a positively charged 
[Li(12C4)]+ complex in solution. Thus, the similar electrical 
readouts obtained in Figure 1A show that not only the free Li+ 
ion but also the [Li(12C4)]+ complex can permeate through the 
nanochannels, suggesting that the complex size is smaller than 
the nanochannel diameter. The presence of 15C5 and 18C6 
crowns has little influence on the curves because of the ina-
bility of these molecules to form complexes with the Li+ cation.

The case of crown ethers dissolved in NaCl solutions is con-
sidered in Figure  1B, Note that the complex formation of 12C4 
and 18C6 with Na+ cation in aqueous solution are negligible.[47–49] 
Because of the absence of complexation, the I–V curves obtained 
for 12C4 and 18C6 crowns are similar, suggesting that the 
majority of the current is carried by free Na+ cations. On the con-
trary, a significant decrease in the current is noticed for the case 
of 15C5 molecules. Note that the ionic diameter of Na+ (0.19 nm) 
is comparable to the 15C5 ring diameter in the crown ether cavity 
(0.17–0.22 nm),[47,49] thus allowing [Na(15C5)]+ complexes because 
of the high stability of the complex (Log K = 0.7). Due to the cat-
ion-selective membrane, both the Na+ ion and the [Na(15C5)]+ 
complex in solution can migrate towards the channel entrance 
under the applied electric field. However, the [Na(15C5)]+ com-
plexes cannot enter the channel in this case, leading to a sig-
nificant current decrease in the corresponding I–V curve of 
Figure  1B. This observation suggests that the channel diameter 
should be close to the effective size of the [Na(15C5)]+ complex. 
The crystallographic data show that the approximate outer diam-
eter of the [Na(15C5)]+ complex molecule is ≈0.81 nm.[50]

Figure 1C considers the KCl case where the stability constant 
of K+ cation with 12C4 crown is almost negligible while for 15C5 
and 18C6 it is ≈0.7 and ≈2.06, respectively.[47–49] For the 15C5 
crown, however, a noticeable current decrease occurs. Although 
the cation size is larger than the crown ether cavity diameter, the 
formation of a (2:1) sandwich [K(15C5)2]+ complex can still take 
place,[51–53] which could explain the change in the I–V curve. For 
the 18C6 crown, the drastic decrease in ionic current is observed 

which clearly suggests the formation of [K(18C6)]+ complexes 
in solution because of the compatibility between the K+ cation 
diameter (0.27  nm) and the cavity size (0.26–0.32  nm) of the 
18-crown-6 molecule.[47–49] It was not possible to quantitatively 
determine the aperture size from direct imaging of the nano-
channels but these results are suggestive of a nanochannel diam-
eter larger than the [Li(12C4)]+ but of the order of the [K(18C6)]+ 
complex size, which could explain the apparent channel blockage 
experienced by those K+ ions that are not in complexed form.

Figure  1D shows the changes observed in the normalized 
membrane conductance after the different crown ethers addition. 
These electrical conductances are obtained at 2 V from the corre-
sponding I–V curves of Figures 1A–C and suggest that only the 
[Li(12C4)]+ complex can pass through the nanochannels without 
interfering the uncomplexed Li+ ions for the case of LiCl (a small 
conductance decrease is observed compared to the blank case). 
For the NaCl case, however, the 15C5 crown leads to a 71% reduc-
tion in the conductance. For KCl, the formation of [K(15C5)2]+ 
and [K(18C6)]+ complexes gives 50% and 90% decreases in the 
conductance, respectively.[47,49] Moreover, Figure S1, Supporting 
Information, suggests that the decrease of the membrane cur-
rent is due to the partial obstruction of the pore opening caused 
by the formation of cationic metal-crown complexes when com-
pared with the changes in the bulk solution conductivity upon 
the addition of different crown ethers in the corresponding alkali 
electrolyte solution. In addition to soft-etched nanoporous mem-
branes, we have also performed a control experiment under the 
same set of electrolyte solutions using a single conical nanopore 
in PI membrane. As expected, the addition of crown ethers in 
the electrolyte solutions (Figure S2, Supporting Information) and 
tetra-alkylammonium chlorides (Figure S3, Supporting Informa-
tion) only lead to minor changes in the corresponding I–V curves 
associated with the bulk solution conductivity decrease. Note that 
the tip opening of the cone is large enough to allow the free per-
meation of metal-crown complexes and R4N+ cations across the 
membrane under the applied potential.
Figure 2 shows the effect of the crown ether concentration on 

the membrane conductance. For the case of LiCl, the increase in 

Figure 2. A–C) Effect of the crown ether concentration on the I−V curves of alkali metal chloride solutions under symmetric electrolyte conditions. 
D) The normalized conductances obtained from the corresponding I−V curves.

Adv. Mater. Interfaces 2021, 8, 2001766



www.advancedsciencenews.com
www.advmatinterfaces.de

2001766 (4 of 10) © 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

the 12C4 crown concentration could not induce major changes 
in the I–V curve, suggesting translocation of both Li+ free ions 
and [Li(12C4)]+complexes across the membrane (Figure 2A). On 
the contrary, increasing the 15C5 and 18C6 crown concentra-
tions leads to significant current decreases for NaCl and KCl 
(Figures 2B and 2C).

Figure 2D quantifies the conductance decreases obtained with 
increasing the crown ether concentration. Again, the results 
strongly suggest that the formation of complexes with different 
molecular sizes in the background electrolyte solution modulates 
the transport through the nanoporous membrane. In particular, 
the conductance decreases could be ascribed to: 1) the inability 
of the large cationic [Na(15C5)]+ and [K(18C6)]+ complexes to 
translocate through the nanochannels and 2) the strong electro-
static interaction of the [Na(15C5)]+ and [K(18C6)]+ complexes 
with the negatively charged channel entrance causing a partial 
channel blocking and increased hindrance for the incoming Na+ 
and K+ free ions. By increasing the crown ether concentration, 
both effects become more marked because of the decrease in the 
number of non-complexed free cations crossing the membrane 
and the increase in the number of complexed cations causing 
the mentioned partial channel blocking and increased hindrance 
due to the reduced effective area for transport.
Figures  3A–C considers the case of an asymmetrical 

crown ether addition, as opposed to the symmetric case of 
Figures 2A−C. To this end, one side of the membrane is exposed 
to the blank (100  × 10–3 m) alkali metal chloride solutions 
while the other side is in contact with different crown ether 
concentrations in the corresponding solutions. For the case  
of the LiCl/12C4 combination, only small changes in the cur-
rent with no rectification are observed when increasing the 
12C4 crown concentration because the cationic [Li(12C4)]+ com-
plexes can translocate through the channels without interfering 
with the Li+ free ions transport (Figure 3A).

For the NaCl/15C5 and KCl/18C6 combinations, however, 
Figures 3B and 3C show both current decreases and rectification 

phenomena. Note that the uncomplexed Na+ and K+ ions pass 
through the channel at positive voltage while the [Na(15C5)]+ 
and [K(18C6)]+ complexes cannot proceed through the channel 
at negative voltage. This fact leads to the current rectification 
shown in Figure  3D which follows a monotonous increase 
with the 15C5 and 18C6 crown concentration. As expected, 
this effect is more pronounced for [K(18C6)]+ (≈1.15  nm) than 
for [Na(15C5)]+ (≈0.81  nm) because of the different molecular 
sizes.[50,54] The experimental fact that the rectification ratio does 
not depend on the 12C4 crown concentration which shows that 
the [Li(12C4)]+ complex is conducted across the membrane. 
Again, this result suggests that the effective channel diameter 
should be higher than the [Li(12C4)]+ complex size but in the 
range of the [Na(15C5)]+ and [K(18C6)]+ complex diameters.

To better understand the complexation phenomena as well 
as the electrostatic interactions of the positively charged metal–
crown ether complexes with the negative channel charges, we 
have also measured the I–V curves of concentrated KCl solutions 
(Figures 4A,B). To this end, a fixed concentration (25 × 10–3 m) of 
the 18C6 crown is used in different concentrations (0.1, 0.5, and 1 m)  
of KCl. In confined geometries, an effective screening of the sur-
face charges by the mobile counter ions occurs at high enough 
electrolyte concentrations. In addition, the number of non-
complexed free ions increases with the salt concentration. These 
effects lead to the increase of the normalized conductance with 
the KCl concentration shown in Figure 4C. Indeed, the formation 
of [K(18C6)]+ complexes in 0.1, 0.5, and 1 m KCl solutions lead to 
decreases of 77%, 67%, and 56% in the membrane conductance of 
Figure 3C compared to that of the crown-free solution.

2.1.2. Addition of Alkylammonium Cations in Ammonium  
Salt Solution

We have also considered the effects of organic cations in 
Figures  5A–H using two series of alkylammonium chloride 

Figure 3. The effect of crown ether concentrations on the I−V curves measured with alkali metal chloride solutions under asymmetrical conditions in 
the left and right external solutions bathing the membrane. One side of the membrane (working electrode, WE) is exposed to a metal chloride solu-
tion while the other side (ground electrode, GE) is in contact with A–C) different crown ether concentrations prepared in the corresponding electrolyte 
solutions. D) The electric current rectification ratios obtained from the corresponding I−V curves.
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salts with different molecular sizes:[55,56] i) the ammonium 
(NH4

+) cation derivatives with successive methyl group sub-
stitution, that is, methylammonium (MeNH3

+), dimethylam-
monium (Me2NH2

+), trimethylammonium (Me3NH+), and 
tetramethylammonium (Me4N+) cations; and ii) the quater-
nary ammonium (R4N+) cations in which the methyl groups of 
Me4N+ are replaced by ethyl-, propyl- and butyl- chains, that is, 
tetraethylammonium (Et4N+), tetrapropylammonium (Pr4N+), 
and tetrabutylammonium (Bu4N+) cations. The electrolyte solu-
tions used to examine the organic cation current reductions 
have different mole fractions of alkylammonium chloride/
ammonium chloride at a constant total concentration of cation 
and anion, that is, [RNCl + NH4Cl] = 100 × 10–3 m.

The I–V curves of Figures  5A–D correspond to electrolyte 
solutions having different mole fractions of methylated-ammo-
nium derivatives and ammonium cations (MenNHm

+/NH4
+,  

n  + m  = 4). For the case of MeNH3
+ /NH4

+, no significant 
changes in the ion current with increasing the concentration 
of MeNH3

+ cations in the electrolyte solution are observed. 
This fact suggests that the diameters of the two cations, NH4

+ 
(0.33  nm) and MeNH3

+ (0.37  nm) present in the electrolyte 
solution are smaller than the channel diameter. For the case 
of di-, tri-, and tetra-methylated-ammonium cations, however, 
the current decreases significantly with the mole fraction, sug-
gesting that these bulky cations translocate much more slowly 
than the ammonium ion under the applied potential. When the 
electrolyte solution contains only di-, tri-, and tetra-methylated-
ammonium cations (mole fraction = 1.0), the current and con-
ductance (Figure 5H) reductions depend markedly on the size 
of the corresponding cations. Figure  5H shows that replacing 
NH4

+ by MeNH3
+ (0.37  nm), Me2NH2

+ (0.47  nm), Me3NH+ 
(0.51 nm), and Me4N+ (0.55 nm) leads to 26%, 54%, 78%, and 
90% reductions in the conductance, respectively. Although 
this significant conductance decrease suggests that the Me4N+ 
cation might have an effective size of the order of the nano-
channel diameter, the fact is that not only molecular size but 
also hydrophobic effects could influence translocation.

To check further the above results, we have considered other 
quaternary ammonium ions larger than the Me4N+ cations 
in Figures  5E–G where electrolyte solutions with different 
R4N+/NH4

+ cation mole fractions are used under symmetric 
conditions. Et4N+ exhibits a trend similar to that of Me4N+ at 
low mole fractions with a ≈15% drop in the current. On the 
contrary, the bulky cations Pr4N+ and Bu4N+ cations give a 
sudden current drop (≈50%) at low mole fractions (Figure 5H). 
For mole fractions over 0.1, both Pr4N+ (≈0.9  nm) and Bu4N+ 
(≈1.0 nm) virtually block the pores, suggesting that their sizes 
could be commensurate with the channel opening diameter. 
While we could not accurately determine the channel size from 
imaging techniques and carried out a complete electrochemical 
characterization instead, the above facts provide an indirect but 
reasonable estimation of the effective membrane pore radii.
Figures 6A–H consider the asymmetric case where electro-

lyte solutions of different alkylammonium cation mole frac-
tions are added on one side of the membrane while the other 
side contains ammonium chloride solutions. As expected, the 
asymmetric addition of MeNH3

+ cation does not induce any 
noticeable change in the current at positive (V > 0) or negative 
(V  < 0) voltages. In this case, MeNH3

+ can pass through the 
nanochannel when V  < 0 without any hindrance because 
the cation size is smaller than the nanochannel diameter. 
For the other ammonium cations, a successive decrease in 
the current is noticed as the number of methyl substitution 
increases in the ammonium cation. This current decrease is 
more marked when the methyl groups of Me4N+ are substituted 
with longer chain alkyl groups, that is, ethyl (Et), propyl (Pr), 
and butyl (Bu) moieties. As expected, the current decrease is 
more pronounced at V < 0 than at V > 0, leading to a current 
rectification that increases with the cation size (Figure 6H).

The transmembrane current decrease and rectification 
phenomena observed in metal crown complexes and organic 
cations (Figures 1−6) have some resemblances to the blocking 
processes that occur in the ion channels of biological mem-
branes in the presence of bulky ions.[57] Similarly, we have 

Figure 4. The I−V curves of the membrane A) before and B) after the addition of 25 × 10–3 m 18C6 crown ether for different KCl concentrations. C) The 
normalized conductance obtained from the corresponding I−V curves before and after adding the crown ether.
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studied the rectification characteristics and current blockage 
of cylindrical nanochannels asymmetrically exposed to elec-
trolyte solutions containing oppositely charged nanoparticles 
whose sizes were larger than the channel diameter.[58,59] The 
channel entrance and blocking mechanisms associated with 
the current blockage in biological channels exposed to antibi-
otic molecules and ionic drugs have also been discussed.[60,61] 
A previous study by Martin and coworkers have also described 
that the presence of the 18C6 in solution exert effects on the 
ionic current for the different case of a conical channel when 
the tip opening is comparable to the effective crown ether 
size.[54] In particular, the rectification phenomena associated 
with the addition of the 18C6 under asymmetric conditions in 
a single channel membrane have been described with much 
detail.[54]

2.2. Theoretical Results

The experimental data by Martin and coworkers[54] were 
interpreted using a model based on the liquid junction 
established at the external solution/membrane interface and 

the different transference numbers of the [K(18C6)]+ com-
plex in the solution and the conical channel entrance. In 
addition to the comprehensive experimental characterization 
of the ionic conduction through the nanoporous membrane 
using different crown ethers and ions, we have developed a 
different model that allows a qualitative description of the 
effects associated with the cationic complex formation con-
stant K, the crown ether total concentration cLT, and the 
salt concentration cS in Figures  2D, 4C, and  5H. Although 
the model makes reference to the KCl salt, it can be readily 
extended to other cases.

Crown ethers complex cations are because of the lone pairs 
on the ether oxygen atoms.[54] The model used here introduces 
the complex formation equations:

L

L

K
c

c c
= +

+
 (1)

L L LTc c c+ =+  (2)

where c+ is the cation concentration cL is the crown ether con-
centration, and cL + is the cationic complex concentration. The 

Figure 5. A–G) The I−V curves for different mole fractions of alkylammonium cations in NH4Cl solutions. H) The normalized conductance obtained 
from the corresponding I−V curves as a function of the mole fractions.
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ionic concentrations are coupled by the electroneutrality equa-
tion in the external solution:

Lc c c+ =+ + − (3)

where the anion concentration is equal to the salt concentra-
tion, c− = cS. Equations (1)−(3) can be solved to give:

1 1 4

2
S LT S LT

2
S

c
K c c K c c Kc

K

[ ] [ ]( ) ( )
=

− − − + − − +
+  (4)

1
L

LTc
c

Kc
=

+ +
 (5)

L Lc Kc c=+ +  (6)

The ionic concentrations in the membrane solution, which 
are denoted by overbars here, can be obtained in terms of 
Equations  (4)–(6) and the Donnan potential drop φD through 
the solution/membrane interface[62] as:

c c Dφ= −+ + exp( ) (7)

φ= −+ + exp( )L Lc c D
 (8)

exp( )c cS Dφ=−  (9)

where φD  < 0 for a negative channel charge[63,64] is expressed 
in RT/F units, being R, F, and T the gas constant, the Faraday 
constant, and the temperature, respectively. Equations  (7)–(9) 
are coupled by the electroneutrality equation in the membrane 
channel solution:

exp( ) exp( ) exp( )Lc c c XD D S Dφ φ φ− + − = ++ +  (10)

where X denotes the membrane fixed charge concentration, 
which is typically in the range 0.1–1 m for these channels.[63] 
Equation (10) can be solved for φD to give:

φ = − + 





+ +

















+ +ln
2 2

D
S S

2
L

S

X

c

X

c

c c

c
 (11)

Figure 6. A–G) The I−V curves for different mole fractions of alkylammonium cations in NH4Cl solutions under asymmetric electrolyte conditions. One 
side of the membrane (working electrode, WE) is exposed to a 100 × 10–3 m NH4Cl solution while the other side (ground electrode, GE) is exposed to 
different alkylammonium mole fractions with [NH4Cl + RNCl] = 100 × 10–3 m. F) The rectification ratios obtained from the corresponding I−V curves 
as a function of the mole fractions.
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In order to omit the unknown channel geometry charac-
teristics, we introduce the normalized conductance ratio of 
Figures 2D and 4C:

= =
+







+ +

+ 



 +













+ − + 



 +
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+ + + + − −

+ −
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G c c
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X X
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blank L LT,0

L L

2

S
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S
2

 (12)

where Gblank is the membrane conductance G in absence of 
ether crown (cLT  = 0) and Di (i =  +, L+, −) are the ion diffu-
sion coefficients. A number of factors may lead to the conduct-
ance reduction observed experimentally including channel 
blocking[64] and decreased surface mobility.[65] The phenom-
enological approach used for the conductance of Equation (12) 
includes a pre-factor smaller than unity to account for these fac-
tors. In particular, the experimental fact that both the cationic 
complex and the channel radius are in the nanometer range 
is suggestive of a complex concentration-dependent channel 
occlusion and hindrance.[60,61] This factor contains a reference 
blocking concentration cLT,0 = 25  × 10–3 m which corresponds 
to the ether crown concentration used in the experiments. As 
a first approximation, we assume that 2 10 m s9 2 1= = ×+ −

− −D D ,  
which corresponds to the KCl case and takes DL + ≈ 0 because 
of the partial channel blocking and significant hindrance expe-
rienced by the cationic complex. Note that the typical experi-
mental current I  = 100 µA of Figure  1C obtained at a voltage 
V = 1 V can be approximately described by using the equation 
I ≈ Npπr2F2D+XV/(RTd) where Np = 109 pores, d = 12 µm is the 
membrane thickness, and r is the channel radius.[63] Intro-
ducing the above values for I, Np, D+, X, V, and d, the channel 
radius r is found to be in the nanometer range, consistent with 
the partial channel blocking and hindrance assumption.[60,61]

Equation (12) allows an approximate description of the effects 
of K and cLT at constant cS (Figure 7A) and of cS at constants K 

and cLT (Figure  7B). While the simplifying assumptions intro-
duced in the model preclude a direct comparison between 
theory and experiment, the results of Figures 7A and 7B are in 
qualitative agreement with the experimental data of Figures 2D 
and 4C for the experimental values of cLT and cS used here. As 
to the values of K, we emphasize that formation constants of 
the order of 1/(10 × 10–3 m) = 100 m–1 are reasonable and have 
been previously used for the potassium cation complexed by 
18C6 in aqueous solution.[54] On the contrary, the formation 
constant should be very small for the case of the uncomplexed 
Li+ ion and 18C6. These experimental facts give support to the 
range of values used for K in Figure 7A. Previous experimental 
and theoretical work concerning the carrier-mediated transport 
of alkali cations and neutral species concerning crown-ethers 
and liquid membranes can be found in refs. [66,67].

Note also that the experimental rectifications of Figure  3D 
could also be qualitatively described by using a directional 
channel blocking and decreased mobility model for the Na+ and 
K+ ions (Figures 3B and 3C), which should occur only at V < 0 
for the asymmetric conditions employed in the external solu-
tions. In particular, the conductance measured at −2  V is low 
compared with that obtained at +2  V (Figure  3D) because the 
electric field imposed through the membrane acts to enhance 
the partial channel blocking by the complexed cation when the 
ground electrode solution is exposed to the 18C6 crown. These 
directional ionic conduction phenomena can be incorporated in 
the theoretical description when the complex concentration Lc + 
in Equation (12) is made to depend on the sign of the applied 
potential that would shift the equilibrium potential φD < 0 in 
Equation  (8) to more negative electric potentials, as explained 
in previous models developed for conical nanochannels and ion 
channels.[63,64]

3. Conclusion

We have studied experimentally and theoretically the elec-
trostatic and molecular size-based sieving obtained with 

Figure 7. A) Normalized conductance G0 = G/Gblank as a function of the crown ether concentration cLT obtained with Equation (12) for the membrane 
fixed charge concentration X = 0.3 m and the different formation constants shown in the curves. B) G0 as a function of the salt concentration cS for the 
formation constant K = 1/(10 × 10–3 m) = 100 m–1 and the two fixed charge concentrations shown in the bars. The model can give a qualitative descrip-
tion of the experimental data using reasonable values for the system parameters.
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a soft-etched PI membrane. To this end, the electrical conduc-
tion and current rectification of alkali metal-crown ether com-
plexes and alkylammonium ions is investigated under a wide 
range of experimental conditions. The results suggest that 
relatively small cationic species such as the alkali ions, the 
ammonium ion, and the [Li(12C4)]+ complex can be translo-
cated across the membrane under an applied voltage. On the 
contrary, the negatively charged nanochannels could not allow 
the passage of bigger cationic molecules whose sizes are in the 
nanometer scale. Note however that not only the geometrical 
size but also the particular hydrophobicity could influence 
translocation and pore hindrance.

4. Experimental Section
Chemicals: The chemicals include lithium chloride (LiCl, ≥99.0%), 

sodium chloride, (NaCl, ≥99.9%), potassium chloride (KCl, ≥99.0%), 
12-crown-4 (12C4, 98%), 15-crown-5 (15C5, 98%), 18-crown-6 (18C6, 
≥99.0%), ammonium chloride (NH4Cl, ≥99.5%), methylammonium 
chloride (MeNH3Cl, ≥99.0%), dimethylammonium chloride (Me2NH2Cl, 
≥98.0%), trimethylammonium chloride (Me3NHCl, ≥98.0%), 
tetramethylammonium chloride (Me4NCl, ≥98.0%), tetraethylammonium 
chloride (Et4NCl, ≥98%), tetrapropylammonium chloride (Pr4Cl, 98.0%), 
tetrabutylammonium chloride (Bu4NCl, ≥97.0%), and DMF (99.8%) 
were purchased from Sigma-Aldrich, Schnelldorf, Germany, and used 
without further purification.

Soft-Etching of Latent Ion Tracks: The heavy ion irradiation of 12  µm 
thick polyimide membrane (Kapton50 HN, DuPont;) was carried out 
at the linear accelerator UNILAC (GSI Helmholtz Centre for Heavy Ion 
Research, Darmstadt, Germany). Polymer samples were irradiated using 
the swift heavy ions (Au) of energy 8.6 MeV per nucleon with an ion 
fluence of 109 ions/cm2. Then, the latent ion tracks in the PI membrane 
were activated by UV light (320  nm, 3h) irradiation on both sides. 
To transform the ion-tracks into nanochannels, the UV-activated PI 
membranes were exposed to DMF solvent for 24 h at room temperature. 
Finally, the DMF-treated samples were thoroughly washed with distilled 
water before electrical measurements. Additional details can be found 
elsewhere[46] where the authors considered the transport of alkali and 
small organic cations only.

Current−Voltage (I−V) Curves: For the measurement of electrical 
readout, the DMF-treated membrane sample was mounted between 
the two compartments of a home-made electrochemical cell.[15,46] The 
effective membrane area in contact with the electrolyte solution was 
≈8 mm2. The electrolytes containing various crown-ether concentrations 
were prepared in aqueous alkali chloride (100 × 10–3 m) solutions. The 
electrolyte solutions of various alkylammonium cations were prepared 
in 100 × 10–3 m aqueous solution of ammonium chloride. The I–V curves 
were recorded with a Keithley 6487 picoammeter (Keithley Instruments, 
Cleveland, Ohio). For this purpose, the Ag|AgCl electrodes were dipped 
in the electrolyte solution on both sides of membrane sample to control 
the input potentials and output currents in a triangular wave signal.[15,46]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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