
Engineered Ionic Gates for Ion Conduction Based on Sodium and
Potassium Activated Nanochannels
Qian Liu,†,⊥ Kai Xiao,‡,⊥ Liping Wen,*,§ Heng Lu,† Yahui Liu,† Xiang-Yu Kong,§ Ganhua Xie,‡

Zhen Zhang,‡ Zhishan Bo,*,† and Lei Jiang§,‡

†Beijing Key Laboratory of Energy Conversion and Storage Materials, College of Chemistry, Key Laboratory of Theoretical and
Computational Photochemistry, Ministry of Education, Beijing Normal University, Beijing 100875, PR China
§Laboratory of Bioinspired Smart Interfacial Science, Technical Institute of Physics and Chemistry, Chinese Academy of Sciences,
Beijing 100190, PR China
‡Beijing National Laboratory for Molecular Sciences (BNLMS), Key Laboratory of Organic Solids, Institute of Chemistry, Chinese
Academy of Sciences, Beijing 100190, PR China

*S Supporting Information

ABSTRACT: In living systems, ion conduction plays a major
role in numerous cellular processes and can be controlled by
biological ion channels in response to specific environmental
stimuli. This article describes biomimetic ionic gates for ion
conduction based on sodium and potassium activated
nanochannels. The Na+ activated ionic gate and K+ activated
ionic gate were developed by immobilizing the alkali metal
cation-responsive functional molecules, 4′-aminobenzo-15-
crown-5 and 4′-aminobenzo-18-crown-6, respectively, onto
the conical polyimide nanochannels. When the ionic gate was
in the presence of the specific alkali metal cation, positively
charged complexes formed between the crown ether and the
alkali metal cation. On the basis of the resulting changes in surface charge, wettability and effective pore size, the nanochannel can
achieve reversible switching. The switching behaviors of the two complexes differed due to the differences in binding strength
between the two complexes. The Na+ activated ionic gate is able to open and close to control the ion conduction through the
nanochannel, and the K+ activated ionic gate enables selective cation and anion conduction through the nanochannel. The Na+

and K+ activated ionic gates show great promise for use in clinical medicine, biosensors and drug delivery based on their high
sensitivity and selectivity of being activated, and good stability.

■ INTRODUCTION

Biological ion channels are key components of cells and have
many essential and remarkable properties.1,2 By continuously
exchanging ions with the external environment, these ion
channels perform a variety of essential functions in living
organisms.3,4 For example, ion channels enable rapid ion
conduction,5 and due to their high selectivity, they are able to
discriminate between highly similar ion types and to display
current rectification.6,7 Ion channel functions are regulated by
the gating process, with environmentally responsive gates able
to open and close the ion channel, controlling ion conduction
in response to specific environmental stimuli.5,6 Ion conduction
is important in numerous cellular processes, influencing
electrolyte transport and the production of electrical signals
in neurons.8 The remarkable features of biological ion channels
provide an excellent source of inspiration for the development
of biomimetic ion nanochannels.9−11 For example, Na+ and K+

are the most common and important ions in biological
systems.12,13 Na+ regulates blood volume, blood pressure and
osmotic equilibrium in humans. K+ is important in neuron

function, and impacts the osmotic equilibrium between cells
and the interstitial fluid.14,15 It is generally considered quite
difficult to distinguish between Na+ and K+ ions due to their
similar physical and chemical properties. However, in living
organisms, biological Na+ channels or K+ channels can
efficiently discriminate Na+ or K+ from other alkali cations.
Biological K+ channels can select K+ over Na+ with an efficiency
of up to 1000:1, while Na+ channels efficiently discriminate Na+

from K+.16,17 Inspired by the biological K+ and Na+ channels,
many researchers have attempted to produce selective ionic
gates to regulate ion conduction based on biomimetic
nanochannels responsive to Na+/K+.5,18−20

In recent years, biomimetic nanochannels with simple
structures and strong mechanical properties (such as supra-
molecular channels,21,22 carbon nanotubes,23,24 solid-state
synthetic nanochannels25,26 and ion channels in artificial
membrane materials27 etc.) have developed rapidly in bionics.
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As various components of biological ion channels are
asymmetric,28 artificial biomimetic nanochannels with asym-
metric structures have received more attention.29−32 Among
these structures, solid-state synthetic nanochannels with conical
structures have been extensively studied,33 as they are relatively
stable, flexible in terms of geometry and size, and amenable to
surface functionalization.34 Functionalized conical solid-state
synthetic nanochannels can effectively respond to many
environmental stimuli such as pH,35 temperature,36 ions,37,38

ligands,39,40 gas,41 light42,43 and even electric fields,44 resulting
in a wide range of potential applications in environmental
monitoring, controlled nanofluids, filtration, nanomedicine and
biosensors.45−47 Selective ionic gate to regulate ion conduction
in response to Na+ or K+ in bionic systems can be obtained by
combining Na+/K+-responsive molecules and conical solid-state
synthetic nanochannels. Many Na+/K+-responsive molecules
and functional groups have been reported, such as G-
quadruplex DNA,48 bioinspired graphene,5 calixarene,49 hemi-
spherands,50,51 amide52 and crown ethers.53,54 Crown ethers are
attractive options due to their advantages of good solubility,
simple chemical structure, good selectivity and ease of
modification. Crown ethers have been widely researched as
small organic molecules with special properties.55,56 Crown
ethers have proven to be extremely useful ligands (hosts) for
cations. The major reason for their selective cation binding is
believed to be the relationship between the cation size and the
crown ether cavity. Cations that match the crown ether cavity
size are located in the center of the crown ethers, with optimal
interactions with the oxygen heteroatoms.57

Different from previous research,58,59 in this study, we
combine crown ethers and a single conical polyimide (PI)
nanochannel to obtain Na+/ K+ activated ionic gates. These
Na+ activated and K+ activated ionic gates not only have the
advantages of their asymmetric solid-state synthetic nano-
channel and crown ether components, but they can also

effectively regulate ion conduction in response to Na+ or K+

based on the association between Na+/K+ and crown ethers in
bionic systems. On the basis of the selectivity of crown ethers
to alkali metal cations,60,61 we produce a Na+ activated ionic
gate and a K+ activated ionic gate, obtained by separately
immobilizing 4′-aminobenzo-15-crown-5 (4-AB15C5) and 4′-
aminobenzo-18-crown-6 (4-AB18C6) onto a single conical PI
nanochannel. For a conical PI nanochannel (as shown in
Scheme 1a), ionic current rectification emerges due to the
intrinsic shape and asymmetric electrochemical potential, which
can preferentially transport anions/cations from the small
opening (tip) to the large opening (base) of the nano-
channel.62,63 The current values can be visualized by measuring
the current−voltage (I−V) curves under the condition of
symmetrical electrolyte concentrations. The current values are
mainly influenced by the charge of the inner surface, which
reflects the ion conduction.64 With a positively charged inner
surface, the current values at positive voltage are greater than
those at negative voltage, indicating the nanochannel mainly
supports anion conduction; alternatively, current values at a
positive voltage that are less than those at a negative voltage
under the condition of a negatively charged inner surface
indicates that the nanochannel mainly supports cation
conduction (Figure S1 in Supporting Information).
As shown in Scheme 1b, the Na+ activated and K+ activated

ionic gates were obtained by preparing 4-AB15C5-modified and
4-AB18C6-modified nanochannels, respectively. As Na+ has an
ionic radius of 0.98 Å, it forms a very stable complex with 15-
crown-5, which has a cavity with a similar radius (0.86−1.1
Å).57 For the Na+ activated ionic gate, after modification with 4-
AB15C5, the nanochannel presents the “off” state. Thereafter,
activation with Na+ induces the “on” state of the nanochannel.
Alternately introducing and removing Na+ demonstrates the
reversibility of the on/off property. Meanwhile 18-crown-6
selects K+ over Na+ in aqueous solutions because of its size

Scheme 1. Na+ Activated Ionic Gate and K+ Activated Ionic Gatea

a(a) Enlarged SEM image of a single nanochannel viewed from its base, and the cross section of a typical conical PI nanochannel. (b) Schematic
demonstration of the simplified Na+ activated ionic gate and K+ activated ionic gate. (c) Biomimetic Na+ and K+ activated nanochannels based on
biological Na+ channels and K+ channels.
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compatibility (the radius of K+ is 1.38 Å, while the radius of the
18-crown-6 cavity is 1.3−1.6 Å), and greater free energy of
binding.56,65 For the K+ activated ionic gate, the nanochannel is
in the “on” state after modification with 4-AB18C6, and the
ionic gate takes on the reverse “on” state when activated by K+.
Moreover, these Na+ activated and K+ activated ionic gates
could be employed in bionic systems as shown in Scheme 1c.
These biological ion channels could be applied in living
organisms to control ion conduction after activation with Na+

and K+.

■ RESULTS AND DISCUSSION
Current measurements were used to examine the current−
voltage (I−V) characteristics of single PI nanochannels after
modification with 4-AB15C5/4-AB18C6 (Figure S2 in
Supporting Information) before and after activation with
Na+/K+. As shown in Figure 1a, the current of 4-AB15C5-

modified single PI nanochannel is very low, indicating the
nanochannel is in the “off” state without ion conduction. When
Na+ is added to activate the 4-AB15C5-modified nanochannel,
the current increases dramatically from about −0.1 to −4.2 nA
at −2.0 V and about +0.2 to +1.6 nA at +2.0 V. The
nanochannel is in the “on” state at both ends of the 4-AB15C5-
modified nanochannel, enabling the conduction of anions and

cations through the nanochannel. This behavior could be
explained by the variations in effective pore size, wettability, and
surface charge in response to Na+ binding.66,67 After
modification with 4-AB15C5, the ionic current through the
nanochannel is low due to the generation of less charged
surface in the tip of nanochannel together with the decrease of
the effective pore size. It results in the “off” state. When Na+

binds to 4-AB15C5 immobilized in the nanochannel, the
hydrophobicity of the nanochannel increases slightly as
demonstrated by the contact angle measurements on flat PI
films (Figure S3 in Supporting Information), which would
cause a decrease in current. However, surface charge exerts the
dominant effect on the change of current. The surface charge of
the nanochannel changes to be more positive with the
formation of positively charged complex between 4-AB15C5
and Na+. Meanwhile, the incomplete modification of the
nanochannel by crown ether leads to the residual negative
charge. The cooperation effect of surface charge and wettability
results in a clear increase in the current through the
nanochannel, switching the Na+ activated ionic gate to the
“on” state.
The 4-AB18C6-modified single PI nanochannel exhibits a

different phenomenon upon K+ activation. As shown in Figure
1b, after 4-AB18C6 modification, the single PI nanochannel
exhibits a rectified I−V curve, mainly allowing cation
conduction. This is because although the surface charge
changes to neutral, 4-AB18C6 is more hydrophilic than 4-
AB15C5 as demonstrated by the contact angle measurements
on PI film after modification with 4-AB15C5 and 4-AB18C6
(Figure S3 in the Supporting Information). Meanwhile,
compared to 4-AB15C5, less 4-AB18C6 is immobilized on
the surface of the nanochannel due to its larger size, leading to
more residual negative charge in the nanochannel. As a result,
the 4-AB18C6-modified nanochannel exhibits an “on” state
with a rectified I−V curve. When K+ is added to the 4-AB18C6-
modified nanochannel, a distinct reversal occurs, with the
current decreasing from about −3.4 to −0.9 nA at −2.0 V and
increasing from about +0.5 to +2.7 nA at +2.0 V. This sharp
increase in the positive surface charge causes the reversal of
current, mainly resulting in anion conduction. Figure 1c and
Figure 1d express the current ratios (INa

+/I and IK
+/I) of the 4-

AB15C5-modified nanochannel and the 4-AB18C6-modified
nanochannel, which are calculated as the current after activation
with alkali metal cations (Na+ and K+) divided by the current
before activation with alkali metal cations at −2.0 V (or +2.0
V). A dramatic difference in the current ratios was observed
between the Na+ activated ionic gate (∼40 at −2.0 V and ∼8 at
+2.0 V) and the K+ activated ionic gate (∼0.2 at −2.0 V and
∼5.4 at +2.0 V). Therefore, these results indicate that Na+ can
efficiently control the “off” and “on” states of ion conduction in
4-AB15C5-modified nanochannels, and K+ can control the
selective cation or anion conduction in 4-AB18C6-modified
nanochannels.
The concentrations of alkali metal cations (Na+ and K+)

affect the extent of the Na+ activated and K+ activated ionic
gates in the “on” state as expressed by the current through the
crown ether (4-AB15C5 and 4-AB18C6)-modified nano-
channels. Figure 2a shows the current variation of the 4-
AB15C5-modified nanochannel under constant voltage (+2.0 V
and −2.0 V) after activation with Na+ concentrations from 1
nM to 100 mM. Before activation with Na+, the current
through the 4-AB15C5-modified nanochannel is about +0.5 nA
at a constant voltage of +2.0 V and −0.2 nA at a constant

Figure 1. Asymmetric ionic transport properties of the Na+ activated
and K+ activated ionic gates in 0.1 M Tris-HCl (pH 4.5): (a) current−
voltage characteristics of the 4-AB15C5-modified nanochannel before
(black square) and after (navy triangle) activation with 10 μM Na+;
(b) current−voltage characteristics of the 4-AB18C6-modified nano-
channel before (black square) and after (navy triangle) activation with
10 μM K+; (c) the current ratios (INa

+/I) of 4-AB15C5-modified
nanochannels after activation with 10 μM Na+ at −2.0 V (gray
column) and +2.0 V (navy column); (d) the current ratios (IK

+/I) of
4-AB18C6-modified nanochannel after activation with 10 μM K+ at
−2.0 V (gray column) and +2.0 V (navy column), respectively.
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voltage of −2.0 V. When the 4-AB15C5-modified nanochannel
was activated with different concentrations of Na+ (from 1 nM
to 1 mM), the current at a constant voltage of +2.0 V increased
gradually from about +1.0 to +2.0 nA, and the current at a
constant voltage of −2.0 V increased from about −1.2 to −4.5
nA. At higher Na+ concentrations (from 1 mM to 100 mM),
the current at +2.0 and −2.0 V leveled off around +2.0 and
−4.5 nA. This phenomenon is also reflected by the I−V
characteristics of the 4-AB15C5-modified nanochannel after
activation with various concentrations of Na+, as shown in
Figure 2b.
For the K+ activated ionic gate, the K+ concentration also

exerts a clear influence on the current value at constant voltage
(+2.0 and −2.0 V). As shown in Figure 2c, at a constant voltage
of +2.0 V, the current through the 4-AB18C6-modified
nanochannel increases from about +0.3 to +2.1 nA as the K+

concentration increases from 1 nM to 10 μM, and the current
remains constant at higher K+ concentrations (1 μM to 100
mM). However, the variation in the current at a constant
voltage of −2.0 V followed a different trend. When different
concentrations of K+ were added from 1 nM to 100 nM, the
current first decreased from about −3.5 to −0.5 nA and then
remained unchanged at higher K+ concentrations (from 100
nM to 100 mM). This current reversal can be better visualized
by the I−V characteristics of the 4-AB18C6-modified nano-
channel after activation with different K+ concentrations (as
shown in Figure 2d).
The influence of alkali metal cation (Na+ and K+)

concentrations on the Na+ activated and K+ activated ionic

gates can be attributed to changes in the surface charge and
wettability. At low concentrations of alkali metal cations (Na+

or K+), the current through the crown ether (4-AB15C5 or 4-
AB18C6)-modified nanochannels changes, mainly due to the
increasing positive charge caused by the binding of the alkali
metal cations (Na+ or K+) to the crown ethers (4-AB15C5 or 4-
AB18C6). When all of the crown ether (4-AB15C5 or 4-
AB18C6) has combined with alkali metal cations (Na+ or K+),
the current reaches its maximum value and remains unchanged
by the addition of more alkali metal cations (Na+ or K+) due to
the saturation of the positive surface charge and the wettability
equilibration.
The selective activation of 4-AB15C5-modified and 4-

AB18C6-modified nanochannels with alkali metal cations
(Li+, Na+ and K+) are shown in Figure 3. The selective

activation can be expressed by the current ratio IX
+/I, which is

calculated as the current of the crown ether (4-AB15C5 or 4-
AB18C6)-modified nanochannel after activation with alkali
metal cations (Li+, Na+ and K+) divided by the current before
activation with alkali metal cations at +2.0 or −2.0 V. For the
Na+ activated ionic gate (as shown in Figure 3a and Figure 3b),
the current ratios changed significantly, increasing from about
1.3 to 8.1 at +2.0 V and increasing from about 9.8 to 43.3 at
−2.0 V as the concentration of Na+ increased from 1 nM to 100
mM. In contrast, the current ratios changed only slightly upon
the addition of Li+ and K+. As the sizes of Li+ and K+ do not

Figure 2. Dependence of the Na+ activated (a and b) and K+ activated
ionic gates (c and d) on the alkali metal cation concentrations (from 1
nM to 100 mM): (a) the current variation of the 4-AB15C5-modified
nanochannels before and after activation with different concentrations
of Na+ at constant voltage +2.0 V (up) and −2.0 V (down); (b) I−V
characteristics of the 4-AB15C5-modified nanochannel before and
after activation with different Na+ concentrations; (c) the current
variation of the 4-AB18C6-modified nanochannel before and after
activation with different concentrations of K+ at a constant voltage of
+2.0 V (up) and −2.0 V (down); (d) I−V characteristics of the 4-
AB18C6-modified nanochannel before and after activation with
different K+ concentrations.

Figure 3. Selective activation of 4-AB15C5-modified and 4-AB18C6-
modified nanochannels with alkali metal cations: the current ratios
(IX

+/I) of the 4-AB15C5-modified nanochannel after activation with
different concentrations (from 1 nM to 100 mM) of Li+ (black circle),
Na+ (navy square) and K+ (purple triangle) at +2.0 V (a) and −2.0 V
(b); the current ratios IX

+/I of the 4-AB18C6-modified nanochannel
after activation with different concentrations (from 1 nM to 100 mM)
of Li+ (black circle), Na+ (purple triangle) and K+ (navy square) at
+2.0 V (c) and −2.0 V (d).
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match the 4-AB15C5 cavity size, these ions cannot induce
significant changes in the surface charge or wettability of the 4-
AB15C5-modified nanochannel. These results indicate that as a
Na+ activated ionic gate, the 4-AB15C5-modified nanochannel
can only be selectively activated by Na+.
As a K+ activated ionic gate, the 4-AB18C6-modified

nanochannel also can only be selectively activated by K+ due
to the match between the size of K+ and the size of the 4-
AB18C6 cavity. Figure 3c and 3d show the selectivity of the 4-
AB18C6-modified nanochannel to Li+, Na+ and K+. The change
in the current ratio after interaction with K+ was greater than
that observed for Li+ and Na+. At + 2.0 V, the current ratio
increased from about 1 to 5 and leveled off at approximately 5,
and at −2.0 V it decreased from about 0.7 to 0.2 and leveled off
at approximately 0.2 as the concentration of K+ increased from
1 nM to 100 mM. However, the current ratios at both +2.0 V
and −2.0 V only increased to a small degree in response to the
addition of Na+ or Li+. This result indicates that K+ has a high
selectivity for the activation of the 4-AB18C6-modified
nanochannel. In a solution of Na+ and K+, the Na+ (or K+)
activated ionic gate also shows good selectivity of being
activated and stability (Figure S10 and Figure S11 in the
Supporting Information).
Both the Na+ activated and K+ activated ionic gates also

exhibit good stability and responsive switchability. The cycling
performance of the Na+ activated and K+ activated ionic gates
can be reflected by the change in the current through the crown
ether (4-AB15C5 or 4-AB18C6)-modified nanochannels under
constant voltage (+2.0 V and −2.0 V). The reversibility of the
two ionic gates can be realized by the addition of [2.2.2]-
cryptand to the crown ether (4-AB15C5 or 4-AB18C6)-
modified nanochannel. In water, [2.2.2]-cryptand has a much
higher binding constant with Na+ than 15-crown-5 and with K+

than 18-crown-6.68 As shown in Figure 4a, the current of the 4-
AB15C5 modified nanochannel was about +1.3 nA at +2.0 V
and −3.8 nA at −2.0 V in the presence of Na+. After the
nanochannel was soaked in 0.1 M [2.2.2]-cryptand aqueous
solution, the current decreased to about +0.2 nA and −0.2 nA,
respectively. Under these conditions, the “on” state and “off”
state can be activated simultaneously at both ends of the 4-
AB15C5-modified nanochannel. Several cycles later, no damp-
ing of the ionic current is observed, indicating that the Na+

activated ionic gate has good stability and cycling performance
to regulate the ion conduction of the nanochannel. Similar to

the Na+ activated ionic gate, the K+ activated ionic gate also
exhibits stability and cyclical selectivity for anion and cation
conduction. As shown in Figure 4b, the current of the 4-
AB18C6-modified nanochannel was about +2.1 nA at +2.0 V
and −0.4 nA at −2.0 V in the presence of K+, with mainly anion
conduction occurring through the nanochannel. However, in
the presence of [2.2.2]-cryptand, the current decreased to
about +0.4 nA at +2.0 V and increased to −2.6 nA at −2.0 V,
with mainly cation conduction occurring through the nano-
channel. No damping of the ionic current is observed after
several cycles.
Moreover, to explain the difference between the Na+

activated and K+ activated ionic gates, the association constants
of 4-AB15C5 ⊃ Na+ (as shown in Figure 5a) and 4-AB18C6 ⊃
K+ (as shown in Figure 5b) were measured by 1H NMR
titration. We chose 4-AB15C5 or 4-AB18C6 as model hosts,
and Na+ and K+ as model guests to compare the binding
strengths between 4-AB15C5 ⊃ Na+ and 4-AB18C6 ⊃ K+. The
concentration-dependent 1H NMR spectra of 4-AB15C5 ⊃ Na+

(Figure 5c) and 4-AB18C6 ⊃ K+ (Figure 5d) indicate their
associative behaviors.69,70 As the concentration of guests (Na+

and K+) increased, the signals of protons H4 on 4-AB15C5 and
protons H5 on 4-AB18C6 shifted downfield, indicating the
introduction of the electron withdrawing group (Na+ and K+).
The mole ratio plots based on proton NMR data showed that
the complexes of 4-AB15C5 and Na+, 4-AB18C6 and K+ were
both 1:1 stoichiometry in water at room temperature (as shown
in Figure 5e). A nonlinear curve-fitting method (Equation S2 in
Supporting Information)71,72 was used to determine the
association constant of 4-AB15C5 ⊃ Na+ by 1H NMR titration
as 13.2 M−1, which is about half the association constant of 4-
AB18C6 ⊃ K+ (23.3 M−1) in water (Figure 5f). Therefore, K+

activated ionic gate have a far greater positive surface charge
than the Na+ activated ionic gate after activation with their
respective alkali metal cations (Na+ or K+). Meanwhile, the
incomplete modification with crown ether results in residual
negative charge in the nanochannel. Because of the complicated
situation in the surface including charge and wettability, the K+

activated ionic gate exhibits current reversal after activation
with K+, while the Na+ activated ionic gate does not after
activation with Na+ (Figure S12 in the Supporting Informa-
tion).

Figure 4. Stability and responsive switchability of the Na+ activated and K+ activated ionic gates: (a) the variation in the reversible ionic currents of
the 4-AB15C5-modified nanochannel measured alternately at a constant voltage of +2.0 V (up) and −2.0 V (down) in the presence of Na+ and
[2.2.2]-cryptand; (b) the variation in the reversible ionic currents of the 4-AB18C6-modified nanochannel measured alternately at a constant voltage
of +2.0 V (up) and −2.0 V (down) in the presence of K+ and [2.2.2]-cryptand.
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■ CONCLUSIONS

In summary, novel Na+ activated and K+ activated ionic gates
that control anion and cation conduction through nano-
channels were successfully realized by immobilizing 4′-amino-
benzo-15-crown-5 and 4′-aminobenzo-18-crown-6 onto single
ion track-etched conical nanochannels. The presence of Na+

switches the Na+ activated ionic gate between the “off” and
“on” states of ion conduction, and the presence of K+ controls
selective cation and anion conduction through the K+ activated
ionic gate. These two alkali metal cation (Na+ and K+) activated
ionic gates not only have high sensitivity and selectivity of being
activated, but they also exhibit excellent responsive switchability
and stability. Moreover, These Na+ activated and K+ activated
ionic gates hold great promise for application in living and
bionic systems (such as clinical medicine, biosensors and drug
delivery).

■ EXPERIMENTAL SECTION
Materials. Polyimide (PI, Hostaphan RN12 Hoechst, 12-μm thick)

film, 4′-aminobenzo-15-crown-5 and 4′-aminobenzo-18-crown-6, N-
hydroxysulfosuccinimide (NHSS), 1-Ethyl-3-(3-dimethyllaminoprop-
yl) carbodiimide (EDC), Tris-HCl, potassium chloride (KCl), sodium
chloride (NaCl), lithium chloride (LiCl), potassium iodide (KI) and
sodium hypochlorite (NaClO, 13%) were purchased from Sinopharm
Chemical Reagent Beijing Co., Ltd. (SCRC, China) and J&K Beijing
Co., Ltd. All solutions were prepared in Milli-Q water (18.2 MΩ).

Fabrication. The single conical PI nanochannels were prepared by
an asymmetric track-etched technique with a single ion track. Prior to
the etching process, each side of the PI films was exposed to UV light
(320 nm) for 1 h. The PI films were embedded between the two
chambers of a conductivity cell at 60 °C. One chamber was filled with
etching solution (NaClO, 13%), while the other chamber was filled
with stopping solution (1 M KI). Then, a constant voltage of 1.0 V was
applied across the films. The etching process was stopped at a desired
current value corresponding to a certain tip diameter. Then the

Figure 5. Association constant determination for the complex formation between 4-AB15C5 and Na+, and between 4-AB18C6 and K+ in water
solution: (a) chemical reaction equation of 4-AB15C5 and Na+; (b) chemical reaction equation of 4-AB18C6 and K+; (c) partial 1H NMR spectra
(300 MHz, D2O, room temperature) of 4-AB15C5 (30 mM) upon the addition of Na+ (from top to bottom: 0.00, 11.4, 28.5, 40.0, 51.3, 62.7, 77.0,
94.1, 111.2 mM); (d) partial 1H NMR spectra (300 MHz, D2O, room temperature) of 4-AB18C6 (32.00 mM) upon the addition of K+ (from top to
bottom: 0.00, 13.4, 33.5, 42.5, 58.1, 71.5, 87.2, 107.3, 123.0 mM); (e) mole ratio plot for 4-AB15C5 and Na+ (purple square and purple line), and 4-
AB18C6 and K+ (navy circle and navy line), indicating the 1:1 stoichiometry; (f) chemical shift changes of H4 on 4-AB15C5 upon the addition of
Na+ (purple square and purple line), and chemical shift changes of H5 on 4-AB18C6 upon the addition of K+ (navy circle and navy line).
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etching solution was removed and two chambers were filled with
stopping solution for 1 h. After that, the nanochannel was immersed in
distilled water waiting for being modified. This work used 12 single
conical PI nanochannels. The base diameter of the single conical PI
nanochannels was approximately 600 nm, and the tip diameter was
calculated to be ∼10 nm.
Modification. After chemical etching, the carboxyl groups were

exposed on the nanochannel surface, and then 4-AB15C5 or 4-
AB18C6 was immobilized on the nanochannel surface by a
conventional EDC/NHSS coupling reaction. The NHSS ester was
formed by soaking the PI films in a 2 mL aqueous solution of 30 mg
EDC and 6 mg NHSS for 1 h. Then, the PI films were washed and
treated with 10 mM 4-AB15C5 or 4-AB18C6 aqueous solution
overnight. Finally, the 4-AB15C5 or 4-AB18C6-modified films were
washed three times with distilled water.
Activation. After modification, the crown ether (4-AB15C5 or 4-

AB18C6)-modified nanochannel was activated by immersing in a
solution of 10 μM Na+ (or K+). Then, the Na+ (or K+) activated
nanochannel was washed three times with distilled water.
Current Measurement. Current−voltage characteristics were

measured with a Keithley 6487 picoammeter (Keithley Instruments,
Cleveland, OH). The asymmetric ionic transport properties of the Na+

activated and K+ activated ionic gates were evaluated by the current−
voltage (I−V) curves that were constructed using 0.1 M Tris-HCl (pH
4.5) as the electrolyte. A single conical PI nanochannel was mounted
between two chambers of the etching cell mentioned above. Ag/AgCl
electrodes were used to apply a transmembrane potential through the
nanochannel. Experiments were performed with transmembrane
potentials of a scanning voltage varying from −2.0 to +2.0 V with a
21 s period, and a constant voltage of +2.0 or −2.0 V. All
measurements were carried out at room temperature.
NMR Spectra. 1H NMR spectra (D2O, 298 K) were recorded on a

Bruker DM300 or AV 400 spectrometer with TMS as the internal
standard. All chemical shifts were quoted in parts per million (ppm).
SEM Measurement. Scanning electron microscopy (SEM)

measurements were captured in the field-emission mode using a
Hitachi S-4800 microscope at an acceleration voltage of 5 kV.
Contact Angle Measurement. Contact angles were measured by

an OCA20 instrument (DataPhysics, Germany).
XPS Measurement. X-ray photoelectron spectra (XPS) data were

obtained by an ESCALab220i-XL electron spectrometer from VG
Scientific set to 300 W Al Kα radiation.
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