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An artificial sodium-selective subnanochannel
Jun Lu1†, Gengping Jiang2†, Huacheng Zhang3*, Binbin Qian1, Haijin Zhu4, Qinfen Gu5, Yuan Yan6,
Jefferson Zhe Liu6*, Benny D. Freeman7, Lei Jiang1, Huanting Wang1*

Single-ion selectivity with high precision has long been pursued for fundamental bioinspired engineering and
applications such as in ion separation and energy conversion. However, it remains a challenge to develop arti-
ficial ion channels to achieve single-ion selectivity comparable to their biological analogs, especially for high
Na+/K+ selectivity. Here, we report an artificial sodium channel by subnanoconfinement of 4′-aminobenzo-15-
crown-5 ethers (15C5s) into ~6-Å-sized metal-organic framework subnanochannel (MOFSNC). The resulting
15C5-MOFSNC shows an unprecedented Na+/K+ selectivity of tens to 102 and Na+/Li+ selectivity of 103 under
multicomponent permeation conditions, comparable to biological sodium channels. A co–ion-responsive
single-file transport mechanism in 15C-MOFSNC is proposed for the preferential transport of Na+ over K+ due
to the synergetic effects of size exclusion, charge selectivity, local hydrophobicity, and preferential binding with
functional groups. This study provides an alternative strategy for developing potential single-ion selective chan-
nels and membranes for many applications.
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INTRODUCTION
Biological sodium (Na+) and potassium (K+) channels with precise
single-ion selectivity between Na+ and K+ ions play fundamental
roles in almost all cell types (1). Sodium channels usually have a
high Na+/K+ selectivity of 30 to 500, while potassium channels
has ultrahigh K+/Na+ selectivity above 1000 (2, 3). The ultimate
ion selectivity of these biological ion channels mainly comes from
their angstrom-sized ion selectivity filters that can selectively trans-
port one kind of ion and exclude other ions via size exclusion, elec-
trostatic repulsion, hydrophilic-hydrophobic cooperation, and
binding affinity effects (3–6). Pursuing single ion-ion selectivity
with atomic-scale precision has been one of the research foci in
the fields of membrane science and nanofluidics due to enormous
interest in fundamental bioinspired engineering and applications
such as in ion separation and electrochemical energy conversion
and storage (7–10). Numerous artificial ion channels/membranes
have been reported to mimic biological channels’ selective ion
transport properties (11–13). However, the study of artificially rep-
licating single-ion selectivity is still in its infancy (14, 15). For
example, artificial Na+ and K+ channels have been mainly synthe-
sized by assembling crown ethers or other macrocycle molecules
with specific Na+- or K+-binding sites into hydrophobic and soft
lipid membranes (16, 17). Recently, K+-Na+ selectivity has also
been studied in hydrophilic solid-state nanopores with crown
ethers (18–20). These channels fabricated by selective K+-binding
molecules achieved moderate K+/Na+ selectivity of 10 to 84;
however, only a few examples of artificial ion channels have been

reported with Na+-binding molecules, and they showed a low of
Na+ selectivity over other ions, e.g., Na+/K+ selectivity of 3 to 15
and Na+/Li+ selectivity of 0.7 to 26 (21–23). Among the self-assem-
bled channels in soft lipid membrane–based 15-crown-5 ether mol-
ecules with specific Na+-binding ability and 18-crown-6 ether
(18C6) molecules with specific K+-binding ability, most of those ar-
tificial ion channels showed K+ selectivity over Na+ (16, 18, 24),
while some 18C6-based channels showed a weak Na+ selectivity
over K+ (25). However, in these artificial ion channels, the exact
configuration and distribution of crown ethers assembled in lipid
membranes or solid-state nanopores are unknown, and conse-
quently, the detailed ion transport mechanisms remain elusive.
Therefore, it remains a challenge to harness the specific ion
binding properties of crown ethers to achieve high ion selectivity.

Metal-organic frameworks (MOFs), as a class of porous crystal-
line materials composed of metal ions/clusters and organic linkers,
have been widely studied as sieving materials (26, 27). Recently,
MOFs have also been shown to exhibit outstanding ion selectivity
by the construction of MOF membranes and nanofluidic devices
(10, 28). Because of the outstanding size sieving effect, charge selec-
tivity and metal-acid group oxygen coordination from the well-
defined nanometer to subnanometer channels, a series of MOF
membranes, including UiO-66-(COOH)1–2, Hong Kong University
of Science and Technology (HKUST)-1/polymer, and zeolitic imi-
dazolate framework (ZIF)-8 membranes, have been reported for
promising monovalent/divalent ion selectivity (29–33). MOF-
based nanochannels (NCs) often exhibit much higher ion selectiv-
ities than other angstrom-porous membranes based on two-dimen-
sional (2D) layered materials and polymers (34–36), showing great
potential for the construction of subnanometer platforms for ion
transport and separation applications (10, 37).

Here, we report a synthetic sodium channel by the assembly of
4′-aminobenzo-15-crown-5 ether (15C5) molecules in UiO-66-
(COOH)2 MOF subnanochannel (MOFSNC). With the specific
binding of the confined 15C5 with Na+ ions, the 15C5-MOFSNC
shows a permeation rate sequence of Na+ >> K+ > Li+ and an ultra-
high Na+/K+ selectivity of tens to hundreds, which is comparable to
its biological counterparts and one to two orders of magnitude
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higher than previously reported artificial sodium channels. Com-
bined experiments and simulations reveal the selective ion transport
mechanisms as follows: (i) The 15C5-modified MOF pores prefer-
entially bind with Na+ strongly and favor the single file of Na+ trans-
port while excluding K+. (ii) Without the presence of Na+ ions, K+

can also transport through the 15C5-modified MOF pores at a high
rate because of the weak binding affinity of 15C5 with K+ ions. The
retarded conduction of Li+ ions can be explained by the enhanced
size exclusion of the 15C5-modified MOF pores and the binding
affinity of ─COOH throughout the 15C5-MOFSNC. Overall,
MOF-confined 15C5s function as a gatekeeper, mimicking the se-
lectivity filter of biological sodium channels, to achieve selective
Na+ transport while excluding K+ and Li+ ions. As the first
example of ultrahigh single sodium ion selectivity in subnanometer
porous MOF channels with well-confined specific ion binding sites,
our study provides an alternative pathway to develop diverse sub-
nanometer channels/membranes for ion separation and other
emerging nanofluidic applications.

RESULTS
Preparation of 15C5-MOFSNC
For the synthesis of the 15C5-MOFSNC, 15C5 molecules were
grafted into the UiO-66-(COOH)2-MOFSNC through the conden-
sation reaction between the ─NH2 group of the crown ether and the

─COOH group in UiO-66-(COOH)2 (Fig. 1). The UiO-66-
(COOH)2-MOFSNC was fabricated by growing UiO-66-(COOH)2
crystals into a single bullet-shaped polyethylene terephthalate NC
(PET NC) after ethanediamine (EDA) modification (see Materials
and Methods, fig. S1, and note S1 for more information). The re-
sulting 15C5-modified MOFSNC was denoted 15C5-MOFSNC.
The 15C5-MOFSNC has a heterogeneous structure in the axial di-
rection. In other words, the modification of MOF with 15C5 occurs
mostly at two ends (tip and base side), while a small amount of 15C5
molecules penetrate the middle MOF zone (Fig. 1B). The MOFSNC
with an aperture size of ~6 Å is essential to ensure the selectivity of
15C5-MOFSNC (Fig. 1C). To better demonstrate the structure of
MOFSNC and 15C5-MOFSNC, multichannel PET film (fig. S2)
was used to prepare MOF NCs, and the resulting multichannel
PET-MOF NC (denoted as multi-SNC) was functionalized with
15C5 molecules under the same conditions as those for single
SNCs. Note that the multi-SNCs were used for structural character-
ization of MOFSNC and 15C5-MOFSNC, following the protocol
used in previous works (32, 38). Scanning electron microscopy
(SEM) images of the tip side, base side, and cross section in
Fig. 2A show that the whole channel of PET NC is filled with
highly intergrown MOF crystals. No cracks or grain gaps are ob-
served as shown in the high-resolution SEM image (fig. S3). The
successful growth of UiO-66-(COOH)2 within PET NC was con-
firmed by the powder x-ray diffraction (PXRD) patterns (Fig. 2B).

Fig. 1. Fabrication of artificial sodium channel by assembly of 15C5 into UiO-66-(COOH)2–based MOFSNC embedded in the single PET NC for biomimetic Na+-
selective transport. (A) Schematic illustration of a UiO-66-(COOH)2–based MOFSNC and the crystal structure of UiO-66-(COOH)2 (i). EDC, N-(3-dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride; NHSS, N-hydroxysulfosuccinimide sodium salt. (B) Schematic illustration of the 15C5-MOFSNC fabricated by grafting 15C5s into the
MOFSNC and the crystal structure of 15C5-UiO-66-(COOH)2 with one 15C5 in an octahedral cavity (ii). There is a gradient layer structure in the 15C5-MOFSNC: (1) a thinner
15C5-UiO-66-(COOH)2 layer close to the base side; (2) UiO-66-(COOH)2 layer with negligible 15C5 in themiddle zone, and (3) a thicker 15C5-UiO-66-(COOH)2 layer close to
the tip side. (C) Ultraselective Na+ transport by 15C5-MOFSNC to mimic the function of biological sodium channels and the ring of the grafted 15C5s as the selective
binding sites for Na+ (iii).
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No diffraction peaks appear in the pristine PET NC film (Fig. 2B, i),
and the two UiO-66(COOH)2 characteristic peaks at 2θ of 7.6° and
8.5° are observed in multi-SNC (Fig. 2B, ii). Energy-dispersive x-ray
(EDX) mapping images and spectrum (fig. S4) of the cross section
of the multi-SNC membrane demonstrate the even distribution of
the main elements (Zr, C, and O) of the MOF along the axial profile
of the NCs, which further supports the homogeneous structure of
MOFSNC prepared by the interfacial synthesis method. All these
results confirmed the successful fabrication of the UiO-66-
(COOH)2-MOFSNC.

For the 15C5-MOFSNC, the introduction of 15C5 molecules
endows both chemical functionalization and reduction in aperture
size of the MOFSNC, which is beneficial for ion selectivity. Consid-
ering the high intergrowth ofMOFSNC and the 6-Å-sized channels,

the functionalization of MOFSNC with 15C5 is not complete
throughout the whole MOF structure inside the PET channel due
to limited penetration of 15C5 molecules. In other words, the
15C5-MOFSNC has a heterogeneous structure, i.e., 15C5-MOF
layers exist at two ends, while the MOF in the middle is less likely
functionalized by 15C5, as simplistically shown in Fig. 1B. To reveal
the chemical structure of 15C5-MOFSNC, we conducted the EDX
elemental analysis of the cross-section of multiple 15C5-MOFSNC
membrane in order to qualitatively demonstrate the profile of 4’-
aminobenzon-15-crown-5 throughout the 15C5-MOFSNC. As
shown in fig. S5, the N/Zr ratio in the axial direction of the cross-
section of 15C5-MOFSNC is greatly dependent on the depth from
the top surface. Generally, the N/Zr ratio decreases gradually with
increasing the depth from both PET membrane surfaces (i.e., tip

Fig. 2. Characterization of the artificial sodium channel. (A) SEM images of the MOFSNC: tip side surface (i), cross section (ii), and base side surface (iii). (B) PXRD of the
MOFSNC and PET NC film with the 2θ range of 5° to 11° magnified as (i) and (ii). a.u., arbitrary unit. (C) Water contact angle of tip and base sides of MOFSNC and 15C5-
MOFSNC. The enlarged contact angle on the top surface of 15C5-MOFSNC indicates the enhanced hydrophobicity. (D) The N2 isotherms and (E) PSDs of MOF and MOF-
15C5 crystals. The reduced BET surface and pore size of MOF-15C5 indicated the narrowed aperture size of MOFSNC-15C5 compared to MOFSNC.STP, Standard Tem-
perature and Pressure. (F) Magnified view of a single 15C5 molecule (“licorice” style) binding with a Na+ ion (orange ball) confined within an octahedral cavity of UiO-66-
(COOH)2 observed by MD simulations. The volume enclosed by gray surfaces is the accessible volume in UiO-66-(COOH)2 supercell (VMOF). The volume enclosed by green
surfaces is the volume occupied by water molecules (VH2O). The gray region without overlapping green regions represents the volume occupied by 15C5 and cations. The
filling of 15C5 molecule reduces water molecule numbers in the octahedra cavity, indicating the improved hydrophobicity of MOF channels.
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side and base side surfaces) further to the inside, which confirms the
proposed heterogeneous layer structure of 15C5-MOFSNC. The
contact angle of 15C5-MOFSNC increased from ~45° to above
65° on both the tip and base sides after crown ether modification
(Fig. 2C), indicating the slightly enhanced hydrophobicity for the
15C5-MOF layers on the two ends. In addition, a 1 V forward
voltage was applied to the base side to drive the 15C5 molecules
to enter and penetrate the MOFSNC. As a result, the 15C5-MOF
layer on the base side should be thicker than that on the tip side
of 15C5-MOFSNC. Because of the difficulty in direct measurement
of the pore size of the 15C5-MOFSNC with a heterogeneous struc-
ture inside the PET channel, we prepared MOF-15C5 particles by
modifying MOF with 15C5 (note S1) to qualitatively characterize
the aperture size of 15C5-MOFSNC. The fourier transform infrared
spectroscopy (FTIR) and C13 nuclear magnetic resonance (NMR)
spectra in MOF-15C5 particles show N─H, C─H, C═C, and
C─O─C stretching bands and ─CH2─CH2─O peak, respectively,
indicating the successful modification of the MOF particles with
crown ether (fig. S6, A and B). As shown in Fig. 1 (D and E), the
Brunauer-Emmett-Teller (BET) surface area of MOF-15C5 mark-
edly decreases to 200.5 m2 g−1 from the original value of 409.1
m2 g−1 for UiO-66-(COOH)2 particles. The pore size distribution
(PSD) clearly shows a peak at ~5 Å, arising from the triangle
window pores grafted with 15C5 molecules, which further confirms
the narrowed aperture size of the 15C5-MOF layers in 15C5-
MOFSNC. Furthermore, the synchrotron PXRD results of the
UiO-66-(COOH)2 crystals before and after 15C5 modification in
both dry and wet states and the XRD results of the pristine MOFs
treated in different electrolyte solutions for 2 weeks demonstrate the
high water stability of the MOF crystal structures (fig. S6, C to E). In
addition, the pristine UiO-66-(COOH)2 has a BET surface area
comparable to the theoretical accessible surface area in the literature
(409.1 to 428 m2 g−1), and there is no broad PXRD peak at 2θ of 5°
to 6° (fig. S6, C to E) that corresponds to the cluster-missing defects
(39, 40), which indicates the presence of negligible crystal defects.

Note that it is desirable to quantify the exact amount of crown
ether confined in MOFSNC to better understand the ion conduc-
tion behavior, but it is challenging to precisely determine the
number of 15C5 molecules in 15C5-MOFSNC, as also encountered
in previously reported artificial ion channels constructed by encap-
sulation or self-aggregation of crown ethermolecules in diverse sub-
strates (16, 19, 41). In this work, we estimated the average amount of

15C5 grafted in MOFSNC by a combination of molecular dynamics
(MD) simulations and experimental measurements (notes S1 and
S2). The number of 15C5 molecules in the MOF-15C5 particles
was estimated by EDX analysis to be between 1.4 and 0.6 15C5s
per octahedral cavity with an average value of 1.0 ± 0.2 (fig. S7),
which is close to 0.88 15C5s per octahedral cavity obtained by ther-
mogravimetric analysis (fig. S8). This is also consistent with the the-
oretical value obtained by matching the change in specific surface
area from MD simulations with the experimental BET surface area
after functionalization with 15C5 determined by the N2 sorption
technique (figs. S9 and S10). Figure 2F shows the magnified view
of a single 15C5 molecule binding with Na+ within one octahedral
cavity of UiO-66-(COOH)2. After one 15C5 binds with one Na+, the
space of the octahedral cavity is largely occupied, and the cation is
partially dehydrated because there is not much space in the cavity
for hydration shells (Fig. 2F and figs. S11 and S12). As a result, the
cross-sectional structure of the 15C5-MOFSNC was composed of
the hydrophobic 15C5-MOF layer (tip)—the hydrophilic MOF
zone—the hydrophobic 15C5-MOF layer (base), as shown in
Fig. 1B. The confined large 15C5 molecules act as the gatekeepers
of the MOFSNC, while residual ─COOH and deprotonated
─COO− groups on theMOF channels also facilitate metal ion trans-
port in the MOFSNC (32). Additional MD simulations also reveal
that the 15C5 molecules confined within MOFSNC could preferen-
tially bind with Na+ over K+ (note S2.1 and fig. S12).

Ion selectivity performance of 15C5-MOFSNC
The ion-selective properties of 15C5-MOFSNC andMOFSNC were
first investigated by multicomponent permeation experiments. A
feed solution prepared by mixing equal molar amounts of 1.0 M
KCl, 1.0 M NaCl, and 1.0 M LiCl was added to the base side of
the SNC membrane (Fig. 3A), while the tip side was filled with
Milli-Q water. A constant voltage of 1.0 V was applied on the
base side of the membrane for 24 hours to drive ion permeation
through the SNCs. The metal ion concentrations in the permeate
side were determined by inductively coupled plasma optical emis-
sion spectrometry and mass spectrometry (ICP-OES/MS), and the
ion permeation rates and ratios were then calculated on the basis of
the concentrations to determine the ion permeability and selectivity
of the MOFSNCs. The observed ion permeation rates of the
MOFSNC followed the order of K+ > Na > Li+ ranging from 10−3

to 10−2 mol m−2 hour−1 (Fig. 3B) due to their differences in both

Fig. 3. Ion permeation rate and selectivity of MOFSNC and 15C5-MOFSNC. (A) Schematics of the experimental setup for ion permeation under multicomponent
conditions where a transmembrane voltage is applied to drive ion transport from the feed (base side) to the permeate side (tip side). (B and C) Permeation rate and
selectivity of the MOFSNC and 15C5-MOFSNC in multicomponent solutions with an applied voltage bias of 1.0 V.
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hydration diameter and binding affinity with the carboxylic groups
of MOFSNC. In contrast, the 15C5-MOFSNC exhibited ultraselec-
tive sodium conduction over K+ and Li+ (Fig. 3, B and C), which can
be attributed to the specific binding effect between Na+ ions and the
introduced 15C5 molecules (Fig. 1C). Specifically, the permeation
rate of Na+ was up to 2.87 × 10−3 mol m−2 hour−1, while those for
K+ and Li+ were 7.98 and 1.62 × 10−6 mol m−2 hour−1, respectively
(Fig. 3B). Correspondingly, the mixed Na+/K+ and Na+/Li+ selectiv-
ity 15C5-MOFSNC was up to 360.1 and 1770.0, respectively, much
higher than those (i.e., 0.74 and 3.59) of theMOFSNC (Fig. 3C). We
also tested four different 15C5-MOFSNC samples to demonstrate
the variation of ion selectivity, and the Na+/K+ selectivity ranged
from 282.9 to 620.6, while Na+/Li+ selectivity was between 971.6
and 2248.6, as shown in fig. S13. The ultrahigh Na+/K+ selectivity
observed in the 15C5-MOFSNC is comparable to the ultimate selec-
tivity of biological sodium channels and among of the highest values
achieved by previously reported artificial sodium channels
(table S1).

Further ion permeation experiments under a wide range of
applied voltages from 0.25 to 4.0 V demonstrated the robust Na+
selectivity of 15C5-MOFSNC. As shown in Fig. 4 (A and B), the per-
meation rates for all three monovalent metal ions increased gradu-
ally with an applied voltage below 1.0 V. With a higher applied
voltage, the Na+ permeation rate increased slightly, while the Li+

and K+ permeation rates increased much more markedly. As a
result, both Na+/K+ and Na+/Li+ selectivity could maintain higher
values at a low voltage bias range of below 1.0 V, and they decreased
gradually with further increasing voltage bias. Specifically, the Na+/
K+ selectivity decreased to ~160 and Na+/Li+ dropped to ~900 at 4.0
V (Fig. 4B). All above ion selectivities were obtained with a feed pH
value of 5.8 ± 0.2. To further study the effect of the surface charge on
the single ion selectivity, we also carried out ion permeation exper-
iments at different pH values (Fig. 4C). Generally, the preferential
Na+ permeation rate decreased with decreasing pH value, while the
K+ followed a reversed trend. Therefore, a high pH value is essential
for 15C5-MOFSNC to maintain Na+/K+ selectivity at 102, and at a
low pH of 3.1, Na+/K+ selectivity was 41.2. Na+/Li+ selectivity
showed a similar trend with variation of pH value. This pH-depen-
dent ion selectivity can be explained by the charge selectivity of
15C5-MOFSNC. As discussed in our earlier work (32), good
charge selectivity can be obtained at higher pH values above the iso-
tropic point of ─COOH (e.g., ~3) due to the deprotonation of
─COOH groups in UiO-66-(COOH)2, which has been reported
as an ion sieving mechanism for biological ion channels. These
results confirm that we successfully prepared an artificial sodium
channel with ultrahigh ion selectivity by confining a crown ether
into angstrom-sized MOFSNC.

Fig. 4. Ultrahigh Na+ selectivity of 15C5-MOFSNC. (A) Permeation rates of 15C5-MOFSNC with applied voltage bias of 0.25 to 4.0 V. (B) Ion selectivity of 15C5-MOFSNC
with applied voltage bias of 0.25 to 4.0 V. (C) The variation of ion selectivity with pH value. (D) Cycling stability of 15C5-MOFSNC ultrahigh ion selectivity.
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Insights into the ion selectivity mechanisms of
15C5-MOFSNC
As previously reported, some ion channels assembled by 15C5 mol-
ecules showed K+ selectivity over Na+ (16, 24), we further conducted
current-voltage relation (I-V ) tests and single-component perme-
ation experiments for the 15C5-MOFSNC and MOFSNC to
better elucidate the underlying ion selective mechanisms. Com-
pared to symmetric I-V curves for MOFSNC, I-V curves of 0.1 M
KCl and NaCl for 15C5-MOFSNC showed an obvious rectifying
effect (Fig. 5, A and B), confirming the acquired heterogeneous
structure of the 15C5-MOFSNC (Fig. 1B). In addition, this also in-
dicates that the 15C5-MOFSNC can quickly transport K+ and Na+
in a single-component solution. Furthermore, ion permeation ex-
periments were carried out with a single-component solution of 1
MKCl, 1MNaCl, or 1M LiCl used as the feed in the base side of the
membrane (Fig. 5C). As shown in Fig. 5C, the ion permeation rate
follows the order of K+ > Na+ >> Li+, consistent with the current
value order of I-V curves at positive voltage bias, and the ideal
Na+/K+ and Na+/Li+ selectivity was calculated to be 0.83 and
592.2, respectively. These results demonstrate that under single-
component conditions, the 15C5-MOFSNC can have dual Na+-
and K+-selective transport properties, mimicking the functionalities
of biological NaK channels (42, 43), while the transport of Li+ ions
in 15C5-MOFSNC can be greatly excluded, i.e., high Na+/Li+ selec-
tivity was concordantly achieved under both single-component and
multiple-component conditions. In contrast, under multiple-com-
ponent conditions, the 15C5-MOFSNC exhibited the ultrahigh

selective transport order of Na+ >> K+ > Li+. Therefore, it is reason-
able to propose that there exist different ion sieving mechanisms for
Na+/K+ and Na+/Li+ selectivity in 15C5-MOFSNC.

We proposed that the above ion conductive behavior mimicking
biological sodium channels may come from ion-specific conductive
mechanisms in 15C5-MOFSNC. The hindered transport of Li+ ions
in 15C5-MOFSNC can be mainly attributed to the enhanced size
exclusion effect, as verified by the reduced aperture size of ~5 Å
of 15C5-MOFSNC from ~6 Å of MOFSNC (Fig. 5D). The hydrated
diameter of Li+ is 7.56 Å, much higher than those of Na+ (7.12 Å)
and K+ (6.62 Å). This aperture size of 15C5-MOFSNC is much
smaller than the hydrated diameter of Li+ (~5.0 Å versus 7.76 Å),
indicating that there is much energy barrier that Li+ must counter
before entering and pass through the 15C5-MOFSNC. As a result,
the transport rate of Li+ is much lower than that of the other two
ions. In contrast, there is a facilitated transport mechanism for
the preferential Na+ transport in 15C5-MOFSNC (Fig. 6A). 15-
crown-5 ether is well known for its specific binding affinity for
Na+ ions. In this case, the 15C5s modified on the outer surface of
MOFSNC tend to selectively bind with Na+, favoring the dehydra-
tion of Na+ in the pore mouth of 15C5-MOF layers, despite the
greater hydration diameter of Na+ than aperture size of 15C5-
MOFSNC. Once they enter the 15C5-MOFSNC, the Na+ ions
undergo a repeated rehydration-dehydration process to transport
throughout the 15C5-MOFSNC. Likewise, the 15C5s confined
within the 15C5-MOF layer also promote the dehydration of Na+
within 15C5-MOFSNC. Under applied voltage bias, the improved

Fig. 5. Understanding of the ion selectivity mechanisms of 15C5-MOFSNC. (A) I-V curves of the 15C5-MOFSNC. (B) I-V curves of the MOFSNC. (C) Permeation rates of
15C5-MOFSNC and MOFSNC in single-component solutions with an applied voltage bias of 1.0 V. (D) Schematic diagram of retarded Li+ transport in 15C5-MOFSNC.
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hydrophobicity, as confirmed by experiment and simulations
(Fig. 2, C and F), can also favor the dehydration of Na+. All these
will contribute to the reduced energy required for Na+ dehydration
and lastly the fast transport of Na+ over Li+ in 15C5-MOFSNC. Dif-
ferent from the strong binding affinity with Na+, 15-crown-5 ethers
can have weak binding affinity with K+. We proposed that there
should be a similar facilitated transport mechanism for K+ in
15C5-MOFSNC in single-component systems, resembling that for
Na+ (Fig. 6B). The difference lies in that the moderate binding of K+

with the 15C5 ring does not entail as a high dehydration degree for
K+ as Na+, also because of the smaller hydration diameter of K+.
This can explain the slightly higher conduction for K+ than Na+
in single-component systems, as evidenced by the K+/Na+ selectiv-
ity from earlier synthetic ion channels constructed by 15-crown-5
ethers embedded in liquid lipid membranes (18, 24). However,
when both Na+ and K+ are present simultaneously in the feed,
their facilitated transport manners in 15C5-MOFSNC will
compete against each other, which leads to the exclusively Na+-fa-
cilitated transport, as shown in Fig. 6C. It is proposed that a higher
binding affinity tends to result in a higher ion concentration in the
local zone, i.e., the concentration of Na+ is higher than that of K+ in
the 15C5-MOF layers. To verify this, ion adsorption experiments on
MOF and 15C5-MOF particles with the mixed ion solutions further
demonstrated the competing adsorption capacity K+ versus Na+ of
15C5-MOF (note S1). Fig. S14 shows that 15C5-MOF exhibited a
higher adsorption capacity for Na+ (3.92 mmol g−1) than for K+

(2.22 mmol g−1) and Li+ (2.34 mmol g−1). Therefore, the presence
of higher concentration of Na+ can preferentially occupy the
binding sites otherwise left for K+ and then favor Na+ conduction,
which to some extent mimics the “knock-on” mechanisms in bio-
logical ion channels (44, 45). In other words, the 15C5-MOFSNC
exhibited ion-responsive sieving mechanism, i.e., the presence of
Na+ depresses K+ transport, which has never been reported
before. Moreover, in the 15C5-MOF layers, the presence of one
─COOH, one ─CONH─, and another ─COOH in the triangle
window plane (dashed rectangle in Fig. 6B) resembles, to some
extent, the configuration of amino acids (with end groups of
─NH2 and ─COOH groups) in the selectivity filters of biological
sodium channels (Fig. 6C). This functional group configuration
may form Na+-functional group coordination to further favor the
facilitated Na+ transport, mimicking the influencing factor pro-
posed for biological sodium channels (6). As a result, Na+ ions
tend to be almost fully dehydrated to become almost “naked” Na+
to tightly approach the ~2.2-Å-sized 15C5 ring and skim through or
even pass through in a single-file manner, analogous to the "knock-
on" mechanism in KcsA ion channels.

Moreover, comprehensive theoretical simulations by combining
MD simulation, density functional theory (DFT) calculations, and
the well-established modified Poisson-Nernst-Planck (mPNP)
theory (46) were further conducted to confirm the mechanisms
for Na+-selective transport in 15C5-MOFSNC under mixed solu-
tion conditions (note S2 and figs. S16 to S23). MD simulations

Fig. 6. Biomimetic ion selectivity mechanisms of 15C5-MOFSNC. (A) Preferential transport for Na+ (i) and K+ (ii) in 15C5-MOF layers of 15C5-MOFSNC in single-com-
ponent solutions. (B) Preferential transport for Na+ against K+ in 15C5-MOF layers of 15C5-MOFSNC in mixed solutions. The coordination of Na+-functional groups in the
triangle window plane is highlighted in the dashed rectangle. Preferential binding of the 15C5 with Na+ leads to the exclusion of both K+ and Li+ under the multicom-
ponent solution, which functions as the biological Na+ selectivity filter. (C) Biological sodium channel with the selectivity filter (i) as the inspiration for the biomimetic
design of artificial sodium channels. The configuration of amino acids (ii) is highlighted to demonstrate the essential role of Na+-functional group coordination for Na+/K+

selectivity.
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showed a stronger Na+ binding over K+ (0.076 versus 0.0053 eV)
onto a single 15C5 molecule (fig. S16A), consistent with the
higher Na+ adsorption capacity in 15C5-MOF crystals (fig. S14)
and DFT results (fig. S15). The preferential binding (described
using the ion-specific binding potential ϕNa+) is essential for the
Na+-facilitated transport in the mPNP model. In addition, the non-
specific electrostatic adsorption by the deprotonated ─COOH
groups is also considered, which leads to a higher cation concentra-
tion inside the pristine UiO-66-(COOH)2 framework as
n0MOF ¼ 2:57 M (32). Then, a 1D continuum mPNP model (fig.
S16B) was established to simulate the selective ion transport in
15C5-MOFSNC (details seen in the “Simulation methods”
section). The blue trapezoidal curve p15C5(x) describes the nonuni-
form distribution of 15C5 groups in the 15C5-MOFSNC channel
(seen in the “Simulation methods” section). Then, the distribution
profile of ─COOH groups in the 15C5-MOFSNC channel is repre-
sented by the green curve pCOOH(x) where the grafting of 15C5 by
the condensation reaction decreases the amount of free ─COOH
group in 15C5-MOFSNC. To be consistent with the higher K+

current and flux values than Na+ under the single-component con-
dition (Fig. 5, A and C), the diffusion coefficients of ions are fixed
with DK+ > DNa+. Note that our model focuses on the origin of
switching ion selectivity. When confined into a nanoscale dimen-
sion, this specific binding interaction of crown ether with the
matched ion could be enhanced (47), which can be described by in-
creasing binding potential values (i.e., ϕNa+ > 0.076 eV) in the 1D
15C5-MOFSNC model. To estimate the proper ϕNa+ range in our
model, the variation in the concentrations K+, Na+, and Cl− with
increasing ϕNa+ value was studied, as shown in Fig. 7 (A and B).
When ϕNa+ increased to 0.15 eV, the concentration of Cl− started
to surpass the K+ concentration in 15C5-MOFSNC. The binding
potential values can be as high as 0.25 eV, which can also be justified
by normalized Na+ flux of a single NaCl solution being close to that
of the NaCl-KCl mixed solution almost at this binding strength
value range as shown in Fig. 7C, considering that the experimental
Na+ permeation rate of the mixed ion solution (Fig. 3B) is slightly
lower than that in a single NaCl solution (Fig. 5C). The inverse se-
lectivity from preferential K+ transport under the single-component
condition to the preferential Na+ selectivity in the NaCl/KCl mixed
condition can be observed with a ϕNa+ value above 0.025 eV. At the
proper ϕNa+ range determined (between 0.076 and 0.15 eV), a
higher Na+/K+ flux ratio (i.e., Na+/K+ selectivity) up to 10 can be
obtained. Increasing 15C5 groups in the feed side [i.e., p15C5(0)/
p15C5(LMOF) increases from 1/10 to 1] can enhance the Na+/K+ se-
lectivity up to two orders of magnitude (Figs. 3 and 4). A fully 15C5-
modified model leads to a selectivity of ~300 at the upper bound of
ϕNa+, which is close to our experimental results. In addition, the cal-
culated average Na+ concentration ranged from 1.88 to 2.30 M
(Fig. 7D), corresponding to 1.3 to 1.6 Na+ in each cavity. Hence,
all the 15C5 gated windows are occupiedby Na+ ions that can be
specifically released by the following Na+ ions, which is consistent
with the knock-on effect shown in Fig. 6B.

DISCUSSION
In summary, we have fabricated a UiO-66-(COOH)2–based
MOFSNC with confined 15C5 to achieve high Na+ selectivity
over K+ and Li+. The Na+/K+ selectivity of the 15C5-MOFSNC is

as high as tens to 102, close to the highest Na+/K+ selectivity of bi-
ological Na+ channels, and one to two orders of magnitude higher
than the Na+/K+ selectivity of previously reported artificial sodium
channels. The high single-ion selectivity observed in these 15C5-
MOFSNCs mainly arises from the well-arranged ion pathways
formed by subnanoconfined 15C5 in MOFSNC. Functioning like
selectivity filters of biological ion channels, each confined 15C5
molecule inside MOFSNCs could preferentially bind with Na+
ions and exclude K+ ions, enabling highly selective Na+ transport
in multi-component solutions. Moreover, in the absence of Na+
ions, the 15C5-MOFSNC shows fast K+ conduction because each
K+ could bind with two adjacent 15C5s on MOF pore windows.
The ion selectivity and ion transport properties observed in
MOF-confined crown ether will inspire further experimental and
theoretical research on subnanoconfined ion transport. More
work needs to be done in the future to further reveal the more de-
tailed ion transport mechanisms. Our work may inspire more
avenues to develop porous framework material-based biomimetic
ion channels with ion-selective properties comparable to those of
biological counterparts for nanoionaics, ion-selective electrodes,
and advanced energy and separation devices.

MATERIALS AND METHODS
Chemicals and materials
Zirconium (IV) chloride (ZrCl4), 1,2,4,5-benzenetetracarboxylic
acid (H4BTEC), lithium chloride (LiCl), sodium chloride (NaCl),
potassium chloride (KCl), 15C5, sodium dodecyl diphenyl oxide di-
sulfonate, formic acid (HCOOH), and hydrochloric acid (HCl) were
purchased from Sigma-Aldrich. Methanol and sodium hydroxide
(NaOH) were purchased from Merck. PET membranes were pur-
chased from Hostaphan RN12 Hoechst. It is noted that all ion se-
lectivity studies of PET NC and MOFSNC by I-V tests and ion
permeation experiments of MOFSNC and 15C5-MOFSNC were
conducted using single-channel ones, and multichannel mem-
branes prepared under the same conditions were used to conduct
SEM images, PXRD patterns, and contact angles of the SNCs
before and after MOF modification and 15C5 modification.

Preparation of MOFSNC by a nanoconfined interfacial
growth strategy
A facilitated interfacial growth strategy was developed to assemble
UiO-66-(COOH)2 into an ethanediamine-modified PET NC
(denoted as PET@EDA NC; see note S1 and fig. S1 for more infor-
mation). One PET@EDA NC was clamped by a homemade interfa-
cial synthesis apparatus consisting of two cells, one of which was
filled with 5 ml of ZrCl4 (0.35 g) solution, and the other side was
filled with 5 ml of H4BTEC (0.38 g) solution, both solutions were
preheated to 90°C. The interfacial synthesis equipment was then
quickly sealed into a polytetrafluoroethylene (PTFE)–lined auto-
clave and transferred into a preheated oven at 100°C and main-
tained for 48 h. When the interfacial synthesis ended, the
obtained UiO-66-(COOH)2-MOFSNC was taken out, washed
with distilled water, and lastly dried at room temperature.

Preparation of biomimetic sodium channels
(15C5-MOFSNCs)
Sixty milligrams of N-(3-dimethylaminopropyl)-N′-ethylcarbodii-
mide hydrochloride, 12 mg of N-hydroxysulfosuccinimide
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sodium salt, and 20 mg of 15C5 were dissolved in 4 ml of Milli-Q
water and filled into the two PTFE cells that clamped a UiO-66-
(COOH)2-MOFSNC film. A transmembrane forward voltage of 1
V was applied to the tip side of MOFSNCs with a Pt electrode for
30 min. After that, the equipment was placed in the dark overnight,
and then, the prepared 15C5-MOFSNC was taken out, washed with
Milli-Q water, and lastly dried at room temperature.

I-V characteristic measurement
The ionic transport properties of both NC and SNC membranes
were studied by measuring I-V curves. Ionic currents were mea-
sured by a Keithley picoammeter (Keithley Instruments, Cleveland)
on two PTFE chambers, which were separated by either a piece of
PET NC film or a MOFSNC membrane. The two chambers were
filled with chloride salt solutions at the same concentration. Ag/
AgCl electrodes were used to apply a transmembrane potential
across them. The forward voltage corresponded to the potential
being applied on the base side. The main transmembrane potential
used in this work was a scanning voltage varying from −2 to +2

V. In this work, each test was repeated at least three times to
obtain the average current values at different voltages.

Ion permeation experiments
TheMOFSNC or 15C5-MOFSNCmembrane was clamped between
two PTFE compartments, of which one cell, facing the base side of
the SNCmembrane, was filled with 10ml of salt solution as the feed,
while the other side, facing the tip side of the SNC membrane was
filled with 10 ml of Milli-Q water as the permeate side. For the
single-ion permeation experiments, the feed solution was 10 ml of
1.0 M LiCl, 1.0 M NaCl, or 1.0 M KCl, while for the mixed ion per-
meation experiments, the feed was 10 ml of mixed ion solution con-
taining 1.0 M LiCl, 1.0 M NaCl, and 1.0 M KCl. The constant
voltage bias ranging from 0.25 to 4.0 V was applied in the feed
side for 24 hours using Pt electrodes via a Keithley picoammeter
across the membrane, with both compartments magnetically
stirred gently. At the end of the experiments, the ion concentrations
in the permeate side were measured by ICP-OES/MS. Permeation
rate and permeability ratio values were calculated to evaluate the
monovalent metal ion transport property in the MOFSNC and

Fig. 7. Theoretical simulations of Na+/K+ selectivity in the 15C5-MOFSNC. (A) Calculated ion concentrations in 1D model for the 15C5-SNC system MOFSNC for
mixture ion permeation experiment using the mPNP theory (Materials and Methods). When the binding energy of 15C5 with Na+ is zero (φNa+ = 0 eV), the cations
Na+ and K+ have the same concentration. At φNa+ = 0.15 eV, the preferable binding to 15C5 groups enhances the Na+ concentration. The markedly dropped K+ concen-
tration should be attributed to electrostatic repulsion from the adsorbedNa+ ions. (B) The average Na+ and K+ concentration in the 15C5-MOFSNC channel as a function of
φNa+ for both pure (i.e., single component) andmixed (i.e., multi-component) ion permeation cases. (C) The dependence of ion fluxes on φNa+. The fluxes are normalized to
that of Na+ in the single-component 1 M NaCl solution at φNa+ = 0. The relative order of Na+ and K+ fluxes is inverted for the mixture ion permeation case compared with
the single-ion permeation case, which is consistent with experimental results. (D) The calculated Na+/K+ selectivity increased with the increase of φNa+ and 15C5 density.
Note that the dashed vertical line in (B) represents the lower limit of φNa+ values in experiments via our analysis.
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15C5-MOFSNC membranes.The device area of 2.83*10-5 m2 was
used to calculate the ion permeate rates.

Simulation methods
To gain molecular-level insights and lay the foundation for contin-
uummodeling, MD simulations were carried out to understand the
interactions of electrolyte ions with 15C5 inside or outside the
MOF. The details of the MD simulation, including force fields, mo-
lecular models, simulation setup, and simulation code, are present-
ed in the Supplementary Materials (“Theoretical simulations”
section in note S2). The MD simulations were used to study the en-
ergetic preference of 15C5 in UiO-66-(COOH)2, selective adsorp-
tion of Na+ over K+ at 15C5 confined in UiO-66-(COOH)2, and the
cavity blockage arising from the partial hydrated
Na+@15C5 complex.

DFT calculations were also performed to confirm several key pa-
rameters predicted from MD simulations. The calculations were
performed using the Vienna Ab initio Simulation Package version
6.3.1. The Perdew-Burke-Ernzerhof exchange-correlation function-
al (48) and the projector-augmented wave method (49) were
adopted. To describe the long-range van der Waals interactions,
the D3 correction proposed by Grimme and colleagues (50, 51)
was used. The cutoff energy for the plane-wave basis set was selected
as 400 eV. Gamma-only k-points mesh was used to sample the Bril-
louin zone of the supercells. The convergence criterion for the self-
consistency process is set to 10−6 eV to optimize the wave function.
The structures were relaxed until the norms of all forces are smaller
than 0.05 eV/Å.

To understand the experiment results, a 1D model is proposed
for the 15C5-MOFSNC system. The widely used mPNP theory was
adopted (46, 52, 53). The finite-element method implemented in
the commercial COMSOL software was used to solve the equations.
To account for both the electrostatic adsorption by the deproto-
nated ─COOH (i.e., negatively charged background) and specific
binding by 15C5 functional groups, we further modify the mPNP
model as follows

@ni
@t
¼ Dir

2ni þ niμirðzieϕþ ΨiÞ

þ
DinirðnNaþ þ nKþ þ nCl� Þ
nMAX � ðnNaþ þ nKþ þ nCl� Þ

ð1Þ

ϵϵ0r2ϕ ¼ FðnNaþ þ nKþ � nCl� � nMOFÞ ð2Þ

where Eq. 1 is themodified Nernst-Planck equation and ni and zi are
the corresponding concentrations and valence number for ith ions
(i.e.,Na+, K+, and Cl−). nMOF is the “concentration” of deprotonated
─COOH groups in MOFSNC, namely, the amount of cation ad-
sorbed into the MOFSNC in equilibrium. The first term is the
classic Fick’s second law for mass diffusion. The second one is the
flux under the external driving force, (i.e., electric potential, ϕ, and
specific binding for the ith ion, Ψi). It is noted that only the specific
binding of Na+ is accounted for (i.e., only ΨNa+ ≠ 0). The third term,
also known as the entropy term, is the size constraint derived from
the lattice gas model (53, 54). Here, the mPNP model is simplified
by treating all kinds of ions with equal diameter, a = 0.66 nm (46,
52). nMAX is the maximum accessible concentration by nMAX ≈ 1/a3
= 5.77 M.

Equation 2 is the Poisson’s equation, where ϵ, ϵ0, F, and e are the
relative permittivities, vacuum permittivity, Faraday constant, and
elementary charges, respectively. ϵ is set to be the bulk value in all
regions. The drop in ϵ in theMOFSNC region was found to enhance
the nonspecific cation adsorption but had negligible effects on de-
creasing the selectivity (fig. S20). Di and μi are the diffusivity and
electromobility for the ith ion and are related via the Einstein rela-
tions, μi =Di/kBTwith T = 300 K and kB as the Boltzmann constant.

Figure 4A illustrates the dimensions of our 1DmPNPmodel. To
resemble the experimental setup, the 10-μm length of 15C5-
MOFSNC was sandwiched between two reservoirs with lengths
LR and LR′. The concentration and electric potential gradient con-
straints, Δn ≈ 1 M and Δϕ = 1 V were then set on the boundary of
the two reservoirs. We examined the influence of LR and LR′ values
on Na+/K+ selectivity results in figs. S16 and S17 and then adopted
LR = 20 nm and LR′ = 90 nm in this work.

In addition, it has been reported that the ion diffusivities inside
the UiO-66-(COOH)2 are several orders of magnitude lower than
those in bulk solution (32). Thus, the diffusivity in the MOF
region was roughly scaled down by the same magnitude HMOF as
DMOF

i ¼ D0
i =HMOF whereD0

i is the bulk diffusivity in the reservoirs.
The D0

i values of Na+, K+, and Cl− are set to be 13.5, 19.6, and 20.3
[10−6 cm2/s], respectively. We set HMOF to 100. The diffusivity of
the monovalent ions is always in the order of DK+ > DNa+, which re-
produces the higher K+ flux under single-component conditions. It
was found that the ion selectivity would be slightly increased with
the drop of HMOF in fig. S21.

To model the 15C5-MOFSNC, we describe the distribution of
15C5 and ─COOH groups in the MOF channel using two distribu-
tion functions p15C5(x) and pCOOH(x) as illustrated in Fig. 4A. Note
that pCOOH = 1 means the maximum composition of ─COOH
groups in MOF, i.e., 48 groups per unit cell. In experiments, the
15C5 groups were grafted onto the ─COOH groups (the condensa-
tion reaction with 15C5 decreased the number of ─COOH groups);
thus, p15C5(x) + pCOOH(x) = 1. In this work, we adopted a trapezoi-
dal distribution function for 15C5 groups. On the permeate end,
p15C5(LMOF) = 8/48. This corresponds to one 15C5 group in each
cavity of the UiO-66-(COOH)2 framework. Owing to the large
size of the 15C5 group, it is reasonable that 8/48 could be the
maximum composition of 15C5 groups. Accordingly, we examined
the influences of the ratio between the feed and permeation ends,
p(0)/p(LMOF), on the ion selectivity in our simulation and the
results are presented in Fig. 3E.

Hence, the preferred binding of Na+ is described as
ΨNaþðxÞ ¼ � φNaþ � p̂15C5ðxÞ, where φNa+ is the binding strength
of Na+ and p̂15C5ðxÞ is a normalized distribution function in
which p̂15C5ðLMOFÞ ¼ 1. As the ─COOH groups would be deproto-
nated, the green curve of pCOOH(x) shows the profile of the negative-
ly charged background (Fig. 4A). Thus, nMOFðxÞ ¼ n0MOFpCOOHðxÞ,
where n0MOF ¼ 2:57 M is the equilibrium cation concentration in
the pristine crystal to balance the negative background (32). The in-
fluences of other key parameters, such as the channel geometry, di-
electric constant, n0MOF, and electrostatic potential gradient on the
ion flux and ion selectivity, are discussed in detail in note S2.2 and
figs. S15 to S21.
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