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Abstract
Cellular membranes provide ideal archetypes for molecule or ion separations with sub-angstrom scale
precision, which are featured with both extremely high permeability and selectivity due to the well-de�ned
membrane protein channels. However, the development of bioinspired membranes with arti�cial channels
for sub-angstrom scale ethylene/ethane (0.416 nm / 0.443 nm) separation remains an uncharted territory
and a signi�cant challenge. Herein, a bioinspired nano-ordered liquid membrane is constructed by a facile
ion/molecule self-assembly strategy for highly e�cient ethylene/ethane separation, which mimics the
structure of cellular membrane elegantly and possesses plenty of three-dimensional (3D) nanochannels.
The elaborate regulation of non-covalent interactions by optimizing the ion/molecule compositions
within membrane confers the nano-ordered liquid structure with interpenetrating and bi-continuous apolar
domains and polar domains, which results in the formation of regular carrier wires and enormous 3D
interconnected ethylene transport nanochannels. By virtue of these 3D nanochannels, the bioinspired
nano-ordered liquid membrane manifests simultaneously super-high selectivity, excellent permeance and
long-term stability, which exceeds previously reported ethylene/ethane separation membranes. This
methodology in this work for construction of bioinspired membrane with tunable 3D nanochannels
through ion/molecule self-assembly will enlighten the design and development of high-performance
separation membranes for angstrom/sub-angstrom scale ion or molecule separations.

Introduction
Membrane separation is a well-established and forward-looking technology,1, 2, 3 where novel materials,
versatile architectures and fascinating applications spring up exuberantly.4, 5, 6, 7 Membranes possess
inherent attributes of high energy e�ciency, good environmental safety, cost-effectiveness and small
plant footprint, which exhibit grand potential for enormous separations in energy and environment
�elds.8, 9, 10, 11 However, the implementation of membranes for angstrom/sub-angstrom scale precise ion
or molecule separations such as ion sieving, chiral recognition and ole�n/para�n separation still remains
a major global challenge,12, 13, 14 and the corresponding high-performance membranes are urgently
needed.15, 16 Cellular membranes regulate the selective transport of sub-angstrom/angstrom scale ions or
molecules with exceptional selectivity and superhigh transport rates, such as ions, water, gas and organic
molecules for cell metabolism.17 The combination of high permeability and selectivity is primarily
attributed to the sophisticated membrane structure with a variety of specialized membrane proteins or
aquaporins (AQPs) embedded in the phospholipid bilayer,7, 18 which can be described by �uid mosaic
model.19 On the one hand, the lipid bilayer is a dynamic two-dimensional �uid, which renders the cellular
membrane with elasticity and �exibility.20 On the other hand, driven by intermolecular forces, bilayer-
spanning helices are assembled into versatile membrane proteins with N- and C-termini heading towards
the cytosol, and these specialized membrane proteins are featured with well-de�ned angstrom-scale
channels and chemical functionality,21, 22 which synergistically combine size, charge, van der Waals, and
other speci�c binding interactions to achieve the selective and super-fast transport of target species.23, 24
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For example, the AQP within cellular membrane exhibits a high permeability of 3 × 109 H2O molecules per

second per AQP subunit but completely excludes all ionic species;25 the CO2 permeability can reach up to

120000 molecules per second per AQP subunit;26 the potassium permeation rate is ~ 108 ions/s with a
super high potassium/ sodium ion selectivity of ~ 1000.2

The elegant structure and unprecedented performances of cellular membranes provide archetypes and
grant germane inspirations for the design of highly e�cient membranes for sub-angstrom/angstrom-
scale ion or molecule separations.27, 28 The integration of AQP within the matrix of polymer or graphene
oxide membranes is the direct method to construct bioinspired membranes.29, 30 However, the di�cult
manipulation of orientation and connectivity of AQPs, their intricate structure, high cost and low stability
severely hinder further applications of AQP based membranes.27 Recently, arti�cial channel-based
bioinspired membranes that mimic the structures and functions of cellular membranes have emerged
and are more appealing due to their easy fabrication and high stability, which can be divided into two
categories based on their channel construction: unimolecular channel membrane and self-assembling
channel membrane.28 Unimolecular channel such as the carbon nanotube is generally inserted into lipid
bilayers to construct bioinspired membranes for energy-e�cient water puri�cation due to the frictionless
water �ow in single-�le chain.31, 32 In contrast, the self-assembling channels are constructed from self-
assembly of small building blocks by weak intermolecular forces such as hydrophobic interactions or
hydrogen bonding,33, 34 which offer advantages of chemical diversity, precise control of channel
architecture and easy fabrication.24, 27 However, most reported bioinspired membranes with arti�cial
channel are small-membrane vesicles with diameter of ∼200 nm, meanwhile the low-density channels
often result in low separation performances.35 Therefore, novel bioinspired membrane with plenty of
transport channels as well as cost- and process-e�cient membrane construction strategy are still highly
needed yet challenging, particularly when considering the fabrication of scalable membranes for practical
applications.

Ionic liquids are combinations of cations and anions, which can generate a variety of attractive
interactions ranging from the weak forces (van der Waals, dispersion forces) to strong forces (hydrogen
bonding and electrostatic interactions). 36, 37, 38 The diverse intermolecular forces and structural
designability of ILs make them easily assemble into versatile nanostructures.39, 40 Therefore, ILs are
anticipated to be a novel and leading candidate for developing bioinspired membranes with transport
nanochannels.41, 42 Herein, we present, from inception to implementation, a family of bioinspired nano-
ordered liquid membranes with excellent separation performance for ethylene/ethane (0.416 nm /
0.443 nm) separation,43 which are constructed from ion/molecule self-assembly of protic salts (PSs,
solid protic ionic liquids at room temperature), polyol and ethylene-transport carrier (AgNO3), where the
PSs imitate phospholipid molecules, and the combination of polyol and AgNO3 carrier imitates carrier
protein. The regulation of hydrogen bonding, electrostatic and amphiphilicity interactions by optimizing
their compositions can confer the nano-ordered liquid structure with interpenetrating and continuous
apolar domains and polar domains, which results in the formation of regular carrier wires and enormous
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3D interconnected ethylene transport nanochannels. The plenty of nanochannels effectively reduce the
distances for the transport and enable continuous and fast transport of ethylene molecules throughout
nano-ordered liquid membranes. Moreover, the eutectics of PS and polyol make their mixture remain
liquid state with �uidity and elasticity at room temperature, which contributes to facile scalable
membrane fabrication by spin-coating. Ethylene/ethane separation is a typical example of sub-angstrom
scale separations and has been recognized as one of the seven chemical separations to challenge the
world as a consequence of extremely similar molecular size and huge global energy consumption for
separation.44, 45 The implementation of bioinspired nano-ordered liquid membrane for ethylene/ethane
separation has the potential to create signi�cant cost and environmental savings in relative to cryogenic
distillation.46, 47 The bioinspired nano-ordered liquid membrane manifests simultaneously super-high
selectivity, excellent permeability and long-term stability, which exceeds the advanced ethylene/ethane
separation membranes. This work opens up a novel and e�cient avenue to worldwide challenging
ethylene/ethane separation, and the methodology that manipulating directional distribution of silver ions
to construct fast transport nanochannels will shed light on design advanced membrane materials in
separations, catalyst and battery applications.48, 49

Results And Discussions
Membrane design and morphology characterization. The bioinspired nano-ordered liquid membranes are
constructed from ion/molecule self-assembly strategy to imitate the structure of cellular membrane. For
the structural design of bioinspired nano-ordered liquid membranes, AgNO3 is chosen as the carrier
because of its low cost, facile availability and excellent ability of transporting ethylene; PSs, as a
subclass of ionic liquids, are chosen due to their same anion with carrier, useful protic acidic properties to
stabilize silver carrier and their tunable intermolecular forces, especially amphiphilicity and electrostatic
interactions; the natural and renewable polyols such as glycerol have conspicuous advantages of strong
hydrogen-bond interactions and low material cost. A variety of PSs such as EAN, DEAN, TEAN, MIMN,
CPAN and three typical polyols of EG, G and TEG are screened for the investigation of their structural
effects on the self-assembly behaviors and corresponding separation performances of membranes
(Figure S1). The physical property of as-selected PSs and their structural characterizations by 1H NMR
and FTIR spectra are shown in Table S1 and Figure S2-S3. A series of binary liquid eutectics of PSs and
polyols, and ternary eutectics of PSs, polyols and silver salt carrier (also referred to as membrane liquid)
are formed with nano-ordered structure due to strong interactions, which is veri�ed by their low melting
points (Table S2). The bioinspired liquid membranes are easily fabricated by spin-coating of as-designed
nano-ordered membrane liquid onto a home-made PES support (Figure 1a and Figure S4), where
nanopores of support (about 100 nm) and the suitable viscosity of membrane liquid confer facile
accumulation of membrane liquid on the support surface to form stable selective separation layer.
Moreover, the chemical synthesis of membrane liquid is also highlighted by taking EAN (PS) and G
(polyol) as an example (Figure 1a1), which comprises two steps of synthesizing EAN by proton transfer
reaction and mixing as-prepared EAN, AgNO3 and G. The amphiphilicity, hydrogen bonding and
electrostatic attractions endow the resultant membranes with inhomogeneous and nano-ordered liquid
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structures, where molecular and ionic clusters are found within the complex and ordered hydrogen-bond
networks. The amphiphilicity interactions of the PS cations make themselves aggregate together into
apolar nano-regions. The hydrogen bonding and electrostatic attractions lead to the formation of polar
nano-domains, which are composed of with polyol, silver cation and NO3

- anions. Therefore, the self-
assembled nano-ordered liquid membrane share the distinct structural similarity with cellular membrane
(Figure 1b), where the self-assembly of PSs mimics the lipid bilayer (Figure 1b1), the self-assembly of
glycerol embedded within carrier mimics the carrier protein (Figure 1b2), being expected to possess
incomparable gas permeability and selectivity like cellular membrane.

The distinctive feature of bioinspired liquid membrane is the precise manipulation of carrier distribution,
including the continuity, the aggregation and the corresponding activity. Optimally, the arrangement of the
nano-ordered polar and apolar domains can be tailored by the content of PS, polyol or their molar ratios,
which results in the formation of regular carrier wires and enormous 3D interconnected ethylene transport
nanochannels (Figure 1d). The continuous carrier distribution and high carrier activity contribute to the
ultrafast and selective ethylene transport, which afford the combined high ethylene permeability and
super-high ethylene/ethane selectivity (Figure 1d1). In contrast, the traditional polymer or liquid
membranes generally possesses discrete and disordered carrier distribution with low carrier activity
(Figure 1e), suffering from the very sluggish transport of ethylene molecules (Figure 1e1). Moreover, the
impertinent combination of Ps and polyol or their molar ratio will lead to the lousily carrier aggregation
with poor carrier activity, resulting in unattractive ethylene/ethane selectivity (Figure 1c). The morphology
of bioinspired nano-ordered liquid membranes is investigated by SEM (Figure 1f-1k). The home-made
PES support has relatively uniform pore sizes of ~100 nm and hierarchical cross-section structure with a
relative dense top layer and a �nger-like macroporous sublayer (Figure 1f and 1g). After spin-coating for
several times, the support is completely covered by membrane liquid and a selective separation layer of
nano-ordered liquid with ~5 µm is clearly obtained (Figure 1h and 1i). Figure 1j and 1k show the photos
of pristine support and as-designed bioinspired nano-ordered liquid membrane, which further con�rm the
successful membrane fabrication. The facile membrane manufacturing by spin-coating making them
more attractive for large scale industrial applications. Finally, the bioinspired nano-ordered liquid
membranes exhibit desirable thermal stability as revealed by TG curves (Figure S5)

Characterizations of non-covalent intermolecular forces. The intermolecular forces driving self-assembly
of nano-ordered liquid structure are investigated by the DSC, 1H NMR, ATR-FTIR and FT-Raman spectra
(Figure 2), especially for the electrostatic and strong hydrogen-bonding interactions.50 The eutectic
property among PSs, polyols and carrier is con�rmed by the low melting points, which vary from -68 to
-91.5 oC and are signi�cantly manipulated by the combination of PS and polyol and the corresponding
molar ratio. The incorporation of AgNO3 within binary eutectics of PS and polyol further increases
melting points slightly (Figure 2a). The eutectic property indicates the collapse of crystal structure of PS
and the weakened electrostatic interactions between the cation and anion by mixing. Meanwhile,
eutectics make membrane remain liquid state and possess similar dynamic �uidity with cellular
membranes, which renders the membrane with elasticity and �exibility, contributing to the defect-free
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membranes. Other physical properties of the membrane liquid, such as density, ion conductivity and the
viscosity, are also collected in Table S2. As shown in Figure 2b, the NH3

+ and OH chemical shifts in pure

[EAN] locate at 7.832 and 4.590 ppm. Upon mixing with G, the chemical shift of NH3
+ moves to up-�led

gradually with the molar ratios of EAN to G changing from 1:1 to 1:3, which manifests that the
electrostatic interactions and double ionic hydrogen bonds between cation and anion in PSs are
weakened by the intercalation of PS by G. Concomitantly, the chemical shift of OH in G moves to up-�elds
by mixing PS, suggesting the hydrogen bond interactions among G molecules are broken and new
hydrogen bond interactions between [G] and [EAN] are built. As seen from Figure 2c, the FTIR spectra of
PS-polyol binary eutectic exhibits the characteristic bands of [EAN] and [G], and the hydrogen bonds
existing as N-H···O and O-H···O have been con�rmed by the broad peaks between 3600 and 3200 cm-1.
The deformation vibrations of NH3

+ and stretching vibrations of NO3
- are found to be blue-shifts with the

molar ratio of EAN to G decreasing from 1:1 to 1:3, which further indicates the collapse of long-range
ordered structure of the PS.

The stretching modes of the OH in PS-polyol eutectic exhibit blue-shifts, implying that the hydrogen bond
interactions of G-PS cation and G- PS anion are weaker than that of G-G. The 1H NMR and FTIR spectra
of EG and TEG based binary eutectics exhibit similar behaviors with that of G-based binary eutectics
(Figure S6-S7). However, the extent of shifts varies with different polyol and molar ratios, which indicates
the tunable nano-ordered structures of bioinspired liquid membranes with different polyols. Subsequently,
the incorporation of silver salt carrier to form membrane liquid (ternary eutectics), where the
intermolecular forces between carrier and PS or polyol are also probed by ATR-FTIR spectra (Figure 3d).
Upon introduction of silver salt, the OH stretching vibrations of polyols exhibit different red shifts for G,
EG and TEG based membrane liquids, which indicated the diverse coordinative interactions between
silver cation and polyols.51, 52 Meantime, the red-shifts of NO3

- stretching vibrations are also observed,

hinting the possible formation of hydrogen bonds between NO3
- of silver salt and polyols. The G based

membrane liquid exhibits stronger red shifts than EG and TEG based membrane liquids, which implies
the stronger coordinative and hydrogen bond interactions. As elucidated in Figure 2e-2g, the deconvoluted
FT-Raman spectra further gain insight of the ionic species in bioinspired nano-ordered liquid membranes
with different PS/polyol molar ratios. Note that the NO3

- stretching bands of free ions, ion pairs, and ion

aggregates are located at 1034, 1040, and 1045 cm-1, respectively. For the PS/polyol molar ratio of 1:2,
the ion aggregates are the dominant ionic constituents. For the PS/polyol molar ratio of 1:1, the content
of ion aggregates decreases, while ion pairs and free ions increase. When the molar ratio of is 1:3, the
free ions and ion pairs predominate. FT-Raman clearly indicates the PS/polyol molar ratios also govern
the nano-ordered structure of bioinspired liquid membranes.

Visualization of nano-ordered membrane structure. The visualization of nano-ordered structure of
bioinspired liquid membranes and the resultant carrier distributions are conducted by molecular
dynamics simulations and small- and wide-angle X-ray scattering (SWAXS) at nanoscale level. The
highlighted snapshot of bulk structure of bioinspired liquid membrane (EAN: glycerol = 1:1) in
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equilibrated simulation box reveals a bicontinuous nano-ordered structure analogous to the morphology
of cellular membrane (Figure 3a), where the EAN cations (yellow) are assembled into apolar
nanodomains to imitate lipid molecular layer, while the EAN anions (red), silver salt and G (blue) are
assembled into polar nanodomains to act as carrier protein. The snapshot of bulk structure of bioinspired
liquid membrane are shown in Figure 3b, and the isolated snapshots of cations, anions and glycerol
further discern the self-assembled nano-ordered structure clearly (Figure 3c, 3e and 3f).

Cation alkyl chains are solvophobically associated together into apolar domains due to amphiphilic
interactions, where carbon atoms orient towards each other with the ammonium groups facing away
(�gure 3c). The NO3

- anions and G molecules are assembled together to form polar nanodomains due to

strong electrostatic and hydrogen-bonding interactions, where NO3
- anions are aligned upon the

corresponding positions of cation charge group, and the G molecules or their clusters locate around
charge groups of EAN (Figure 3e and 3f). Nearly all the silver salts con�ne themselves within polar
nanodomains because of strong coordinative and hydrogen bond interactions. The periodic and well-
de�ned nano-order structure of bioinspired liquid membrane are further con�med by radial distribution
functions of ion-ion or ion-molecular, gij(r). The cation-cation and anion-anion peaks further suggest their
aggregations within apolar and polar nanodomains, respectively. The stronger G-G peak in relative to G-
Cation and G-anion indicates the presence of clusters of G molecules due to stronger hydrogen bonding
interactions among G molecules (Figure 3j). The radial distribution functions of atom-atom highlight the
strong electrostatic interactions between the cation and anion are retained in membrane liquid, where the
NH3

+ tends to approach the NO3
− at closer distances (Figure 3k). The radial distribution functions of

silver-anion, silver-G and silver-cations suggest the silver cations are encircled by NO3
- anions and

solvated by G molecules due to electrostatic and hydrogen-bonding interactions, respectively (Fig. S8).
The coordination number quanti�cationally describe the intensity of hydrogen bonds (Table S3), which
follows the order: G-G > G-cation > G-anion. The nano-ordered structure of bioinspired liquid membranes
with EAN/G molar ratio of 1:2 is shown in Figure 3d and the isolated snapshots of cations, anions and
glycerol are shown in Figure S9, which suggests the continuous polar domains but discrete apolar
domains with the increase of G molecules. The polar domains occupy a larger fraction of the stimulated
box, which results in the severe compression of apolar domains. The distributions of silver cations within
bioinspired liquid membranes with EAN/G molar ratios of 1:1 and 1:2 are shown in Figure 3g and Figure
3h. The bicontinuous and interpenetrating networks of polar and apolar within bioinspired liquid
membranes (1:1) lead to the continuous and uniform carrier distribution to create the regular carrier
networks (highlighted in Figure 3i). Therefore, enormous 3D interconnected ethylene transport
nanochannels are formed and contribute to the ultrafast and selective ethylene transport, which afford
the excellent separation performances of bioinspired liquid membranes (1:1). In contrast, the distribution
of silver cations within bioinspired liquid membranes (1:2) can be divided into two situations: uniform but
discrete distribution and severe aggregation of most silver cations, which lead to poor carrier activity,
resulting in poor separation performances of bioinspired liquid membranes (1:2). It can be inferred that
the apolar domains will be further diluted by G clusters with the G molecules increasing continuously. The
silver cations within bioinspired liquid membranes (1:3) are uniformly but discretely dispersed in the polar
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domains and solvated by G molecules, which render the membrane with moderate separation
performances.

Moreover, the SWAXS further reveals the intermediate-range order of bioinspired liquid membrane. For the
bioinspired liquid membrane (Ag/[EAN:G=1:1]), the peak at low q ( < 1 Å-1) can be assigned as a
correlation peak arising from segregation of the alkyl chains into apolar domains, which clearly indicates
the intermediate range nano-ordered structure (Fig. 3l). Correlation distance between the ammonium head
groups can be approximated from the q values of the peaks through the use of Bragg’s Law of d = 2π/q,
which is about 10 Å. The other correlation peak located at ∼1.7 Å-1 has been attributed to the distance
between alkyl chains. However, no peak is observed for [EAN: G] at low q (< 1 Å-1), which suggests the
small disordered cluster structure. This difference further con�rms the vital role of carrier for the
construction of nano-ordered structure, which is indicative by the compact alkyl chain con�guration.

Evaluation of separation performances. The separation performances of bioinspired nano-ordered liquid
membranes are evaluated by carrying out equimolar ethylene/ethane mixture separation on our home-
made facility (Figure S10), and the operational procedure can be found in Supporting Information. The
effects of the PS, Polyol, and their molar ratio on the membrane separation performances are
investigated systematically, which gains insight of the membrane structure-performance relationships. As
shown in Figure 4a, the PSs greatly affect the gas permeability. The effect of PSs on the ethylene
permeability follows the sequence of MIMN > EAN > DEAN > TEAN > CAPN, which suggests ethylene
permeability can be improved by skillful selection of PSs. As expected, the order of ethane permeability is
in good agreement with the viscosities of membrane liquid due to that its permeation is mainly
dependent on Fick diffusion (Figure S11). With the introduction of more hydroxyl groups into PSs, the
decrease of ethane permeability is quicker than that of ethylene, which is probably attributed to the
compact nano-ordered membrane structure induced by the presence of more hydroxyl groups. Therefore,
the gas selectivity sharply increases with the more hydroxyl groups into PSs and reaches up to 265 for
[TEAN] derived bioinspired nano-ordered liquid membrane, which is the highest ethylene/ethane
selectivity ever reported. As shown in Figure 4b and Figure S12, the ethylene permeability of the
membranes based on three different polyols follows the order of EG > G > TEG, while the ethylene/ethane
selectivity is as follows: G > EG >TEG, which is arisen from by the different carrier activity within the
different polyol derived polar domains. The silver cations surrounded by G molecules are more active due
to stronger coordinative and hydrogen bond interactions. The PS/polyol molar ratios signi�cantly
determine carrier distribution within bioinspired nano-ordered liquid membranes, resulting in diverse
separation performances. As expected by the above molecular dynamics simulation, the ethylene
permeability obtains maximum at the molar ratio of 1:1, median at the molar ratio of 1:3 and minimum at
molar ratio of 1:2 (Figure 4c). In contrast, the ethane permeability possessed maximum at the molar ratio
of 1:2, which is almost 1~2 orders of magnitude higher than values obtained at the molar ratios of 1:1
and 1:3. The unusual ethane permeability at the molar ratio of 1:2 is ascribed to lousily carrier
aggregation. Therefore, ethylene/ethane selectivity decreases initially and then increases with the PS/
polyol molar ratio of changing from 1:1 to 1:3, obtaining a maximum at the molar ratio of 1:1, which
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originates from enormous 3D interconnected ethylene transport nanochannels (Figure 4d). As seen from
Figure S13, the ethylene permeability increases gradually with the silver salt content increasing from 0 to
5 mol/L, and the gas selectivity initially increases slightly and then increased sharply, varying from 3.4 to
226 for EAN derived membrane, which is attributed to more continuous and available carrier for ethylene
transport. Moreover, an initial parameter optimization is conducted to promote the process e�ciency,
including transmembrane pressure, operating temperature, the feed ratio of ethylene/ethane and the �ow
rate of sweep gas (Figure S14), where the decrease of the transmembrane pressure favors separation
selectivity but goes against the gas permeability, while the decrease of operating temperature has a
completely opposite effect on the gas selectivity and permeability, the permeability decreases but
selectivity increases. Moreover, the increase of the �ow rate of sweep gas and the feed ratio not only
improves the gas selectivity but also enhances the gas permeability. Fortunately, bioinspired nano-
ordered liquid membranes present long-term stability during continuous operating, which clearly show a
tempting prospect for commercial success. Finally, the excellent separation performances of as-designed
membranes are highlighted by in comparison with those of traditional and advanced ethylene/ethane
separation membranes (Figure 4f and Figure S15), and the highly competitive permeability and superhigh
slectivity make them more promising than previously reported polymeric membranes, carbon molecular
sieve membranes (CMS), mixed matrix membranes (MMMs), carrier-facilitated transport membranes
(FTMs), IL and deep eutectic solvent (DES) based liquid membranes and metal organic framework
membranes (MOF).

Discussion

  In summary, we have developed a series of bioinspired nano-ordered liquid membranes constructed
from ion/molecule self-assembly of PS, polyol and ethylene-transport carrier (AgNO3), which mimic the
structure of cellular membranes to achieve high-performance ethylene/ethane separation. The eutectics
of PS and polyol make membrane remain liquid state and possess similar dynamic �uidity with cellular
membranes, contributing to the facile scalable fabrication of defect-free membranes by spin-coating. The
intermolecular forces are investigated by various spectroscopic characterizations and the visualization of
nano-ordered membrane structure is conducted by molecular dynamics simulations. The amphiphilicity,
hydrogen bonding and electrostatic attractions within membranes drive the self-assembly of
ion/molecule into nano-ordered liquid structure with interpenetrating and continuous apolar domains and
polar domains, which can precisely manipulate of the carrier distribution such as the continuity,
aggregation and activity. By optimizing the PS and polyol and their compositions, the regular carrier wires
with continuous and uniform carrier distribution are obtained, resulting in the formation of enormous 3D
interconnected ethylene transport nanochannels. The plenty of nanochannels effectively reduce the mass
transport distances as well as enable continuous and fast transport of ethylene molecules throughout
nano-ordered liquid membranes. The elucidation of stucture-performance relationship further con�rms
the 3D nanochannels and suggests that ethylene permeability and gas selectivity can be greatly
improved by rational selection the PSs, polyol, and their molar ratios. Moreover, the bioinspired nano-
ordered liquid membranes exhibit good long-term stability. Therefore, the excellent separation
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performances and good long-term stability may herald this new class of bioinspired membranes as
promising alternatives to the existing separation technology, and the pioneering exploration to construct
fast transport nanochannels by ion/molecule self-assembly will shed light on the development of
channel-based membranes, highly conductive electrolytes and controlled metal-distributed catalysts for
energy and environmental applications.

Methods
Preparation of bioinspired nano-ordered liquid membranes. The nano-ordered membrane liquids were
prepared by mixing PS, polyol and silver salt at the PS/polyol molar ratios of 1:1, 1:2 and 1:3 with
magnetic agitation at 60 oC until the clear and colourless liquids were formed. The membrane liquids
were then dried under vacuum to remove excess moisture and their water contents were determined by
Karl-Fischer titration method to be less than 1000 ppm. Then the bioinspired nano-ordered liquid
membranes were obatined by spin-coating of above as-synthesized membrane liquids on home-made
PES support using spin coater (KW-4S, SETCAS Electronics Co. Ltd. Beijing, China), which fellowed a
similar procedure as our previous reports.42 In order to obtain stable selective separation layer, the
coating procedure was repeated several times (about 3~5).

Characterization. The densities were determined at 25 °C with a Mettler-Toledo DE40 density meter. The
viscosities were measured by a Brook�eld DV1 digital viscometer. The ionic conductivity measurements
were carried out by using DDSJ-318 Conductivity Meters. The melting points were acquired with
differential scanning calorimetry (DSC, 200F3, NETZSCH Co). The thermal gravimetric analysis (TGA)
was performed by a Netzsch TG 209 thermal gravimetric analyser. The 1H NMR spectra were recorded on
the VARIA INOVA 400MHz spectrometer using DMSO-d6 as solvent. The Fourier transform infrared
spectra (FTIR) were recorded on a Nicolet MAGNA-IR 560 spectroscopy with a resolution of 4 cm-1 in the
range of 4000-400 cm-1. Fourier transform Raman spectra (FT-Raman) were carried out by a Raman
spectrometer (Bruker RFS 100). The microscopic morphology of membranes was obtained by the �eld
emission scanning electron microscope (SEM, FESEM, Nova Nanosem 430, FEI Co., USA). Synchronous
wide-angle and small-angle X-ray scattering was conducted at beamline 1W2A of the Beijing Synchrotron
Radiation Facility, China.

MD simulations. The nanostructure of bioinspired nano-ordered liquid membrane was investigated by
molecular dynamics simulations using large scale atomic/molecular massively parallel simulator
(LAMMPS) package. In the MD simulations, an initial con�guration containing 600 PAN ion pairs, 600
glycerinum molecules, and 300 AgNO3 molecules was randomly distributed within a large cubic initial
simulation box. The initial con�guration was then equilibrated at T=400 K with a constant NPT
simulation for 1 ns. This system was then re-equilibrated at T = 800 K under constant NVT conditions for
1 ns. The �nal con�guration of 800 K was then cooled down sequentially to 400 K, at intervals of 100 K.
For each temperature interval, the system was equilibrated for 500 ps, and �nally for 1 ns at 400 K. The
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trajectory data was saved each 0.1 ps for other 100 ps under NVT ensemble. The integration time step
was 1.0 fs. Periodic boundary conditions are applied to the models.

separation performance test. Mixed-gas permeation experiments were performed as our previous report
and the set-up was shown in Supporting Information.53 The gas permeation experiments were performed
at desired conditions. Three parallel experiments were carried out to obtain the stable values. For mixed
gas experiments, the permeability(Pi) and C2H4/C2H6 selectivity (Si,j) could be calculated by thefollowing
equations.

Where Pi is the gas permeability of component i (Barrer), Ji is the permeation �ux of

component i (cm3/(cm2·S)); δ is the membrane thickness (cm); and ∆Pi is the pressure difference
between the feed and permeate side (cmHg).
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Figure 1

Design of bioinspired nano-ordered liquid membrane and their morphology characterization. (a) The
fabrication of bioinspired nano-ordered liquid membrane: preparation of PES support, synthesis of
bioinspired nano-ordered liquid, construction of membrane by spin-coating, (a1) synthetic route of nano-
ordered liquid. (b) Structure of cellular membranes with transmembrane proteins embedded in the
phospholipid bilayer: (b1) the self-assembly of PSs mimicking the lipid bilayer, (b2) the self-assembly of
glycerol embedded within carrier mimicking the carrier protein. (c) Structure of bioinspired nano-ordered
liquid membrane with lousily carrier aggregation. (d, d1) Structure of bioinspired nano-ordered liquid
membrane with enormous 3D interconnected ethylene transport nanochannels, and the correspondingly
highlighted nanochannel. (e, e1) Structure of traditional polymer or liquid membrane with random carrier
distribution and the highlighted sluggish ethylene transport. (f-g) SEM images of top and cross-section of
homemade PES support. (h, i) SEM images of top and cross-section of bioinspired nano-ordered liquid
membrane. (j, k) Photos of PES support and bioinspired nano-ordered liquid membrane.
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Figure 2

The intermolecular interactions for self-assembly and structure of bioinspired nano-ordered liquid
membranes. (a) Binary eutectics of PSs and polyols, and ternary eutectics of PSs, polyols and carrier. (b.
c) Demonstrations of hydrogen bonding and electrostatic attractions between PSs and polyols by
1HNMR (b) and ATR-FTIR spectra (c). (d) Investigation the interactions between carrier and PSs or polyols
by ATR-FTIR spectra. (e, f and g) Elucidate of existent forms of NO3- anions and the according contents
within membranes at the molar ratios of 1:1, 1:2 and 1:3 by FT-Raman spectra.
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Figure 3

The regular carrier wires and formation of enormous 3D interconnected ethylene transport nanochannels.
(a) Highlighted snapshot bulk structure of bioinspired nano-ordered liquid membrane (EAN: glycerol =
1:1) with the yellow EAN cations, red anions and blue G molecules. (b, c, e and f) Snapshots of molecular
simulations of bioinspired nano-ordered liquid membrane, where the carbon, hydrogen, oxygen, nitrogen
and silver atoms are shown in in grey, in white, in red, in blue and in Tiffany blue, respectively, (b) all
atoms, (c) EAN cations, (e) NO3- anions of EAN and silver salt (f) G molecules. (d) Highlighted snapshot
bulk structure of bioinspired nano-ordered liquid membrane (EAN: glycerol = 1:2) with the yellow EAN
cations, red anions and blue G molecules. (g, h) Distribution of silver cations within bioinspired liquid
membranes with EAN/G molar ratios of 1:1 or 1:2. (i) Highlighted carrier wires. (j) Radial distribution
functions of the centers of masses of ion-ion or ion-molecular. (k) Radial distribution functions of N
atom-N atom of cation-anion of EAN; (l) SWAXS patterns of bioinspired nano-ordered liquid membrane.



Page 19/19

Figure 4

The structure-performance relationship and corresponding performances of bioinspired nano-ordered
liquid membranes for precise ethylene/ethane separation. (a) Effect of PSs on separation performance.
(b) Effect of polyols on separation performance. (c) Effect of molar ratio on the gas permeability. (d)
Effect of molar ratio on the selectivity. (e) Evaluation of the long-term stability of bioinspired nano-
ordered liquid membranes. (f) Comparison of bioinspired nano-ordered liquid membranes with the state
of art of membranes for ethylene/ethane separations, where the data are plotted on a log-log scale.
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