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Highly permselective membranes with superior permeability and broad
applicability are essential for organic solvent nanofiltration (OSN). However,
conventional polyamide membranes often suffer from limited permeability,
especially for non-polar solvents. We herein propose a simple yet effective
strategy to fabricate polyamide membranes capable of ultrafast separation for
both polar and non-polar solvents. By utilizing a non-planar amine monomer
with diphenyl ether moiety, interfacial polymerization is rationally conducted
at the deep eutectic solvent/alkane interface, yielding an ultrathin polyamide
layer (-12 nm) with enhanced microporosity, uniform nanopores and a Janus-
like microstructure. The resultant membrane demonstrates high permeability
(36.6 Lm2h ! bar™! for methanol, 56.6 Lm=2h~1bar~1 for hexane), precise
molecular sieving capability and excellent structural stability. The work pro-
vides a paradigm for developing high-performance OSN membranes through
the molecular-level design and powerful control of the manufacturing process.

Organic solvent nanofiltration (OSN) has gained significant attention
across diverse industries such as the petroleum, chemicals and phar-
maceuticals, due to its advantages in energy conservation and opera-
tional simplicity. OSN membranes are designed to effectively separate
small molecules (150-1000 Da) from organic solvents through size-
exclusion and charge-repulsion mechanism. In industrial applications
involving large volumes of aggressive organic solvents, there is an
urgent demand for OSN membranes with high separation efficiency and
robust stability under complex conditions, particularly in organic sol-
vents spanning a wide polarity range'.

Thin film composite (TFC) membrane, consisting of a porous
substrate and a selective thin layer formed through interfacial poly-
merization (IP), represents the mainstream in OSN membranes, owing
to the merits of industrially scale-up and cost-effective production®.
Polyamide (PA) TFC membranes, as a primary type, are typically fab-
ricated via the interfacial polymerization between diamine (e.g., m-
phenylenediamine, MPD) and triacyl chloride (e.g., trimesoyl chloride,

TMC) at a water/alkane interface. However, conventional PA mem-
branes often suffer limited permeability for organic solvents, espe-
cially poor performance for non-polar solvents, probably as a result of
the hydrophilic and dense polyamide structures>*~”.

To enhance OSN performance of PA TFC membranes, several
strategies have been developed. On the one hand, introducing
hydrophobic groups to the amine monomers or using macrocyclic
monomers with hydrophobic cavities can increase the hydrophobicity
of the resulting PA network, thereby facilitating the passage of non-
polar solvents®*2, On the other hand, employing contorted aromatic
amines, macrocycles and organic cages as monomeric units can ele-
vate the membrane’s intrinsic microporosity, promoting rapid solvent
transport’31°5371¢ However, those unconventional amine monomers
are often synthetically challenging and costly. Additionally, the variety
of aromatic amines, particularly those with spatial geometries or with
hydrophobic segments, is severely limited by their poor aqueous
solubility. Another straightforward approach to improve membrane
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permeance is to thin the polyamide layer by controlling the interfacial
polymerization process"”. Nevertheless, in conventional water/alkane
interfacial systems, uncontrolled monomer diffusion, rapid poly-
merization and the inevitable hydrolysis of acyl chloride, easily lead to
the formation of a thick and heterogeneous PA layer, ultimately
compromising both membrane permeability and selectivity.

To address these current challenges, we herein propose a com-
prehensive three-in-one strategy to engineer a well-structured poly-
amide architecture that simultaneously achieves the high permeability
for both polar and non-polar solvents, while maintaining effective
molecular sieving. This strategy features three notable aspects: (i)
Equipping diamine monomer with diphenyl ether moiety, fosters a
balance between the hydrophilic and hydrophobic domains within the
polyamide layer. It creates Janus-like dual pathways—one preferential
for polar solvents and the other for nonpolar solvents, enabling effi-
cient permeation of organic solvents across a broad polarity spectrum.
(i) Incorporating contorted unit into polyamide backbone enhances
intrinsic microporosity and interconnectivity, which promotes the
solvent permeability. (iii) Exploring deep eutectic solvent (DES) as a
substitute for water, not only allows the utilization of non-water-
soluble amine monomers, but also fine-tunes the interfacial properties
and reaction environment in an anhydrous system, leading to effective
control over the IP process. The distinctive characteristics of this
approach facilitate the formation of TFC membranes with ultrathin,
highly microporous, and Janus-like polyamide layers.

The as-prepared membrane demonstrates excellent transport
performance across wide range of solvent polarities, outperforming
most existing OSN membranes. The membrane also displays a sharp
molecular weight cutoff and precise molecular separation capability.
This work establishes a new benchmark for the molecular-level design
and engineering of OSN membranes, paving the way for a broad
spectrum of applications.

Results

Membrane design and characterization

Primarily, 4,4’-diaminodiphenyl ether (ODA), was rationally selected as
molecular building block for polyamide OSN membrane based on its
unique structural and chemical properties as follows. As depicted in
Fig. 1a, ODA adopts a spiral conformation with a plane angle of 113.6°.
The high reactivity of amide groups on ODA is evidenced by the similar
electrostatic potential (ESP) value of N atom with that of MPD (Sup-
plementary Fig. 1)'®. Despite these favorable characteristics that make
ODA a promising amine monomer candidate, ODA has not yet been
used in conventional alkane/water interfacial polymerization due to
poor water solubility.

In particular, a DES formed from choline chloride and ethylene
glycol, was judiciously selected as the solvent of amine monomer
replacing water in the interfacial polymerization system. Firstly, the
DES exhibits favorable properties including facile preparation, biode-
gradability, cost-effectiveness, and excellent solubility for water-
insoluble ODA monomer. Secondly, the DES solution is capable of
forming a sharp and stable interface with cyclohexane. Note that, the
interfacial polymerization occurs at the DES side, due to the pre-
dominant diffusion of TMC from cyclohexane to DES phase, as
determined by the calculated partition coefficient of ODA and TMC
between the immiscible DES and cyclohexane phases (Supplementary
Table 1). This indicates that, it presents an opposite monomer diffusion
direction and reaction position, contrasting with the conventional
alkane/water interfacial system, where amine diffusion dominates and
interfacial polymerization occurs at the alkane side. Thirdly, the
inherent physicochemical properties of DES including its relative high
viscosity (17.3 mPa-s) and low surface tension, help to restrain the
Marangoni effect at the interface and endue high DES/cyclohexane
interfacial stability (Supplementary Table 2). The molecular dynamics
simulation results (Supplementary Fig. 2a-c) suggest that the diffusion

rate of ODA monomer in DES could be effectively retarded, due to the
synergetic effect of DES’s high viscosity and the strong hydrogen
bonding interaction between ODA and DES. Moreover, the anhydrous
nature of this system completely eliminates the side reaction of acyl
chloride hydrolysis. These distinctive features of the DES/cyclohexane
system confer the great potential in maneuverability of IP process and
the resulting PA structure.

To visualize the IP process between ODA and TMC, ODA/DES
solution (1%) was kept in contact with TMC/cyclohexane solution
(0.15%) in a glass bottle, and a freestanding nanofilm was generated at
the interface of two phases (Fig.lc). The characteristic peaks at
1648 cm?, ascribed to the stretching vibration of amide groups
(-CO-NH-), is found in FTIR spectrum of the product from the poly-
merization between ODA and TMC (ODA/TMC) (Supplementary
Fig. 3), suggesting the successful formation of polyamide through
polycondensation between ODA and TMC. By simply adjusting IP
reaction time to 75s, the resulting ODA/TMC nanofilm achieves an
ultra-thin thickness of ~12 nm, observed from AFM image of Fig. 1d.

In Fig. le, the SAXS results of ODA/TMC nanofilm reveals a hier-
archical structure characterized by three distinct scattering regimes.
This scattering pattern demonstrates the coexistence of an overall
dense polyamide network framework with uniformly distributed
phase-separated domains at different length scales. Particularly, the
intermediate g-range (3-7nm™!) exhibits a broad scattering peak
centered at g=5nm!, which is attributed to nanoscale phase
separation within the amorphous regions of the PA matrix. Through
analysis the data using the Teubner-Strey model, the periodicity of the
phase-separated domains (d=13nm), and the correlation length
(€= 0.8 nm) were obtained, representing the average distance of the
nanochannel®.

As the results of CO, adsorption isotherms shown in Fig. 1f, the
accessible surface area of ODA/TMC nanofilm is 222 m?g?, appro-
priately two times higher than that of MPD/TMC nanofilm (72.8 m*g?).
Besides, the elongated moiety (phenyl oxide) leads to a larger pore size
of ODA/TMC than that MPD/TMC network (Supplementary Fig. 4).
Molecular dynamics simulations were employed to demonstrate the
structural models of polyamide from different amine monomers. As
shown in Fig. 1g, the fractional free volume (FFV, blue region) of ODA/
TMC and MPD/TMC network is 33.8% and 19.8%, respectively. In
addition to extra free volume, higher interconnectivity between the
free volume units could also be found in ODA/TMC structure. Analysis
probes with different radii also confirm the higher porosity of ODA/
TMC structure (Fig. 1h). Those characterization and simulation verify
the enhancement of interconnected microporous architecture of PA
made from ODA and TMC, as a result of the contorted ODA monomer
restraining the dense packing of polymer segment.

The interfacial polymerization of ODA and TMC was subsequently
conducted on the surface of Nylon substrate for a reaction time of 75 s,
resulting in a ODA/TMC TFC membrane. A dense and defect-free
nanofilm is observed to cover on top of Nylon porous substrate, and
the nanofilm is so thin that it preserves the underlying undulate mor-
phology of the substrate (Fig. 2a, b). The thickness of PA layer is
approximately a dozen nanometers from the cross-sectional SEM and
TEM images (Fig. 2¢, d). Figure 2e demonstrates the membrane’s high
wettability towards various organic solvents, derived from the small
contact angles of below 25 for polar solvents and especially below 10°
for non-polar solvents. Meanwhile, the water contact angle of ~-89°
suggest the relative hydrophobicity of the membrane, which arises
from the incorporation of diphenyl ether-containing ODA monomers
into the polyamide network. Moreover, as presented in Fig. 2f, the
Zisman plot of solvent-membrane contact angels provides the critical
surface tension of the membrane (y.=21.7 mN m?), defining the wet-
ting threshold for the ODA/TMC membrane. The solvent fluid is pre-
dicted to completely wet the membrane, when its surface tension is
smaller than y.. For ODA/TMC membrane, the strong affinity towards
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Fig.1| ODA/TMC membrane formation and characterization. a 3D conformation
and distribution of electrostatic potential at the molecular van der Waals surface of
ODA monomer. b Diagram of interfacial polymerization between TMC and ODA at
the alkane/DES interface. ¢ Photograph of the free-standing PA formed at alkanes/
DES interface. d AFM image and corresponding height profile of the free-standing

ODA/TMC membrane. e SAXS Q-l plot in log-log scale of ODA/TMC and MPD/TMC
in vacuum. f CO, absorption isothermals of ODA/TMC and MPD/TMC. g Molecular
dynamics simulation of free volume of ODA/TMC and MPD/TMC network.

h Porosities of ODA/TMC measured by different sizes of probes.

both polar and non-polar solvents favors the positive capillary force
inside the pores, boosting the liquid transport***. The low y. value also
reflects the membrane’s hydrophobicity. In addition, the negatively-
charged surface of the ODA/TMC TFC membrane was identified from
the streaming potential value of -24.9 mV at pH =7 (Supplementary
Fig. 5). TGA analysis of ODA/TMC TFC membrane shows the excellent
thermal stability up to 380 °C under nitrogen atmosphere (Supple-
mentary Fig. 6).

Nanofiltration performance of the membrane

Interfacial polymerization parameters were modulated to optimize
ODA/TMC TFC membrane, and its performance in OSN was com-
prehensively evaluated. The reaction time for IP process plays a
crucial role on the morphologies and performance of the TFC
membrane (Fig. 3a, Supplementary Fig. 7). When the reaction time
prolongs to 75 s, the permeance of the membrane for both methanol
and cyclohexane decreases, while the rejection of RB19 reaches to
94.4%. With a further increase in reaction time, the RB19 rejection

almost maintains, whereas the solvent permeance continues to
drop. The results suggest the growth in crosslinking degree of the
resulted PA network at the initial stage of interfacial reaction, while
the thickness of the PA layer predominantly increases rather than
crosslinking degree, with extended reaction time (>75s). Based on
the N1s spectra of XPS analysis (Supplementary Fig. 8), according to
the ratio of the peak of N-C=0 (399.5eV) to the whole, the per-
centage of the reacted -NH, group is estimated to be ~78%. The
highly cross-linked PA network formed at 75 s could be attributed to
the high reactivity of ODA monomer, the absence of the acyl
chloride hydrolysis in the anhydrous interface, and the precise
control of monomer diffusion and interfacial reaction kinetics.
Increasing ODA concentration leads to the formation of ODA/TMC
TFC membrane with lower permeance and higher dye rejection, and
the dye rejection achieves a high level (>90%) with 1% of ODA con-
centration in DES phase (Supplementary Fig. 9a). As an acid accep-
tor, 0.2% of NaOH in the DES solution plays an essential role in the
membrane preparation (Supplementary Fig. 9b).
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Fig. 2 | Membrane morphologies and surface properties. a, b SEM images of the surface of Nylon substrate and ODA/TMC TFC membrane. ¢, d SEM and TEM images of
the cross-section of ODA/TMC TFC membrane. e, f Contact angles and Zisman plot for the ODA/TMC TFC membrane.

The optimal ODA/TMC TFC membrane exhibits a steep solute
rejection profile, as shown in Fig. 3b. The dye molecules with molecular
weight >600 Da could be effectively rejected (Supplementary Table 3,
Fig. 10). Notably, little or no dye deposition was observed on mem-
brane surfaces for both positively and negatively charged dyes, sug-
gesting that the primary mechanism of dye separation in ODA/TMC
TFC membranes is rejection rather than adsorption (Supplementary
Fig. 11). As an indicator for molecular separation capability of the
membrane, the molecular weight retention onset (MWRO at 10%
rejection) and cutoff (MWCO at 90% rejection) are determined to be
~540 Da and 600 Da, respectively. The ultralow value of 60 Da for the
difference between MWRO and MWCO, offers the precise molecular
sieving capability, suggesting the uniform pore architecture of PA
network. Observed from Fig. 3¢, the clear separation of a mixed solu-
tion of bromocresol purple (BCP, 540.2Da) and methyl blue (BS,
799.8 Da) is achieved based on accurate shape selectivity of ODA/TMC
TFC membrane. The BCP molecules could easily pass through the
membrane with a low rejection of 10.1%, while BS molecules are almost
retained with a high retention of 97.1%.

To thoroughly appraise the potential of ODA/TMC TFC membrane
for OSN application, the permeance of the membrane towards various
organic solvents was measured at ambient temperature and displayed
in Fig. 3d. Impressively, ultrahigh fluxes are achieved for both polar and
non-polar solvents, i.e., polar acetone (88.1L h* m?bar) and methanol
(36.6 L hm?bar?), non-polar hexane (56.6 L h m2bar?), cyclohexane
(17.9 Lh"m?bar?) and toluene (10.2 L h? m?bar?). It is worthy of not-
ing the ODA/TMC TFC membrane features prominently in a fast
transport for organic solvents across a wide range of polarity, while the
traditional PA membrane is permeable to only polar solvents but
essentially impermeable to nonpolar solvents.

The ultrahigh permeability of the OSN membrane to both polar
and non-polar organic solvents stems from its precisely engineered
molecular architecture, achieved through the strategic combination of
a contorted diphenyl ether-based amine monomer and a carefully
controlled IP process at the DES/alkane interface. Primarily, a delicate
equilibrium of hydrophilicity-hydrophobicity of ODA/TMC network is
achieved. This balance not only enhances the membrane and solvent
affinity to promote molecular entry into the pores, but also facilitates

the formation of active dual channels for solvent molecules’
transport>®. Regarding the hierarchical architecture of ODA/TMC
network, hydrophilic domains are formed by residual hydrolyzed
carboxyl groups and amide groups, while the hydrophobic regions are
strengthened via the incorporation of additional benzene rings from
ODA, compared with conventional PA from MPD/TMC. The solvent
molecules would preferentially transport through those domains with
certain affinity. As calculated in Supplementary Tables 4-6, the low
values of the solubility parameter differences (AS,.,,) between ODA/
TMC polyamide and solvents witness the intensive solvent-polymer
interactions towards both polar solvents (methanol and acetone) and
non-polar solvents (hexane and toluene). Furthermore, the degree of
the interactions between the polymer and the solvents were qualita-
tively estimated by the chi (x) parameter according to Flory-Huggins
theory (Supplementary Table 7)*. For both X values of PA-methanol
and PA-acetone between 0.5 and 2, the strong interactions between PA
and methanol (or acetone) are favorable to the solvent permeability,
without causing plethoric swelling of the membrane. Meanwhile, the
relative small interactions between PA and non-polar solvent (hexane
and toluene) are indicated by higher x values. Moreover, the ultrathin
ODA/TMC layer with enhancive microporosity and interconnectivity
provides transport superhighways for solvent molecules, promoting
the solvent migration'??*, These results reveal the microporous
Janus-like structure of ODA/TMC membrane is powerful for efficient
polar and non-polar solvent transport.

The solvent permeance decreases along with the increment of
viscosity, and an obvious deviation is also observed from the inverse
linear relationship (Supplementary Fig. 12a). Finally, a linear fit
(R*=0.923) is found between the permeance and a combined solvent
parameters 8o N2 d.,’, where 8o, n, d, are the Hansen solubility
parameter, solvent viscosity, and solvent molecular diameter, respec-
tively (Fig. 3d, Supplementary Table 8). That is to say, solvent transport
through the ODA/TMC membrane is governed not only by solvent
viscosity but also significantly influenced by solvent-polymer interac-
tions and steric hindrance effects. This transport behavior markedly
differs from that observed in conventional polyamide membranes,
revealing distinct structure-property relationships'. It is speculated
that the strong solvent-polyamide interactions for both polar and
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Fig. 3 | Nanofiltraion performance. a Effect of reaction time on the membrane
performance. b Rejection of the ODA/TMC TFC membrane for dyes with different
sizes and molecular weights. ¢ Schematic illustration of the filtration of bromo-
cresol purple and methyl blue mixture using ODA/TMC TFC membrane, and cor-
responding UV-Vis absorption spectra. d Relationship between permeance and the

Time (min)

combined solvent property for ODA/TMC TFC membrane. e A comparison between
the ODA/TMC TFC membrane and previously reported membranes in terms of the
solvent permeance (methanol and hexane) and MWCO. f Permeance of ODA/TMC
TFC membrane for different solvents.

non-polar solvents make unique impact on the flow behavior in
solution-diffusion model by modulating both diffusivity and solubility
parameters.

Figure 3e demonstrates the comparison with state-of-the-art OSN
membranes reported, the ODA/TMC TFC membrane gives significant
advantage in both high permeance for polar/nonpolar solvents and
comparable MWCO for small organic solutes, breeding a promising
candidate  for industrial OSN  process (Supplementary
Table 9)>>68101131517.2532 Noting that, compared with commercially
available OSN membrane e.g., DuraMem 500, the methanol per-
meance of ODA/TMC TFC membrane is six times higher than that of
DuraMem 500 (-5Lh'm?bar?'), and the permance to hexane is
approximately ten times that of DuraMem 500 (-5.52 L h* m? bar?)?*~,

The stability of ODA/TMC TFC membrane was also measured. The
solvent fluxes of the membrane exhibit an increase proportionally to
the applied pressure from 1 to 8bar (Supplementary Fig. 13),

confirming the stable microstructure of the permselective PA layer.
Furthermore, as shown in Fig. 3f, after consecutive operation by
alternating methanol, acetone, ethanol and cyclohexane for 16 h, the
well-maintained solvent permeance reveals the robustness and long-
term operation endurance of membrane. The ODA/TMC TFC mem-
brane exhibits an excellent stability in both morphology and perfor-
mance after the immersion in various organic solvents with a wide
range of polarity for 4 days (Supplementary Fig. 14).

Mass transport behavior and molecular dynamics simulation

Along with the development of the OSN membrane, various theore-
tical models have been piloted to interpret the organic solvent trans-
port through those membranes®. The pore flow and solution-diffusion
model are commonly used. The pore flow model, which utilizes
Hagen-Poiseuille equation to represent viscous flow, considers only
the solvent’s viscosity as a governing factor*. This model is generally
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applicable for describing ultrafiltration processes but is inadequate for
capturing the behavior of nanofiltration. Indeed, the pore flow model
does not align well with the observed performance of ODA/TMC
membrane (Supplementary Fig. 12a). The solution-diffusion model has
been primarily applied to explain the mass transport mechanism in
dense PA membranes. This model suggests that permeation process
involves the dissolution of solvent molecules into the membrane pores
followed by their diffusion through the membrane. However, it
remains challenging to clearly differentiate the individual contribution
of the solubility and diffusivity, leading to the accuracy limitation of
solution-diffusion model®. Furthermore, several resistances-in-series
models, that assume the overall resistances for the permeation could
be deduced by summing the individual resistances encountered in the
membranes, have been constructed®>*®.

To vividly illustrate the mass transport process, the schematic
representation of solvent flow through the membrane is provided in
Fig. 4a. Herein, the total transport resistance is attributed to the
resistances at the membrane surface and across the pores, with neg-
ligible contribution from the porous ultrafiltration substrate. Dagan’
model, which integrates Sampson’s pore entrance resistance and
Hagen-Poiseuille’s pore passage resistance to describe the overall
transport resistances, is firstly employed to analyze the mass transport
of ODA/TMC nanofilm**. As shown in Supplementary Fig. 15, the
higher thickness-to-pore radius aspect ratio reveals the domination of
pore passage resistance in mass transport, but the influence of the
entrance resistance needs to be valued for such an ultrathin dense
membrane. In Dagan’ model, only membrane’s geometry factor and
solvent’s viscosity are considered, however, the effect of the solvent-
membrane interactions could not be overlooked during the solvent
permeation of ODA/TMC membrane, as discussed before.

Furtherly, the affinity between the solvent liquids and ODA/TMC
membrane surface was investigated by using Lucas-Washburn equa-
tion, which describes the capillarity force (pressure) as 2y cos6/R,
where the contact angle between the liquid and solid (), liquid surface
tension (y) and pore radius (R) are directly correlated with it. The
positive contact angle cosine values and corresponding positive
capillary driving forces indicate strong affinity between the ODA/TMC
membrane surface and various solvents, including non-solvents. This
favorable interaction promotes spontaneous penetration of solvent
molecules into membrane pores through capillary action, thereby
reducing entrance resistance and significantly enhancing liquid
transport efficiency®*™,

The continuous solvent flow was simulated by molecular
dynamics, to rationalize the mass transport across the ODA/TMC
matrix (Fig. 4b—f, Supplementary Table 10). As schemed in Fig. 4b-d,
the hexane exhibits a faster transport rate than methanol in the ODA/
TMC membrane, which is in line with the experimental permeance.
The radial distribution function (RDF) values of methanol and hexane
in ODA/TMC membrane during solvent permeation were elucidated.
Observed from Fig. 4e, the oxygen and nitrogen atoms of PA mem-
brane are the preferential sites for the interactions towards methanol
molecules, with main peaks appear at a low value of ~0.3 nm, revealing
quite strong attractive interactions. And the RDF between the aromatic
rings of PA membrane and the methanol molecules presents a far peak
at -0.4nm, as a result of a weak attractive interaction. The strong
affinity between methanol and PA membrane, ascribed to the forma-
tion of multiple hydrogen bonds, leading to a significant confinement
of methanol molecules in the PA matrix. In contrast to the robust
interactions with methanol, the less favorable interactions are found
between the hexane and PA, as all the first main peaks located at
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~0.4 nm, and the relative high hexane affinity with the aromatic ring
arise. Consequently, the effective interaction strength for methanol is
higher than hexane. In addition to solvent viscosity, specific solvent-
membrane interactions also substantially influence transmembrane
transport properties. Therefore, the MSD sequence of the hexane is
found slightly higher than methanol across the ODA/TMC membrane,
with a much smaller viscosity (Nuexane (0.29 MPas) VS Nmethanol
(0.54 mPass)) (Supplementary Fig. 16).

Discussion

A facile strategy for the preparation of OSN membranes with an
ultrathin polyamide layer featuring a Janus-like microporous micro-
structure, was put forward. The target membrane was obtained
through the interfacial polymerization of ODA and TMC at a DES/
alkane interface. By leveraging the unique properties of DES, including
its strong solubility, high viscosity and interfacial stability, the inter-
facial polymerization process is precisely controlled. In this anhydrous
system free from water-induced side reactions, the finely regulated
diffusion kinetics ensures the formation of a highly cross-linked
polyamide layer (-12nm) with uniform pore structure. The incor-
poration of contorted ODA diamine monomer containing diphenyl
ether groups yields a PA architecture with enhanced interconnectivity
and microporosity, providing abundant transport channels. Moreover,
the balanced distribution of hydrophilic and hydrophobic domains
promotes high surface affinity, establishing dual transport pathways
for both polar and non-polar solvents, e.g., methanol and hexane
permeance reach as high as 36.6 and 56.6 L m?h*bar?, respectively.
Notably, the ODA/TMC TFC membrane also exhibits remarkable
molecular sieving capability, structural stability and operational dur-
ability. The molecular transport mechanism was further elucidated by
systematically analyzing solvent-polymer interactions during the sol-
vent permeation process. This work provides fundamental insights for
developing advanced OSN membranes for applications across diverse
solvent systems, highlighting the importance of rational molecular
design and tailored interfacial polymerization.

Method

Materials

Nylon porous membranes (pore size: 0.22um) were provided by
Delvst lab. 1,3,5-Benzenetricarbonyl chloride (TMC, purity ~98%) was
purchased from Energy Chemical. Choline chloride (ChCl, purity
>98%), 4,4 -diaminodiphenyl ether (ODA, purity >98%) and Congo red
(purity >98%) were bought from Aladdin. Rhodamine B (purity ~99%)
was provided by Rhawn. Acid Fuchsin (purity >70%) was obtained from
Shanghai yuanye Bio-Technology Co., Ltd. Reactive Blue 19 (purity
~65%) was purchased from Sigma-Aldrich. Alcian blue 8GX (purity
~80%) was bought from BOSF Co., Ltd. Methyl blue was bought from
Shanghai Macklin Biochemical Co., Ltd. Bromocresol purple (purity
>98%), crystal violet (purity >90%), Janus green (purity -65%), ethylene
glycol (EG, purity 299.5%), cyclohexane (purity >99.7%), hexane (purity
~99%), toluene (purity >99.5%), isopropanol (purity >99.7%), ethanol
(purity =99.5%), acetone (purity >99.5%) and methanol (purity >99.5%)
were obtained from Shanghai Titan Scientific Co., Ltd. All of the che-
micals were used without further purification and deionized (DI) water
was used through all experiments.

Preparation of deep eutectic solvent

The DES was made from EG and ChCl. EG and ChCl were mixed at a
molar ratio of 17:3 and kept stirring at 70 °C to receive a homogeneous
colorless liquid.

Preparation of ODA/TMC TFC membrane

The ODA/TMC TFC membrane was prepared through interfacial
polymerization (IP) in DES/cyclohexane system. DES solution con-
taining a certain concentration of ODA and NaOH was poured onto the

Nylon substrate settled in the vacuum filter flask, and the solution was
filtered through the substrate under a pressure of 0.1 MPa. Subse-
quently, TMC/cyclohexane solution was slowly poured to conduct the
interfacial polymerization process for a certain time. After removing
TMC solution, the membrane was immersed in cyclohexane for 1 min
and heat-treated at 60 “C for 15 min, followed by DI water washing. The
ODA/TMC TFC membrane was finally obtained. The free-standing
ODA/TMC nanofilm was collected from the DES/cyclohexane interface
using the same IP parameters.

Characterizations

The viscosity of the DES was measured by a viscometer (DV2TLV).
Wilhelmy plate method was used to test the surface tension and the
interfacial tension by force tensiometer (K100). The chemical structure
of ODA/TMC sample was characterized by Fourier transform infrared
spectroscopy (FTIR, Nicolet-iS50), and X-ray photoelectron spectro-
meter (XPS, Scientific K-Alpha) was used for elementary analysis. Small-
angle X-ray scattering (SAXS) experiments were conducted using the
laboratory-based SAXS-WAXS beamline, KWS-X (XENOCS XUESS 3.0
XL, France), at JCNS-MLZ in Garching, Germany. Surface and cross-
sectional morphologies of ODA/TMC TFC membranes were observed
by a field emission scanning electron microscopy (FESEM, SU8230).
Transmission electron microscope (TEM, JEM-2100) was used to study
the cross-sectional structure of membrane sample. Small pieces of
ODA/TMC TFC membrane were embedded in epoxy resin, cut by
ultramicrotome and placed on copper grids, to prepare membrane
sample for TEM imaging. Atomic force microscopy (AFM, Dimension
Icon) was carried out to measure the thickness of the ODA/TMC free-
standing nanofilms collected on clean silicon wafer. The contact angles
were primarily used to characterize the affinity between the membranes
and various solvents, and determined by contact angle instrument
(Biolin). The streaming potential values of ODA/TMC TFC membrane
were measured by Electrokinetic analyzer (Anton Paar, SurPASS 3) using
1 mM KCl electrolyte solution at a pH range of 3-11. The thermal stability
test of ODA/TMC TFC membrane was conducted on a thermogravi-
metric analyzer (TGA, STA8000), at a rate of 20 ‘C/min in a nitrogen
atmosphere. CO, sorption isotherm was measured by Brunauer-
Emmett-Teller (BET, Autosorb IQ), to analyze the specific surface area
and pore size distribution of polyamide nanofilms.

Nanofiltration performance tests

The nanofiltration experiments were performed on a lab-scale dead-
end apparatus at a pressure of 2 bar, and the effective test area for
membrane was 4.9 cm’. Before measurement, all the membranes were
pretreated for 10 min under 2 bar pressure. The solvent permeance
(P, L h m? bar™) was calculated based on the following Eq. 1:

P=V/(A-At-AP) @

where V (L) represents the volume of collected permeate solution
during filtration time At (h), A and AP represents the effective mem-
brane area (m?) and the applied pressure (bar), respectively.

The solute rejection (R) was calculated according to Eq. 2:

R=(1- C,/Cy) x100% @)

where C, and C; represent the concentration of permeate and feed
solutions, respectively. The concentrations of various dyes in feed
solution were 50 ppm. The dye concentrations in the feed and
permeate solutions were determined by a UV-vis spectrometer
(PerkinElmer, Lambda 950).

Calculation of electrostatic potential distribution
Geometry optimization was firstly operated for all molecules using
density functional theory (DFT) at the M06-2X level of theory with
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6-31G(d’) basis set. The corrections for solvation energy and Grimme’s
D3 (zero-damping) dispersion were included. The distribution of ESP
and extreme points at the molecular van der Waals surface of all amine
monomers were calculated by Multiwfn 3.7 program. Gaussian
09 software package was employed for all DFT calculations. Addi-
tionally, the isosurface maps of the amine monomers were visualized
by VMD 1.9.4 software.

Calculation of monomer partition coefficients in different sol-
vent systems

The partition coefficient could offer valuable message for the mono-
mer diffusion mechanism in IP system. The partition ratio, which was
usually expressed in the form of the distribution coefficient (IogPa/g),
could be obtained from the free energy difference in two solvents as
the following Eq. 3:

_ AGe(A) — AGyy (B) _ E(A) — E(B) ,
logPu e 2303RT 2303RT 3

where, logPsss is the partition coefficient of the solute between
solvent A and solvent B. AG,yy is the free energy of the solute in the
corresponding solvent, E is the single point energy, R is the ideal gas
constant (8.314 ) mol* K%), and T is the temperature (K), calculated
using SMD model at M06-2X level of theory with the 6-31G(d)
basis set.

Calculation of mean square displacement of amine monomer in
different solvents

MD simulations were carried out to reveal the transport of amine
monomer molecules, using Materials Studio 2020 and COMPASS I
force field. Amorphous box (26.1 A side length) containing 6 monomer
molecules and 7 DES molecules (including 21 ChCl and 119 EG) mole-
cules was constructed in the amorphous cell module. Geometric
optimization and annealing was performed, followed by NPT and NVT
for 100 ps each with a time step of 1 fs. The mean square displacement
(MSD) curves could be obtained for analyzing.

Calculation of fractional free volume (FFV) of polyamide
structure

Molecular dynamics simulations were performed using Materials Stu-
dio 2020 with the COMPASS Il force field. An amorphous cell with ODA
(60) and TMC (40) units was built using the amorphous cell module.
The geometry optimization and annealing were applied to the cell for
energy minimum. NPT and NVT was performed sequentially, each for
100 ps, with the temperature and pressure set to 295K and 8bar,
respectively. The velocity Verlet algorithm was used to integrate the
equations of motion with a time step 1fs. The long-range Coulombic
interactions were calculated with a cutoff distance of 12.5 A. The FFV of
polymer was estimated by the following Eq. 4:

FFV=V;/(V¢ + V) “)

where V; and V, are the free volume and occupied volume, respec-
tively. The values of V¢ and V, are explored using probe with radius of
1A, synchronously giving the morphology of voids in aggregate.

Calculation of translational dynamics of the solvent molecules
across the membrane

Atomistic molecular dynamic simulations were conducted using
GROMACS simulation package (version 2020.6) with the General
Amber force field (GAFF2). The polymer was initially built in the
amorphous builder of the Materials Studio software, and the final
structure was exported into the Gromacs software. The polyamide
system was first equilibrated for 20 ns at an elevated temperature of
500 K to relax the structure and facilitate expansion along the Z-axis of

the matrix. Subsequently, two solvents (hexane and methanol) were
individually introduced on one side of the polyamide membrane. To
prevent solvent molecules from crossing to the other side due to
periodic boundary conditions, an implicit wall was placed at the bot-
tom of the simulation box. After energy minimization (1000 steps), the
systems were further equilibrated for 5 ns to ensure structural relaxa-
tion before initiating production runs of 100 ns under the canonical
ensemble. The temperature was maintained at 298 K using the Nose-
Hoover method and the pressure was controlled at 1atm using the
Parrinello-Rahman method. For non-bonded interactions, a cutoff
distance of 1.2 nm was applied, while long-range electrostatic interac-
tions were treated using the Particle Mesh Ewald method with a Fourier
spacing of 0.1 nm. All covalent bonds involving hydrogen atoms were
constrained using the LINCS algorithm.

Statistics and reproducibility
All experiments were repeated independently with similar results for at
least three times.

Data availability

All data supporting the findings of this study are available within this
article and Supplementary Information or from the corresponding
author upon request. The data generated in this study are provided in
the Supplementary Information.
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