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Innovations in self-assembly and aggregate engineering have led to mem-
branes that better balance water permeability with salt rejection, overcoming
traditional trade-offs. Here we demonstrate a strategy that uses multivalent
H-bond interactions at the nano-confined space to manipulate controllable
and organized crystallization. Specifically, we design amphiphilic oligomers
featuring hydrophobic segments with strongly polar end-capped motifs. When
spreading on air/water interfaces, the hydrophobic parts repel water, yielding
an ordered alignment of supramolecular oligomers under nano-confinement,
while the strongly polar sections engage in strong hydrogen bonding and
reconfigure to strongly interact with water molecules, enabling the controlled
assembly and orientation of nano-confined crystalline domains. This
arrangement provides dual benefits: refining the distribution of pore sizes for
ultra-selectivity and boosting the free volume for water permeation. Com-
pared to counterpart oligomers with weakly polar motifs, the optimized
membrane with a 6-nm thickness demonstrates the water permeability of
14.8 L m™ h™ bar™ and extraordinary water/NaCl selectivity of more than

54 bar™ under pressure-driven condition. This study sheds light on how nano-
confined self-assembly and aggregate engineering affect the architectures,
functionality, and performance of polymer membranes, emphasizing the
promise of controllable crystallization in ultrathin membranes for optimal
desalination.

Developing membrane materials with superior permeability-selectivity
performance is critical to energy-efficient desalination and fit-for-
purpose water treatment' >, and advancing membrane selectivities has
been identified as a new frontier of separation sciences*’. Existing
dense and nanoporous polymeric membranes have highly hetero-
geneous internal structures of free volumes and pores®’, frustrating
the rational design of materials to achieve more precise distinguish-
ment of solutes.

To address these challenges, engineering membrane free volumes
or nanopores with narrow size distribution is a crucial approach to
achieving precise solute selectivities while preserving permeability®’.
One method to customize pore size involves controlling the kinetics of
interfacial polymerization (IP)'° ", For instance, self-assembled surfactant
networks promote quicker and more uniform monomer diffusion across
oil/water interfaces during IP reactions, resulting in polyamide mem-
branes with more consistent sub-nanometre pores”. Another approach
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incorporates large molecules, such as macrocycles with permanent
cavities or artificial water channels, into polymer membranes™ ™. Selec-
tively functionalized macrocycles, for example, tend to arrange in an
ordered manner, aligning their internal cavities to create straight sub-
nano percolation channels®. Additionally, nanoscale management of
internal inhomogeneity has proven effective®’. A cellulose triacetate
membrane treated with a plasticizer demonstrated a reduced crystallite
size and decreased salt flux without affecting water flux, indicating an
improved water/salt selectivity”. Molecular engineering has been widely
adopted in the design and self-assembly of polymer materials®®?,
therefore, development of polymeric membranes with narrowed pore
size distribution at the molecular level has great potentials for desalina-
tion yet has rarely been reported. Achieving high boron rejection and
chlorine tolerance simultaneously in these membranes could provide a
significant enhancement, complementing the existing capabilities of
state-of-the-art reverse osmosis (RO) membranes.

In this work, we design amphiphilic oligomers (tetra-PCL-UPy)
with star-shaped hydrophobic chains capped with polar 2-ureido-4-
pyrimidinone (UPy) groups. This design allows for precise molecular
arrangement at air/water interfaces, enabling nano-confined con-
trollable crystallization (NCC) to achieve homogenous pore size dis-
tribution of ultrathin membranes. The controlled molecular assembly
and orientation of tetra-PCL-UPy chains formed at nano-confined
spaces effectively improve the fractional free volume and narrow the
pore size distributions due to the hampered chain mobility and the
rigid end-functioned UPy motifs. The NCC membrane with a 6-nm
thickness displays remarkable mechanical robustness and durability,
with a Young’s modulus approaching 3 GPa. The resultant membrane
advances the upper bound with a water permeability of 14.8 L m™ h™!
bar™ and a water/NaCl selectivity of over 54 bar™ in hydraulic pressure-

Tetra-oligomer PCL with end-capped OH units

Nano-confined regular crystallizations (NRC)

Small free volume & Wide pore size distribution

Low water flux with insufficient salt rejection

Limited water/salt selectivity

OH or C=0

Fig. 1| Schematic illustration of nano-confined crystallizations in polymer
membranes for water-solute selectivity. Multivalent H-bond interactions can
manipulate controllable and organized crystallization at the air/water interface
under nanoconfinement. This arrangement offers dual benefits: refining the dis-
tribution of pore sizes for ultra-selectivity and boosting the free volume for

driven process with 1000 ppm NaCl solution and 10 bar pressure,
showing its potential for ultra-selective desalination and extraordinary
water permeability. The high water permeance is attributed to the
morphological and structural factors such as hydrophilic and nega-
tively charged surface, and improved fractional free volume, while the
high water/NaCl selectivity results from the narrowed pore size dis-
tribution. Furthermore, high boron rejection, high chlorine resistance,
and structural and desalination durability are achieved.

Results

Design and preparation of Tetra-PCL-UPy

In this study, we strategically designed and synthesized two tetra-oli-
gomers, Tetra-PCL-OH and Tetra-PCL-UPy, featuring identical four-
armed crosslinked PCL backbones (Fig. 1). Tetra-PCL-OH features
hydroxyl terminal groups, while tetra-PCL-UPy is equipped with UPy
end-capped units, to explore the importance of the end-group func-
tionalization on the membrane performance. The star-shaped PCL
backbones were chosen for their ability to facilitate controllable
crystallization in nano-confined environment and to enhance
mechanical properties due to their branched architecture. This geo-
metry ensures that each arm aligns symmetrically, providing better
spatial control over the crystallization process. The restricted envir-
onment provided by the sub-10 nm ultrathin membrane further pro-
motes the alignment of these arms, enabling controllable
crystallization. At the air/water interface, the hydrophobic PCL arms
repel water, encouraging the alignment of the oligomers parallel to the
interface, while the polar UPy groups engage in strong multivalent
hydrogen bonding with water molecules. This interplay ensures that
the oligomers are evenly distributed and consistently oriented during
the crystallization process, enhancing structural precision.

Tetra-oligomer PCL with end-capped multivalent H-bonds

Nano-confined controllable crystallizations (NCC)

Large free volume & Narrowed pore size distribution

Enhanced water flux with excellent salt rejection

Ultrahigh water/salt selectivity

Multivalent H-bonds @ Sub-nanopores ?O[/ Amorphous regions [U’UU Crystalline domains

enhanced water permeation. Compared to nano-confined regular crystallization
(NRC) membranes, nano-confined controllable crystallization (NCC) membranes
exhibit a greater fractional free volume and a more refined pore size distribution,
thus promoting water-salt selectivity.
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Fig. 2 | Characterizations of the NCC membrane. a An optical microscopy image
of the NCC membrane located on a 300 nm SiO»/Si wafer. b The membrane
thickness profile of 6.2 + 0.5 nm determined by AFM. ¢ The roughness of the NCC
membrane with 1.56 + 0.53 nm. d The POM image of the NCC membrane showing

2.0

1,56 i‘O‘.SVS

the birefringence pattern. e Two-dimensional GI-WAXS patterns of the nanofilm
that was transferred on a silicon wafer. The most prominent Bragg reflection (110)
was found. f HRTEM image and SAED pattern (inset) of the nanofilm. Error bars
represent the standard deviation from three duplicate experiments.

To confirm the resulting tetra-oligomers, the 'H NMR (Supple-
mentary Figs. S1-3) and Fourier transform infrared (FTIR) spectroscopy
(Supplementary Fig. S4) were performed. The three distinct amide
proton peaks in the higher chemical shift region (between 9.0 and 14.0
ppm) were easily distinguishable from the aromatic and aliphatic pro-
tons, as shown in Supplementary Fig. S1, which is ascribed to the high
spinning frequency. The three characteristic amide proton peaks were
slightly shifted towards the downfield region (between 9.0 and 14.0
ppm) (Supplementary Fig. S3), indicating the occurrence of UPy
dimerization and supramolecular polymerization via quadruple hydro-
gen bonding interactions®®. The FTIR spectrum revealed the dis-
appearance of the isocyanate peak at approximately 2265 cm™ and the
presence of the amide N-H unit in the final product of Tetra-PCL-UPy.
The gel permeation chromatography (GPC) profiles (Supplementary
Fig. S5) revealed an average molecular weight of around 10000 for both
Tetra-PCL-OH and Tetra-PCL-UPy, while the polydispersity index (PDI)
was measured to be 1.43 for Tetra-PCL-OH and 1.35 for Tetra-PCL-UPy.

Preparation of crystalline polymeric membranes

By leveraging the confined supramolecular assembly at the air/water
interface, we have successfully fabricated ultrathin membranes with
precise and organized crystalline structures. The fabrication process
involves gently dropping a microdroplet of a polymer solution con-
taining tetra-PCL-UPy dissolved in chloroform onto the water surface.
As the solution rapidly spreads and evaporates at the air/water inter-
face, a large-area membrane with controllable crystallization is formed
under nano-confinement within seconds. This formation is facilitated
by the synergistic effects of strong hydrogen bonding at the interface
and hydrophobic interactions in the bulk phase. The hydrophobic PCL
chains tend to pack closely together, whereas the polar UPy groups
have a strong affinity for the water surface. The presence of strong

hydrogen bonding interactions at the air/water interface greatly
hampers the mobility of tetra-PCL-UPy chains and creates an entropy
barrier at the rear side, thus yielding a nano-confined controllable
crystallization (NCC). Similarly, using the same process, microdroplets
carrying tetra-PCL-OH can form nanofilms with nano-confined regular
crystallization (NRC). In contrast to hydroxyl units, the quadruple
hydrogen bonding of UPy motifs enhances the interfacial bonding with
water molecules, leading to controllable crystallization in the NCC
membranes. The membranes formed at the water/air interface can be
easily transferred to various supports, such as polyethersulfone (PES)
for desalination experiments, silicon wafers for measuring membrane
thickness, and AAO for visual observation of the ultrathin membrane
thickness. The nanofilm adheres firmly to the substrate surface due to
the high density of interfacial non-covalent interactions. In addition,
the resultant membranes can be labeled based on their thickness. For
instance, the NCC-6 membrane has a -6-nm thickness.

Characterizations of polymer nano-films

The NCC-6 membrane exhibited uniformity with clearly visible edges,
as demonstrated by the optical microscope image (Fig. 2a and Sup-
plementary Fig. S6). As displayed in Fig. 2b and Supplementary Fig. S7,
the height profiles of the NCC-6 and NRC-6 membranes were
6.2+0.5nm and 6.4 + 0.3 nm, respectively, as determined by atomic
force microscopy (AFM). The NCC-6 membrane displayed a low root
mean square roughness (Rq) of 1.56 nm for an area of 10 x10 pm
(Fig. 2c), indicating a smooth surface. We also investigated the effect of
the concentrations of the microdroplets on the membrane thickness
and spreading area (Supplementary Figs. S8, 9). As the concentration
ranged from 2 mg/mL to 40 mg/mL, the thickness of NCC nanofilms
increased from -6 nm to ~100 nm, and the spreading area would first
increased and reached approximately 140 cm? at a concentration of
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8 mg/mL and then reduced. The observed variation can be attributed
to the changes in the spreading coefficient (S) (Supplementary Fig. S10
and Supplementary Table S1)***. The spreading coefficient (S) is
influenced by the balance of interfacial tensions between the polymer
solution and the water phase. At low solute concentrations, the pre-
sence of tetra-PCL-UPy oligomers at the air/water interface lowers the
interfacial tension, leading to an increase in S. This promotes the
spreading of the nanofilm. As the solute concentration approaches
8 mg mL™, the oligomer molecules saturate the interface, maximizing
the reduction in interfacial tension and achieving the largest spreading
area. Beyond this concentration, further increases in solute con-
centration lead to the formation of a thicker polymer solution at the
interface. This increases the viscosity of the solution, reducing its
ability to spread freely. Additionally, excessive solute may lead to
aggregation or hinder molecular mobility, thereby limiting the
spreading area. As the spreading parameter (S) decreases, the
spreading rate slows, potentially providing more time for PCL chains
to interact and align. This may facilitate the folding and orientation of
the chains, enhancing inter-chain interactions and contributing to an
increase in membrane thickness. We then confirmed the crystalline
nature of the NCC and NRC membranes through polarized optical
microscopy (POM), differential scanning calorimetry (DSC), grazing
incidence X-ray diffraction (GIXRD), and transmission electron
microscopy (TEM). We adopted the polarization contrast enhance-
ment technique to improve the phase contrast and interference
effects®®”, thus the POM image of the NCC-6 membrane showed
bright birefringence patterns that originated from the strong chain
alignment or crystals (Fig. 2d). In addition, NCC-6 showed a melting
temperature of approximately 44 °C according to the second heating
curve determined by DSC (Supplementary Fig. S11). As shown in the
GIXRD images (Supplementary Fig. S12), the NCC membranes with
different thicknesses exhibited three characteristic diffraction peaks,
corresponding to the (110), (111), and (200) planes of the crystalline
PCL polymer in the bulk phase. The NRC-6 membrane exhibited a
crystallinity of approximately 32%, surpassing that of the NCC-6
membrane, which stands at 28.5% (Supplementary Fig. S13). Besides,
the crystallinity of the NCC membranes slightly increased as the con-
centrations increased (Supplementary Fig. S14), due to the improved
packing and orientation of PCL chains in the thicker membranes. We
also made a plot of the spreading area and crystallinity of the NCC
membranes (Supplementary Fig. S15). There was no uniform relation-
ship as the crystallinity increased. To elucidate the alignment and
orientations of the polymer chains, a Grazing-Incidence Wide-Angle
X-ray Scattering (GI-WAXS) pattern was recorded (Fig. 2e). A significant
Bragg reflection (110) was associated with q value of 1.51A", which
verified the crystalline nature and edge-on orientations of the tetra-
PCL-UPy chains within the NCC-6 membrane. The TEM image (Fig. 2f)
revealed that the morphology of the NCC membrane was highly
oriented, and the distance between the lattice fringes was approxi-
mately 0.4 nm. The corresponding selected area electron diffraction
(SAED) pattern confirmed high electron scattering and polymer single
crystals of the NCC-6 membrane. Molecular and aggregate engineering
can tailor the microscopic structures and pore sizes of membranes™ .
We also measured the molecular weight cut-off (MWCO) of the NCC-6
and NRC-6 membranes using the rejection curves of neutral PEG
molecules with molecular weights ranging from 200 to 800 Da (Sup-
plementary Fig. S16). The MWCO of NCC-6 and NRC-6 were 237 Da and
375Da, corresponding to pore radius of 0.28nm and 0.36 nm,
respectively. Moreover, compared with the NRC-6 membrane, the
NCC-6 membrane exhibited a narrower pore size.

Controllable crystallization and Janus surface morphology

The controllable crystallization and Janus surfaces of the NCC-6 mem-
brane were studied. The unconventional crystallization of NCC-6 on the
top (facing the air phase) and rear (facing the water phase) surfaces was

studied by scanning electronic microscopy (SEM), Raman spectroscopy,
and AFM. As indicated in the SEM images, the two sides of the NCC
membrane on the silicon wafer were defect-free without showing any
distinct differences (Supplementary Fig. S17). Raman spectra showed the
crystalline peaks of the C-COO stretching band (911 cm™), C-C stretching
band (1108 cm™), bending band (1441cm™) and C=0 stretching band
(1723 cm™) on two sides of NCC-6 (Fig. 3a). The intensities of the C-C
stretching band of the top side are more prominent than those of the
rear side, as indicated by Raman mapping (Fig. 3b), suggesting the
controllable crystallization of the two sides of the NCC-6 membrane.
AFM based surface indentations (Fig. 3c-f) displayed the modulus pro-
files and distributions of the two sides of NCC-6 nanofilm. The upper
surface displayed a greater abundance of crystals and a significantly
higher Young’s modulus (approximately 3 GPa) compared to the rear
side, aligning with the controlled and organized crystallization observed
in the NCC membrane. Conversely, both faces of the NRC-6 membrane
exhibited a similar distribution of aggregated regions, as evidenced by
the AFM phase images (Supplementary Fig. S18).

We subsequently confirmed the Janus morphology of the two
sides of the NCC-6 membrane by water contact angle (WCA) mea-
surement, zeta potential analysis and X-ray photoelectron spectro-
scopy (XPS). The WCAs of the top and rear side of NCC-6 are 59° +2°
and 25°+1°, respectively (Fig. 3g). This Janus wetting property sug-
gested that the two sides of the NCC-6 membrane had different che-
mical compositions and hydrophilic functionalities. The hydrophilic
surface of NCC-6 contributes to rapid water diffusion and transport.
However, for NRC-6 membrane, WCA of the top side is slightly higher
than that of the rear side, indicating less pronounced Janus wetting
properties (Supplementary Fig. S19).

We proposed a mechanism for the controllable crystallization and
Janus surface of NCC-6 in which carbonyl groups and UPy motifs can
reconfigurably anchor to water molecules in the nano-confined space
due to strong and abundant hydrogen bonding interactions. To con-
firm our hypothesis, XPS was performed with the atomic weight per-
cent of the constituent elements shown (Fig. 3h). The broad XPS
spectrum showed that the percentages of Ols and N1s on the rear
surface were greater than those on the top surface, respectively.
Moreover, the fine spectra of Ols (O=C and O-C) and N1s (N-C and N=C)
persisted on both sides of the NCC membrane (Supplementary
Fig. S20 and Supplementary Table S2). Compared to those on the top
surface, the percentages of O-C (12.2%) and N-C (19.5%) on the rear
surface of NCC membrane were greater, and the percentages of C-C
and C-H in Cls were lower. The Janus wetting properties and chemical
heterogeneity of the two sides of the NCC membrane were also verified
by zeta potential measurement (Supplementary Fig. S21). As the pH
increased, the surface charge on the rear side became more negative
than that on the top side. On the one hand, carbonyl groups and UPy
motifs on the rear side can engage in hydrogen bonding or electro-
static interactions, leading to charge redistribution or the formation of
charged species®®®. On the other hand, when the pH shifts towards
basic conditions, the carbonyl and UPy units become more
deprotonated*’. This deprotonation process leads to a reduction in the
positive charge or even the generation of a notable negative charge.
These results indicated that more polar groups were located at the rear
surface due to the chemical configurations of the nano-confined space.
A high density of interfacial hydrogen bonding interactions can
enhance the entropy barrier and reduce the crystallization rates of
Tetra-PCL-UPy chains at the rear side, thus enabling a heterogeneous
crystallization of the resultant NCC nano-film.

Reverse osmosis desalination performance

The reverse osmosis (RO) desalination capabilities were examined. It is
noted that a linear relationship between the pure water flux and
hydraulic pressures was observed in the range of 2-60 bar (Supple-
mentary Fig. S22), indicating the mechanical robustness and stability
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Fig. 3 | Controllable crystallization and Janus surfaces of the NCC membrane.
Raman spectra (a) and mapping (b) of the two sides of the NCC-6 membrane. Mod-
ulus images and distributions of the rear (c, d) and top (e, f) surfaces of the NCC-6
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NCC-6 membrane. h Surface XPS spectrum of the two sides of the NCC-6 membrane.
Error bars represent the standard deviation from three duplicate experiments.

of the NCC-6 membrane. The water flux and solute rejection of the
resultant membranes were tested at 10 bar pressure with 1000 ppm
salt solutions including NaCl, KCI, CaCl,, MgCl,, AICl; (Fig. 4 and
Supplementary Tables S3, 4). For all the tested salt solutions, the NCC-
6 membrane displayed a water flux of more than 100 L m2 h™, which
was 1.15-1.3 times greater than the NRC-6 membrane (Fig. 4a). As
shown in Fig. 4b, the NCC-6 membrane exhibited ~99.2% rejection rate
for monovalent ions, greatly outperforming the NRC-6 membrane of
~70% for the KCI and NaCl solution, respectively. In addition, NCC-6
showed a more than 99.5% removal for divalent ion solutions and a
99.7% rejection rate for a AlCl; solution. Moreover, NCC-12 and NCC-18
exhibited reduced water flux and enhanced salt rejection when com-
pared to the NCC-6 membrane (Supplementary Fig. S23). We further
evaluated the water/solute selectivity, defined as the value of A/B,
where A and B are water and solute permeability coefficient, respec-
tively. As the thickness of the NCC membranes increased, the water
permeability coefficient (water permeance) first witnessed a sharp
reduction and then slightly decreased, at an external pressure of 10 bar
(Supplementary Fig. S24). The water permeance of the NCC-6 mem-
brane reached 14.8 L m™ h™ bar™, which was nearly 1.5 times that of
NCC-12 and more than twice that of NCC-18, while the NaCl perme-
ability coefficient decreased from 0.27 to 0.16 L m™ h’, for the NCC-6,
NCC-12, and NCC-18 membranes, driven by a 10-bar pressure with
1000 ppm NaCl solution (Fig. 4c and Supplementary Table S4). We
subsequently calculated the water/solute selectivity of the NCC and
NRC membranes (Supplementary Tables S3, 4). The NCC-6 membrane
demonstrated a water/NaCl selectivity exceeding 54 bar™ (Fig. 4d),
which is greater than NCC-12 (42.5bar™) and NCC-18 (45.6 bar™). As
indicated in Fig. 4e, the NCC-6 membrane demonstrated a high water
permeance (14.8Lm™ h™ bar?) and an extraordinary water/NaCl
selectivity (54 bar™) when tested with a 1000 ppm NaCl solution at

10 bar at room temperature of approximately 25 °C, outperforming
the upper bound of water/NaCl selectivity observed in the current
state-of-the-art RO and NF membranes'®*' ", Notably, NCC-6 was more
than 55 times that of NRC-6 in water/NaCl selectivity at same tested
conditions (Supplementary Fig. S25 and Supplementary Table S3). In
addition, the NCC-6 membrane showed a water/CaCl, or water/MgCl,
selectivity of over 90 bar™, and a water/AICl; selectivity exceeding
150 bar™. Surprisingly, the water/AICl; selectivity of the NCC-18
membrane can approach 250 bar™ (Supplementary Table S4). There-
fore, the NCC-6 membrane exhibited improved water permeance and
water/salt selectivity, which is primarily due to the improved fractional
free volume and narrowed pore size distribution. Long-term RO
separation measurements were conducted with a feed solution of
1000 ppm NaCl and an applied pressure of 10 bar (Fig. 4f). The NCC-6
membrane maintained a high NaCl rejection rate over 99% for the
initial 120-h operation and reached 98.6% with a total duration of 168 h,
while the water flux slightly decreased by 8.3%, possibly due to con-
centration polarization. The morphological and structural stability of
NCC-6 after 7-days of separation were confirmed by SEM, AFM, and
XRD measurements (Supplementary Figs. S26-28). The RO separation
performance of NaCl solutions with high concentrations was also
studied (Supplementary Fig. S29). As the NaCl concentration increased
to 5000 ppm, both the water flux and the rejection rates of the NCC-6
membrane slightly decreased. Notably, at a NaCl concentration of
3000 ppm, the rejection rate remained over 99% and the water flux
reached over 125L m2 h™.

We also evaluated the boron removal capabilities of the NCC-6
and NRC-6 membranes driven by the hydraulic pressure at 10 bar. The
feed solution consisted of boric acid (H;BOs) at a concentration of 5
ppm, and NaOH was used to adjust the pH. As shown in Supplementary
Fig. S30a, for the neutral H;BO; molecule at pH=7, the NCC-6
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membrane exhibited a rejection rate of -75%, which is greater than the
NRC-6 membrane. The boron rejection rate increased when tested at
basic conditions, for example, the boron rejection exceeded 98% for
the anionic B(OH),~ at pH=10. Moreover, at neutral condition, the
boron removal rate of NCC-12 and NCC-18 rose to 88.5% and 93.4%,
respectively (Supplementary Fig. S30b). Therefore, the NCC-6 mem-
brane showed a significant advantage in terms of boron removal under
the same conditions.

The chlorine resistant measurement of the NCC-6 and NRC-6
membranes was investigated (Supplementary Fig. S31). The membrane
was immersed in a 200 ppm NaClO solution under continuous stirring
for 24 h, and the total chlorine exposure was 4800 ppm h. The pH
values of the NaClO solution was adjusted to 5, 7, and 9, respectively.
Even at high pH levels, the water premeance and NaCl rejection rates of
the NCC-6 and NRC-6 membranes remained largely unaffected, indi-
cating their excellent chlorine resistance. We further evaluated the
structural and desalination stability of the NCC-6 membrane when
soaked in acidic (pH=3), basic (pH=11), and urea (1wt%) aqueous
solutions for 24 h, respectively. As indicated in SEM measurements
(Supplementary Fig. S32), the NCC-6 membranes remained defect-free
under these three measurements. XRD analysis indicated that the
crystalline profiles of the NCC-6 membranes remained unchanged
under these treated conditions (Supplementary Fig. S33). Besides, the
RO desalination performance did not show noticeable changes at 1000
ppm NaCl solution and a 10-bar pressure (Supplementary Fig. S34). To

further elucidate the membrane stability at the actual operational
conditions, we performed the in-situ roughness studies on the NCC-6
membrane that were soaked in DI water and 1M NaCl solution,
respectively (Supplementary Fig. S35). The surface roughness showed
no significant variations of in both conditions, in contrast to the
measurements at air condition (Fig. 2c).

These combinational properties highlight the significant advan-
tages of the NCC-6 membranes over the NRC-6 membrane in terms of
excellent resistance to harsh conditions (acid, base, hydrogen-bonding
competitor solution, and chlorine), excellent RO desalination to salt
solutions and boron, sustained solute removal, and structural stability,
which underscores the importance of molecular engineering, inter-
facial chemistry, and controllable crystallization in the fabrication of
ultrathin membranes for high-performance desalination.

Mechanisms elucidated by molecular dynamics simulation

Using molecular dynamics (MD) simulations, we elucidated the impact
of molecular design and nano-confinement on the microstructures and
pore sizes of the membranes. Figure 5a and Supplementary Fig. S36
showed the equilibrium configurations of tetra-oligomers with distinct
end-functional groups. Two sandwich models were established to
simulate the interactions between tetra-PCL-OH or tetra-PCL-UPy and
water molecules (Fig. 5b and Supplementary Fig. S37). Once the tetra-
oligomers/water simulation system reached an equilibrium state, we
extracted the structures of tetra-oligomers for subsequent density
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between tetra-PCL-OH or tetra-PCL-UPy and water molecules. g Areal density of
hydrogen bonds formed between tetra-PCL-OH or tetra-PCL-UPy and water
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calculations and voids analysis. As illustrated in Fig. 5c and Supple-
mentary Fig. S38, the two structural models demonstrated the free
volume in Tetra-PCL-OH and Tetra-PCL-UPy (see the space occupied
by translucent light green volume) detected by a theoretical probe
with a radius of 1A. The simulated pore size distributions were calcu-
lated based on the constructed models. In contrast to the NRC mem-
brane derived from tetra-PCL-OH, the NCC membrane obtained from
tetra-PCL-UPy exhibited a high density of smaller pore sizes, as evi-
denced by the narrower distribution of pore sizes (Fig. 5d) and the
higher fractional free volume (Fig. Se). These findings are consistent
with the experimental observations that the organized assembly of
Tetra-PCL-UPy and the controllable crystallization reduce the pore
sizes and narrow the pore distributions (Supplementary Fig. S16). Such
structures of the NCC membrane are greatly advantageous for pro-
moting water flux and reducing ions flux. We noted that the simulated
pore sizes of both the NCC membrane and NRC membrane are slightly
greater than those of H,O molecules (2.7A) but smaller than the
hydrated monovalent (K*: 6.62 A; Na*: 7.16 A) and multivalent (Mg
8.56 A; Ca*: 8.24; AP*: 9.5 A) ions, thus confirming the observations of
the water flux, ions rejections, and water/ions selectivity of the NCC-6
membrane.

We also investigated the interfacial interaction energy between
tetra-oligomers and water molecules (Fig. 5b and Supplementary
Fig. S36). After MD relaxation, we found that the interfacial energy
between tetra-PCL-UPy and water molecules (0.2544 kcal mol™ A™)
was greater than that between tetra-PCL-OH and water molecules
(0.2034 kcal mol™ A) (Fig. 5f), indicating strong attractive interac-
tions between tetra-PCL-UPy and H,O. Moreover, a large number of
UPy motifs accumulate at the air/water interface under nano-
confinement. To further elucidate the effect of interfacial hydrogen
bonding on the formation of controllable and organized crystal-
lizations in the nano-films, we quantified the number of hydrogen
bonds at the nano-confined interface of tetra-PCL-OH/H,O and tetra-
PCL-UPy/H,0. More hydrogen bonds were established at the interface

between tetra-PCL-UPy and water molecules, as shown in Fig. 5g. These
results confirm that a large quantity of polar functional groups accu-
mulate near the water interface due to strong hydrogen bonding
interactions with water molecules, particularly UPy motifs, which form
stronger hydrogen bonding interactions than both hydroxyl and car-
bonyl units at the air/water interface, significantly lowering the con-
formation entropy and enabling controllable crystallization within the
NCC-series membranes.

Discussion

We developed high-performance reverse osmosis membranes by meti-
culously managing the alignment and crystallization of UPy-ended
amphiphilic oligomers at nano-confined air/water interface. The hydro-
phobic PCL chains ending with UPy segments naturally adjust and set
their molecular configuration at air/water interfaces due to strong
multivalent H-bond interactions. When these oligomer chains maintain a
consistent orientation at the nanoscale, they undergo crystallization
throughout the membrane, promoting a uniform distribution of pore
size, which in turn boosts the water/solute selectivity. On the other hand,
the powerful bonding of the UPy terminations restricts polymer chain
movement, resulting in controllable crystallization and surfaces het-
erogeneity of the membrane. This increases the free volume proportion
and augments water permeation. Notably, the NCC-6 membrane exhi-
bits a pure water permeability of 14.8 L m™ h™ bar™ and a water/NaCl
selectivity of over 54 bar™, which surpass the upper bound of water/NaCl
selectivity of the state-of-the-art polyamide membranes.

However, we acknowledge the limitations of the current NCC
membrane design, particularly the absence of covalent crosslinking,
which raises concerns regarding their stability under harsh conditions.
The non-covalent bonding and self-assembly mechanisms render the
membranes susceptible to breakdown at elevated temperatures,
exposure to solvents, and interactions with surfactants. These limita-
tions highlight the need for further advancements to enhance their
thermal and chemical stability. Future work will focus on exploring
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strategies such as noncovalent/covalent crosslinking, the incorpora-
tion of stabilizing additives, or the development of hybrid materials to
address these challenges. In addition, future studies will prioritize
standardized testing protocols under consistent conditions to provide
a more accurate and reliable comparison of membrane selectivity and
permeability. This will help address the limitations of our current
comparative analysis and provide a stronger foundation for evaluating
the performance of NCC membranes relative to existing technologies.

Looking forward, our discoveries not only deepen the under-
standing of the relationships among the structure, properties, and
performance in desalination membranes but also introduce a concept
for guiding the design of supramolecular polymeric membranes using
precise self-assembly and controllable crystallization to achieve opti-
mal desalination outcomes. Moreover, this approach aligns well with
existing membrane technologies, laying the foundation for holistic
enhancements in modern polymer membrane systems. We anticipate
that as this concept matures, manufacturing techniques will evolve to
accommodate various membrane-related applications, such as osmo-
tic energy conversion and wastewater treatment.

Methods

Materials and methods

e-Caprolactone (e-CL), stannous isooctanoate, pentaerythritol, dibu-
tyltin dilaurate (DBTL), AICl; (=299%), MgCl, (=99.99%), CaCl, (=97%),
KCI (=99%), and NaCl (=99%) were purchased from J&K Scientific.
Analytical grade boric acid B(OH); was obtained from Sigma-Aldrich. 2-
amino-4-hydroxy-6-methylpyrimidine 99% was purchased from Acros
Organics. All chemicals and solvents were used as received. Single
crystal silicon wafers were purchased from Si-Mat Germany and used
as a substrate for atomic force microscopy (AFM) measurements.

Synthesis of tetra-oligomers polycaprolactone (PCL)

The tetra-oligomer PCL was synthesized by ring-opening polymeriza-
tion of e-caprolactone (s-CL)**. Pentaerythritol (initiator, 0.1362 g), &-
CL (10 g), and stannous isooctanoate (catalyst, 0.3 wt%) were added
into a 50-mL flask. The reaction was conducted at 120 °C for 10 h under
an argon atmosphere. The product was dissolved in toluene and pre-
cipitated in cold methanol, and then vacuum-dried overnight.

Synthesis of 2-(6-isocyanato-hexylamino)-6-methyl-4[1H]-pyr-
imidinone (UPy-NCO)
2-(6-Isocyanato-hexylamino)-6-methyl-4[1H]-pyrimidinone (UPy-NCO)
was prepared using a literature procedure from Meijer®. 2-Amino-4-
hydroxy-6-methylpyrimidine (10 g, 79.9 mmoL) was added to a 250 mL
round bottomed flask. Hexamethylene diisocyanate (HMDI, 100 mL,
624 mmol) and pyridine (7 mL) were then added, the flask was fitted
with a reflux condenser, and the mixture was stirred at 100 °C over-
night under dry nitrogen. Pentane (30 mL) was then added and the
solid product was collected by filtration. The white powder was
washed 3 times with 125 mL portions of acetone to remove unreacted
HMDI and then dried overnight under high vacuum at 60°C
(yield 95%).

Synthesis of Tetra-PCL-UPy

Tetra-oligomer PCL (1 mmoL) and UPy-NCO (4 mmoL) were added into
DMF solution (50 ml) and stirred at 50 °C until the solid was dissolved.
Subsequently, six drops of dibutyltin dilaurate (DBTL) were added into
the solution. The reaction was kept at 50 °C for 20 h. The polymer was
obtained by precipitation in cold ether. The polymer was re-dissolved
in toluene and re-precipitated in cold ether three times. The final
product was obtained by overnight vacuum drying at 40 °C.

Preparation of ultrathin crystalline nanofilms
First, tetra-oligomer PCL powder was dessolved in CHCI; to prepare
different concentrations of polymer solution (2-10 mgmL™). Then,

5uL of the polymer solution is gently dropped onto the water surface,
which rapidly spread. An ultrathin membrane was formed at the nano-
confined space in several seconds and then was transferred to various
supports such as polyethersulfone (PES) and silicon wafers for desali-
nation process and characterization.

General characterizations

'H (400 MHz) NMR spectra were recorded on a Bruker DRX
400 spectrometer in chloroform-d. Thermogravimetric analysis
(TGA) was conducted under N, in the range of 30-600 °C with a
heating rate of 10 °C min™. Gel permeation chromatography (GPC)
was conducted using an Agilent Technologies 1260 Infinity, and the
data were processed using Agilent GPC/SEC software, polystyrene
was used as the calibrant. Samples for GPC analysis were dissolved in
analytical grade THF (2mgmL™). DSC measurements were per-
formed under N, using an MDSC 2910 system operating at a heating/
cooling rate of 10°C min™ in the range of -40 to 110 °C, unless
indicated otherwise. Data from the second heating cycle and the
reverse heat flow curve are reported unless indicated otherwise.
Fourier transform infrared (FT-IR) spectra were recorded using a
Fourier transform infrared spectrometer (PE Spectrum 100) for
wavelengths ranging from 400 to 4000 cm™. The static contact angle
of the nanofilms and surface tension of the microdroplets were
determined with OCA20 equipment (Data Physics, Germany). A
digital camera was used to monitor the shape of the droplet imme-
diately after the droplet deposition. Each experiment data was
independently performed for three times. The structures of the
nanofilms were examined by using grazing incidence X-ray diffrac-
tion (GIXRD) (Malvern Panalytical's X'Pert®). The nanofilm was
exposed to X-ray for 5min with an incidence angle of 0.12°. The
orientations of the polymer chains were tested by grazing incidence
wide-angle X-ray scattering (GI-WAXS) (XEUSS). Raman mapping and
spectra were recorded on a WITec alpha300 instrument at a wave-
length of 532 nm to detect the characteristic peaks of the crystalline
nanofilms from the tetra-oligomer PCL and to determine the char-
acteristic peaks intensity and the distribution of the crystalline and
amorphous domains. The surface roughness and thickness of the
nanofilms were measured by atomic force microscopy (AFM; Bruker
Dimension Icon with ScanAsyst). The free-standing nanofilms were
transferred to silicon wafers and dried. The surface roughness is
presented as the root-mean-square roughness (R;ns). The nanofilm
thickness was measured from the distance from the silicon layer to
the nanofilm. The chemical composition and elemental composition
of the nanofilms were analyzed by X-ray photoelectron spectroscopy
(XPS; PHI Model 5802), and the angle-resolved technique was
adopted. Transmission electronic microscope (TEM; FEI/Philips
Tecnai 12 BioTWIN) was used to study the morphology of the nano-
films. Freestanding nanofilms were transferred onto copper grids for
TEM imaging. The surfaces images of the nanofilms were character-
ized by high resolution scanning electron microscopy (SEM; FEI
Quanta 450) with an accelerating voltage of 5kV. The crystalline
morphology of the nanofilm was observed with a polarizing optical
microscope (POM; Olympus BH2-UMA) equipped with a camera
(Olympus DP11).

Zeta potential measurement at the membrane surface

The zeta potential of the membrane surface was measured by a Mal-
vern type Zetasizer Nano ZSP. A rectangular clamp cell was used to fix
the membrane samples. For each test, a membrane sheet (1x 2 cm?)
was cut and attached onto a holder with water-proof double-sided
tape, after which the holder was fixed to the rectangular clamp cell.
The system was washed with DI water prior to each test. The pH and
conductivity were calibrated before each test. The 50 mM HCI and
NaOH solutions were titrated from pH 3 to 10, and the zeta potential of
the surface was measured.
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Young’s modulus measurement by peak force quantitative
nanomechanical mapping (PFQNM) method

The modulus measurements were performed in PFQNM mode®*** on a
Dimension Icon AFM system (Bruker Dimension Icon with ScanAsyst).
Images were collected with SisN, tips (DNP-B, Bruker) at a 1.0 Hz scan
rate. The spring constant was calibrated by the thermal tuning method.
This mode was based on peak force tapping, which involved generat-
ing a very fast force curve at every pixel in the image by modulating the
Z piezo at -1 kHz with an amplitude of 200 nm. The peak force of each
of these curves was then used as the imaging feedback signal. Analysis
of the force curve data was performed in real-time, providing a map of
multiple mechanical properties, such as the modulus and adhesion,
which had a similar resolution to that of the height image. This mode
controlled the tip/sample interaction directly to decrease the defor-
mation of the sample and the contact area, so minimal damage to the
probe or sample occured and a higher resolution was acquired.

Wide-angle X-ray diffraction

To determine the degree of crystallinity (X.), the WAXD profile at 2
Theta =20-25 degrees was fitted by the separate reflection peaks of
crystals and the amorphous halo. X was calculated by the following Eq.

1:

_ A
XC‘A +A

Cc a

x100% )

where A, represents the area under the amorphous halo and A, is the
area of the crystalline peaks in the WAXD profile.

Evaluation of membrane desalination performance in Reverse
Osmosis (RO)
The desalination performance of the nanofilms was evaluated in a
filtration setup with a cross-flow filtration configuration. The tem-
perature was maintained at 25 (+1) °C. The feed solution, approxi-
mately 10 L in volume, was pumped from a feed tank using a high-
pressure diaphragm pump into the membrane cell. The samples were
first conditioned for a minimum of 8 h under a pressure of 10 bar
using pure water to achieve a steady-state conditions. The effective
area of the membranes used in the cell was 3 cm” The cross-flow
velocity was 50 L h™}, and the applied pressure was 10 bar. The feed
concentration of salts (NaCl, KCl, CaCl,, MgCl,, AICI3) was 1000 ppm.
For the boron rejection, the concentration in the feed solution was 5
ppm, and NaOH was used to adjust the pH of the solution. The solute
concentrations in the feed and the permeate were monitored by a
conductivity meter and an inductively coupled plasma optical emis-
sion spectrometry (ICP-OES). The water-salt selectivity is defined as
a=A/B, where A and B are water and salt permeability, respectively.
Water permeability is presented in the unit of L m™2 h™ bar™. Salt
permeability is presented in the unit of L m™ h™87% At least four
membrane coupons were tested to obtain an average value and
standard deviation.

The water flux, J,, (L m2h™), was calculated using the following Eq.

2):

AV

o @

P

where AV is the permeate water volume (L) collected over the period t
(h), and A is the effective membrane area (m?), respectively.

The water permeability coefficient, also called pure water per-
meance, A (L m?2 h™ bar™), was calculated using the following Eq. (3):

AV
= 3
A AtAP ©)

where AV is the permeate water volume (L) collected over the period of
time (h), A is the effective membrane area (m?), and AP is the trans-
membrane pressure (bar), respectively.

The observed salt rejection, R, was calculated using the following
Eq. (4):

CP
R=(1-=22)x100% 4)
Cr

where R is the salt rejection (%), and C, and Crare the salt concentra-
tions of the permeate and feed solution, respectively.

Considering the concentration polarization, the salt permeability
coefficient, B (L m™ h™), was calculated using the following Eq. (5):

B=J, (%) et (5)

where k is the feed channel mass transfer coefficient, estimated from
the cell geometry and the crossflow rate.

Chlorine-resistant measurement

The nanofilms were soaked in a 200 ppm NaClO solution under con-
tinuous stirring for 24 h. The pH of NaClO was adjusted to 5.0, 7.0, and
9.0, using hydrogen chlorine and sodium hydroxide solutions. The
container was wrapped with tin foil and stored in a dark environment.
After being removed from the NaClO solution, the membrane was
thoroughly cleaned with DI water before conducting desalination
experiments.

Data availability

The data supporting the findings of this study are available within the
Article and its Supplementary Information. All data are available from
the correponding author upon request.

Code availability
The simulation codes used in this study are available from the corre-
sponding authors on request.
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