ano

esearch

Open Access

Poly(f-ketoenamine) membranes with interconnected microporosity

for high-performance fluid separations

Binyu Zhou', Guishan Hu', Yubo Cui', Miaomiao Tian? *“, Xueli Cao**, Shi-Peng Sun®**, Jingwei Hou®, Yatao Zhang',

Bart Van der Bruggens, and Junyong Zhu'™

School of Chemical Engineering, Zhengzhou University, Zhengzhou 450001, China
2School of Ecology and Environment, Zhengzhou University, Zhengzhou 450001, China

3State Key Laboratory of Materials-Oriented Chemical Engineering, National Engineering Research Center for Special Separation
Membranes, Jiangsu National Synergetic Innovation Center for Advanced Materials, College of Chemical Engineering, Nanjing Tech

University, Nanjing 211816, China

*NJTECH University Suzhou Future Membrane Technology Innovation Center, Suzhou 215100, China
*School of Chemical Engineering, The University of Queensland, St Lucia, QLD 4072, Australia
¢ Department of Chemical Engineering, KU Leuven, Celestijnenlaan 200F, B-3001 Leuven, Belgium

Cite this article: Nano Research, 2026, 19, 94908385. https://doi.org/10.26599/NR.2026.94908385

ABSTRACT: Thin-film composite (TFC) membranes fabricated via
interfacial polymerization are a pivotal enabler for energy-efficient fluid
separations. However, achieving both a high separation efficiency and
solvent stability is challenging, as it requires the critical and precise
tuning of the film microporosity and internal molecular interactions.
Here, we present a molecular linkage engineering approach to
designing high-microporosity and structurally rigid poly(B-ketoenamine)
membranes. By integrating a three-dimensional (3D) shape-persistent
triptycene scaffold (2,6,14-triaminotriptycene, TAT) and a hydroxyl-
pendant trialdehyde linker (1,3,5-triformylphloroglucinol, Tp), the
resultant TAT-Tp membranes exhibit an extraordinary surface area of
620.21 m*g™, far exceeding those of traditional polyamide and
polyimine counterparts. The high density of B-ketoenamine linkages
promotes the creation of intra- and intermolecular hydrogen-bonding
networks, thereby imparting remarkable structural stability and inducing

Molecular linkage engineering of high-precision, robust
poly(B-ketoenamine) membranes
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ordered local regions. These improved structural attributes, coupled with high microporosity, endow these membranes with
dual-function superiority: 99.1% desalination efficiency and 99.2% methyl orange rejection in methanol. Furthermore, the
membranes exhibit a remarkable solvent resistance, retaining structural integrity after 30-d exposure to diverse solvents.
Experiments and simulations reveal the critical role of substantially interconnected ultramicroporous voids within the rigid
crosslinked networks in achieving this superior performance. This work provides a framework for engineering resilient
poly(B-ketoenamine) TFC membranes for high-efficient multitasking fluid separations.

KEYWORDS: poly(B-ketoenamine) membrane, triptycene, interfacial confined growth, thin-film composite, desalination,

organic solvent nanofiltration (OSN)

1 Introduction

Fluid separation is a fundamental operation in industries spanning
seawater desalination, petrochemicals, and pharmaceuticals [1, 2].
The reliance on traditional energy-intensive thermal processes leads
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to high energy consumption and substantial emissions of
greenhouse gases [3, 4]. This dual environmental cost inevitably
intensifies the greenhouse effect and causes considerable ecological
damage [5]. Endowed with the inherent high energy efficiency and
environmental compatibility, membrane-based separations have
emerged as a promising alternative to thermally driven separation
processes [6, 7]. In specific, membrane technologies generally
operate without requiring phase changes, enabling them to
conserve an estimated 90% of energy and substantially reduce
carbon emissions [8, 9]. This inherent efficiency is further coupled
with high separation selectivity, which relies on size exclusion and
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specific interactions with target solutes, validating their extensive
applications diverse areas like water treatment and organic solvent
nanofiltration (OSN) [10-12].

Thin-film composite (TFC) membranes synthesized via
interfacial polymerization, primarily from polyamide, have been
crucial in advancing reverse osmosis (RO) for seawater desalination
[13]. However, the rapid, irreversible polymerization frequently
yields a high-crosslinked polyamide film with limited free volume,
which prevents the fabricated membranes from surpassing the
permeability-selectivity trade-off [14-16]. Their application in
alternative separations like OSN is additionally limited by their low
microporosity, insufficient anti-swelling capability, and high mass
transfer resistance for low-polarity solvents [17]. In contrast,
polyimine-based membranes, exhibiting reduced polarity due to the
absence of carbonyl oxygen moieties (C=0), have large potential for
fluid separations such as water treatment and OSN [18, 19].
Recently, Liu et al. [20] pioneered the fabrication of microporous
polyimine membranes using rational monomer design, achieving a
breakthrough in crude oil fractionation. Nevertheless, the inherent
rotational flexibility of the imine bond often induces structural
reconfiguration and pore swelling upon exposure to harsh solvents,
leading to compromised stability and performance [21, 22].

In contrast to imine bonds, poly(B-ketoenamine) is a highly
efficient and stable covalent linkage derived from the condensation
of P-ketoaldehyde and amine monomers [23]. The formation
proceeds in two consecutive stages: (i) Schiff base reaction based on
nucleophilic addition, leading to an unstable hydroxyl intermediate,
which subsequently dehydrates to yield an imine bond; (ii)
keto—enol tautomerism in which a phenolic hydroxyl group acts as
an intrinsic proton source, spontaneously transferring a proton to
the imine nitrogen, inducing double-bond migration, and thus
forming the thermodynamically stable  p-ketoenamine
configuration [24, 25]. Additionally, it exhibits a unique capacity to
form robust intramolecular hydrogen bonding between N-H and
adjacent C=O groups, which are further reinforced by
intermolecular hydrogen bonding between adjacent polymer chains
[26, 27]. These strong hydrogen-bonding interactions, coupled with
enhanced m-m conjugation, impart a rigid framework architecture
that grants improved hydrolytic stability and solvent resistance
[28, 29]. In this context, the rational design of poly(p-ketoenamine)
linkages within the selective film holds promise for producing
solvent-resistant TFC membranes capable of reliable operation
across diverse environments.

To facilitate broader utilization of membrane technologies,
highly permeable membranes are requisite for processing high-
volume fluid efficiently over a feasible time frame using an
applicable membrane area [30]. An efficacious strategy lies in
molecular-level engineering of the polymeric membranes to
provide enhanced interconnected microporosity [31]. The key to
constructing these high-microporosity membranes largely relies on
the utilization of 3D, contorted, and shape-persistent monomers
[32]. This structural approach effectively suppresses the dense
packing of polymer chains, which in turn facilitates the formation
of abundant and persistent microporous channels for facilitated
molecular transport [33]. To date, several 3D contorted monomers,
such as phenolphthalein and its analogs [34], 5,5%6,6 -tetrahydroxy-
3,3,3,3 “tetramethylspirobisindane (TTSBI) [35], Troger’s base
diamine (TBDA) [36], and triptycene-based acylchloride [13], have
been successfully deployed for the fabrication of polyamide/
polyester TFC membranes. These resultant membranes exhibited
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improved microporosity and favored structural stability,
consequently yielding good OSN performance. However, their use
in constructing precisely tailored nanochannels for desalination
membranes remains challenging, a limitation directly attributable to
rapid and uncontrolled polymerization using high-reactive
monomers. This synthetic constraint significantly impedes the
development and utilization of these contorted molecular
architectures in RO membrane technology.

To this end, we introduce a molecular linkage engineering
strategy for the precision synthesis of highly microporous poly(f-
ketoenamine) membranes, employing 2,6,14-triaminotriptycene
(TAT) and 1,3,5-triformylphloroglucinol (Tp) as promising
precursors. This strategic design offers two distinct advantages:
(i) The p-ketoenamine linkage, substituting conventional amide or
imine bonds, grants access to a tunable pore architecture while
preserving high physicochemical stability; (ii) the introduction of
the shape-persistent, three-dimensionally contorted triptycene
moiety—featuring a rigid paddle-wheel configuration—enables the
formation of interconnected, ordered nanoporous channels,
concurrently maximizing the free volume within the polymeric
network. The moderate interfacial Schiff reaction and subsequent
keto-enol tautomerism promotes defect self-correction and the
generation of regionally ordered region within the B-ketoenamine
nanofilms. The integration of this self-correcting linkage with shape-
persistent building blocks furnishes TFC membranes with high
surface area, interconnected microporosity, and exceptional
structural stability. These combined features confer superior
separation efficiency across both water desalination and OSN
applications. Ultimately, this work highlights the synergy between
the robust molecular linkage and the precisely engineered
microporosity  of  poly(B-ketoenamine) = membranes  for
multipurpose fluid separations.

2 Results and discussion

2.1 Synthesis of Tp-TAT membranes

The contorted, shape-persistent amine monomer (TAT) was
synthesized through the sequential nitration of the triptycene
followed by a reduction reaction (Fig. SI in the Electronic
Supplementary Material (ESM)). The chemical integrity of TAT
molecules was conclusively verified using 'H nuclear magnetic
resonance (NMR) and "C NMR spectrum and mass spectrometry,
confirming its successful synthesis as previously reported (Figs.
S$2-S6 in the ESM) [37]. This crucial amine functionalization
enables the subsequent fabrication of poly(B-ketoenamine) TFC
membranes via a Schiff-base reaction with Tp linkers and
keto—enol tautomerism (Fig. 1(a)). However, a potential challenge
arises from the insolubility of TAT units in water due to the
presence of multiple nonpolar aromatic rings. To circumvent this,
we employed a co-dissolution strategy by positioning both TAT
and Tp molecules within an organic phase (dichloromethane,
DCM). On this basis, poly(p-ketoenamine) TFC membranes were
synthesized in situ on a Kevlar support using -catalysis-free
interfacial confined growth in a two-chamber diffusion cell (Figs. S7
and S8 in the ESM). The assembly involved orienting the top
surface of the Kevlar hydrogel towards the DCM phase containing
the monomers, while the other chamber was filled with deionized
water (Fig. 1(a)). The hydrogel support thus functioned as a
reaction scaffold, providing the essential conditions for the
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Figure1 Design, fabrication procedure, and desalination performance of Tp-TAT membranes. (a) Synthesis path of TAT and fabrication of Tp-TAT membranes.
(b) Microstructure of Tp-TAT membranes. (c) Comparison of specific surface areas between Tp-TAT membranes and polymer membranes formed by other common
3D-contorted monomers. (d) Schematic illustration of the desalination and OSN mechanism in Tp-TAT membranes.

polycondensation of Tp and TAT monomers to yield a TFC
membrane. Driven by monomeric lipophilic character and their
robust hydrogen-bonding and m-m interaction with the Kevlar
hydrogel, the Schiff base polymerization was confined to the
Kevlar/DCM interface, resulting in a continuous and dense
Tp- TAT selective layer. In contrast, monomers dissolved freely in
the bulk DCM solution, remote from the hydrogel, lacked the
essential confined reaction environment. Over time, these
monomers only yielded polymeric nuclei or nanoparticles
suspended within the solution bulk, evidenced by the turbidity of
the DCM phase and the emergence of the Tyndall effect (Fig. S9 in
the ESM). The inherent contorted, non-planar configuration of
TAT contributes to 3D interpenetrated microporous networks
within the Tp-TAT layer, resulting in a substantially enhanced
microporosity (Fig. 1(b)) [38]. The internal poly(p-ketoenamine)
linkage further stabilizes the structure by promoting the formation
of extensive intra- and intermolecular hydrogen bonded networks,
thereby conferring high structural persistence and regionally
ordered nanochannels (Fig. S10 in the ESM). Notably, the Tp-TAT
membrane demonstrated an exceptionally high specific surface area

.................
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of 62021 m’g', substantially surpassing reported values for
polymeric membranes fabricated with conventional contorted
monomers (Fig. 1(c)) [32, 35, 36, 39, 40]. The synergy of high
microporosity and regionally ordered nanochannels in the
fabricated Tp-TAT membranes subsequently resulted in a superior
rejection of both NaCl and low-molecular-weight dye models
(Fig. 1(d)). This performance highlights their high potential for
fluid separations, including RO desalination and OSN applications.

2.2 Characterization  of
nanofilms

Prior to TFC membrane fabrication, freestanding nanofilms (Tp,-
TAT,-12) were fabricated at a free water/DCM interface to explore
their film-forming ability and physicochemical properties.
Attenuated total reflection-Fourier transform infrared (ATR-FTIR)
spectroscopy (Fig. 2(a)) demonstrated the successful formation of
the B-ketoenamine via a Schiff base reaction, characterized by the
emergence of new stretching modes: C=C at 1575 cm™ and C-N at
1290 cm™ [41]. Collectively, the disappearance of the N-H

Tp-TAT;-12  freestanding

Nano Research, 2026, 19, 94908385
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Figure2 Morphology and characterization of Tp,-TAT,-12 freestanding nanofilms prepared via interfacial confined growth. (a) ATR-FTIR spectra and (b) solid-state “C
NMR spectrum of Tp,-TAT)-12 nanofilms. (c) N, adsorption isotherms of Tp,-TAT,-12 nanofilms measured at 77K. The inset denotes pore size distribution employing
the NLDFT modeling. (d) XRD pattern of Tp,-TAT,-12 nanofilms. (¢) HR-TEM image and SAED pattern (inset) of Tp,-TAT)-12 nanofilms. (f) TEM image and element
mapping of Tp,-TAT,-12 nanofilms. (g) SEM top-view image of Tp,-TAT,-12 freestanding nanofilms on porous anodic aluminum oxide (AAO) substrate. (h) AFM

image and (i) height profile of Tp,-TAT,-12 nanofilms.

stretching vibration (3340 cm™ from TAT) and the C=0
characteristic peak (1636 cm™ from Tp) conclusively indicated the
complete condensation of the aldehyde and amine monomers.
Solid-state *C NMR spectroscopy further provides critical structural
confirmation of the B-ketoenamine linkages within the Tp,-TAT)-
12 films (Fig. 2(b)). Key characteristic chemical shifts observed at
184 and 108 ppm are assigned to C=O and C=C moieties,
respectively [42].

The intrinsic microporous nature of Tp,-TAT,-12 nanofilms was
clearly manifested in the N, adsorption-desorption isotherms
(Fig. 2(c)), as evidenced by a type I profile featuring pronounced
uptake at low relative pressures [43]. Further quantitative analyses
revealed the maximum N, adsorption capacity of 2194 cm’g"
and a Brunauer-Emmett-Teller (BET) specific surface area of
620.21 m*g". The pore size distribution, calculated from the non-
local density functional theory (NLDFT) model, revealed a high
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degree of uniformity, with an average pore diameter of 0.524 nm.
This critical dimension is considerably smaller than the estimated
hydrated radius of Na* ions (= 0.72 nm). These findings suggest
that the Tp,-TAT,-12 membranes are well-suited for high-efficiency
NaCl rejection primarily based on the size exclusion.

X-ray diffraction (XRD) patterns of Tp,-TAT,-12 nanofilms
(Fig. 2(d)) clearly showed key diffraction peaks at 5.8 12.1°, 22.6°,
and 29.3°. Deconvolution of the XRD profile demonstrated a
crystallinity of 55.8% for the nanofilms [44]. Calculations based on
Bragg’s law demonstrated that the peaks at 22.6° and 29.3°
corresponded to d-spacings of 3.86 and 3.04 A, respectively, highly
indicative of hierarchically microporous architecture of the
prepared nanofilms [45]. The microstructure of the Tp,-TAT,-12
nanofilm was further probed using high-resolution transmission
electron microscopy (HR-TEM, Fig. 2(e)), which revealed locally
ordered regions with lattice fringe spacings of approximately

(® if7 £ fuen | Sci@pen
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0.3 nm. Concurrently, the selected-area electron diffraction (SAED)
pattern was manifested as a series of distinctly arranged bright spots
in the ordered regions, confirming the high electron scattering
efficiency and the polymer crystalline nature of Tp,-TAT-12
nanofilm [46]. Collectively, these results established a locally
ordered microstructure within the Tp,-TAT,-12 nanofilm, which
arises from the robust hydrogen bonding and n—m conjugation that
drives the ordered packing of the poly(B-ketoenamine) chains.
Morphological analyses of the nanofilms, using both TEM
(Fig. 2(f)) and scanning electron microscopy (SEM) images
(Fig. 2(g)), revealed their continuous, and defect-free structural
integrity. Energy dispersive X-ray spectroscopy (EDS) elemental
mapping showed the uniform spatial distribution of C, N, and O
within the nanofilms, highlighting their —compositional
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—
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homogeneity. Atomic force microscopy (AFM) characterization
further indicated a relatively smooth surface of the freestanding
nanofilm, which exhibited an approximate thickness of 88.5 nm
(Figs. 2(h) and 2(i)).

2.3 Characterization and desalination performance of Tp-
TAT membranes

Building on the success of freestanding nanofilm synthesis, we
investigated the in-situ fabrication of Tp-TAT composite
membranes directly on Kevlar hydrogel substrates. Morphological
assessment via SEM (Fig. 3(a)) demonstrated that the resultant Tp,-
TAT,-12 exhibited superior continuity and defect-free surface
compared to the pristine Kevlar, displaying a morphology
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Figure3 Morphology and characterization and reverse osmosis desalination performance of Tp,-TAT,-12 composite membranes. (a) SEM morphological images of Tp,-
TAT,-12 composite membranes and Kevlar substrates. Cross-sectional (b) SEM image and (c) TEM image of Tp,-TAT,-12 membranes. (d) AFM images of Tp,-TAT,-12
composite membranes and Kevlar membranes. (e) Desalination performance of Tp,-TAT,-12 membranes with different TAT concentrations (Tp concentration remained
at 1 mM and the reaction time was 12 h). (f) Water permeability and NaCl rejection of Tp,-TAT,-z membranes with different reaction time). (g) UV-vis absorption
spectra of oligomer with the progress of the reaction in DCM (the reaction time is from 0 to 18 h). (h) Hlustration of molecular linkage engineering approach for
membranes formation. (i) Long-term operational stability performance of Tp,-TAT,-12 membranes. (j) Desalination performance of Tp,-TAT,-12 membranes in
comparison with the recently reported RO membranes [14-16, 47-54]. L'm>h™-bar" stands for liter per square meter per hour per bar. The feeding was 2 g'L" NaCl

solution and the operating pressure was 15 bar.
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dominated by numerous particulate features. During the synthesis
process, the hydrogel support functioned as a reaction carrier,
enabling the Tp and TAT monomers to undergo nucleation at its
surface and subsequently grow into a continuous layer. Initially, a
multitude of discrete nucleation sites formed on the Kevlar surface.
These sites exhibited differential growth rates due to the
heterogeneous diffusion of monomers from the bulk phases to the
interface, yielding a distinctly granular morphology [18, 19]. This
pronounced granular texture on the membrane surface became
progressively more evident as the reaction time increased. The f-
ketoenamine-linked surface layer was confirmed using ATR-FTIR
spectroscopy (Fig. S11 in the ESM), which showed characteristic
spectral shifts: the appearance of C=C and C-N stretching
vibrations coinciding with the disappearance of the N-H and C=0
bands. Cross-sectional SEM and TEM images (Figs. 3(b) and 3(c))
revealed that the Tp,-TAT-12 selective layer thickness was
approximately 87 nm, consistent with the freestanding nanofilms.
This thickness consistency confirms that the Kevlar hydrogel
substrate minimally influences the polymerization and assembly of
Tp and TAT monomers from the DCM phase, maintaining the
integrity of the original fabrication strategy. Additionally, AFM
analysis (Fig. 3(d)) demonstrated a distinctly smoother surface
topography for the composite membrane, with an average surface
roughness (R,) of 11.7 nm, significantly lower than that of the
Kevlar substrate (R, = 18.2 nm).

X-ray photoelectron spectroscopy (XPS) survey spectra (Fig. S12
in the ESM) revealed discernible differences in the elemental
composition. Subsequent deconvolution of the high-resolution C
1s, N 1s, and O 1s spectra (Figs. S13 and S14 in the ESM) identified
characteristic peaks for C=C, C=0 and C-N bonds. These findings
provide further evidence for the successful formation and presence
of the B-ketoenamine structure within the surface Tp,-TAT,-12
layer [55]. Zeta potential analyses (Fig. S15 in the ESM)
demonstrated a weakened surface electronegativity on the Tp,-
TAT,-12 membranes compared with pristine Kevlar, which is
primarily due to the lower electronegativity of PB-ketoenamine
compared to that of residual carboxyl and polyamide from the
Kevlar hydrogel surface. The pore characteristics of Tp,-TAT,-12
membranes in aqueous environments were determined by
measuring the rejection of neutral solutes with different molecular
weights (Fig. S16 and Table S1 in the ESM) [56]. This established a
molecular weight cutoff (MWCO) of 90.4 Da, which translates to a
pore diameter of 0.43 nm with a narrow distribution. The excellent
agreement of this result with BET-derived pore dimensions strongly
suggests their high potential for water desalination based on a size-
exclusion mechanism.

The desalination performance of Tp-TAT,-z membranes,
synthesized with varying monomers concentrations (x, y mM) and
reaction time (z h), was evaluated using low-pressure RO with a
2 gL' NaCl feed solution. By maintaining a constant Tp
concentration (1 mM) and reaction time (12 h), the water
permeability of the Tp,-TAT,-12 membranes exhibited a distinct V-
shaped correlation with increasing TAT concentration (from 0.5 to
1.75 mM). Notably, NaCl rejection peaked at a maximum of 99.1%
at the optimal TAT concentration of 1 mM (Fig. 3(e)). Increasing
the TAT concentration from 0.5 to 1 mM resulted in the greater
consumption of aldehyde groups, which promoted the formation of
more [(-ketoenamine linkages. This tendency favors the
development of a more compact selective layer morphology,
consequently leading to enhanced rejections. Conversely, when the
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TAT concentration exceeded 1 mM, the abundance of amino
reaction sites promoted over-reaction, which introduced structural
defects into the selective layer and consequently compromised the
desalination efficiency [57]. The performance trend observed was
validated by similar results obtained when varying the Tp
concentration at a constant TAT concentration of 1 mM (Fig. S17
in the ESM). SEM characterization of Tp,-TAT,-12 membranes
showed polymer particle deposition on all surfaces, with particle
density and/or size increasing at higher monomer loads (Figs. S18
and S19 in the ESM). Despite these morphological differences,
AFM analysis demonstrated that the surface roughness R, was
consistently low, confined to a narrow range of 10-15 nm (Figs.
$20 and S21 in the ESM). Importantly, comprehensive performance
evaluation (Fig. S22 and S23 in the ESM) unequivocally showed
that only membranes fabricated with a TAT-to-Tp stoichiometry
near 1:1 achieved a consistently superior desalination efficiency.

Figure 3(f) illustrates a non-monotonic correlation between
reaction time and the desalination performance (NaCl rejection vs.
water permeability) of Tp,-TAT,-z membranes. In specific,
extending the reaction duration from 6 to 12 h resulted in a boosted
NaCl rejection at the compromise of water permeability; however,
further extension of the time reversed this trade-off. This complex
phenomenon was elucidated by detailing the underlying membrane
formation mechanism, which was studied using ultraviolet-visible
(UV-vis) spectroscopy of the DCM solution coupled with
morphological characterization. During the interfacial growth
(molecular linkage) at the Kevlar/DCM boundary, a secondary
homogeneous nucleation process simultaneously took place in the
bulk DCM. The generation of polymer nuclei in the bulk was
confirmed via the distinct absorption maximum observed at
413 nm in the UV-vis spectrum. As demonstrated in Fig. 3(g) and
Fig. S8 in the ESM, the increased turbidity of the DCM phase
aligned kinetically with the rise in the 413 nm absorption peak,
indicating that this bulk nucleation process peaked after 12 h of
reaction. Figure 3(h) presents the proposed film formation
mechanism as a function of reaction time. Extending the reaction
duration promoted a more complete Schiff base reaction, resulting
in a continuous and defect-free selective layer and the consequent
improvement in salt rejection [58]. However, further prolonging
the reaction duration over 12 h would cause the overgrowth and
random arrangement of polymer chains, thus forming interfacial
non-selective defects that markedly compromise the NaCl rejection.
SEM and AFM images (Figs. S24 and S25 in the ESM) further
confirmed this microstructural change, showing a continual
increase in surface particle density and roughness.

The resultant Tp,-TAT-12 membranes demonstrated
exceptional long-term operational stability, maintaining stable salt
permeability and rejection throughout a 60-h continuous test
(Fig. 3(i)). Thermogravimetric analysis (TGA, Fig. S26 in the ESM)
revealed that Tp,-TAT\-12 membranes decomposed at
approximately 400 °C. This exceptional thermal stability primarily
stems from the rigid TAT architecture and the strong
intermolecular forces (H-bonding and n—m conjugation) within the
poly(B-ketoenamine) networks. A performance comparison
(Fig. 3(j), Table S2 in the ESM) further established that our
fabricated Tp,-TAT\-12 membranes possessed competitive
advantages in RO desalination relative to other reported state-of-the-
art membranes.

Furthermore, we additionally utilized ethyl acetate
(EA)—another solvent exhibiting excellent monomer solubility—to
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fabricate Tp-TAT membranes using identical optimal conditions.
Following desalination performance evaluation, the Tp-TAT-EA
membranes exhibited a comparably high desalination performance
(Table S3 in the ESM). This result confirms that the molecular
linkage engineering strategy is applicable to various organic
solvents, provided they offer sufficient solubility for these
monomers.

24 TAT-based membranes (TAT-M) fabricated using
similar aldehyde monomers

To validate the superior structural design of the poly(p-
ketoenamine) architecture, we employed molecular linkage
engineering to synthesize TFC membranes using TAT with a series
of aldehyde monomers featuring different hydroxyl contents,
including Tp, 2,4-dihydroxybenzene-1,3,5-tricarbaldehyde
(DHTA), 2-hydroxybenzene-1,3,5-tricarbaldehyde (HTA) and 1,3,5-
triformylbenzene (TFB). The resulting Tp-TAT, DHTA-TAT,

HTA-TAT, and TFB-TAT membranes exhibited distinct
morphological and structural characteristics (Figs. 4(a) and 4(b)).
ATR-FTIR analyses (Fig. 4(c)) confirmed the presence of hydroxyl
groups in DHTA-TAT and HTA-TAT membranes via a stretching
vibration at 3665 cm™, a feature absent in the Tp-TAT spectrum
(Fig. 2(a)). Both HTA-TAT and TFB-TAT membranes showed
pronounced C=N stretching vibration at 1688 cm™, indicative of
imine bond formation. In contrast, the DHTA-TAT membrane
exhibited C=C and C-N stretching vibrations at 1574 and
1296 cm™, respectively, consistent with those observed in Tp-TAT.
Solid-state "C NMR results (Figs. 2(b) and 4(d) and Fig. S27 in the
ESM) demonstrated a strong spectroscopic resemblance between
the DHTA-TAT and Tp-TAT structures, both characteristic of
poly(B-ketoenamine) linkages. Specifically, both spectra featured
characteristic resonances for C=O (184 ppm) and C=C (108 ppm),
along with an additional C=N resonance at 145 ppm [42]. In
contrast, the spectra of HTA-TAT and TFB-TAT exhibited a

(a)
OH
o e TFB | . ~no
3CHO HO oM 3CHO
30H s 00OH 20
1! =
f o /rékm
,N O =N N 7
H. 73
Q‘, p 0" 7 NH Q.',ﬁ %' N
¢ , () ¢
H-N y zi%& Ny N
N, i e =N [/
RIRTs"Za i Gz
) b
HN_ ‘N
(b) 2
T [DHTA-TAT B DHTA-TAT
5 HY DHNd ‘ f b
L 3665 1574 {508 gf%c ST e
O-H C=C f{ o a
Q S
O |HTA-TAT C-N p wm
cC
e ’ ‘
= 16884
g TFB-TAT  C=N
o ) WA
E UM'I "
l_ L 1 1 n n n L
3200 2400 1600 800 175150125100 75 50 25
Wavennumber (cm™") Chemical shift (ppm)
(f) (9)
= 200[PHTATAT =~ 05 .’10694 nm DHTA-TAT
50 100 b —=&— Adsorption _U) I; 1.096 nm
'_c) 0 SA = 499.35 m*g"' —— Desorption lE 0.0f e vee
K- Adsorption HTA-TAT c TTATAT
5 500 Desorption SA = 119.61m*g ", % 0.04 j.144 nm
2 o} « = £ 0.00 .
N #— Adsorption TFB-TAT| 12.000 nm =%, TFB-TAT
S 301 - Desorption 3/‘: .2,6"9»4‘m ) g S0a "-‘ \‘ To-n [
2 of G T 0.000| m— e
00 02 04 06 08 10 T2 3 4 5 6

N1s O

Relative pressure, P/P,

Pore width (nm)

Figure4 (a) Chemical structures constructed from the reaction of TAT with different aldehyde monomers. (b) Images of the nanofilms formation when deionized water
was added to different oligomer precursor DCM solutions, respectively, for 12 h. (c) ATR-FTIR spectra, (d) solid-state "C NMR spectra and (e) XPS results of different
membranes. (f) N, adsorption isotherms of different membranes measured at 77 K. (g) Pore size distributions of DHTA-TAT membranes and HTA-TAT membranes
calculated by NLDFT modeling. The pore size distributions of TFB-TAT membranes were calculated by BJH method. The concentration of TAT was 1 mM; all aldehyde

monomers had the same concentration of 1 mM,; the reaction time was 12 h.
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simplified profile, displaying only one characteristic C=N peak at
146 ppm. This single peak is the definitive spectroscopic evidence
for their formation as polyimine membranes.

Furthermore, the XPS survey spectrum confirmed distinct
elemental distributions across the DHTA-TAT, HTA-TAT, and
TFB-TAT membranes, which aligns with the varying content of
hydroxyl groups in their respective aldehyde monomers (Fig. 4(e)).
High-resolution deconvoluted XPS spectra (Figs. S28-S30 in the
ESM) clearly evince a structural difference: DHTA-TAT surface
layers had both characteristic B-ketoenamine structures and imine
bonds, whereas HTA-TAT and TFB-TAT ones were
predominantly composed of imine linkages [28, 59]. Based on these
results, we conclude the following: i) f-Ketoenamine linkages of the
Tp-TAT are attributed to the high symmetry of Tp
linkers—featuring three aldehyde and three hydroxyl groups. This
facilitates the formation of robust intramolecular six-membered
hydrogen-bonded rings upon condensation with TAT, thereby
establishing an irreversible polymeric framework. ii) DHTA-TAT
membranes exhibit a dynamic tautomeric equilibrium between -
ketoenamine and imine linkages [60]. The stronger p-ketoenamine
signals suggest that DHTA-TAT adopts a structural morphology
analogous to Tp-TAT.

XRD analysis (Fig. S31 in the ESM) of DHTA-TAT films
exhibited characteristic diffraction peaks at 5.8° and 22.6% HTA-
TAT and TFB-TAT showed similar, poorly defined patterns. Peak
deconvolution (Fig. S32 in the ESM) quantified a low crystallinity of
30.65% for DHTA-TAT films, while HTA-TAT and TFB-TAT
exhibited predominantly amorphous structure. This crystallinity
variation is likely dictated by the degree of [-ketoenamine
formation. The overall lack of sharp peaks is attributed to the
asymmetric and distorted conformation of TAT monomers,
intrinsically impeding the growth of highly ordered polymeric
frameworks [38]. Interestingly, the strong intramolecular and
intermolecular hydrogen bonds associated with the poly(p-
ketoenamine) architecture stabilize the chains, leading to improved
structural ordering [27]. The fully developed p-ketoenamine
configuration thus endows Tp-TAT membranes with the highest
crystallinity. The reduced crystallinity observed in DHTA-TAT
membranes, relative to Tp-TAT, is probably ascribed to structural
reversibility linked to its incomplete tautomeric conversion.

Porosity characteristics of the TAT-M membranes were
determined using N, adsorption-desorption measurements at 77 K
(Figs. 4(f) and 4(g)). BET surface areas were found to be 620.21 (Tp-
TAT), 499.35 (DHTA-TAT), 119.61 (HTA-TAT), and 26.94 m*g"
(TFB-TAT), respectively. Although the distorted molecular
conformation of TAT inherently produces microporous
membranes with a high surface area, the data show a strong
correlation: the increase in surface area scales with increasing the
hydroxyl content of aldehyde monomers. This enhancement is
attributed to the increased density of P-ketoenamine linkages,
which facilitates more ordered polymer chain packing. Pore size
distributions (PSDs) were derived via NLDFT (DHTA-TAT and
HTA-TAT) and Barrett-Joyner-Halenda (BJH) methods (TFB-
TAT). DHTA-TAT membranes exhibited a microporous structure
with a heterogeneous distribution, centered at 0.694 and 1.096 nm.
HTA-TAT membranes were also microporous but had a wider
PSD, suggesting limited low-molecular-weight solute rejection. In
sharp contrast, TFB-TAT membranes showed a mesoporous
structure (predominantly > 2 nm pores), which likely stems from
the loosely packed internal framework induced by the TFB linkers.
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A systematic evaluation of TAT-M desalination performance
(Fig. S33 in the ESM) revealed a clear structure—property
relationship: augmenting the hydroxyl group content in the
aldehyde monomers remarkably enhanced water permeability
while concomitantly reducing the NaCl rejection. As anticipated by
our design, the Tp-TAT membranes demonstrated the best
comprehensive desalination performance metrics, confirming the
efficacy of the selected monomer structure. The film formation
rates of these TAT-M membranes were subsequently studied using
UV-vis spectroscopy to monitor polymer nuclei formation kinetics
(Fig. S34 in the ESM). The apparent rate constant k for polymer
nuclei formation was found to be strongly dependent on the
aldehyde structure, particularly the number of hydroxyl groups
present. The k values decreased in the order: Tp-TAT > DHTA-
TAT > HTA-TAT > TFB-TAT, demonstrating that a larger portion
of hydroxyl groups facilitated the formation of TAT-M membranes
[61]. The resulting highest rate of the Tp-TAT membranes
produced denser crosslinked ultra-microporous membranes,
accounting for the exceptional NaCl rejection of Tp-TAT
membranes. Furthermore, SEM and AFM images (Figs. S35 and
S36 in the ESM) of the DHTA-TAT, HTA-TAT, and TFB-TAT
membranes revealed relatively smooth and defect-free surface
morphologies. This suggests that the internal pore nanostructure,
and not surface characteristics, is the principal factor that governs
differences in rejection performance.

25 Simulations of structural changes of TAT-M

membranes

The distorted molecular conformation of shape-persistent TAT and
the robust B-ketoenamine linkage collectively endowed the TAT-M
membranes with enhanced specific surface area and microporosity.
The pore architecture of the fabricated membranes was
subsequently studied using realistic structural models of the three
TAT-M systems. These models were generated via molecular
dynamics (MD) simulations using the PACKMOL software [62],
and all simulations were conducted with the GROMACS package
[63—65] employing the all-atom force field of orthogonal projection
to latent structures (OPLS) [66].

The void space analysis, characterizing spatial voids,
interconnectivity, and pore size distributions, was performed using
a 06 A probe radius. The TAT moiety induced a three-
dimensionally distorted architecture in all TAT-M polymers,
significantly increasing the internal cavity interconnectivity
(Figs. 5(a)-5(c)). Figure S37 in the ESM depicts the interconnected
and disconnected voids in the Tp-TAT, DHTA-TAT, and HTA-
TAT network structures. The results confirm high porosity
characterized by a majority of interconnected voids, supporting the
role of the distorted TAT monomer in developing microporosity.
When voids were color-mapped based on the maximum insertable
probe diameter (Fig. S38 in the ESM), the Tp-TAT membranes
displayed the largest void fraction, underscoring the role of the
stable [-ketoenamine structure in promoting the optimal
microporosity.

As depicted in Fig. 5(d), the fractional free volume (FFV)
followed the trend of Tp-TAT > DHTA-TAT > HTA-TAT, which
is consistent with the experimental microporosity findings. The
pore size distributions of TAT-M membranes based on molecular
simulations are presented in Fig. 5(e). The maximum pore radii for
Tp-TAT, DHTA-TAT, and HTA-TAT membranes were found to
be 4.4, 4.7, and 4.9 A, respectively (Table S4 in the ESM). These
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values showed good agreement with experimental data, only
slightly lower than those obtained experimentally via N, adsorption,
likely due to the absence of environmental effects in the
simulations, leading to an underestimation of actual pore
dimensions [11]

2.6 Tp-TAT membranes for organic solvent nanofiltration

The utility of our fabricated Tp,-TAT, membranes extended
significantly beyond water desalination, showing large potential for
organic solvent nanofiltration (OSN) applications. To optimize
their performance, a systematic evaluation was performed to
correlate the fabrication reaction time with membrane-based OSN
metrics: methanol permeability and methyl orange (MO) rejection.
As illustrated in Fig. S39 in the ESM, the Tp,-TAT,-6 membrane,
synthesized using 6-h reaction time, demonstrated the most
favorable combination of high methanol flux and high MO
rejection. This optimized membrane was thus chosen for all
subsequent analyses, including the critical evaluation of its solvent
stability. The stability study, detailed in Fig. S40(a) in the ESM,
involved immersing the Tp,-TAT,-6 membranes in seven different
organic solvents for a period of up to 30 d. The membrane swelling
ratios, which were determined by measuring dimensional changes
after solvent exposure, are presented in Fig. 6(a). Notably, the
swelling remained within a narrow range of 2%-5%, with slightly
higher values observed in strongly polar solvents such as DMF and
methanol. Crucially, the structural and chemical stability of the
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membrane was fully preserved. This conclusion was supported by
SEM images (Fig. 6(b), Figs. S24(a) and S40(b)-S40(d) in the ESM),
which revealed no significant change in surface morphology and
the consistent ATR-FTIR spectra (Fig. 6(c)). These findings
strongly demonstrated their exceptional anti-swelling characteristics
and high solvent resistance.

As revealed in Fig. 6(d), Tp,-TAT,-6 membranes exhibited a
clear solvent-dependent permeability profile. In specific, the
membranes had relatively high permeance toward polar solvents
(methanol and acetonitrile) but demonstrated negligible permeance
for low-polarity solvents such as n-hexane and toluene. Notably, the
pure solvent permeance showed a linear correlation with a
predictive mathematical model that integrates key solvent
properties, including solubility parameter, viscosity, and molar
diameter (Fig. 6(e), Table S5 in the ESM) [67, 68]. Nevertheless, the
permeability of DMF and methanol deviated from this established
trend. This deviation is primarily attributed to their strong polarity,
which triggered more pronounced membrane swelling compared
to the effects induced by other solvents.

Following the permeance assessment, the rejection performance
of Tp,-TAT,-6 membranes was evaluated using organic dyes with
different molecular weights (Fig. 6(f)). The resultant membranes
exhibited exceptional rejection exceeding 99.2% for all tested
species, such as MO, rhodamine B (RhB), acid fuchsin (AF),
brilliant blue R (BBR), and rose Bengal (RB), while achieving an
outstanding rejection of 99.9% for rose Bengal (Table S6 in the
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Figure6 The organic solvent resistance of Tp,-TAT,-6 membranes. (a) Swelling ratios, (b) SEM images, and (c) ATR-FTIR spectra of Tp,-TAT,-6 membranes after
immersion in various organic solvents for 30 days. (d) Different organic solvent permeability of Tp,-TAT,-6 membranes. (e) Relationship between organic solvent
permeability and its physical properties. (f) Rejection of Tp,-TAT,-6 membranes for various dyes in a methanol solution. (g) Long-term stability test of Tp,-TAT,-6
membrane for methyl orange methanol solution. All tests were conducted using a dead-end filtration setup at a constant pressure of 10 bar.

ESM). A further significant figure of merit for practical deployment
is their excellent operational stability under high-pressure
conditions. Tp,-TAT,-6 membranes demonstrated pressure-stable
performance, as plotted in Fig. S41 in the ESM, and the methanol
permeability increased linearly with the applied pressure from 2 to
10 bar. This linear response indicated their structural integrity and
stable permeance across varying pressure conditions. This
mechanical robustness was primarily attributed to the rigid
triptycene-derived framework and the inherent stability of p-
ketoenamine linkages. Moreover, during a 48-h continuous
filtration of methyl orange/methanol solution, these membranes
maintained a constant solution flux and stable methyl orange
rejection (Fig. 6(g) and Fig. S42 in the ESM). These results
confirmed their exceptional long-term operational stability in
organic solvents, validating their suitability for prolonged use.

3 Conclusions

A molecular linkage engineering strategy was successfully presented
to fabricate poly(p-ketoenamine) microporous membranes using
interfacial confined growth of Tp and TAT monomers. The
strategic utilization of the rigid, non-planar TAT conformation
engineered an exceptionally high specific surface area, corroborated
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by molecular simulation, while robust intra- and intermolecular
hydrogen bonding endowed the framework with superior structural
stability and solvent resistance. This framework stabilization
concurrently drove the formation of a locally ordered
microstructure that enhanced the microporosity. These Tp-TAT
membranes demonstrated potent dual-purpose functionality,
achieving a 99.1% NaCl rejection in reverse osmosis desalination
and maintaining rejection exceeding 99.2% for dyes (M, > 327 Da)
in organic solvent nanofiltration. Furthermore, a systematic
investigation into the effect of hydroxyl group content on aldehyde
monomers highlighted the essential role of -ketoenamine linkages
in optimizing membrane structure and performance. This work
provides a useful molecular linkage engineering strategy for
designing resilient poly(B-ketoenamine) membranes for advancing
separation technologies.

4 Methods

Preparation of Kevlar hydrogel membranes: The preparation of
the Kevlar hydrogel membranes followed the wet phase inversion
method previously established in our work and elsewhere [69]. The
process began by dissolving 1.2 g of potassium hydroxide (KOH) in
1.2 g of deionized water. Subsequently, 60 mL of dimethyl sulfoxide
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(DMSO) and 1.2 g of Kevlar fibers were sequentially added. The
mixture was subjected to continuous stirring for 48 h at ambient
temperature to yield a uniform, dark-red solution. Prior to
membrane casting, the solution was centrifuged (8000 r/min,
30 min) to effectively eliminate air bubbles and any residual
impurities. The homogenized solution was deposited onto a non-
woven fabric via tape-casting, employing a knife gap of 250 pm.
The coated fabric was instantaneously immersed in a water bath,
triggering non-solvent induced phase inversion to yield the Kevlar-
hydrogel support membrane (Fig. S11 in the ESM). The resultant
hydrogel membrane was stored in deionized water prior to further
processing.

Preparation of Tp,-TAT,-12 freestanding nanofilms: Free-
standing nanofilms were fabricated via interfacial confined growth
at the free water/DCM interface. Initially, under ambient
temperature, TAT (6.0 mg, 1 mM) and Tp (4.2 mg, 1 mM) were
separately dissolved in 10 mL of DCM and ultrasonicated for 5 min
to ensure complete monomers dissolution. The two resulting
solutions were then mixed and ultrasonicated for additional 30 s to
yield the organic precursor solution. The entire solution was poured
into a glass culture dish (= 5 cm in diameter), followed by careful
layering of 20 mL of deionized water to establish a stable
water/DCM interface. After a reaction period of 12 h, a continuous
freestanding nanofilm was obtained. The as-prepared Tp,-TAT,-12
nanofilms were transferred onto silicon wafers, porous anodic
aluminum oxide sheets, or copper grids for characterizations.

Preparation of Tp,-TAT,;-12 membranes: Tp-TAT,-12
membranes were fabricated onto a Kevlar hydrogel substrate using
interfacial confined growth within a custom-fabricated diffusion
cell. First, TAT (6.0 mg, 1 mM) and Tp (42 mg, 1 mM) were
individually dissolved in 10 mL of DCM, with 5-min
ultrasonication ensuring monomer dissolution. The Kevlar
membrane support prepared by cutting it into a circular disc (5 cm
diameter), and residual surface moisture was removed via nitrogen
purging. This disc was then vertically secured and sealed at the
center of the glass diffusion cell (20 mL volume). Subsequently, 20
mL water was introduced into the chamber on the back side of the
Kevlar support. The individual TAT and Tp solutions were mixed
and ultrasonicated for 30 s to form the organic precursor solution,
which was subsequently added into the chamber toward the top
surface of the Kevlar substrate. Following a 12-h reaction period at
room temperature, the resulting Tp,-TAT,-12 membrane was
rinsed with DCM to eliminate any unreacted species, and stored in
deionized water. An identical protocol was utilized for the
preparation of DHTA-TAT, HTA-TAT, and TFB-TAT
membranes.

Electronic Supplementary Material: Supplementary material
(detailed description of materials, testing and characterization
methods, with accompanying figures including the synthetic route
of the TAT monomer and its 'H and “C NMR spectra,
characterization and performance data plots for the Kevlar
substrate membrane and composite membranes, and simulation
data plots; and supplementary tables comprising molecular
formulas of various alcohols, comparison of membrane
performance with literature data, simulation data, solvent
properties, and molecular formulas of various dyes) is available in
the online version of this article at https://doi.org/10.26599/NR.
2026.94908385.
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