ano

esearch

Open Access

Solvent-resistant polyHOF membranes with well-defined
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ABSTRACT: Hydrogen-bonded organic frameworks
(HOFs) have gained growing attention in the design and
fabrication of advanced nanoporous membranes, while
there have been few reports about their potential
applications  requiring  long-term  immersion  of
membranes in liquid, especially organic solvents. Herein,
we fabricated solvent-resistant HOF@polymer
(polyHOF) membranes through facile polymer network-
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reinforced synthesis strategy of polyHOF nanosheets, followed by vacuum filtration. Two hydrophilic polymers, polyvinyl
alcohol (PVA) and polyethylene glycol (PEG), were selected to form multiple-site hydrogen bonding interactions with the
pristine HOF framework. Benefiting from the reinforced hydrogen bonding networks and the electrostatic interactions
between polymer chains and the HOF framework, these polyHOF membranes demonstrate exceptional stability in many
solvents (even in water) for more than 30 days. Moreover, the enriched and regular channel of HOF enables the ultrafast
solvent permeance (367.8 L-m2-h~-bar to water) and precise molecular sieving (> 99.6% rejection to Evans blue). This
modification technique presents a generic and promising strategy to robust HOF membranes, which can maintain high

performance during long-term operation.

KEYWORDS: hydrogen-bonded organic frameworks, organic solvent nanofiltration, lamellar membrane, poly(vinyl alcohol),

stability

1 Introduction

The extensive utilization of organic solvents in daily chemical
production has rendered the separation and extraction of high
value-added substances from organic waste liquids as the main
process [1, 2]. Distinguished from traditional thermal-driven
distillation and crystallization, pressure-driven = membrane
separation technologies, especially organic solvent nanofiltration
(OSN), have been widely employed to separate small molecules,
such as inorganic salts, amino acids, and dyes [3-5]. Polymer
membranes are closer to practical applications due to their low cost
and ease of processing, while the essential requirement of a low
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swelling degree in solvent—arising from the concerns on
membrane selectivity and stability—restricts their permeance [6].
For the purpose of integrating high permeance and stability,
nanoporous  materials, including  zeolites, metal-organic
frameworks (MOFs), covalent organic frameworks (COFs), and
porous organic polymers (POPs), have been considered as
promising materials for membrane separation and extensively
investigated over the last two decades [7-11]. These porous
frameworks composed of different organic linkers or inorganic
linkers can construct rigid and stable frameworks with abundant
transfer channels in the membrane, thus providing great
opportunities for overcoming the shortcomings of polymer
membranes. However, the brittleness of these molecular sieving
materials and the difficulty in controlling non-selective defects for
large-area membranes retard their steps toward industrial
applications [12].

Hydrogen-bonded organic frameworks (HOFs) materials are an
emerging class of functional porous crystalline materials, which are
assembled by small organic molecules mainly through hydrogen
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bonding [13-15]. Apart from the common benefits of framework
materials, HOFs possess unique advantages, such as mild synthesis
conditions, adaptive structural transformations, and good solution
processability, owing to the relatively weak link between monomers
[16]. These features render HOFs highly attractive candidates for
addressing the membrane-forming issues of framework materials at
low cost. The reversible hydrogen bonding allows re-arrangement
of undesired structures so as to eliminate defects, and the all-
organic constitution is intrinsically compatible with flexible and
organic materials, which are often adopted to facilitate large-area
membrane fabrication [17]. Nevertheless, HOFs are thought to
suffer from instability, reflecting the other side of the weak inter-
monomer linkage. The attention focused on the stability of HOFs is
not adequate to support the substantial development of new
functional HOF materials for applications in membranes and other
fields.

The HOF with hydrogen bonding system has a remarkably
flexible nature that ensures thermodynamic equilibrium and
facilitates easy processing into membranes. As a result, the use of
this remarkable crystalline material in the manufacture of high-
quality membranes is more designable and predictable. Various
preparation methods for HOF-based membranes, including
solution processing [18], electrophoretic deposition [19, 20], solvent
casting [21, 22], vacuum filtration [23], and so on. Due to the
reversible hydrogen bonds, HOFs are able to dissolve in organic
solvents [24]. This characteristic allows HOFs to be processed into
membranes via a solution-processing route similar to that of
polymers, which facilitates easier scale-up compared to the
conventional solvothermal synthesis of polycrystalline membranes.
Li et al. reported a novel HOF-based mixed matrix membranes
(MMMs) via blending HOF-30 into polyimide (PI) matrix for gas
separation. The HOF-30@PI MMM:s showed excellent stability and
had no obvious separation performance degradation after 240 h of
testing [21]. However, HOFs are mainly employed as fillers to
enhance the properties of polymer membrane matrices. It remains
a considerable challenge to harness the full potential of the intrinsic
high perm-selectivity offered by HOF materials. Li et al. reported
the fabrication of macrocycle-based HOFs, mHOF-SYSU101,
which achieved a remarkable 99% adsorption of iodine from
seawater in just 2 min and maintained fully reversible adsorption
capacity over five cycles, showing the opportunity of acquiring
stable HOF materials in liquid environment [18]. Despite this
advance, the fabrication of HOF membranes for applications in
solvents is seldom reported, which is highly related to the concerns
about excessive membrane swelling or even dissolution.

With the aid of exploring the availability of HOF membranes in
solvents, we designed and fabricated HOF membranes in which the
frameworks were reinforced by polymer network strategy. This
strategy is believed to combine the advantages of polymer and
crystalline HOF, such as excellent chemical stability, high
crystallinity, and ordered pore structure [25-27]. Two hydrophilic
polymers, polyvinyl alcohol (PVA) and polyethylene glycol (PEG),
were selected to form multiple-site hydrogen bonding interactions
with  the prisine HOF monomers, 1,2,4,5-tetrakis(4-
carboxyphenyl)benzene (TCPB). The flexible polymer chain
segments that bind to HOF nanosheets could result in tightly
stacked nanosheets and thus contribute to the crystallinity and
stability of the corresponding lamellar membranes. The reinforced
frameworks and well-defined nanochannels of polyHOF
membranes allowed ultrafast solvent transport and precise
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molecular sieving (water permeance 367.8 L-m>h™"-bar" and Evans
blue (EB) rejection > 99.6%). The polyHOF membranes
demonstrate stable nano/sub-nanometer level selectivity during
long-term immersion in both water and organic solvent. This
modification technique presents a future-oriented strategy for
acquiring adequate stability of HOF membranes under harsh
conditions.

2 Experimental

2.1 Materials and chemicals

Organic ligand TCPB was purchased from Jilin Chinese Academy
of Sciences-Yanshen Technology Co., Ltd. PEG, PVA, and N,N-
dimethyl formamide (DMF) were purchased from Shanghai Maclin
Biochemical Technology Co., Ltd. Ethanol, acetonitrile, ethyl
acetate, n-hexane, and toluene were obtained from Tianjin Kermel
Chemistry Reagent Technology Co., Ltd. Nylon microfiltration
substrates with 0.2 um pore size and 47 mm in diameter were
bought from Tianjin Jinteng Experimental Equipment Co., Ltd.
Methyl orange (MO), methylene blue (MnB), crystal violet (CV),
acid yellow 79 (AY 79), and EB were supplied by Aladdin
Biochemical Technology Co., Ltd. Deionized water was used
throughout the experiment. All chemicals were used without
further purification.

2.2 Preparation of HOF-TCPB and polyHOF membranes

HOF-TCPB nanosheets were synthesised by self-assembly of 1,2,4,5-
tetrakis(4-carboxyphenyl) benzene (TCPB) in an aqueous
environment according to Ref. [23]. TCPB (55 mg, 0.1 mmol) was
dissolved in DMF (7.5 mL) and water (200 mL) mixture solution at
room temperature and stirred for 1 h to obtain HOF-TCPB
nanosheet colloidal suspension, which was usually stirred for 4 h
and centrifuged and dried to collect the nanosheets. Polymer
aqueous solution (1 g-L™') was quickly injected into the HOF-TCPB
nanosheet solution at 50 °C. After stirring 12 h at room
temperature, the HOF@polymer (polyHOF) nanosheets were
obtained. The products were separated via centrifugation at
10,000 rpm for 10 min. The optimal polymer content compared to
HOF-TCPB nanosheet was investigated and determined to be
30 wt%. The HOF-TCPB and polyHOF membranes were
fabricated by vacuum filtrating the above colloidal suspension of
HOF-TCPB and polyHOF nanosheets on a Nylon support
substrate, respectively. Subsequently, the obtained membranes were
dried in an oven set at a temperature of 60 °C for a period of 2 h in
order to facilitate their subsequent utilization.

2.3 Characterizations

The structure and morphology of HOF nanosheets and membranes
were characterized by atomic force microscopy (AFM, Bruker
Dimension Fast Scan), scanning electron microscopy (SEM, ZEISS
Sigma 300), and transmission electron microscopy (TEM, FEI Talos
F200S) measurements. The crystallinity of HOF membranes was
evaluated via X-ray diffraction (XRD, D8-Focus, Cu-Ka)
measurement. Thermogravimetry/differential scanning calorimetry
(TG/DSC) simultaneous thermal analysis (TG-DSC, NETZSCH
STA 449 F3) of HOF membranes was tested on a
thermogravimetric analyzer device from 30 to 800 °C with a heating
rate of 10 °Cmin™ under flowing N, atmosphere. The chemical
properties were analyzed by X-ray photoelectron spectroscopy

B) 72w | Sci@pen
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(XPS, Thermo Scientific K-Alpha) and Fourier transform infrared
(FTIR) spectroscopy (Bruker Vertex70) measurements. The
chemical structures of HOF lamellar framework membranes were
analyzed by proton nuclear magnetic resonance ('H NMR, Bruker
400M) measurement through dissolving them in dimethyl sulfoxide-
d6. N, sorption measurements were conducted using a
Micrometritics ASAP 2460 system. The Brunauer-Emmett-Teller
(BET) surface area and pore size distribution were calculated from
the N, adsorption isotherms. The contact angle was conducted on a
Face-Kyowa (FACE, model OCA25) at room temperature to
evaluate the hydrophilicity of membranes. The nanoscratch results
were measured with Nano Hardness Tester NANOVEA PB1000),
and the type of diamond indenter is nano conical 120° 5 um.

24 Measurement of membrane swelling ratio (S; (%))

The S; was tested and obtained from the weight change between a
dry membrane and a wet one. Specifically, the pristine membrane
was dried in an oven at 60 °C for 2 h with the weight of the pristine
mass (M, (g)). Subsequently, the swollen sample was taken out and
quickly wiped away the excess solvent with air-laid paper, and the
weight of the mass of soaking dependent on time (M, (g)) was
measured. The S; was calculated according to Eq. (1)

M,
S=(1--— 100% 1
(1- 3¢ ) 100% 0

Note, the swelling behavior of the membranes is not always
isotropic. It is also meaningful to analyze the swelling by the change
in the thickness of the membranes.

25 Nanofiltration performance.

The organic solvent and dye solution (10 ppm) was added into the
dead-end unit cell to measure the solvent permeance (P
(L m™h™"bar™)) and rejection of membranes, respectively, in a N,
pressurized cell of 3 bar. Some physical properties of the five dyes
are given in Table S1 in the Electronic Supplementary Material
(ESM). The P was calculated by Eq. (2)

14
P=—— 2
APAt @

where V (L), AP (bar), A (m?), and ¢ (h) are the permeate volume,
pressure, effective membrane area, and time, respectively.
The dye rejection performance (R) was calculated by Eq. (3)

G
R= <1——‘> x 100% 3)
C
where C, and C; are the concentrations of permeate solution and
pristine solution, respectively. The average value of three times was
taken as the final value of permeance and dye rejection.

3 Results and discussion

3.1 Fabrication and characterization of HOF nanosheets

As illustrated in Fig. 1(a), HOF-TCPB nanosheets were successfully
prepared using the reported method [23]. Subsequently, PVA was
introduced to form composite HOF@PVA nanosheets. AFM
images (Figs. 1(b) and 1(c)) reveal that the lateral dimensions of the
HOF-TCPB and HOF@PVA nanosheets were approximately 1.7
and 2.4 pm, with thickness of 4 nm. As shown in the inset of AFM
images, the nanosheet solution exhibits a distinct Tyndall effect,
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indicating that these nanosheets are uniformly dispersed.
Meanwhile, as shown in Fig. S1 in the ESM, with the increase of
PVA percentage to TCPB, the average size of nanosheets enlarges
continuously (1-3 um). Furthermore, the TEM images in Figs. 1(e)
and 1(f) demonstrate that the crystal structures of the HOF-TCPB
and HOF@PVA nanosheets are analogous, exhibiting distinct
lattice fringes. To ascertain the applicability of this strategy, we
employed PEG as an alternative polymer to prepare polyHOF
nanosheets. Figures 1(d) and 1(g) demonstrate that HOF@PEG
nanosheets also exhibit a typical two-dimensional (2D)
morphology, with thickness and lateral dimensions of
approximately 5.0 nm and 2.3 pm, respectively. Furthermore, the
HOF@PEG nanosheets exhibit clear lattice fringes. Powder XRD
(PXRD) patterns provide information about the crystal structure
(Fig. S2 in the ESM). The characteristic peaks of HOF-TCPB
nanosheet powders at 6.9° 13.9°, 18.8°, and 20.2° are attributed to
the (110), (220), (221), and (112) crystal planes, respectively, which
are associated with the highly crystalline HOF-TCPB structure
[28, 29]. The PXRD measurements also show that the obtained
polyHOF has the similar PXRD pattern as HOF-TCPB but higher
degree of crystallinity than the latter, as supported by TEM images.
These results imply that the polymers added did not simply blend
with HOF-TCPB nanosheets but led to the formation of new
composite frameworks. The driving force that causes the assembly
process can be illustrated by the change of surface charges of the
nanosheets (Fig. S3 in the ESM).

The zeta potential of the HOF-TCPB nanosheet suspension is
about —37.1 mV, indicating that the HOF nanosheets are negatively
charged, which could be attributed to the presence of unprotonated
carboxyl groups. Whereas, the presence of polymer decreases the
negative potential of HOF@PVA nanosheets (-19.3 mV) and
HOF@PEG nanosheets (—-32.5 mV). The opposite charge of the
HOF-TCPB nanosheets and PVA solutions enhances the
electrostatic interaction between them. Additionally, hydrogen
bonds formed between their functional groups, contributing to
their strong binding. The PVA chains caused re-arrangement of the
pristine frameworks while maintaining the morphology of
nanosheets, which then stacked together to form a stable lamellar
membrane structure. The electrostatic interactions observed
between the HOF nanosheets and the polymer indicate that the
latter plays a non-negligible role in the growth of the former.

3.2 The microstructure of HOF membranes

In this study, polyHOF nanosheets were prepared using the
polymer network-reinforced strategy. The preparation of HOF
membranes involves the intricate process of combining negatively
charged HOF nanosheets with positively charged polymer
molecular chains through electrostatic interactions, resulting in the
formation of polyHOF nanosheets. Under heating conditions, the
adjacent nanosheets were interlocked through the formation of a
polymer network. The polymer chains can be firmly anchored in
the HOF framework, which avoids polymer loss and meanwhile
increases the hydrogen bonding with the HOF framework. HOF
membranes could be prepared by filtration of the nanosheets onto a
porous support. With the purpose of facilitating membrane
characterization, swelling measurement and stability evaluation, we
prepared free-standing membranes with a thickness of 10-15 um
(Figs. S4 and S5 in the ESM), slightly greater than that of the HOF
separation membranes reported in Refs. [30, 31]. Each membrane
exhibits a layered structure comparable to that observed in other
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Figure1 Microstructure of HOF nanosheets. (a) Preparation procession of HOF-TCPB and polyHOF nanosheets. ((b)-(d)) AFM images of HOF-TCPB, HOF@PVA,
and HOF@PEG nanosheets (inset: images show the Tyndall effect of HOF nanosheets in water). ((e)—(g)) TEM images of HOF-TCPB, HOF@PVA, and HOF@PEG

nanosheets.

2D membranes, such as graphene oxide membranes [32].
Compared to the rough surface of HOF-TCPB membrane,
HOF@PEG and HOF@PVA membranes show much smoother
membrane surface due to the flexible polymer constitutes. The
formation of hydrogen bonds between the oxygen-containing
groups of polymer and the excess carboxyl groups of HOF-TCPB
nanosheets could also contribute to the eliminating of defects,
which could be found on the surface of the pristine HOF-TCPB
membrane.

The molecular-level structures of membranes are summarized in
Fig. 2. The FTIR spectra in Fig. 2(a) show that the HOF@PEG and
HOF@PVA membranes show characteristic bands at 3509 and
3513 cm, respectively, corresponding to the stretching vibration of
the OH group [33-35]. In addition, it is found that carboxyl group
band (1681 cm™) in HOF-TCPB membrane shifts toward lower
wavenumbers (1676 and 1671 cm™ for HOF@PEG and
HOF@PVA membranes, respectively). Meanwhile, the intensities of
the bands from pure HOF-TCPB membrane gradually decrease
with increasing PVA content. The characteristic peaks at 1682 cm™
of PVA shifted to lower wavenumbers (Fig. S6 in the ESM). All of
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those changes imply the formation of strong intermolecular
interactions, including hydrogen bonding and electrostatic
attractions, between HOF-TCPB nanosheets and PVA chains [36].
This observation supports the successful synthesis of polyHOF
membranes. The Raman results further corroborate the observed
alterations in interactions, where the characteristic bands at
1326 cm™ (C-0) and 1624 cm™ (C=C) exhibit enhancement and
shifts upon addition of polymer (Fig. S7 in the ESM) [37, 38]. This
may be due to the oxygen atom of the inserted polymer being able
to form hydrogen bonds with unbonded COOH, shortening the
O--H-O distance and enhancing the hydrogen bonds strength. In
the 'H NMR results in Fig. S8 in the ESM, the peak intensities at
33 ppm are much lower for HOF@PVA and HOF@PEG
membranes compared to HOF-TCPB membrane. This indicates
that there is more H,O in HOF-TCPB, suggesting that only some of
the carboxyl groups form carboxyl dimers [39]. The strong signal of
the proton peak on the main chain of PVA at 7.8 ppm indicates
that part of PVA remains rigid and has some interchain hydrogen
bonding with HOF-TCPB [40]. The structure of the HOF
membranes was characterized using XRD measurement. The peak

(® if7 £ fuen | Sci@pen
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Figure2 Characterization of HOF lamellar membranes. (a) FTIR spectra, (b) XRD patterns, (c) XPS spectra of O 1s, and (d) pore distributions of different HOF

membranes. (e) TG-DSC of polymers and HOF membranes.

at 20 = 6.9° (refers to (110) plane) reflects the typical topology of the
framework, and the three HOF membranes display similar
crystalline structures (Fig. 2(b)). The addition of polymer shifts the
peak of polyHOF membranes towards a small angle and increases
the interlayer spacing, and peak intensity decreases with increasing
polymer content (Fig. S9 in the ESM). According to the XPS full
spectroscopy and deconvolution in the O 1s and C 1s bands
(Fig. 2(c) and Figs. S10 and S11 in the ESM), the O Is
deconvolution peak at 532.0 eV (assigned to O=C) for HOF-TCPB
shifts to 531.5 and 531.9 eV for HOF@PEG and HOF@PVA,
respectively. Since there is no C=0 bond in either PEG or PVA,
such shifts clearly illustrate the increase of electron cloud density on
the carboxyl group of TCPB, which reflects the effect of hydrogen
bond interactions among TCPB monomer and polymer chains.
The collective findings indicate the structural integrity of the HOF
membrane morphology and the formation of robust frameworks
[41-43]. In addition, compared to the pristine HOF-TCPB
membrane, a reduction in the average pore size was observed for
HOF@PEG and HOF@PVA membranes (from 1.34 to 1.06 and
0.96 nm, respectively, see Fig. 2(d)), which could be explained by
the partial overlapping by those “excessive” polymer segments
without participating the formation of hydrogen bonds with TCPB
monomers. Unexpectedly, an increase in the specific surface area
was also observed for HOF@PEG and HOF@PVA membranes
(from 57 to 143 and 285 m*g", respectively, see Fig. S12 in the
ESM), consistent with the XRD results demonstrating enhanced
crystallinity. It is reasonable to speculate that the decrease of average
pore size is caused by well-organized polymer segments rather than
random distributed ones.

TG/DSC simultaneous thermal analysis (TG-DSC) was used to
further determine the composite structures of the polyHOFs [44].
As can be seen from Fig. 2(e), the thermal degradation temperature
of PVA and PEG are determined to be 336 and 432 °C, respectively.
The sharp peak at 79 °C was observed for PEG crystalline melting,
as well as a weak broad peak at 177 °C for PVA crystalline melting
(detailed data are given in Table S2 in the ESM). On the other hand,
for HOF@PEG and HOF@PVA, no melting temperature of the

polymers was observed, and the thermal degradation temperature
values became similar to that of HOF-TCPB and other reported
HOFs [45, 46]. In particular, HOF@PVA shows much higher
thermal degradation temperature than PVA, hinting that the PVA
chains are “inserted” into the HOF-TCPB framework and form a
new crystalline phase. These results provide solid evidence that the
introduced PVA or PEG induced the re-construction of HOF-
TCPB nanosheets and the generation of polyHOF frameworks.
Furthermore, according to the nanoscratch results (Fig. S13 in the
ESM), HOF@PVA membrane displays a critical load of 23.6 mN,
three times higher than that of HOF-TCPB membrane. The PVA-
enabled reinforcement of HOF-TCPB membrane could be
attributed to the immobilization of covalently linked
macromolecules in the pristine crystalline frameworks constructed
through only hydrogen bonding. Thanks to the strong hydrogen
bonding among TCPB monomer and PVA chains, the covalent
connection of PVA units could further contribute to the overall
mechanical performance of the composite, rather than suffer from
frustrating phase separation [47]. Such reinforcement is, therefore,
expected to enhance the membrane stability under harsh
conditions.

3.3 Stability of HOF lamellar membranes

To meet the industrial requirements for practical applications, OSN
membranes should be stable in different organic solvents. The
attentions were first focused on the long-term stability of its
colloidal solutions. To assess the stability of the HOF nanosheet, we
subjected the colloid solution to an ultrasonication bath for 1 h. All
the nanosheet dispersions for stability comparison were stored in
open vials at room temperature. The as-obtained HOF colloidal
solution exhibited a light milky white color and showed a distinct
Tyndall effect. As the storage time was prolonged, the HOF
dispersion was observed to remain stable, and the nanosheets
within the dispersion did not exhibit any tendency to disintegrate
or aggregate (Fig. S14 in the ESM). The structural stability of the
HOF membranes was further verified by immersing them in an
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ultrasonic bath for 20 min, and no disintegration or dispersion was
observed when ultrasonic vibration was applied (Fig. S15 in the
ESM), which suggests that the HOF membranes could withstand
harsh working conditions.

To investigate the solvent stability of HOF membranes, HOF-
TCPB, HOF@PVA, and HOF@PEG membranes were immersed in
different solvents. The solvents were selected to cover different
chemical structures: an aromatic carbohydrate (toluene), an
aliphatic carbohydrate (n-hexane), an ester (ethyl acetate), and a
nitrile (acetonitrile). This is useful to gain a qualitative insight into
the interaction mechanisms between different solvents and
membranes. All solvents used were of analytical grade. Some
physical properties of the four organic solvents and water are given
in Table S3 in the ESM. Each sheet of the three membrane types
was then exposed to one of the following solvents for 30 days: n-
hexane, toluene, ethyl acetate, acetonitrile, and water. This was done
by immersing the membrane sheets in Petri dishes that were filled
with the respective solvents and refilled daily so that the membranes
never became dry due to the evaporation of the solvents. An
exposure time of 30 days was chosen because no additional visual
damage was observed after this period in preliminary experiments
with each of the solvents. After solvent exposure, the membranes
were again examined visually and microscopically by SEM
measurement. Finally, pure water flux and dye rejection were

measured under the same conditions. The swelling of three HOF
membranes in n-hexane, toluene, ethyl acetate, acetonitrile, and
water was tested, and the change in the weight of the membrane
was measured as a function of time [48, 49].

As can be seen from Figs. 3(a)-3(c), the swelling of HOF
membranes in water is higher than that of organic solvents, and the
swelling is more serious in polar solvents and less in non-polar
solvents, which is related to the hydrophilicity of the membranes.
After swelling in water, the mass of HOF-TCPB membrane
increased rapidly, and the growth rate gradually slowed down with
time. After 30 days of immersion in water, the S increased to about
45%, whereas it stayed in the range of 30% for HOF@PEG and
HOF@PVA membranes, reflecting the stability of the polyHOF
membranes. This was attributed to the formation of hydrogen
bonding of unbonded carboxylic acid groups after the introduction
of the polymer, and the enhancement of the interlayer forces by
electrostatic and m-m interactions, which inhibited the swelling of
the membranes.

The FTIR spectra (Fig. S16 in the ESM) demonstrate that the
hydrogen bonding network of HOF@PVA membranes did not
undergo significant changes when immersed in solvents for
30 days, with the least relative decrease in peak intensity in the non-
polar solvent. Meanwhile, being immersed in the solvent, the
HOF@PEG hydroxyl feature peak did not show any significant
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Figure3 Solvent stability of HOF membranes. ((a)-(c)) S; of HOF-TCPB, HOF@PEG, and HOF@PVA membranes in n-hexane, toluene, ethyl acetate, acetonitrile, and
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shifts, while the HOF-TCPB peak position was blue-shifted. The
XRD patterns presented in Figs. 3(d)-3(f) demonstrate that the
HOF@PVA lamellar membrane exhibits a slight displacement in
the position and intensity of the typical peaks following 30 days of
immersion in a range of solvents. In the non-polar solvent n-
hexane, the position of the peak remains unaltered. However, in
polar solvents, such as ethyl acetate and acetonitrile, the position
and intensity of the typical peaks exhibit a slight change. The three
HOF membranes were immersed in n-hexane in order to observe
the evolution of the HOF membrane structure over time. As
illustrated in Figs. 3(g)-3(i), the HOF@PVA membranes, when
immersed in n-hexane for 30 days, exhibit no discernible shift in
peak position. The position of the typical HOF@PEG peak remains
unchanged while the intensity gradually decreases. HOF-TCPB
membranes were immersed in n-hexane for 30 days, during which
the typical peak gradually disappeared. These characteristics
demonstrate that polyHOF membranes display favourable chemical
stability [50].

In order to investigate the structural variation of the membranes
in solvents, the membrane samples that had been soaked in solvents
for different periods of time were characterized by SEM
measurement. Figure 4 and Figs. S17-520 in the ESM demonstrate
the surface, cross-sectional morphologies, and optical photograph
of the three HOF membranes after immersion in hexane, water,
and acetonitrile, respectively. Generally, none of the membranes
show micro-scale cracks among the nanosheet aggregates before
solvent treatment. As immersion time increases, the cross-sectional
morphologies of HOF-TCPB membranes change from crack-free
to segregated lamellar in all types of solvents (Fig. S18 in the ESM),
indicating that solvent molecules can easily enter the interlayer
spacing of HOF-TCPB membranes and cause rather extent of
swelling and crack generation. In particular, the HOF-TCPB
membrane, after immersion in water or acetonitrile, showed
significantly increased surface roughness (Fig. S17 in the ESM) and
became almost exfoliated after soaking in water and polar solvents
(Fig. S20 in the ESM). By comparison, after 30 days of solvent
treatment, the morphologies of the two polyHOF membranes were
better maintained for all the three solvents, indicative of good
stability in solvents (Fig. 4 and Figs. S19 and S20 in the ESM).
Nevertheless, as the most stable example in polyHOF membranes,
HOF@PVA membranes show clearly enlarged content of phase
segregation in acetonitrile, hinting that the membrane might suffer
from instability in low-viscosity polar organic solvents.

Day 7

To facilitate a more profound investigation into the mechanical
behaviour of HOF membranes, we employed the nanoindentation
technique. Upon comparing the three membranes, we observed
distinct mechanical responses. The different elastic modulus (E)
and hardness (H) values for HOF-TCPB (E = 0.31 GPa and H =
0.021 GPa), HOF@PEG (E = 0.45 GPa and H = 0.081 GPa), and
HOF@PVA (E = 145 GPa and H = 0.120 GPa) in Fig. S21 in the
ESM can be attributed to defects and interactions introduced
during their self-assembly process. The polymer within the
membranes restricts the movement of tips within them, resulting in
steeper load-displacement curves, enhanced stiffness, and a higher
elastic modulus. Consequently, these polyHOF membranes exhibit
resistance to applied mechanical forces. Conversely, pristine HOF-
TCPB nanosheets, which accumulate numerous defects, undergo
considerable deformation under the same external force. As a
result, the polyHOF membranes demonstrate greater fluidity
during indentation loading, allowing the tip to move more freely
within the membrane at lower stresses, thus ensuring flexibility. The
mechanical properties of the composite membrane were quantified
by analyzing the load-depth curves, as shown in Fig. S21 in the
ESM. The HOF@PVA membranes exhibit excellent mechanical
properties, with a higher tensile strength and flexibility than the
original HOF-TCPB membrane. In the meantime, there was no
significant change in mechanical strength of HOF@PVA
membranes after immersion in solvents.

34 Solvent permeance and dye rejection

The effects of polymer type, polymer content and pressure on the
separation performance were investigated. The dye rejection of
HOF@PVA and HOF@PEG membranes is superior to that of
HOF-TCPB membranes (Figs. 5(a) and 5(b)). Additionally, the
polar solvent permeance of HOF@PVA membrane is greater than
that of HOF@PEG membrane. This may be due to the formation of
hydrogen bonds between the hydroxyl group of PVA and the
unbonded carboxyl group of the HOF framework. Meanwhile, the
water contact angle of HOF-TCPB is 69.5° and the water contact
angle of HOF@PVA membrane decreases to 27.8° reflecting the
increase in the hydrophilicity of the nanochannels (Fig. S22 in the
ESM). The pressure cycling measurements indicate that HOF
membranes show only a slight loss in water permeance when the
pressure is adjusted from 1 to 5 bar and then returned to 1 bar
(Fig. 5(c)). The water permeance of HOF-TCPB and HOF@PVA-x

Day 15 Day 30

Day 0 Day 1

n-Hexane

Acetonitrile Water

e -

Figure4 Cross-sectional SEM images of residual HOF@PV A membranes after rinsing with n-hexane, water, and acetonitrile for 30 days (scale bar: 5 um).
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Figure5 Nanofiltration permeance and long-term operation stability. (a) The permeance, (b) dye rejection, and (c) pressure cyclic measurement as a function of
operation pressure of HOF-TCPB, HOF@PEG, and HOF@PVA membranes. ((d)-(f)) Long-term operation stability of HOF-TCPB, HOF@PEG, and HOF@PVA
membranes in organic solvents for 720 h. ((g)-(i)) Change in solvent permeance before and after 30 days immersion of HOF-TCPB, HOF@PEG, and HOF@PVA

membranes.

membranes with different PVA loadings (x refers to the mass ratio
of PVA to HOF-TCPB nanosheets) were tested. Generally, the
water permeance of membrane is inversely proportional to PVA
loading since membrane thickness increases with it and thereby
prolongs the solvent’s diffusion pathway. Reducing thickness of
membranes is an effective strategy to achieve high solvent
permeance. However, the membranes might be too thin to
guarantee defect-free surfaces and high selectivity. Figures S23(a)
and S23(b) in the ESM illustrate a reduction in solvent permeance
and significantly improve the dye rejection of the membranes
following the addition of the polymer, but the excess content
increases the mass transfer resistance and decreases the permeance
of the membrane. The optimal HOF@PVA-0.3 membrane
represents a satisfactory compromise between selectivity and
solvent permeance (EB rejection > 99.6% and water permeance
367.8 L-m™>h™bar'). The effect of transmembrane pressure
on the permeance of the HOF membranes was evaluated,
as shown in Fig. S23(c) in the ESM. The water permeance
of HOF@PVA-0.3 membrane decreases from 3761 to
3640 Lm>h"bar' from 1 to 5 bar. The pressure cycling
measurements indicate that HOF membranes show only a slight
loss in water permeance when the pressure is adjusted from 1 to
5 bar and then returned to 1 bar. During the ongoing separation
process, the robust membrane maintains the integral membrane
structure and demonstrates exceptional separation capabilities.

The time-dependent solvent permeance of HOF membranes

Nano Research, 2025, 18, 94907406
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after soaking in n-hexane for 30 days is shown in Figs. 5(d)-5(f).
The performance stability of the separation membrane was assessed
through long-term continuous operation. The results demonstrate
that HOF@PVA membranes only have a slight decline of solvent
permeance due to the membrane compaction, and then the
permeance keeps almost unchanged with the long-term operating
stability. As demonstrated in Figs. 5(g)—5(i), the permeance data of
four solvents (except for n-hexane) after the long-term test appear
consistent with the Poiseuille pore flow model, indicating that the
membranes still possess typical porous structures and do not
undergo excessive swelling. The exception observed for n-hexane
may be related to its extremely low surface tension that hinders the
dissolution on membrane surface. The polyHOF membranes also
show excellent mechanical stability against bending or
ultrasonication (Fig. S24 in the ESM), demonstrating the great
promise they hold for further exploration.

4 Conclusion

This study reports a simple and effective synthesis strategy of
polyHOF nanosheets by a hydrophilic polymer (PEG or PVA) for
the preparation of 2D lamellar membranes. Thanks to the strong
hydrogen bonding interactions between polymer chains and TCPB
monomers, the introduced polymer contributes to the formation of
highly crystalline frameworks rather than just physical blending
with the original HOF-TCPB phase. More importantly, the PVA-
introduced polyHOF nanosheets facilitate the creation of defect-free
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membranes with greatly enhanced stability in water and organic
solvents. Particularly, the crystalline structures of membranes are
found to be well maintained after 30 days of immersion in both
water and n-hexane, as well as the porous structures and rejection
performance. These results demonstrate the prospects of fabrication
of high-quality and stable polyHOF membranes for challenging
applications involving liquid environment.

Electronic Supplementary Material: Supplementary material
(SEM images, AFM images, and Raman spectroscopy
measurements) is available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907406.
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