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ABSTRACT: Hypercrosslinked polymers (HCPs), amorphous microporous three-dimensional networks based on covalent linkage of organic
building blocks are a promising class of materials due to their high surface area and easy functionalization; however, this type of materials lacks
processability due to their network rigidity based on covalent crosslinking. Indeed, the development of strategies to improve their solution
processability for broader applications remains challenging. Although HCPs have similar three-dimensionally crosslinked networks to polymer
gels, HCPs usually do not form gels but insoluble powders. Herein, we report the synthesis of HCP gels from a thermally induced
polymerization of a tetrahedral monomer, which undergoes consecutive solubilization, covalent bond formation, colloidal formation, followed
by their aggregation and percolation to yield a hierarchically porous network. The resulting gels feature concentration-dependent hierarchical
porosities and mechanical stiffness. Furthermore, these HCP gels can be used as a platform to achieve molecular-level hybridization with a two-
dimensional polymer during the HCP gel formation. This method provides functional gels and corresponding aerogels with the enhancement
of porosities and mechanical stiffness. Used in column- and membrane-based molecular separation systems, the hybrid gels exhibited separation
of water contaminants with the efficiency of 97.9% and 98.6% for methylene blue and KMnOs, respectively. This result demonstrated the
potentials of the HCP gels and their hybrid derivatives in separation systems requiring macroscopic scaffolds with hierarchical porosity.

Introduction. thin-films,*” and membranes.'*" Foams and aerogels are particularly

Porous organic polymers (POPs) are an emerging class of micro- interesting structures because they allow for the combination of

and meso-porous materials obtained from the covalent linkage of pores at different length scales to facilitate mass transport and

organic building blocks via irreversible coupling reactions.! Due to enhance the accessibility of the adsorbed molecules to the intrinsic
their high porosity, chemical stability, lightweight, tunable porous

structures, and tailorable functions, POPs have received significant

micro- and meso-pores of the HCPs; however, there are only
reports of POP gels based on conjugated microporous polymer or

B, 12-15 i .
interests in a wide range of applications in separation,' catalysis,> imine porous polymer.” In addition, almost no mechanism study

sensing® optoelectronics,’ environmental remediation,’ and on the formation of POP-based gels was fully performed, making it

renewable energy.’ Among amorphous POPs, hypercrosslinked difficult to further control the gel formation. Moreover, the

polymers (HCPs), which are obtained from Friedel-Crafts understanding of the gelation process gives a new opportunity to

alkylation or self-condensation polymerization of simple organic fabricate hybrid materials with other types of polymer materials, in

molecules, stand out by presenting the advantage of mild reaction which both polymer networks are entangled at the molecular level.

conditions and inexpensive reagents, compared to other porous Indeed, hybridization of HCP (aero)gels with other organic porous

o 3 16,17 =
organic materials.* However, the typical products of HCP synthesis materials, such as covalent organic frameworks (COFs),""" is

are insoluble powders, limiting their processability into macroscale particularly interesting, because it allows not only to combine two

objects, and thus impeding their practical use. To overcome this porous materials with individual functionalities but also to create
, .

issue, several methodologies have recently been developed for hierarchical porosity for the design of versatile hybrid systems

shaping HCPs into macroscopic porous objects such as monoliths,’ offering optimum separation and mass transportation.
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Figure 1. Schematic diagrams for the synthesis of HCP gels and aerogels, and the hybridization of HCP gels with 2D polymers. (a) Synthesis of HCP

gels and aerogels via gelation processes, comprising: i) dispersion solution of the monomer in DMF, ii) formation of the colloidal particles, iii)

aggregation and percolation of the colloidal particles to form the HCP gel, and iv) solvent exchange with acetone and scCO. drying to yield the HCP

aerogel. The insets are photos of the HCP gel and aerogel. (b) Hybridization with 2D polymer, comprising: i) dispersion solution of the monomer and

the 2D polymer in DMF; ii) gelation process inducing the molecular-level entanglement between 2D polymer and gel network; and iii) solvent

exchange with acetone and scCO> drying to yield the hybrid aerogel.

In contrast to the majority of HCP syntheses, which require
initiator and/or metal catalyst that inevitably ends up being trapped
in the HCPs and eventually influences their porosity, here we report
the efficient polymerization of a single-component monomer
solution into HCP gelin near-unity yield without the addition of any
initiator or catalyst. Indeed, the thermally induced polymerization of
a tetrahedral monomer bearing four maleimide groups led to the
formation of colloidal particles followed by their aggregation and
percolation into an elastic colloidal gel. Insights on the mechanism
of the polymerization and the final architecture of the gel were
obtained from the combined infrared spectra and dynamic light
scattering (DLS) analysis of the monomer solution over the course
of the reaction and from the scanning electron microscopy (SEM)
images of the corresponding aerogel obtained after solvent removal
using supercritical CO2 (scCO.) drying technique. The resultant
aerogels possess combined advantages of hierarchical micropores
and mesopores with large surface area, mechanical robustness, and
low density. Importantly, such HCP gel can serve as a
matrix/substrate for a large variety of materials during the synthetic
gelation process, thus providing a platform for designing hybrid soft
materials at molecular level. We demonstrate this concept by mixing
the monomer solution with a soluble two-dimensional (2D)
polymer, which lead to the formation of the HCP gel with enhanced
performance in terms of mechanical stiffness and porosity. We

highlight the utility of HCP gel-based hybrid materials by

developing column- and membrane-based molecular separation
systems for purifying water from contaminants.

Results and Discussion.
Synthesis and mechanism study.

We  employed a tetrahedral monomer, 1,1'1",1"-
(methanetetrayltetrakis(benzene-4,1-diyl) )tetrakis(1H-pyrrole-
2,5-dione) (TPM-4MI), composed of tetraphenylmethane central
core with four maleimide pendant groups linked in a T4 geometry
(SL, figures S1-S3), which upon polymerization reaction triggered
by heat guarantees the growth of the HCP with a 3D network, high
porosity, and uniform pore distribution. In a typical experiment, the
HCP gel was synthesized by dispersing the monomer in N,N-
dimethylformamide (DMF) at a concentration of 50.0 mM and
sonicated for 1 h, followed by heating at 90 °C in a sealed plastic
syringe for 1 day. A deep brown, transparent, and self-standing HCP
gel (Figure 1a, inset photos), termed HCP-G, was obtained after
pushing it out from the syringe. HCP-G could be synthesized in
various monomer concentrations (50.0, 37.5, 25.0, and 12.5 mM),
allowing for controllability over the mechanical properties. The
conversion of the gel into the corresponding aerogel, after the
solvent exchange with acetone and solvent removal under scCO:
drying by venting up 14 MPa to atmospheric pressure, gave rise to a
monolithic aerogel (HCP-AG) with retained macroscopic shape
(Figure 1a, inset photo), demonstrating no collapse of the porous
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Figure 2. Gel formation of TPM-4MI in DMF (25.0 mM) followed by time-resolved dynamic light scattering technique (TR-DLS) at 80 °C. (a) Top:
the particle size (red) and diffusion coefficient evolution (blue) and bottom: the time-averaged scattering intensity, <I>7, as a function of the reaction
time. (b) Variation of the fraction of the fast diffusion mode (A) and stretched exponent (f) as a function of the reaction time. The fraction of the fast
diffusion mode (A) and stretched exponent (f) are fitted parameters obtained from the ICFs. (c) Effect of the initial concentration of the TPM-4MI
solution on the time of the different stages of the reaction leading to the HCP-G formation. The different stages of the gel formation are highlighted by
green, blue, and orange colored regions corresponding to the solubilization of the organic monomer (I), the polymerization reaction leading to colloidal
particle formation (II = I'+II”), and the aggregation of the colloidal particles into a colloidal network (III), respectively. The gelation threshold is
represented by the black dashed line. The gray region highlights the effect of the frozen mobility of particles due to gel formation on the DLS response.

structures occurred, which normally would result in a large loss of
porosity. Fourier transform infrared (FT-IR) spectra of HCP-AG
(50.0 mM) revealed a newly generated peak at 1190 cm™ compared
to TPM-4MI, which can be attributed to the C-C stretching
vibration of the polymaleimide, indicating the occurrence of the
polymerization reaction (S, figure S4, table S1). Notably, the peaks
at 887 and 643 cm™' in the monomer, attributed to the C-H in-plane
bending vibration of cis-olefin, completely disappeared in HCP-AG,
demonstrating the completeness of the reaction with near-unity
yield even at low monomer concentrations (SI, figure SS). In
addition, SEM images showed the aerogel to be made of
interconnected colloidal particles forming a hierarchical 3D network
(Figure 3a, S, figures S6, S7). Powder X-ray diffraction (PXRD)
revealed the amorphous nature of HCP-AG (S, figure S8). The
Thermogravimetric (TG) curve showed that HCP-AG was
thermally stable until 158 °C (SI, figure S9).

In order to investigate the formation of the HCP gel, the
polymerization reaction of TPM-4MI in DMF, prepared at a
concentration of 12.5, 25.0, 37.5, and 50.0 mM, was monitored by

time-resolved dynamic light scattering (TR-DLS) measurements at
80 °C. From the in-situ monitoring of the scattering elements,
insights on (i) the dynamic and kinetic of the polymerization
reaction and (ii) the mechanism of gel formation could be obtained.
Figure 2a shows the evolution of particle size and diffusion
coefficient as a function of the reaction time of 2 25.0 mM TPM-4MI
solution. At the beginning of the heating process, TPM-4MI was
composed of aggregated molecules as seen from the wide
distribution of particle sizes (~200-500 nm) and low diffusion
coefficient (stage I, light green area). In the 2nd stage (Stage II)
starting at ~550 min, a steep increase of the diffusion coefficient and
an abrupt decrease of particle size to a few nm was attributed to the
complete solubilization of the monomer molecules and beginning of
the polymerization reaction through the covalent linkage of the
organic building blocks (blue area). Then, the diffusion coefficient
and particle size showed a decrease at ~900 min before becoming
null. This was attributed to the infinite colloidal network formation
and immobilization of the DMF solvent molecules within the net-
work through capillary forces. Therefore, the general mobility of the



colloidal particles became frozen (dynamical arrest) due to
topological constraints rendering reliable measurement by DLS
impossible (represented as the gray region). Instead, the evolution
of the scattering intensity (<I>r) was a preferred measure to
determine the gelation threshold (black dotted line, £, = 896 min)
characterized by the appearance of random fluctuation in <I>7,
which was a clear indication of the sol-gel transition. These changes
in the particle size and the <I>r were characteristic of the loss of
ergodicity and homogeneity that occurs upon gelation.' It is worth
noticing that samples prepared at different concentrations present a
similar trend, although with different kinetics for stages I and II (SI,
figure S10).

TR-DLS measurement and their associated time-averaged
intensity correlation function (ICF) could be used to extract
additional information on the gelation mechanism. Indeed, the
fitting of ICFs in the solution regime by a sum of single and stretched
exponentials (see supporting information for more details) could
give information on (i) the fraction of the fast diffusion mode (A),
which was associated with the mobility of the particle and (ii) the
distribution of relaxation times of the slow mode (), which reflected
the uniformity in size of particle formed. Figure 2b shows the
evolution of A and § as a function of the reaction time of the 25.0
mM TPM-4MI solution. During the solubilization stage (stage I), B
and A tended to decrease, which reflected the dispersion of the mon-
omer molecules aggregated into particles of different sizes and with
variable mobility. During the 2" stage (blue area), with continuous
heating the A value increased before reaching a plateau, which im-
plied that the fast relaxation mode became the dominant factor. At
the same time, § showed a decrease at the beginning of stage II
before also reaching a plateau. We attribute this change to the closer
proximity of the organic monomer caused by polymerization (stage
IT'). An indication that the polymerization occurred during stage IT'
of the reaction was obtained from the quenching of the reaction and
isolation of the reactive species from the solution after 1 h sonication,
250, 640, and 760 min of heating at 80 °C. Analysis of the solid
samples by FT-IR spectroscopy in attenuated total reflection (ATR)
mode showed by the change in the intensity of the characteristic
peaks of the C=C and C-H alkene vibration at 1580 cm™ and 1275
cm™, respectively (SI, figure S13). This was attributed to the
polymerization reaction, which only appeared for the sample
quenched after 640 min and thus starts during stage II' of the in-situ
DLS analysis. At t = 700 min, A began to decrease as a slow diffusion
mode started to contribute due to the loss of mobility of the polymer
chain as they behaved as local oscillators (stage II"). We propose that
this reflected the formation of colloidal particles of uniform size (B
remains unchanged) and hence similar relaxation times. Indeed,
during this reaction time, the growth of colloidal particles reached
an average size of 16.0 + 4.6 nm (SI, figures S6, S7). After 838 min,
the colloidal particles began to aggregate and form the premise of the
gel network that was assembled at the gelation threshold (¢, = 896
min) through a percolation model. This model described the long-
range interconnections of clusters when they grew to fill the available
volume. Indeed, the colloids randomly aggregated into cluster of var-
ious size distribution as shown by the decrease of § (stage I, orange
area), while their mobility A slightly increased before gelation. All
samples showed a similar trend, although more difficult to observe
at higher concentrations due to the shorter kinetics of stages II', II",

and I1I (S, figure S11). A schematic of the gel formation mechanism
is proposed in figure S12. From these data, the time for the TPM-
4MI to (i) polymerize, (ii) form colloidal particle, and (iii) for the
latter to aggregate and percolate into a colloidal gel network could
be extracted. A concentration dependence of these parameters could
be observed (Figure 2c), where increasing the concentration of the
TPM-4MI led to an increase of solubilization time, a decrease in the
polymerization and colloidal formation time, while the time for the
colloids to aggregate and percolate remained almost constant.

Mechanical property and porosity.

We assessed the mechanical properties of HCP-G and HCP-AG
by dynamic mechanical analysis (DMA). HCP-G (50.0 mM) exhib-
ited apparent flexibility, which could completely spring back without
fracture when manually compressed to ~20% volume reduction
(Figure 3b). Rheological measurements on HCP-G samples
showed a concentration-dependence of the mechanical stiffness,
where the storage Young’s modulus (E’) was substantially enhanced
from 0.8 to 6.8 kPa by increasing the monomer concentration (12.5
to 37.5 mM), whereas at the highest concentration (50.0 mM) the
storage modulus slightly decreased (4.8 kPa). In addition, the gels
exhibited frequency-independent storage Young’s modulus one or-
der of magnitude higher than the loss Young’s modulus (E”), which
is characteristic of gel-like behavior (Figure 3c). The value is similar
to the one found for metal-organic polyhedra-based” and
coordination polymer-based®®*' colloidal gel network, while the me-
chanical stiffness observed is similar to other soft materials such as
gelatine,” agarose,® and polyvinyl alcohol gels** (0.5-70 kPa).
Notably, the storage modulus of 6.8 kPa was a fairly high value in all
of the organic and organic/inorganic hybrid wet gels,*™** thus
demonstrating the mechanical robustness of HCP-G. On the other
hand, the aerogel, HCP-AG (50.0 mM), exhibited an enhanced
stiffness with E’ of 4.9 MPa (SI, figure S14), which was three orders
of magnitude higher than those of HCP-G and was the top value in
the organic and organic/inorganic hybrid aerogels with microporos-
ity.“‘“’

We further evaluated the porosity of HCP-AG (50.0 mM) by Na-
sorption measurements at 77 K. The sample exhibited a type I
isotherm with the first uptake at a low pressure of P/Po < 0.02 and
slight increment at a medium pressure of 0.02 < P/P, < 0.8 (Figure
3d, SI, figure S15), revealing the micro- and meso-porosity of HCP-
AG.Notably, at a high pressure of 0.8 < P/Po < 1, HCP-AG exhibited
a steep increase of the uptake capacity, which corresponded to the
condensation of N> on the meso- and macro-pores of the aerogel
surface by capillarity effect, thus demonstrating the existence of
macropores in HCP-AG. The Brunauer-Emmett-Teller (BET)
surface area of HCP-AG (50.0 mM) was calculated to be 1155 m*
g (S, figure S16), whereas the pore-size distribution profile
indicated the dominant micropores at 1 nm combined with
mesopores from 3 to SO nm (Figure 3e, SI, figure S17),
demonstrating the hierarchically porous structure of HCP-AG. The
N sorption profiles, the BET surface areas, and the pore-size
distributions of the aerogels prepared from different monomer
concentrations were also investigated (Figures 3d, 3e, S, figures
S15-S17). When the monomer concentration was as low as 12.5
mM, the resulting aerogel showed a lower N uptake without pre-
senting capillary condensation at the higher pressure range. This
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indicates that the aerogel does not possess meso- and macroporosity,
which is also supported by the pore-size distribution curve. When
the monomer concentration was increased to 25.0 mM, the
microporosity was comparable with those synthesized at higher
concentrations, while the macropores only start to appear at a
concentration of 37.5 mM (S, figure S17). These results demon-
strated a concentration dependence on the formation of hierarchical
porosity explained by the increased number of particles at higher
concentrations. Considering the similar volume of the solution, par-
ticle size, and time for aggregation for all gel samples, only a more
interconnected colloidal network (with the increased number of
paths toward percolation) can explain the porosity change; the exist-
ence of more colloidal particles increased their possibility to inter-
connect with each other to form a more crosslinked gel network,
which can be supported by the increased mechanical properties at
high monomer concentration as discussed above. This highly inter-
connected gel network resulted in the creation of more mesopores
between the colloid particles, contributing to more N> sorption at
the high-pressure area through capillary condensation. HCP-AG
was also tested with different gases. For instance, HCP-AG (50.0
mM) adsorbed a large amount of CO, with capacities of 433 and 51
cm® g™ at 195 and 298 K, respectively (SI, figure S18). This
corresponds to an isosteric heat of adsorption (Qx:) of 32.0 kJ mol™
(8L, figure S19), which was in sharp contrast to that of N> adsorption
(12.7XJ mol™) and indicated the potentials for their separation.

We found that HCP-AG showed a low density of ca. 0.051 gcm™.
In fact, it was so light that a small chunk (ca. 35 mg) can rest
comfortably atop the hairs of a dandelion (Figure 3f). Considering
the low density and high porosity, HCP-G and HCP-AG exhibited
good mechanical properties with high stiffness for molecular
separations (vide infra) as water samples can pass through the gel-
based columns or membranes without destroying them.

Hybridization with 2D porous polymers.

We chose PyVg-COF reported previously by our group as the 2D
polymer,*' which possesses a cationic framework and could self-ex-
foliate in DMF to yield a homogeneous and transparent solution
consisting of well-dispersed 2D monolayers or multilayers without
any sedimentation over 6 months. These unique features make
PyVg-COF very promising for hybridization into a homogeneous
and molecular-level manner. The penetration of TPM-4MI
molecules within the 3.2-nm-sized pores of the PyVg-COF
monolayer is expected to lead to its hybridization via a molecular-
level entanglement when TPM-4MI polymerized into a colloidal gel
network (Figure 1b). In a typical experiment, TPM-4MI (50.0 mM)
was serially dispersed in a concentrated PyVg-COF solution (1 or
10 mgmL™"), sonicated for 1 h,and heated at 90 °C in a sealed plastic
syringe for 1 day to form a deep brown and transparent hybrid gel
(termed HCP/2DP-G). Then, the solvent of HCP/2DP-G was
exchanged with acetone and dried with scCO: to produce the
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corresponding aerogel (HCP/2DP-AG) with retained shape. FT-
IR spectra revealed the presence of the COF nanosheets did not
impede with the polymerization reaction and the gel formation (SI,
figure S20). Energy-dispersive X-ray spectroscopy (EDX)
measurements revealed the spatial homogeneity of the COF layers
in HCP/2DP-AG (S, figure S21). The investigation of the gelation
process by TR-DLS of a 25.0 mM TPM-4MI solution and PyVg-
COF revealed that the kinetics of the solubilization of the monomer
and the sol-to-gel transition takes similar time to occur in the hybrid
system compared to the pristine organic monomer, as indicated by
the sudden decrease in particle size after ~ 600 min (vs S50 min) and
appearance of the random fluctuation in <I>r at 960 min (vs 896
min), respectively (SI, figure $22). In addition, the presence of the
COF 2D sheet renders it difficult to investigate the polymerization
reaction and colloidal particles formation when plotting the
evolution of A and f as a function of the reaction time (SI, figures
S$23, S24). However, stage 3 corresponding to the colloidal aggrega-
tion, which start after 820 min, is clearly observable with the de-
crease of p and thus the wider size distribution of the various cluster
made of the different number of aggregated colloidal particles (SI,
figure S24).

Compared to HCP-AG, Ns-sorption experiments for
HCP/2DP-AG (10 mg) showed increased uptake at low pressure of
P/Po < 0.02 and consistent uptake at high pressure of 0.8 < P/Po < 1,
indicating enhanced microporosity and retained macroporosity
(Figure 4a, S, figure S25). The BET surface area of HCP/2DP-AG
(10 mg) was improved to 1260 m> g™' (SI, figure S26). The pore-size
distribution profile suggested that the pore volume of HCP/2DP-
AG (10 mg) was enlarged at the pore size of 1.0 nm compared to

HCP-AG, whereas it remained equal at the pore size of 50 nm
(Figure 4b, SI, figure S27). By contrast, HCP/2DP-AG (1 mg)
showed a decrease in both the microporosity and mesoporosity,
with a BET surface area of 850 m* g™ (SI, figures S25-527), which
suggested a concentration-dependent hybridization. When
compared to pristine HCP-AG, the CO, uptakes of HCP/2DP-AG
(10 mg) were substantially enhanced to 541 cm® g™ at 195 K and 63
cm® g at 298 K (SI, figure S28). The Qs values for CO:
correspondingly increased from 32 kJ mol™ for HCP-AG to 36 kJ
mol™ for HCP/2DP-AG (10 mg), whereas the Qu values for N,
decreased from 12.7 k] mol™ for HCP-AG to 9.2 kJ mol™ for
HCP/2DP-AG (10 mg) (SI, figure S29). These results
demonstrated that the hybridization produced synergistic effects on
the porosity enhancement, and the cationic 2D polymer promoted
the adsorption of polar gases.

As a control experiment, HCP-AG was physically blended with
PyVg-COF in the same weight ratio by grinding. Another control
experiment was realized by immersing HCP-G in PyVg-COF
solution in order to attach the latter to the surface of the gel, then
followed by the production of the aerogel. In both cases, the
microporosity and macroporosity were substantially decreased,
resulting in lower BET surface areas of 809 and 706 m’ g7,
respectively (SI, figures S30, S31). These results again showed the
synergistic effects of the synthetic hybridization of HCP/2DP-G.
To further demonstrate the essence of the synergistic effects, we
performed 'H solid-state NMR (ssNMR) for HCP-AG, PyVg-COF,
HCP/2DP-AG, and HCP/COF physical blends. The ssNMR
revealed a peak shift from 1.59 to 2.08 ppm in HCP/2DP-AG
compared with HCP-AG and HCP/COF physical blends (SI, figure
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$32), indicating that the hybridization was not a simple mixture of
the HCP and COF, but a molecular-level entangled network, which
works synergistically on the porosity of the hybrid gels.

Actually, the synergistic effects not only affected the porosity but
also modified the morphology and mechanical property of the gels.
Compared to HCP-AG which presented loosely stacked particle
connection (S, figure S6), HCP/2DP-AG exhibited much denser
and uniform stacking of the particle connection (Figure 4d, S, figure
$33), which suggested enhanced mechanical property. As expected,
HCP/2DP-G possessed substantially enhanced stiffness, which
could be recognized from the simultaneous increment on the storage
and loss Young’s moduli (Figure 4c). The storage Young’s moduli of
HCP/2DP-G with different 2D polymer concentrations (1 and 10
mg) reached as high as 3.35 and 6.96 kPa, respectively, which were
2.1 and 4.4-folds of that of HCP-G (1.57 kPa). On the other hand,
the storage Young’s modulus of aerogels, HCP/2DP-AG (10 mg),
reached as high as 7.98 MPa, 1.64-folds of that of HCP-AG (S,
figure S34). Additionally, the density of HCP/2DP-AG (10 mg)
was 0.055 g cm™, similar to that of HCP-AG (0.051 g cm™).
Therefore, HCP/2DP-G and HCP/2DP-AG possessing synergis-
tically enhanced porosity and mechanical stiffness combined with
cationic pore environment are promising to develop molecular
separation systems.

Molecular separations.

To highlight the utility of the hybrid gels for molecular separa-

tions, we employed versatile separation systems involving column

and membrane separations because the HCP gels can be in situ syn-
thesized in the shape of the columns and can be readily processed
into membranes. First, we employed a gravity-driven U-shape col-
umn separation system,* in which HCP-G and HCP/2DP-G were
in situ synthesized at the bottom of the U-shape columns (Figure Sa).
We demonstrate this concept by purifying water from organic dye
contaminants. After exchanging the guest DMF solvent with water,
such a system could be readily used for the above purpose by adding
the feed water from the feedstock side of the column and producing
the purified water from the receiving side. We used an organic pollu-
tant methylene blue (MB) as an example to illustrate the purification
process. MB aqueous solution was continuously injected into the U-
shape column, and the receiving water was subjected to UV-vis spec-
troscopy measurements to determine the concentration of MB at a
certain time interval (Figure Sb). The MB was initially trapped by
the gel and gradually passed the column before breaking through it
when increasing the amount. This was used to determine the uptake
capacity of MB by the gel columns. HCP/2DP-G exhibited a
substantially higher MB uptake capacity of 229 mg g™' compared to
that of HCP-G (160 mg g™') (Figure Sc, SI, figures S35, S36),
whereas the separation efficiencies (in terms of the amount of pure
water recovered) of HCP/2DP-G and HCP-G were 97.9% and
94.5%, respectively. The separation performance was benefitted by
the enhanced ionic pore environment from the ionic 2D polymer. In
principle, such a hybrid system could be utilized in the removal of
various contaminants from water, especially those possessing high
polarity or ionic species.



Second, we synthesized HCP-G and HCP/2DP-G on the
bottom of large-size glass vials, and after the solvent exchange, they
could automatically peel off the glass substrates and form free-
standing gel membranes (Figure Se). We subsequently attached the
gel membranes to a funnel and set up a simple membrane-based
separation system by filtration (Figure Sd). We used a water sample
polluted by a strong oxidant, KMnOy, as an example to illustrate the
purification process. KMnOsaqueous solution was continuously in-
jected onto the membrane, and the receiving water was subjected to
UV-vis spectroscopy measurements to determine the concentration
of KMnOs at a certain time interval. KMnO, was initially blocked
and was gradually transported to the bottom of the membrane when
increasing its concentration before breaking through the membrane.
As expected, HCP/2DP-G exhibited a substantially higher KMnO.
uptake capacity of 200 mg g™ compared to that of HCP-G (157 mg
g™") (Figure Sf, SI, figures S37, S38), whereas the separation
efficiencies of HCP/2DP-G and HCP-G were 98.6% and 95.3%,
respectively. By contrast, the pure PyVg-COF membrane was not
suitable for the removal of KMnOs because the membrane slowly
dissolved in water, which was confirmed by the UV-vis spectra of the
receiving water samples (SI, figure $39). On the other hand, in our
hybrid gels, PyVg-COF was fixed in the gel networks, whereas its
cationic framework provides a strong driving force to the anionic
contaminants. Therefore, the synergistic effect of hierarchically
porous HCP gel and cationic PyVg-COF is essential to construct
efficient molecular separators.

The chemical structures of the two gel membranes remained
robust after separation, without any oxidation of the network struc-
tures, as determined by FT-IR (S, figure S40). Note that the sepa-
ration behaviors of KMnOsand MB are not dependent on the set-up
applied because the reversed separations also worked effectively by
using the gel-based column for KMnO4and gel-based membrane for
MB (SI, figures S41, S42). Indeed, multi-components separations
are observed to be effective by using the gel-based membrane to sep-
arate water from both contaminants, as confirmed by the UV-vis
spectra of the receiving water (SI, figure S43). The gel-based
membranes were reusable with retained separation performance for
at least three times (SI, figure 44). The separation performance of
anionic contaminants by using our hybrid gels is relatively good even
when compared with materials possessing both microporosity and
macroporosity from the literature (SI, table S2). Our results
demonstrated the capability of processing the pristine and hybrid-
ized HCP gels to diverse shapes, which are adaptable for versatile
molecular separation platforms.

Conclusion.

In summary, we have successfully synthesized HCP gels from a
catalyst-free polymerization of a tetrahedral monomer, yielding the
HCP aerogels with synthetically combined micro- and meso-poros-
ity, low density, and high mechanical strength. For the first time, we
intensively investigated the gelation process and provided insight
into the mechanism. Such HCP gels offered a platform for hybridi-
zation with other functional materials such as 2D polymer, which ex-
hibited substantially enhanced porosity and mechanical stiffness.
We demonstrated the utility of the hybridized HCP gels by design-
ing column-and membrane-based molecular separation systems,
which displayed striking performance on the water-contaminant re-
moval. We expect that our results will facilitate the development of

HCPs for separation and other applications requiring porous, mac-
roscopic scaffolds.
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