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ABSTRACT. Covalent organic frameworks (COFs) are crystalline, nanoporous materials of interest for
various applications. However, current COF synthetic routes lead to insoluble aggregates which hamper
processing and prohibit their use in many applications. Here, we report a novel COF synthesis method
that produces a stable, homogeneous suspension of crystalline COF nanoparticles. Our approach
involves the use of a polar solvent, di-acid catalyst, and slow reagent mixing procedure at elevated
temperatures which all together enable access to crystalline COF nanoparticle suspension that does not
aggregate or precipitate when kept at elevated temperatures. On cooling, the suspension undergoes a
thermoreversible gelation transition to produce crystalline and highly porous COF materials. We
demonstrate that this method enables the preparation of COF monoliths, membranes, and films using
conventional solution processing techniques. We show that the modified synthesis approach is
compatible with various COF chemistries, including both large- and small-pore imine COFs, hydrazone-
linked COFs, and COFs with rhombic and hexagonal topology, and in each case, we demonstrate that
the final product has excellent crystallinity and porosity. The final materials contain both micro- and
macropores, and the total porosity can be tuned through variation of sample annealing. Dynamic light
scattering measurements reveal the presence of COF nanoparticles that grow with time at room
temperature, transitioning from a homogeneous suspension to a gel. Finally, we prepare imine COF
membranes and measure their rejection of polyethylene glycol (PEG) polymers and oligomers, and
these measurements exhibit size-dependent rejection of PEG solutes. This work demonstrates a versatile
processing strategy to create crystalline and porous COF materials using solution processing techniques

and will greatly advance the development of COFs for various applications.
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INTRODUCTION
Covalent organic frameworks (COFs) are an emerging class of organic nano-porous crystalline

materials with tunable pore size, pore architecture, and functionality dictated through the choice of



monomers'. Their well-defined, nanoscale pore sizes, high accessible surface areas, and unique optical
and electronic properties make them of interest for a variety of applications®**, including gas storage’,

membrane-based separations®’, remediation®, electronics’, and catalysis'’.

However, processing COFs for use in various applications remains a significant challenge. COFs are
typically prepared via a solvothermal technique that produces an insoluble micro-crystalline powder
product, which makes it difficult to process these materials into membranes, films, monoliths, and other
bulk shapes'!2. While several novel processing strategies have been developed, including solvothermal
synthesis on a solid substrate!®, interfacial polymerization'*, powder exfoliation'!, colloidal synthesis',
solid state processing'® and gelation!”!®!°, these strategies come with limitations that preclude facile
solution processing to make COFs of a desired form and shape. For example, exfoliation of COFs can
produce a dispersion of nanosheets?®?"?? that can be solution-processed into continuous films and
coatings?>. However, such exfoliation strategies produce only a very low concentration of COFs in
solution, requiring multiple drop casting and drying steps to produce even thin films*. More
concentrated stable suspensions of COF nanosheets can be accessed by charge-assisted’**326:7,
chemically-assisted?®2%3? or acid-assisted!! exfoliation, but these approaches are only applicable to a

limited set COF chemistries.

A number of studies have reported routes for processing COFs to produce macroscopic structures

31,32,33,34,35,36,

such as foams and monoliths 3738 but many of these methods rely on the inclusion of

3637343831 or templates®, which remain in the final product. Recent studies

additives, such as binders
have reported successful fabrication of imine COF foams without the use of additives!”'%!%*° However,
a drawback of these processing approaches is that they involve rapid gelation, which precludes solution
processing. For example, Verduzco and coworkers reported a method to make imine COF gels in the
polar solvent DMSO and found that gelation occurred within seconds of adding the acid catalyst!°.

While this produced homogeneous gels and foams, rapid gelation prevented solution processing to make

films and gels of different forms and shapes.



Solution processing of COFs from a homogeneous solution is an attractive approach for fabrication of
homogeneous films, foams, and monoliths. This requires suppressing the heterogenous nucleation and
precipitation process characteristic of most COF synthetic methodologies, but strategies for doing this
are limited. Dichtel and coworkers optimized the solvent system for the preparation of boronate ester
COFs to arrest crystallization and precipitation, resulting in a stable colloidal suspension of crystalline
COF nanoparticles!®>. They were able to fabricate free-standing transparent COF films by simply
solution casting from this stable suspension'®. Yaghi and coworkers produced a stable and homogeneous
colloidal suspension of imine COFs through the use of protected amine building blocks which could be
deprotected in situ'®. They took advantage of this suspension to easily prepare a COF mixed-matrix
membrane with COF nanoparticles distributed homogeneously throughout. Jiang and co-workers
demonstrated solution processing of amorphous imine polymers, followed by monomer exchange to
form a crystalline COF film*’. While these examples are milestones in COF processing, they are limited
to specific COF chemistries and require tedious steps to yield a final crystalline film. More widely

applicable facile solution-processing approaches are needed.

Herein, we report an additive-free COF synthesis strategy that suppresses heterogenous precipitation
and produces a clear and homogeneous suspension of COF nanoparticles that can subsequently be
processed to produce crystalline monoliths, films, and bulk samples. We used the polar solvent
dimethylacetamide (DMAc), along with a modified mixing strategy that slows down the growth of
COFs and produce a stable suspension of nanoparticles at elevated temperatures (77 > 80 °C). Upon
cooling, the nanoparticle suspension forms a crystalline and porous COF gel. This temperature-
controlled gelation process enabled us to produce COF films, membranes, and bulk samples using
conventional solution-processing techniques. The annealed and dried resulting COF structures were
highly crystalline and porous. We demonstrate this strategy for imine and hydrazone COF chemistries
of various topologies. We also demonstrate the preparation of COF films of thicknesses ranging from
~100 pm to ~1000 pm and implement our method to produce COF membranes with size-dependent

rejection of polyethylene glycol (PEG) polymers. This work demonstrates a simple and versatile



processing strategy to create macroscopic, homogeneous, and crystalline COF scaffolds and will enable
more detailed mechanistic studies of COF nucleation and growth mechanisms and significantly advance

development of COFs for various applications.

RESULTS AND DISCUSSION
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Figure 1. Overview of preparation of stable COF nanoparticle suspension and solution processing to
produce crystalline and porous COF monoliths, membranes, and films. a) Schematic for COF synthesis,
including the preparation of the precursor solutions in DMAc, mixing at 80°C to produce suspension of
COF nanoparticles, and casting and annealing to produce films and bulk samples. b) PXRD patterns of
TAPB-PDA monolith, membrane, and film, respectively along with simulated PXRD patterns. ¢) N»
adsorption isotherm of TAPB-PDA monolith, membrane and film, respectively , at STP, along with the
calculated BET surface areas. d) Pore-size distribution of TAPB-PDA monolith, membrane, and film,
respectively, determined through non-local density functional theory (NLDFT).



Modified COF Synthesis Strategy Produces a Stable COF Nanoparticle Suspension. Our goal
was to develop a new synthesis and processing approach that would be compatible with solution
processing of COFs. The strategy is shown schematically in Fig. 1a for the synthesis of TAPB-PDA
COF as a model imine COF using 1,3,5-tris(4-aminophenyl)benzene (TAPB) and terephthalaldehyde
(PDA) as building blocks. The rationale behind our modified synthetic strategy was to suppress the
precipitation of COF nanoparticles in solution by slowing down their growth and increasing the relative
rate of hydrolysis (backward reaction). First, we selected a combination of polar solvents
dimethylacetamide (DMAc) and water. DMAc is an excellent solvent for COF monomers and oligomers
that reduces the tendency for precipitation and aggregation commonly observed in COF solvothermal
synthesis at elevated temperatures. Additionally, the presence of water slows down the rate of growth by
increasing the rate of imine hydrolysis in the reversible Schiff base polycondensation reaction*'*?. To
further suppress rapid COF growth and precipitation, we also implemented a modified mixing route
where each building block (PDA and TAPB) was dissolved into separate vials prior to heating and
mixing (Fig 1a). The acid catalyst was added to the solution of TAPB, resulting in protonation of the
amine groups. This further slows down the growth of the imine COFs since the protonated amine groups
must first undergo proton transfer before reacting with the di-aldehyde, as has been observed for the
salt-mediated synthesis of imine COFs using Bronsted acid'®. On dropwise addition of PDA (precursor
2) to the TAPB-acid (precursor 1) solution, we observed a clear suspension when kept at 80°C. We
observed the Tyndall effect in the clear suspension indicating the successful formation of stable COF
nanoparticles (Fig S1), and this is further supported by dynamic light scattering measurements,
discussed in a section that follows. The suspension gelled only when cooled to room temperature and
was thermoreversible (SI, Movie 1). Reheating the wet gel (even after aging for 1 day at room

temperature) to 120 °C yielded a clear suspension of nanoparticles with a golden yellow color (Fig S2).

We observed that the solvent system, mixing route, and temperature played a critical role in achieving
a clear suspension of imine COF nanoparticles. First, to understand whether water was necessary, we

conducted a control experiment under similar conditions but without water. Blending of the precursors



without water resulted in instantaneous gel formation and a COF monolith with poor crystallinity (Fig
S3, FWHM = 0.6) rather than a stable nanoparticle suspension. We concluded that water slows down
the forward reaction and promotes the backward hydrolysis reaction, slowing down COF growth,
nucleation, and precipitation. Our conclusion regarding the effect of water as part of the solvent system
is consistent with findings reported by Dichtel and coworkers** and Lotsch and coworkers*!. We also
tested the effect of solvent by repeating our process using DMSO instead of DMAc. With DMSO, a
non-homogenous gel immediately formed rather than a stable suspension of COF nanoparticles. We
attribute this to the higher polarity of DMSO solvent that increases the rate of the Schiff condensation
reaction relative to the hydrolysis reaction. Furthermore, we found that it was important to add acid to
the solution containing the tri-amino monomer TAPB. If acid was added to the aldehyde precursor PDA
rather than the tri-amino monomer TAPB, a gel formed quickly on blending the solutions. We attribute
this to the protonation of the primary amines (see interaction maps of TAPB and ODA in the Supporting
Information Fig S4), which inhibits the Schiff base reaction upon blending the precursor solutions.

To characterize the crystallinity of the COF particles suspended in solution, we precipitated the
nanoparticles from the suspension using hexane and performed powder X-ray diffraction (PXRD)
measurements (see procedure described in the Supplemental Information in Fig S5). The nanoparticles
showed diffraction peaks at 2.9° and 4.9° attributed to the (100) and (110) planes, respectively, with a
full-width-at-half-maximum (FWHM) of 0.56 (Fig S5), confirming the presence of COF nanocrystals in
the suspension. Scanning electron microscopy (SEM) analysis of these nanoparticles revealed the
formation of approximately 50 nm COF nanowires that cluster to form nanospheres upon precipitation
(Fig. S6). These measurements demonstrate that our modified synthesis approach produces a suspension

of crystalline COF nanoparticles.

Processing of COF Nanoparticle Suspension. This modified synthetic methodology enabled the
preparation of COF monoliths, membranes, and films using facile solution processing strategies (Fig.
la). We prepared COF monoliths by first cooling the COF nanoparticle suspension to room temperature,

resulting in the formation of a COF gel. The gel was dried and thermally annealed at 90°C for 3 days to



produce a dry COF monolith. The COF monoliths were then solvent exchanged with THF followed by
ethanol to wash away unreacted precursors and then dried using supercritical CO2 (ScCO») to yield
crystalline and porous monoliths. To produce COF membranes, the stable nanoparticle suspension was
poured into a borosilicate container at room temperature, after which gelation occurred (see Supporting
Information Movie S2). To ensure complete reaction and removal of residual solvent, the wet gel was
aged at ambient conditions for one day, heated to 80°C for 3h, and then heated to 120°C for 2 hours.
COF membranes were then solvent exchanged with THF followed by ethanol to wash away unreacted
precursors and then dried using ScCO» to yield crystalline and porous membranes. The resulting COF
membrane possessed excellent mechanical integrity and was easy to handle and remove from the
substrate. Thinner film samples (~100 pm) were produced by drop casting a desired volume of
nanoparticle suspension onto a glass substrate producing a COF gel (Fig 1a). The gel was subsequently
aged for 7 h at ambient conditions and was removed from the glass substrate by immersion in water to
produce a free-floating COF film. The thin film was solvent exchanged with THF and ethanol and then
dried using ScCO; yielding a fully dry thin film. The thickness of the film was tuned by simply varying
the volume of solution deposited on the substrate, down to ~120 um (Table S1). Detailed procedures for
producing monoliths, membranes, and films are provided in the Supplementary Information notes 1.3-

L.5.

Our first attempts at COF monolith synthesis relied on 6 M acetic acid as the catalyst, but the resulting
COF product had poor crystallinity (see procedure described in the Supplemental Information and
PXRD patterns in Fig S7). To improve the crystallinity of the final product, we explored the use of
alternative acid catalysts that could self-assemble in solution and increase the final crystallinity. This
was motivated by prior work with thermo-reversible supramolecular two component organo-gels which
can be formed by the self-assembly of dicarboxylic acids and primary alkyl amines in polar solvents*.
We hypothesized that a similar self-assembly process between COF amine monomer and acid catalyst
could enhance the final crystallinity of imine COFs. To test our hypothesis, we blended TAPB with

dicarboxylic acid (ODA) or acetic acid (AcOH) respectively, in DMAc at both 80°C and room



temperature (22°C) (Table S2). AcOH and ODA were each added in stoichiometric ratio with respect to
amine functionality (1:3 TAPB:AcOH and 2:3 TAPB:ODA). The TAPB-ODA solution showed a
thermo-reversible solution-to-gel transition, reflecting the formation of supramolecular organic gels at
room temperature (Table S2). This thermo-reversibility is attributed to the self-assembly process
between COF amine monomeric units and dicarboxylic acid. On the contrary, TAPB-AcOH solution in
DMACc failed to gel at room temperature. Furthermore, we found that the ODA acid catalyst improved
the crystallinity of the final COF materials. The PXRD patterns of the resulting TAPB-PDA monoliths,
membranes, and films prepared using ODA showed excellent crystallinity and matched the simulated
pattern of TAPB-PDA imine COF (Fig 1b). The solid COF samples showed diffraction peaks at 2.9°,
4.9° and 5.6° attributed to the (100), (110), and (200) planes, respectively. The (100) peak of TAPB-
PDA monoliths and membranes had a FWHM of 0.38, confirming the excellent crystallinity of these
samples. Thin film samples had a broader FWHM (FWHM00=0.429) for the most intense (100) peak
due to annealing at room temperature conditions. Fourier transform infrared (FTIR) spectroscopy
analysis of TAPB-PDA COF monoliths, membranes, and films confirmed the successful formation of
the imine bond (C=N) with a stretching band at ~1617 cm™ (Fig S8). Only very weak amino (~3359 cm"
1) and carbonyl (~1685 cm™) group vibrations were present in the IR spectra, due to the presence of

terminal unreacted end groups within COF layers.

To gain insight into the porosity of the fabricated structures, N> adsorption studies were performed on
TAPB-PDA COF monoliths, membranes, and films at 77K and 1 atm (Fig 1c). The calculated
Brunauer-Emmett-Teller (BET) surface areas for TAPB-PDA monoliths, membranes, and films were
2697 m? g!, 1228 m? ¢! and 1213 m? g}, respectively (Fig 1¢). The extremely high BET surface area of
the monolith (2697 m? g'!) indicates that this sample approaches the Connolly theoretical surface area of
TAPB-PDA COF*. We attributed the difference in surface areas between the monolithic and film
scaffolds to the improved imine exchange due to extended heating periods for the monoliths. All
isotherms showed a steep increase at low relative pressure (below 0.3) followed by monotonic gas

uptake confirming the presence of both micropores and mesopores within the COF samples. There was



a clear hysteresis between the adsorption and desorption loops of all fabricated TAPB-PDA COF
structures at high relative pressure, which we attribute to pore network effects*>. The N> adsorption
isotherm of TAPB-PDA thin film showed hysteresis between adsorption and desorption loops even at

lower relative pressures.

We estimated the pore sizes of COF monolith, membrane, and film samples using the non-local
density functional theory (NLDFT) model. This model showed that all have a predominant pore size of
3.4 nm, which corresponds to the expected crystalline COF structure (Fig 1d). All samples also
possessed pores at 2.6 nm, which we attribute to interparticle aggregation'®*>. Monolith COF samples,
showed additional pores with s 5.5 nm width, which could possibly be a result of gate opening
phenomena due to guest induced structural transitions (pore expansion)'®#°. These results are consistent
with previous reports on TAPB-PDA COF foams'®!?. To further understand the differences between
these samples, we performed total porosity analysis, which takes into account both microstructural and
structural porosities (see Supplementary Note 1.2.10 for details on total porosity estimation method).
These estimates showed that monoliths and membranes have a total porosity ~97%, while film samples
have a lower total porosity of ~86% (Table S3). Comparing these values with previous reports on COF
foams!®, the microstructural porosity of all our COF samples (49-90%) is much lower than that
previously reported for TAPB-PDA foams (95.5%). We attribute this to reduced percentage of macro-
voids in the COF samples fabricated using our modified synthetic strategy. Moreover, our modified
synthetic route enables the control of macro-void percentage (49-90%) by varying annealing strategy of
the sample (see Table S3). This enables tuning and optimization of total porosity for a desired

application.



500 m

Figure 2. Microstructure of COF monoliths, membranes, and films. a, b, ¢, TEM and d, e, f, SEM
images of TAPB-PDA monolith, membrane and film, respectively. g,h, Cross-sectional SEM images of
TAPB-PDA membrane. i, Cross-sectional and j, Top view SEM images of TAPB-PDA film.

To understand the difference in surface areas and crystallinities observed for the various TAPB-PDA
COF structures produced using our modified approach, we performed transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) analysis of monoliths, membranes, and films. TEM
images of TAPB-PDA COF samples revealed the formation of interconnected nanoparticles (Fig 2a-c),
in contrast to aggregated particles observed for powder TAPB-PDA obtained from the conventional
solvothermal route (Fig S9). SEM images of the TAPB-PDA monolith showed the formation of clusters
comprised of non-uniform particles with an average particle size of ~190 nm (Fig 2d). In contrast, SEM
images of the TAPB-PDA membrane indicate the formation of uniform leaf-like particles with an
average particle size of ~200 nm assembled into interconnected spherical clusters (Fig 2e). TEM
analysis suggests these spherical clusters are hollow from the inside (Fig 2b and Fig S10). SEM images
of TAPB-PDA film also revealed the formation of clusters that were comprised of particles with an
average particle size of ~80 nm (Fig 2f). We attribute the smaller average particle size of film samples
in comparison to monolithic and membrane samples (~ 200 nm) to the room temperature annealing
stage. Our results are consistent with previous findings by Lotsch*® and co-workers that showed that
imine COFs synthesized at room temperature consist of smaller particle sizes (~50 nm) in comparison to

those synthesized at a higher temperature of 120 °C (~100 nm). TEM analysis of these particles revealed



the formation of a partially hollow structure (Fig 2c). The control over microstructure of monoliths and
films is important for many applications, including both gas and liquid separation and storage, and our
approach can be used to tune the microstructure and particle size distribution by simply varying the

annealing conditions.

To validate the quality of the fabricated membranes and films for use in applications, we performed
surface and cross-sectional SEM analysis (Fig 2g-j). Cross-sectional SEM images of TAPB-PDA
membranes revealed the formation of a thin dense film on the bottom side, and a foam like structure on
the top side (Fig 2g,h). This heterogeneous structure is attributed to a concentration gradient across the
membrane that arises during thermal annealing where ligand volatilization from the top surface is
greater than the bottom surface*’. Cross-sectional SEM images of film samples aged at room
temperature without any thermal treatment shows the formation of foam-like structure across the film
(Fig 2i). The surface SEM image further confirms the foam like structure on the top of the film sample
(Fig 2j). This difference in microstructure of film and membrane samples induced by thermal annealing
results in variation of the density of the final structure (Table S3). The fabricated films and membranes
are very light and have a calculated density of approximately 0.2 and 0.038 g cm™, respectively. The
membranes have a much lower density compared to the thin films due to their hollow particle structure
and asynchronous crystallization induced by thermal treatment of the membranes yielding more
microstructural porosity (Table S3). Interestingly, this difference in morphology has a very large impact
on the surface wettability. Contact angle measuremens (Fig. S11) show that the top porous layer is
hydrophobic (water contact angle 121°) while the more dense bottom layer is hydrophilic (water contact
angle 46°). We attribute this large difference in wettability to the dependence on the wetting state of the

droplet, which depends strongly on surface roughness*.

Mechanical properties of the membranes and films were assessed using tensile testing (Fig S12).
Stress-strain relationships showed that the membrane samples have a higher tensile modulus (0.009

MPa) and tensile strength (0.038 MPa) compared to the thin film samples (0.001 MPa and 0.009 MPa,



respectively). We attribute this difference in mechanical properties between membrane and film samples
to variations in their morphologies that arises due to different heating conditions and particle sizes (Fig
2a-f), and these measurements reflect advantages in terms of mechanical properties that result from the

unique morphology of the COF membranes.
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Figure 3. Solution-based synthesis of imine and hydrazone COFs. a, Chemical structure of imine
and hydrazone frameworks synthesized using modified synthesis strategy. b, Digital photograph of 1)
TAPB-PDA-OMe (orange), ii) TAPB-BPDA (pale yellow), iii) Py-1P (brown), and iv) DETH-TFB
(white) membranes. ¢, PXRD patterns of TAPB-PDA-OMe monolith, membrane, and film, respectively
along with simulated PXRD pattern. d, PXRD patterns of TAPB-BPDA monolith, membrane, and film
respectively along with simulated PXRD pattern. e, PXRD patterns of Py-1P monolith, membrane, and
film respectively along with simulated PXRD pattern. f, PXRD patterns of DETH-TFB monolith,
fabricated using various catalysts including ODA, PDOA, and AcOH, along with simulated PXRD

pattern.

Next, we demonstrated the versatility of our modified synthetic route through the preparation three
other imine COF chemistries: TAPB-BPDA, TAPB-PDA-OMe and Py-1P (Fig 3a). TAPB-BPDA and
TAPB-PDA-OMe have a hexagonal topology, while Py-1P has a rhombic topology. TAPB-BPDA has a
very large pore size (4.01 nm) and is a fragile framework highly susceptible to pore collapse. On the

other hand, TAPB-PDA-OMe is a robust framework due to resonance effect induced by methoxy side



groups that promote framework crystallization and pi-pi stacking®. First, we verified the self-assembly
between all amine COF monomers and ODA catalyst in DMAc solvent by performing vial inversion
tests at elevated temperature (80°C) and room temperature (22°C) (Table S2). All tested amine
monomers formed a thermoreversible gel in solution with ODA and in DMAc (Table S2). Next, we
produced monoliths, membranes, and films of various thicknesses of TAPB-BPDA, TAPB-PDA-OMe,
and Py-1P (see supplementary notes 1.3-1.5 for synthetic details, Fig S13, and Table S4). FTIR analysis
confirmed the successful formation of TAPB-PDA-OMe, TAPB-BPDA and Py-1P scaffolds,
respectively (Fig S14-16). PXRD patterns of the monolith and casted films of TAPB-PDA-OMe,
TAPB-BPDA, and Py-1P compared well to simulated patterns (Fig 3c-e) and confirmed the excellent
crystallinities of synthesized COF structures. The scaffolds of the frameworks possessed excellent
surface areas as confirmed by N> adsorption isotherms (Fig S17-20). For example, TAPB-BPDA, and
TAPB-PDA-OMe membranes had BET surface areas of 1198 m? g! and 2919 m? g!, respectively, both

all of which are greater than their reported powder counterparts®**(Fig S17).

The fabricated membranes were homogenous, with no apparent macroscopic defects (digital
photographs in Fig 3b) and contained a hierarchical microstructure (see SEM analysis in the Supporting
Information Fig S21-22). The mechanical properties of films and membranes were assessed using
tensile testing (Table S5), and we found that the TAPB-BPDA membrane had a greater modulus and
tensile strength compared to TAPB-PDA-OMe membrane. On the other hand, Py-1P had a greater
tensile strength but a lower modulus compared to TAPB-BPDA COF membrane. These results
demonstrate that our modified synthesis approach is effective for the preparation of a variety of imine-

linked COF membranes and films.

We also tested our modified synthetic route for the fabrication of hydrazone-linked COFs, which
exhibit excellent thermal and chemical stabilities®'. We applied our modified COF synthesis to the
preparation of COF-42 using DETH and TFB monomers (Figure 3a). Following our reported procedure,

we tested the effect of various catalysts for the preparation of COF-42 monoliths, including 12 M



AcOH, ODA, and 1,5-pentanedioic acid (PDOA) (See supplementary note 1.3.5 for details on
synthesis). Surprisingly, all fabricated samples showed excellent crystallinities and matched with
simulated patterns (Fig 3f). However, the suspension gelled instantly upon mixing amine and aldehyde
precursors at elevated temperature for ODA and AcOH catalyzed samples, hampering solution
processing of suspensions to films and membranes. We attribute this to the hydrogen bonding between
the COF layers that promotes the instant gelation of nanoparticles in DMAc solvent. On the other hand,
samples prepared using PDOA as a catalyst gelled only upon cooling, enabling solution processing of

COF nanoparticle suspension to a crystalline COF membrane (Fig 3b-iv, Fig S23).
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Figure 4. Dynamic light scattering (DLS) analysis of COF nanoparticle suspension. a, Correlation
function vs time derived from dynamic light scattering performed on clear suspension of TAPB-PDA
imine COF nanoparticles until it gels (transparent-translucent-opaque). Images showing colloidal
suspension transparency evolution as particle size increases. b, Particle size evolution as colloidal
nanoparticle suspension transitions from transparent to translucent and eventually opaque before it gels .
c, Variation of statistical particle size distribution as colloidal suspension transitions from transparent to
translucent and eventually opaque before it gels.

Particle Growth Analysis. We used dynamic light scattering (DLS) to analyze the evolution of particle
size and size distribution as the suspension cooled to ambient temperature and gradually formed a gel.
This enabled us to track particle evolution for the initially clear suspension as the solution became
translucent and eventually opaque (Fig. 4). DLS measurements confirmed the presence of non-isotropic

nanoparticles in the optically clear dispersion (Fig. S24). The particles were approximately 100 nm, but
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these particles steadily grew in size as the dispersion cooled (Fig. 4b). The scattered intensity increased
continuously with time, and the dispersion transitioned from optically clear, to translucent, and then
opaque. Analysis of the scattered intensity from the clear and translucent suspensions revealed a single
exponential decay (Fig. 4a) and a monodisperse particle distribution (Fig. 4c) that increased in size with
time. The particle size ranged from approximately 100 nm for the clear suspension, 300 nm for the
translucent suspension, and greater than 700 nm for the opaque sample (Fig. 4c). These measurements
clearly demonstrate that our synthesis method produces an optically clear and stable suspension of COF

nanoparticles, which grow upon cooling and subsequently gel.
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Figure 5. Rejection performance of TAPB-PDA membrane. a, PEG rejection by TAPB-PDA
membrane. b, PXRD pattern of TAPB-PDA membrane before and after the PEG rejection tests,
respectively.

COF gel membrane rejection performance. We produced uniform COF membranes of a desired
size by solution casting onto a petri dish and tested their performance in size exclusion experiments. We
produced membranes with thickness of approximately ~ 700 um and quantified the rejection of
poly(ethylene glycol) (PEG) oligomers and polymers varying in molecular weight from 2000 to 100,000

g/mol, corresponding to hydrodynamic sizes ranging from 2.4 nm to 22.8 nm (see Table S6). The



membranes were placed in a dead-end cell (Amicon 1080, Fig S25) and pressurized using N> gas at 150
kPa. A separate stock solution in DI water was prepared for each PEG solute at a concentration of 0.1 g
L!. Each solution was then passed through the COF membrane using the procedure described in the
Experimental Section. Solutions were analyzed using a total organic carbon analyzer (TOC) to

determine the concentrations of PEG that passed through the COF membrane.

The TAPB-PDA membrane showed a clear dependence of rejection on the size of the solute (Fig 4a),
with the highest rejection measured for the largest PEG solute. However, less than 100 % rejection was
observed across all solutes measured, despite the sizes of the solute being as large as 22.8 nm, much
larger than the COF pore size (3.4 nm). This suggests that the COF membranes contain defects and/or
macropores that allow for the permeation of large solutes through the membrane. The estimated macro-
void fraction of the membranes was ~92% of the total porosity, and this could be tuned by varying
annealing strategy used or compacting the membrane prior to testing. Nevertheless, the COF
membranes exhibited a number of attractive features. The membranes maintained their structural
integrity and microstructural properties after the rejection experiments, with no loss of crystallinity
observed after the permeation tests (see Fig 4b). No visible cracks or defects were apparent on the
membranes after 14 cycles use, indicating their robustness and suitability for use in pressure-driven
separations. Finally, we observed a trend in rejection with PEG solute size, suggesting that further
tailoring the microstructure to limit macropores or defects could improve performance. The membranes
also had a very high flux of 355.8 L m? h'! at 1 atm, which we attribute to the porosity and surface area

of the membrane.
CONCLUSIONS

We demonstrated a facile solution—processing strategy of imine COFs enabled through a modified
synthetic approach that produces a homogeneous and stable suspension of COF nanoparticles. The
suspension is stable at elevated temperatures, and upon cooling produces a gel. The temperature-

controlled gelation from a homogeneous nanoparticle suspension enabled us to easily produce films,



membranes, and bulk samples using conventional solution-processing techniques. In addition to
facilitating the processing of COFs for various applications, this modified synthetic route also produces
highly crystalline, porous, and hierarchically structured COFs, and the approach is compatible with
imine and hydrazone COFs of various topologies. This work demonstrates a simple and versatile
processing route to produce macroscopic, homogeneous, and crystalline COF scaffolds and will
significantly advance the development of COFs for various applications including energy storage and
separation. We anticipate the access to a clear suspension of COF colloids will enable the more careful
study of COF nucleation and growth mechanisms and facilitate access to COF films, foams, and

membranes with a variety of chemistries.
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