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Feng Wang,* Daniel C. Ralph,? Benito J. Marifias,” and William R. Dichtel>*

SUMMARY

Covalent organic frameworks (COFs) are crystalline polymers with covalent
bonds in two or three dimensions, providing pores 1-5 nm in diameter. COFs
are typically isolated as microcrystalline powders, which are unsuitable for
many applications that would leverage their tunable structures, such as opto-
electronic devices and nanofiltration membranes. Here, we report the interfa-
cial polymerization of polyfunctional amine and aldehyde monomers with a
Lewis acid catalyst, Sc(OTf);. Immiscible solutions segregate the catalyst from
the monomers, confining polymerization to the solution interface. This method
provides large-area, continuous COF films (several cm?) with a thickness tuned
from 100 pum to 2.5 nm. Relatively thick films were crystalline, whereas the films
that are a few nanometers thick were presumably amorphous. The COF films
were transferred onto polyethersulfone supports, and the resulting membranes
showed enhanced rejection of Rhodamine WT, a model water contaminant. The
large area, tunable pore size, and tailored molecular composition show promise
for nanofiltration applications.

INTRODUCTION

Two-dimensional (2D) covalent organic frameworks (COFs) are polymers that
arrange polyfunctional monomers into periodic, layered structures linked by strong
bonds."® Reliable monomer design principles provide control of the COF's topol-
ogy, pore size, and pore composition. These desirable features and their broad
monomer scope make COFs of potential use for many applications, including gas
adsorption,””"” energy conversion and storage,'®"?* proton conduction,?*~??
catalysis.”'*”~3? However, most reported 2D COFs have been isolated as microcrys-

and

talline powders, which are insoluble and not easily processed into more useful forms,
such that adapting them for technological applications remains challenging.

Considerable progress has been made in forming COFs as thin films,'”**73¢ and the
continued development of methods to generate free-standing COF films is an
important part of these efforts.?” Recently, the interfacial polymerization of mono-
mers capable of forming imine-linked 2D COFs at air-water and liquid-liquid inter-
faces afforded films with thicknesses ranging from a single molecular layer to a
few nanometers.’*~*° One of the most promising features of these methods is that
they provide large-area, uniform thin films, although thus far only films with amor-
phous or undetermined long-range order have been demonstrated. Furthermore,
these methods have not used catalysts that promote imine formation or exchange.
We have shown that catalysis is critical for forming imine-linked COFs,*" because the
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The Bigger Picture
Two-dimensional covalent
organic frameworks (COFs) are
crystalline polymers with grid-like
structures. COFs show promise for
applications such as energy
storage devices and water-
purification membranes.
However, their typical
microcrystalline, insoluble
powder form complicates or
precludes their use for these
applications. Here, we have
formed COFs at oil-water and air-
water interfaces, which provide
continuous films of these
materials of arbitrary size and
controlled thickness. These COF
films can be transferred to both
solid substrates and membrane
supports, and preliminary
composite membranes showed
rejection of model organic
pollutants. This approach
indicates a way forward for
accessing COF films on any
substrate and will enable
molecular design approaches to
be rationally applied to
nanofiltration membranes and
other applications.
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monomers typically polymerize into amorphous networks that later develop long-
range order through imine exchange processes. Finally, un-catalyzed liquid-liquid
interfacial polymerizations require that the two monomers have orthogonal solubil-
ity, and polymerizations under Langmuir-Blodgett conditions require amphiphilic
monomers and target monolayers, which impose significant design constraints.*

Here, we report the synthesis of crystalline, free-standing COF films via the interfacial
polymerization of polyfunctional amines and aldehydes in an organic solvent layered
on an aqueous solution containing a Lewis acid, Sc(OTf)3. We recently demonstrated
that Sc(OTf); is a highly active catalyst for imine-linked COF formation, which pro-
vided powder samples with outstanding crystallinity and surface area at room tem-
perature.®” This catalyst is highly water tolerant and accelerates imine formation to
such a degree that polymerization is limited to the interface even when both mono-
mers are dissolved in the organic phase. This approach provides continuous films of
2D imine-linked COFs whose lateral dimensions are determined by the size of the
polymerization vessel. The film thickness is controlled by the initial monomer concen-
tration and ranges from 10 um at monomer concentrations typically used for COF

powder formation,*'*?

to uniform, 2.5-nm-thick, polymer films when synthesized
with lower monomer concentrations. The films are readily transferred to arbitrary
substrates, and even the thinnest films retain their integrity when suspended over

the >2 um diameter holes of transmission electron microscopy (TEM) grids.

We also report a process to incorporate interfacially polymerized COF films into poly-
ethersulfone (PES)-supported nanofiltration (NF) membranes and demonstrate rejec-
tion of a Rhodamine dye as a model organic pollutant. COF films are attractive for
membrane filtration applications because their pores form one-dimensional chan-
nels of tunable size and chemical composition.”**¢ This promise was recognized
by Banerjee and coworkers,”” who formed a COF solid by baking a dense mixture
of monomers and an acid catalyst, which partially rejected model organic pollutants
from water. However, these solids were 200-700 pum thick and cannot easily be inte-
grated into thin-film composite (TFC) membranes (typically <250 nm) used in NF and
reverse osmosis. 2D COFs polymerized at the liquid-liquid interface under Sc(OTf)s-
catalyzed conditions offer thickness control and transfer protocols for NF membranes
that promise to leverage the outstanding structural versatility of COF molecular
design approaches. These findings represent progress toward nanofiltration
membranes with uniform and tunable porosity, which can be realized with further
improvements in materials quality of the thinnest COF films. Even now, this study
demonstrates a promising means of processing imine-linked COFs into devices
and other application-relevant forms, which greatly broadens their potential utility.

RESULTS AND DISCUSSION

Interfacial COF Polymerization at the Liquid-Liquid Interface

Recently, we reported®” the high catalytic activity of metal triflates, particularly
Sc(OTH)3, for the formation of an imine-linked COF (TAPB-PDA COF, 3) from 1,3,5-
tris(4-aminophenyl)benzene (TAPB, 1) and terephthalaldehyde (PDA, 2) (Figure 1A).
In contrast to typical conditions, which use CH3CO,H catalysts and require elevated
temperatures and long reaction times (e.g., 70°C, 72 hr), the Sc(OTf);-catalyzed
polymerization occurs rapidly (10-30 min) at room temperature with low catalyst
loading (<0.02 equiv). It also affords the quantitative formation of imine-linked 2D
COFs as microcrystalline powders with a Brunauer-Emmett-Teller surface area
(>2,000 m?/g) among the highest reported.’? Previously, we reported that the addi-
tion of water to the COF condensation reaction system enhances the crystallinity of
the resulting TAPB-PDA COF powders in a system catalyzed by CH3CO,H.*'
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Figure 1. Interfacial Polymerization of TAPB-PDA COF

(A) Reaction scheme of TAPB-PDA COF (3) from TAPB (1,3,5-tris(4-aminophenyl)benzene) (1) and PDA (terephthalaldehyde) (2).

(B) Schematic explanation and photograph of the interfacial polymerization of TAPB-PDA COF at the interface of the organic phase and aqueous phase,
which contain monomers (TAPB and PDA) and catalyst (Sc(OTf)3), respectively.

(C) Photo of a TAPB-PDA COF free-standing film grown by interfacial polymerization.

Following the reaction conditions suggested in our recent mechanistic study,*’ we
added 0.3 mL of water to a TAPB (12.5 mM) and PDA (18.8 mM) solution of
1,4-dioxane/mesitylene (4:1 v/v, 1 ml) containing a small amount of Sc(OTf)3
(0.001 equiv per amine). When the reaction was performed under these conditions
in the absence of water, the reaction mixture became turbid within a few minutes.
However, when water was added immediately after the addition of Sc(OTf);, the
polymerization did not proceed homogeneously but instead occurred site-selec-
tively at the interface of the two phases to provide a polymer film. Sc(OTf); is a wa-
ter-tolerant Lewis acid that is more soluble in the aqueous phase than in the organic
phase. Thus, the catalyst was transferred to the aqueous phase and segregated from
the COF monomers, which are preferentially soluble in the organic phase.

The spatial segregation of the catalyst and the monomers induced site-selective
polymerization (see Figure 1B), which afforded a continuous film at the interface.
The grown films were mechanically robust enough to be removed with tweezers
without any support after a 72-hr reaction time (Figure 1C). Figure 2A shows the
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Figure 2. Effects of Monomer Concentration on Films Obtained via Interfacial Polymerization
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(A) X-ray diffraction pattern of a 100-um-thick TAPB-PDA COF film prepared with [TAPB]y = 12.5 mM and [PDA]p = 18.7 mM.

(B) Photo of a TAPB-PDA COF film (yellow) prepared with [TAPB]y = 0.39 mM and [PDA]p = 0.58 mM and transferred onto a silicon substrate.

(C) The thickness of TAPB-PDA COF films varies over several orders of magnitude according to the [TAPB]o. For each film, [PDA]o was 1.5 times higher
than [TAPB]y to match the 3:2 [PDA]o:[TAPB]o molar ratio of the COF. Thicknesses are determined by either a profilometer or micrometer (for

samples > 10 um thick).

X-ray diffraction pattern of the films activated by Soxhlet extraction (CH3OH) and sub-
sequent supercritical CO; drying. The pattern we obtained was a reasonable match
to that determined for the highly crystalline COF powders prepared in previous
studies.”” Grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements
obtained at the Cornell High Energy Synchrotron Source (CHESS) confirmed that
the COF films were highly crystalline with domains that did not exhibit an orientation.

Control of Film Thickness

The thickness of the COF film is easily tuned by variations in the initial
monomer concentration. For example, we layered a 1,4-dioxane/mesitylene solu-
tion (4:1 v/v, 1 mL) of TAPB and PDA monomers at various concentrations over an
aqueous solution of Sc(OTf)3 (300 plL, 5 mM) in a scintillation vial (2 mL). When the
original monomer concentration ([TAPB]o = 12.5 mM; [PDA]p = 18.8 mM) was used,
the films formed at the interface after 30 min exhibited an identical powder X-ray
diffraction pattern after activation (Figure 2A).%? The thickness of this film was
100 pm as determined by a micrometer. In contrast, when a 64-fold lower initial
monomer concentration ([TAPB]o = 195 uM; [PDA]y = 293 uM) was used as the
monomer solution, the polymerization occurred more slowly but provided a thin
film after 7 days. This film was transferred onto a silicon wafer by inserting the sub-
strate underneath the interface and passing it through the grown film (Figure 2B).
The film thickness was 20 nm as determined by profilometry. Figure 2C shows the
relationship between the monomer concentration and the thickness of the grown
films, which demonstrates that thickness can be tuned over several orders of
magnitude by altering the initial monomer concentrations. This trend is similar
to that observed between monomer concentration and resultant film thickness re-
ported for the interfacial polymerization of metal organic frameworks.*® Notably,
when we layered the organic solution onto the aqueous layer too rapidly, we
observed the deposition of spherical structures on top of the transferred film
(Figure S4). We attribute these structures to the presence of aqueous emulsion
droplets near the organic interface. Although the formation of these structures is
undesirable and can be limited through experimental care, their formation and
transfer to the lateral films strongly support the hypothesis that polymerization
occurs selectively at the aqueous-organic interface.
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Figure 3. Microscopic Visualization and Analysis of Transferred TAPB-PDA COF Films

(A and B) Optical (A) and TEM (B) micrographs of a transferred TAPB-PDA COF film grown with a
reduced amount (15.6 ul) of TAPB (1.6 mM) and PDA (2.3 mM) solution over 30 min.

(Cand D) AFM image (white box in A) of the transferred film (C) and a height profile (D) along the red
line in (C). We transferred the TAPB-PDA COF film by scooping the film from below the aqueous-
organic interface. TEM carbon grids and silicon wafer substrates were used for TEM analyses and
optical-microscope and AFM analyses, respectively.

We reduced the film thickness by decreasing the concentration of monomers in the
organic phase, but the reduced monomer concentration induced slower polymeriza-
tions. By adding only a small volume of the organic solution (~15 ul) to the aqueous
layer, we observed rapid formation of a film a few nanometers thick within a short
reaction time (30 min). After 30 min, the grown film was transferred onto a silicon
wafer substrate or a carbon grid as described above. We obtained large-area, centi-
meter-scale COF thin films as determined through optical, atomic force microscopy
(AFM), and TEM. The optical and electron micrographs in Figures 3A and 3B show
that the COF films are both continuous and homogeneous on a centimeter scale.
Figure 3C shows an AFM image of the edge of the film in Figure 3A where the flat
sheet is visualized with folded edges (white box in Figure 3A). The cross-section (Fig-
ure 3D) along the red line in Figure 3C indicates the presence of two steps (5.5 and
2.5 nm). The image suggests that the higher feature is a folded edge of the 2.5- to
3-nm-thick film. Similar folding is observed in the TEM micrograph in Figure 3B.
Given the small volume of organic solvent used in this procedure, we speculate
that the reduced reaction times are attributable to the reaction taking place at a
confined air-water interface that has a high local monomer concentration in the pres-
ence of the Sc(OTf); catalyst compared with when larger volumes of organic solvent
are used.

The 2.5-nm-thick films exhibit spectroscopic signatures consistent with the expected
imine-linked COF structure. The Fourier-transform infrared spectrum of the film indi-
cated the presence of imine linkages and was similar to that observed for the bulk
crystalline COF (Figure Sé). The optical absorption spectrum of the film shows a
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significant red shift compared with TAPB and PDA (Figure S7), which is also charac-
teristic of imine formation in model compounds. Although thicker films are crystal-
line as determined by a benchtop powder X-ray diffractometer, the films a few
nanometers thick have not shown evidence of long-range order. We attempted
selected area electron diffraction in TEM, low-dose high-resolution scanning TEM,
and GIWAXS at the CHESS, none of which indicated evidence of crystallinity. There-
fore, we conclude that the thinnest COF films are most likely amorphous. However,
analysis of COFs in this form is challenging because of their large real-space lattice
spacings (small reciprocal lattice spacings), susceptibility to beam damage, and
small scattering cross-section of constituent atoms (carbon and nitrogen). These
challenges currently limit the characterization of few-layer or single-layer 2D poly-
mers in general.*” The results of our previous mechanistic study suggest that the
crystallinity of TAPB-PDA COFs can be enhanced by subjecting the films to reaction
conditions that increase the dynamic behavior of imines.”" Such reaction conditions
will be applied to the films in future studies.

Integration into Nanofiltration Membrane for Water Purification
Commercially available NF membranes are composed of three layers: a thin active

layer (typically <250 nm)°%*"

that serves as the primary barrier to water contami-
nants, an ultrafiltration support (~50 pm), and a thick non-woven polyester fabric
for mechanical strength.’” The interfacial polymerization COF growth method
demonstrated above is attractive because we can easily modulate the thickness of
the thin active layer. We constructed the first TFC membrane consisting of a COF
active layer formed via interfacial polymerization. The COF-PES membrane was
formed by placing a PES support in the bottom of a reactor (Figure S8) followed
by layering an aqueous Sc(OTf); solution (5 mM, 0.5 mL) and a 1,4-dioxane/
mesitylene (4:1 v/v) mixed solvent solution (0.5 mL) containing TAPB (1.56 mM)
and PDA (2.34 mM). After 30 min, the COF film that formed at the interface between
the immiscible aqueous and organic phases was transferred onto the supporting PES
membrane by drawing the reaction mixture through the bottom of the reactor. The
resulting COF-PES membrane was subsequently washed carefully with methanol.

The performance of the pristine PES and the resultant COF-PES membranes was
evaluated with a dead-end filtration cell (Figure 4A) for measuring the rejection of
Rhodamine WT (R-WT; Figure 4B), a model compound for organic contaminants.
R-WT concentrations in the permeate and the retentate were measured by fluorom-
etry, and the rejection capabilities of the original PES and COF-PES membranes
were compared over a range of membrane permeate fluxes. Note that the permeate
flux, (m3/day)/m2, is defined as the volumetric flow rate (m3/day) normalized by the
effective membrane area (m?) and simplifies to m/day. Figure 4C shows that rejec-
tion depends on the permeate flux of the pristine PES and COF-PES membranes.
Compared with PES alone, the COF-PES membranes showed enhanced R-WT
rejection up to 91%. Furthermore, the data in Figure 4C correspond to the charac-
terization of the same pieces of PES membrane before (PES support) and after the
COF formation reaction (COF membrane). The repeat analyses demonstrated that
the enhanced rejection obtained with the COF-PES membranes is reproducible
despite the variability observed with the PES, which is common for commercially
available membranes. This suggests the rejection of COF-PES membranes is domi-
nated by the COF film, and the COF film rejection is highly reproducible in compar-
ison with the commercially available PES membrane. The increase in R-WT rejection
was coupled with a loss in water permeability (Figure S9) attributed in part to
damage to the PES support caused by the 1,4-dioxane/mesitylene solvent mixture.
Despite the decreased water permeability, this enhanced rejection is notable
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Figure 4. Rejection Tests of COF-PES Combined Membranes

(A) Photo of a dead-end stirred cell used in the rejection tests. The effective membrane area

is 4.1 cm?.

(B) Chemical structure of Rhodamine WT (R-WT), which was used as a model compound for small
organic contaminants in water.

(C) Flux-dependent R-WT rejection by polyethersulfone (PES) and COF-PES membranes. The R-WT
rejection by PES membranes (open blue circle and open red triangle) was measured before and
after interfacial polymerization of the COF active layer to form the thin-film composite (TFC) COF-
PES membranes (solid blue circle and solid red triangle). The same protocol was used for preparing
each COF-PES membrane. Experiments were performed with 2.5 mg/L R-WT as the feed solution

and at varying hydraulic pressures (0.01-0.3 MPa) such that each pressure corresponded to a
different volumetric flow rate (m3/day), which was normalized by the effective membrane area (m?)

to give the permeate flux (m/day).

because it represents the first successful use of a selective and reproducible COF
TFC membrane. Because the COF films on PES are too rough for AFM measure-
ments, the COF films were synthesized in the same reactor and transferred to silicon
wafer substrates. There, they reach a thickness of approximately 40 nm, consistent
with the thickness of films synthesized with larger volumes of organic solvents for
interfacial polymerization. Another point to note is that solute rejection is influenced
by other factors in addition to solute size and membrane pore size, including charge
interactions and solute-membrane interactions. These complexities are due to a
combination of diffusive and convective components that govern solute transport
across a membrane. COF-based membranes would provide opportunities to
address these complexities in a rational way.>® We are now investigating the rejec-
tion of additional solutes and how the COF structure and pore functionalization in-
fluence membrane performance.

Conclusions

We report free-standing film formation of TAPB-PDA COFs via interfacial polymeri-
zation catalyzed by Sc(OTf)3. The film thickness is modulated to several nanometers
by changing the monomer concentration and/or the volume of the organic phase.
The thickest film prepared (~100 pm) shows an X-ray diffraction pattern that matches
that of the COF powder. These examples are the first for interfacially grown films,
which show X-ray diffraction patterns similar to those of powder frameworks. Inter-
facially polymerized COF films were incorporated as the active layer of a TFC mem-
brane for NF treatment of aqueous solutions. The assembled membranes exhibit
high rejection (up to 91%) of R-WT, a model compound for micropollutants in water.

314 Chem 4, 308-317, February 8, 2018
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Notably, these reaction conditions do not impose additional design constraints of
the COF monomers, such as the need to dissolve the monomers in different phases.
These desirable features suggest that the interfacial polymerization of imine-linked
COFs with Sc(OTf)3 will be applicable to other COF systems, including electronically
active COFs.®

EXPERIMENTAL PROCEDURES

All the procedures for experiments are given in the Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures and
nine figures and can be found with this article online at https://doi.org/10.1016/].
chempr.2017.12.011.
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Figure S1 GIWAXS pattern of TAPB-PDA COF film grown using Condition A. The diffraction pattern
indicates a crystalline network of the expected structure with randomly oriented crystalline domains.
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Figure S2 (A) N, adsorption (closed circles) and desorption (open circles) isotherms (77 K), (B) NLDFT-
calculated pore size distributions, and (C) BET plot of TAPB-PDA COF film grown using Condition A.
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Figure S3 Photo of reaction vials for interfacial polymerization using Condition A with the modulated
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Figure S4 Optical micrograph of a film prepared under Condition A with rough layering of the two phases.
We attribute the spherical structures to polymerization that occurs at the interface of droplets formed by the
turbulent introduction of the organic phase.



Figure S5 SEM image of TAPB-PDA COF film grown using Condition B.
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Figure S6 Partial FT-IR spectra (carbonyl/imine region) of TAPB-PDA COF films grown using Condition B
(blue), TAPB-PDA COF powder grown using conditions described in ref S2 (red), PDA (orange), and
TAPB (green).
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Figure S7 Optical absorption spectra of TAPB (yellow), PDA (red) and TAPB-PDA COF films grown using
Condition B (green).
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Figure S9 Water permeability for R-WT experiments (see corresponding solute rejection data in Figure 4).
The water permeability by PES membranes (open blue circle and red triangle) was measured before and
after interfacial polymerization of the COF active layer to form the TFC COF-PES membranes (solid blue
circle and red triangle). The two COF-PES composite membranes were prepared using identical reaction

conditions.



Il. Supplemental Experimental Procedures
= Materials and Instruments

Materials:

All reagents were purchased from commercial sources and used without further purification. PES
membrane model HFK-328 was purchased from Koch Membrane Systems, Wilmington, MA.
Instruments:

Supercritical CO, drying was conducted with a Balzers CPD 030 Critical Point Dryer.

X-ray diffraction patterns were recorded on a Scintag Powder X-Ray Diffractometer in 26 medium
resolution Brag-Brentano geometry employing Cu Ka line focused radiation at 40 kV, 44 mA power and
equipped with a Ge crystal detector fitted with a 1.0 mm radiation entrance slit. Samples were mounted on
zero background sample holders. No sample grinding was used prior to analysis unless otherwise noted.
Samples were observed using a continuous 26 scan from 1.0 — 12 ° (Omega = 1.0 °).

Infrared spectra were recorded on a Thermo Nicolet iIS10 with a diamond ATR attachment and are
uncorrected.

The optical absorption measurements were taken on a Varian 5000 UV-Vis-NIR spectrometer.

Atomic force microscopy (AFM) images were taken on an Asylum MFP-3D-BIO operating in tapping
mode and equipped with a Tap150AI-G Si tip with aluminum reflex coating using a set point of 550 mV and
an integral gain of 13.

Profilometry data was obtained on a Tencor Alpha Step 500 using a 5000 ym scan length and 200 Hz
scan rate with 8.0 mg of stylus force.

Scanning electron microscopy (SEM) images were taken on a Hitachi S-4800 scanning electron
microscope with an acceleration voltage of 5 kV.

Transmission electron microscopy (TEM) images were obtained using an FEI T12 Spirit TEM used in
bright-field mode with an acceleration voltage at 80 kV.

Permeation experiments were conducted using a Millipore Amicon stirred cell model 8010.

Fluorescent spectroscopic measurements were performed on a Shimadzu RF-5301PC.

Grazing incidence X-ray diffraction (GI-XRD) was performed at the G2 station at Cornell High Energy
Synchrotron Source (CHESS) using a beam energy of 10.06 £ 0.01 keV (A = 0.1232 nm), selected using a
single-crystal Be crystal monochromator. Motorized slits were used to define a 0.2 x 3 (VxH) mm? beam,
with a typical flux of 2x10' photons s™. The data were collected using a 640-element 1D diode-array, of
which each element incorporates its own pulse counting electronics capable of count rates of ~10° photons
s, A set of 0.1° Soller slits were used on the detector arm to define the in-plane resolution. The scattering
geometry is described in detail elsewhere.' Each data set was collected by scanning the detector with the
sample stationary. The incidence angle, a, between the beam and sample surface was 0.175°. Axes labels
Q. and Q) are defined using the GISAXS convention Q. = 411/Asin(6/2) and Q) = 411/Asin(v/2), where & and

v are the vertical and horizontal scattering angles, respectively. At a =6 = 0, h Q;and h Qi (where h is



Planck’s constant) are the components of momentum transfer parallel and perpendicular to the sample
surface, respectively.

Surface area measurements were conducted on a Micromeritics ASAP 2020 Accelerated Surface Area
and Porosimetry Analyzer using between 15 and 50 mg sample. Samples were degassed at 90 °C for 12
hours. Nitrogen isotherms were generated by incremental exposure to ultra high purity nitrogen up to ca. 1
atm in a liquid nitrogen (77 K) bath. Surface parameters were determined using BET adsorption models,
and pore sizes and distributions were determined using DFT models included in the instrument software
(Micromeritics ASAP 2020 V1.05).

= Procedures for Interfacial Polymerization

Representative procedure for the interfacial polymerization reaction (Condition A).

A stock solution of the monomers in 1,4-dioxane / mesitylene solution (4:1 v/v) was prepared according
to the following procedure: 1,3,5-tris(4-aminophenyl)benzene (TAPB, 55 mg, 0.16 mmol) and
terephthaldehyde (PDA, 31 mg, 0.23 mmol) were combined in a scintillation vial with a 1,4-dioxane /
mesitylene solution (4:1 v/v, 6.3 mL), and the resulting suspension was sonicated at room temperature until
the monomers were fully dissolved. A 1.0 mL of the stock solution was layered on top of an aqueous solution
of Sc(OTf); (5 mM, 0.3 mL) in a 2 mL scintillation vial. After a 3-day reaction time, the grown film was picked

up from the interface and dried under vacuum.

General procedures for screening the concentration of COF monomers.

Screening of the monomer concentration of the interfacial polymerization of COF monomers was
conducted using the conditions based on Condition A. The stock solution mentioned above was diluted to
various concentration with the mixed solvents (1,4-dioxane / mesitylene; 4:1 v/v) and layered as mentioned
above. After a 7-day reaction time, the grown films were transferred onto silicon substrates by inserting

substrates underneath of the interface and lifting the substrates up slowly.

Modified reaction conditions for shorter reaction time (Condition B)

A 15.6 pL of TAPB and PDA solution (1.56 mM and 2.34 mM, respectively) in the mixed solvent of 1,4-
dioxane: mesitylene (4:1, v/v) was layered on top of an aqueous solution of Sc(OTf); (5 mM, 1.5 mL) in a
20 mL scintillation vial. After a 30-minute reaction time, the grown film was transferred onto a silicon wafer

substrate or a carbon grid in the same way described above.

= Fabrication of COF membranes and permeation experiments

Reactor



For the interfacial polymerization of COF film and its transfer to a supporting PES membrane, the
membrane holder component of a dead-end filtration cell (Amicon model 8010, EMD Millipore, Billerica,
MA) was repurposed for the reactor (Figure S8). The PES substrate was placed at the bottom of the reactor,

and the interfacial polymerization was designed to take place above the PES support.

Formation of COF films on top of PES support membranes

A stock solution of the monomers in 1,4-dioxane / mesitylene solution (4:1 v/v) was prepared by
combining TAPB (8.8 mg, 0.025 mmol) and PDA (5.1 mg, 0.038 mmol) in a scintillation vial with a 1,4-
dioxane / mesitylene solution (4:1 v/v, 1 mL), and the resulting suspension was sonicated at room
temperature until the monomers were fully dissolved. A 16-fold diluted solution of the monomers was
prepared using 1,4-dioxane / mesitylene solution (4:1 v/v) as the diluent. The reactor (Figure S8), containing
a PES membrane (model HFK-328, Koch Membrane Systems, Wilmington, MA) at the bottom, was charged
with an aqueous solution of Sc(OTf); (5 mM, 0.5 mL), and the 16-fold dilute organic solution (0.5 mL) was
slowly layered on top of the aqueous layer. A glass cylinder (ID 25 mm) was placed on top of the silicone
o-ring and covered with a glass plate for 30 minutes. At the end of the reaction time, the film grown by
interfacial polymerization was transferred to the PES by drawing both the aqueous and organic solutions
through the outlet port of the membrane holder using a needle and syringe. The COF-PES membrane was

gently rinsed with MeOH and used subsequently for performance characterization.

Permeation experiments

Permeation experiments were conducted using a dead-end stirred cell (Amicon model 8010, EMD
Millipore, Billerica, MA) at room temperature. Feed solutions (2.5 mg/L) of Rhodamine-WT were prepared
by dilution of a concentrated solution (20% w/w, Turner Designs San Jose, CA). The feed solution pH was
adjusted to 6.75 £ 0.05 using HCI or NaOH aqueous solutions prior to each experiment. Permeate flow
rates were measured gravimetrically, and the data were recorded using a balance connected to a computer
with a data acquisition software. Experiments were performed over a range of pressures from 0.01-0.3 MPa
using nitrogen gas as the pressure source. Rhodamine-WT concentrations were determined using a
spectrofluorometer (RF-5301PC, Shimadzu Scientific Instruments Inc., Columbia, MD) with an excitation

wavelength of 550 and emission wavelength of 580 nm.
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