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1. Reagents and techniques

All reagents and starting materials were purchased from Sigma-Aldrich and used without further
purification. Deionized water was used from Millipore Gradient Milli-Q water purification system.
Thin-layer chromatography (TLC)was performed on silicagel 60 F254 (E. Merck). The plates were
inspected under the UV light. Column chromatography was performed on silica gel 60F (Merck
9385, 0.040-0.063 mm). Infrared spectra were recorded on an Agilent Technologies Cary 600
Series FTIR Spectrometer using the ATR mode. The samples' PXRD patterns were recorded using
an X-ray Panalytical Empyrean diffractometer. High-resolution transmission electron microscopy
(HRTEM) images were obtained using a Talos F200X Scanning/Transmission Electron Microscope
(STEM) with a lattice-fringe resolution of 0.14 nm at an accelerating voltage of 200 kV equipped
with CETA 16M camera. The high-resolution images of periodic structures were analyzed using
TIA software. N2 adsorption-desorption isotherms were obtained at 77 K using Micrometrics
ASAP 2020 surface area analyzer. The topography of the samples was analyzed by dynamic
atomic force microscopy (5500 Atomic Force Microscope; Keysight Technologies Inc., Santa Rosa,
CA). We acquired topography, phase, and amplitude scans simultaneously. Silicon cantilevers
(NanosensorsTM, Neuchatel, Switzerland) with resonant frequencies of 250—-300 kHz and force
constants of 100— 130 Nm™ were used. The set point value was kept at 2.5V. AFM scans were
collected at 1024 points/lines with scan speed of 0.20 at fixed scan angle of 0°. Scan artifacts
were minimized by acquiring a typical scan at an angle of 900 under identical image acquisition
parameters. We used GwyddionTM free software (version 2.47), an SPM data visualization and
analysis tool for post-processing the AFM scans. All solid-state NMR experiments were conducted
on a Bruker Avance-HD 600 MHz spectrometer operating at a static field of 14.1 T, resonating at
150.0 MHz for 13C, using a 4.0 mm double resonance MAS probe. Thermogravimetric analysis
(TGA) was performed on TA SDT Q600. Scanning electron microscope (SEM) images were
obtained from FEI Quanta 450FEG. Surface zeta potentials ({) measurement was conducted using

ZetaSizer (ZEN3600, Malvern Panalytical, UK).


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/zeta-potential

Table S1. Synthesis conditions of COF self-standing membranes in the literature

Synthesis

Synthesis Membrane

COF Name Synthesis procedure TS o time Thickness Reference
TAPA-TFP Interfacial Polymerization Room 1
TAPA-TFB (water/DCMinterface) temperature 24h 330 nm
COFM Steaminduction 120 °C 72 h 800 um 2
TFP-PDA Phase switchingassembly
145 °C-155° 12-18h 1 3
TFP-TTA inthe vapor phase =155 75¢ 8 >0 nm
COF- Interfacial Polymerization Room .
membrane (water/oil interface) temperature 48h >0 nm-—1um
Interfacial Polymerization Room 5
Wadist L (water/DCE interface) temperature 144 h 1.6-130 um
. Interfacial Polymerization Room 6
Lol il lix (liquid/solid interface) temperature 120 h 300 =300 nm
Interfacial Polymerization Room
Tam-DbT\ta (Water/ethylacetate 48 h 10— 20 um 7
. temperature
interface)
Interfacial Polymerization
TAPT-TMC L Room . 8
TAPA-TMC (aIka'ne/lonlcllqmd Temperature 1-30 min | 50-800 nm
interface)
Interfacial Polymerization
COF-300 (water/mesitylene 65 °C 24 h - S
interface)
Microwave-mediated
TTA-DFp-coF | "terfacial polymerization 110 °C Smin-2h | 25-8um | Thiswork

(watervapor/dioxane
interface)



2. Synthesis

2.1. Synthesis of 2,6-diformylpyridine (DFP)

2,6-diformylpyridine (DFP) was synthesized according to the published procedure with no

modifications.10

2.2. TTA-DFP-COF membrane synthesis

A series of TTA-DFP-COF membranes were prepared by using increasing reaction times. A 30 mL
clean glass microwave tube (previously scratched using clean tweezers) was charged with 2,6-
diformylpyridine (DFP, 21 mg, 0.15 mmol, 5 equivalents) and 4,4',4"-(1,3,5-triazine-2,4,6-
triyl)trianiline (TTA, 12 mg, 0.03 mmol, 1 equivalent), in 3 mL of anhydrous 1,4-dioxane. The
mixture was sonicated for 1 min to dissolve the molecular organic building units completely.
Then, 0.5 mL of aqueous acetic acid (13 M, [acetic acid]finai = 4.0 M) was added rapidly, and the
mixture was placed immediately in the microwave oven and heated under microwave irradiation
(300 W) to 110 °C (Figure S1). The thickness of the membrane was controlled by varying the
reaction time. The reaction was stopped after 5, 45, and 120 minutes under microwave
irradiations. The membrane was denoted as TTA-DFP-COF-5, TTA-DFP-COF-45, and TTA-DFP-COF-
120, where 5, 45, and 120 represent the reaction time in minutes. At the end of the chosen
reaction time, the free-standing membrane with and no visible cracks could be easily collected
with a tweezer and cleaned several times in dioxane first, followed by ethanol and water. The

membrane is stored in ethanol or water.
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Figure S1. Synthetic route and chemical structure of linkers and TTA-DFP-COF membrane.

Figure S2. TTA-DFP-COF membrane photograph showing the membrane collected from the

microwave reaction vessel and their centimeter-scale size, self-standing nature and flexibility.

2.3. Control experiment 1: TTA-DFP-COF synthesis in pure acetic acid (no water)

TTA-DFP-COF was synthesized by co-condensation of 2,6-diformylpyridine (DFP, 21 mg, 0.15
mmol, 5 equivalents) and 4,4',4"-(1,3,5-triazine-2,4,6-triyl)trianiline (TTA, 12 mg, 0.03 mmol, 1
equivalent), in 3 mL of anhydrous 1,4-dioxane in presence of 0.5 mL of dry acetic acid (17 M,
([acetic acid]final = 5.0 M, no water) sealed in a 10 mL glass microwave tube and heated under
microwave irradiation (300 watt) to 110 °C for 120 minutes. No membrane formation was

observed.



2.4. Control experiment 2: TTA-DFP-COF synthesis in the presence of a magnetic stirrer

TTA-DFP-COF was synthesized by co-condensation of 2,6-diformylpyridine (DFP, 21 mg, 0.15
mmol, 5 equivalents) and 4,4',4"-(1,3,5-triazine-2,4,6-triyl)trianiline (TTA, 12 mg, 0.03 mmol, 1
equivalent), in 3 mL of anhydrous 1,4-dioxane in presence of 0.5 mL of aqueous acetic acid (13
M, [acetic acid]final = 4.0 M) sealed in a 10 mL clean glass microwave tube and heated under
microwave irradiation (300 watt) to 110 °C for 120 minutes in the presence of magnetic stirring.

No membrane formation was observed (Movie 5).

2.5. Control experiment 3: TTA-DFP-COF synthesis using conventional heating methods (oven and

an oil bath)

TTA-DFP-COF was synthesized by co-condensation of 2,6-diformylpyridine (DFP, 21 mg, 0.15
mmol, 5 equivalents) and 4,4',4''-(1,3,5-triazine-2,4,6-triyl)trianiline (TTA, 12 mg, 0.03 mmol, 1
equivalent), in 3 mL of anhydrous 1,4-dioxane in presence of 0.5 mL of aqueous acetic acid (13
M, [acetic acid]final = 4.0 M) sealed in a 10 mL clean glass microwave tube and heated using
conventional heating methods (oven and an oil bath) to 110 °C for 120 minutes. No membrane

formation was observed (Figure S3).



Figure S3. Visual comparison of reaction mixtures before (a, c) and after (b, d) conventional
heating methods. Images (a) and (c) depict the vials prior to heating, containing a mixture of 2,6-
diformylpyridine (DFP, 21 mg, 0.15 mmol, 5 equivalents) and 4,4',4"-(1,3,5-triazine-2,4,6-
triyl)trianiline (TTA, 12 mg, 0.03 mmol, 1 equivalent) in 3 mL of anhydrous 1,4-dioxane with the
addition of 0.5 mL of aqueous acetic acid (13 M, resulting in a final concentration of 4.0 M acetic
acid). Image (b) shows the vial after heating in an oil bath, and image (d) after heating in an oven,
both for 2 hours at 110 °C. In both (b) and (d), no membrane formation is observed, contrasting
with the outcomes when microwave heating is applied to the same mixture under similar

conditions.



2.6. Control experiment 4: TTA-DFP-COF synthesis under microwave irradiation using a maximum

power setting of 100 watts.

TTA-DFP-COF membrane was synthesized by co-condensation of 2,6-diformylpyridine (DFP, 21
mg, 0.15 mmol, 5 equivalents) and 4,4',4"-(1,3,5-triazine-2,4,6-triyl)trianiline (TTA, 12 mg, 0.03
mmol, 1 equivalent), in 3 mL of anhydrous 1,4-dioxane in presence of 0.5 mL of aqueous acetic
acid (13 M, [acetic acid]final = 4.0 M) sealedin a 10 mL clean glass microwave tube and heated
under microwave irradiation (100 watt) to 110 °C for 120 minutes. Under this reduced power
setting, we successfully synthesized a COF membrane; however, it exhibited less robustness

compared to membranes synthesized at 300 watts.
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Figure S4. PXRD of TTA-DFP membrane performed under microwave irradiation using a
maximum power setting of 300 watts (black) and 100 watts (red). Inset: Pictures of TTA-DFP-COF
membrane VF and DF performed under microwave irradiation using a maximum power setting
of 100 watts.



3. Characterizations
3.1. Fourier Transform infrared (FTIR) spectroscopy

The TTA-DFP-COF membranes formation was confirmed and characterized by ATR-IR
spectroscopy using an Agilent Technologies Cary 600 Series FTIR spectrometer. The spectral data
within the range of 4000 to 600 cm™ were recorded, and 512 scans were averaged for each
spectrum with a spectral resolution of 2 cm™. The spectrum of the background was recorded

first, and it was subtracted from the spectra of samples automatically.
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Figure S5. Stacked FTIR spectra of TTA-DFP-COF membrane and its precursors, 2,6-
diformylpyridine (DFP)and 4,4',4"'-(1,3,5-triazine-2,4,6-triyl)trianiline (TTA).
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Figure S6. Stacked FTIR spectra of TTA-DFP-COF membrane and its precursors, 2,6-
diformylpyridine (DFP) and 4,4',4"'-(1,3,5-triazine-2,4,6-triyl)trianiline (TTA) between 2000-1000

cm™.
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Figure S7. Stacked FTIR spectra of TTA-DFP-COF-5 (red), TTA-DFP-COF-45 (blue), and TTA-DFP-
COF-120 (green).



3.2. Solid-state NMR spectroscopy

Magic Angle Spinning (MAS) solid-state NMR experiments were carried out on a Bruker Avance-
HD 600 MHz spectrometer operating at a static field of 14.1 T using a 4.0 mm MAS probe. Dry
samples were packed into 4.0 mm zirconia rotors and were spun at a MAS frequency of 14 kHz.
1H-13C CP/MAS experiments were performed using a standard linearly ramped cross-polarization
pulse sequence. 13C chemical shifts were externally referenced to the adamantane CH2 signal at

38.48 ppm. NMR data were processed using TopSpin software.
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Figure S8. 13C CP/MAS solid-state NMR spectra of a) TTA-DFP-COF membrane and b) TTA-DFP-

COF membrane (top), TTA (middle) and DFP (bottom). The asterisks denote spinning sidebands.



3.3. Mechanism behind the -NH> reaction with acetic acid to form the N-phenyl acetamide

(phenyl-NH-CO-CH3s)

To elucidate the reaction mechanism between the -NH2 groups of TTA and acetic acid, we
conducted a control experiment where TTA was reacted with acetic acid in the same conditions
as the membrane synthesis. These experiments were specifically designed to demonstrate the

formation of N-phenyl acetamide (phenyl-NH-CO-CH3).

We performed the reaction between TTA and acetic acid. 4,4'4'"-(1,3,5-triazine-2,4,6-
triyl)trianiline (TTA, 12 mg, 0.03 mmol, 1 equivalent) was put in 3 mL of anhydrous 1,4-dioxane
in presence of 0.5 mL of acetic acid (13 M, [acetic acid]final =4.0 M) sealedina 10 mL clean glass
microwave tube and heated under microwave irradiation to 110 °C for 120 minutes. The
compound was precipitated using a solution of NaOH (1M) to collect a yellow solid, which was

washed with ethyl acetate twice and dried overnight in an oven.

The successful formation of N-phenyl acetamide was confirmed by 'H NMR, !3C Cross-
Polarization/Magic Angle Spinning (CP/MAS) solid-state NMR, and Fourier-Transform Infrared
(FTIR) spectroscopy analysis, which showed characteristic peaks corresponding to the amide
bond formation. This validation serves as a clear indication of the reaction mechanism, where

the primary amine groups in TTA react with acetic acid to form amide linkages.

a—'H NMR spectroscopy

The proton NMR spectrum (Figure S9) illustrates the successful synthesis of N-phenyl acetamide
from the reaction of TTA which contains -NH2 groups with acetic acid, based on the chemical
shifts and splitting patterns observed. The resonance signal labeled "c" corresponds to the
protons of the -NH2 group in TTA that have been acetylated to form the -NH-CO-CHs group. In
the product, amide -NH protons to couple within N-phenyl appear as a singlet and are shifted
upfield (6: 10.41 ppm) compared amine protons in TTA. The resonance signal labeled "d"
represents the methyl group protons (CHs) of the amide functional group as a singlet (6: 2.12

ppm). The presence of the singlet of the methyl group supports the conclusion that the reaction



to form N-phenyl acetamide was successful. The resonance signal labeled "b and a" corresponds

to the aromatic protons shifted to up field compared to aromatic protons inthe TTA.

The absence of signals associated with the starting materials (such as the singlet of NH2 groups
in the free amine) and the presence of the singlet of the methyl group supports the conclusion

that the reaction to form N-phenyl acetamide was successful.
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Figure S9. 'H NMR Spectrum of a) TTA and b) N-Phenyl Acetamide from the reaction between
TTA and Acetic Acid.

b - 13C Cross-Polarization/Magic Angle Spinning (CP/MAS) solid-state NMR spectroscopy

The successful formation of N-phenyl acetamide was also confirmed by 3C CP/MAS solid-state
NMR, which showed high frequency peaks appearing from the triazine carbons (170.6 ppm),
aromatic carbons (110 to 150 ppm) in addition to the new peaks appearing from the carbonyl

(164.6 ppm) and methyl groups (25.3 ppm), indicative of the amide bond formation (Figure S10).
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Figure S10. 13C Cross-Polarization/Magic Angle Spinning (CP/MAS) solid-state NMR spectrum
confirming N-Phenyl Acetamide formation. The spectrum displays characteristic resonances
corresponding to the triazine carbon (red dot), carbonyl carbon (yellow dot), aromatic carbons
(blue, cyan and grey dots), and the methyl carbon (green dot) in the amide group, consistentwith

the chemical structure of N-phenyl acetamide.
b — FTIR spectroscopy

The FTIR spectra of TTA before and after reacting with acetic acid show significant differences
due to the chemical changes during the reaction (Figures S11 and S12). Primary Amine (TTA): In
TTA, as a primary amine, the FTIR spectrum typically shows N-H stretching vibrations. These are
observed as three distinct bands at 3457, 3317, and 3206 cm™’, indicative of the N-H stretching
modes as well as at 1631 cm™ indicative of the N-H bending (scissoring) vibrations, in addition
the C-N stretch of primary amine can be observed at 1291 cm™. After Reaction with Acetic Acid
(Formation of Amide): C=0 Stretch (Amide): A prominent change in the spectrum is the
appearance of the C=0 stretching vibration of the amide group, observed at 1684 cm™. This
strong band is characteristic of the amide linkage. N-H Stretch (Amide): The N-H stretch in the
primary amine, previously observed at 1631 cm™, is significantly diminished upon reacting with

acetic acid due to amide formation. In the FTIR spectrum of the amide, this N-H stretch now



appears as a shoulder at 1622 cm™. Alteration of C-N Stretch: The C-N stretch of the primary
amine, originallyat 1291 cm™, undergoes a significant change as the amine converts to an amide.

The resulting spectrum features C-N stretching vibrations characteristic of amides, observed at

1253 cm™.

The conversion of the primary amine to an amide upon reacting with acetic acid is evidenced in
the FTIR spectrum by the emergence of characteristic amide bands, particularly the C=0 stretch,
and changes in the N-H and C-N stretch vibrations. The diminished N-H stretch intensity of the

primary amine, along with new amide-specific bands, verifies the chemical transformation.
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Figure S11. Stacked FTIR spectra of 4,4',4"-(1,3,5-triazine-2,4,6-triyl)trianiline (TTA) and after

reaction with acetic acid.
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Figure S12. Stacked FTIR spectra of 4,4',4''-(1,3,5-triazine-2,4,6-triyl)trianiline (TTA) after reaction

with acetic acid between 2000-1000 cm™.



3.4. Scanning electron microscopy (SEM)
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Figure S13. SEM images of TTA-DFP-COF-5, TTA-DFP-COF-45, TTA-DFP-COF-120 and TTA-DFP-
COF-180.
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Figure S14. Time-dependent thickness study of TTA-DFP-COF-5/25/45/120/180 thickness was

measured by SEM.



Dioxane Face

Figure S15. SEM images of vapor (left panel) and dioxane (right panel) faces of TTA-DFP-COF-5,
TTA-DFP-COF-45, and TTA-DFP-COF-120.
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Figure $16. SEM images of vapor (left panel) and dioxane (right panel) faces of TTA-DFP-COF-5,
TTA-DFP-COF-45, and TTA-DFP-COF-120 at higher magnifications.
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Figure S17. SEM images of TTA-DFP-COF-120 with a tilt angle of 0 and 60°.



3.5. Atomic force microscopy (AFM)

The TTA-DFP-COF membranes could be readily exfoliated into COF nanosheets through ultrasound
treatment, allowingin-depth examination of the continuous structure using AFM. The nanosheets, which
are about 6 nm thick, are formed by the systematic stacking of COF nanoparticles, serving as the

foundation forthe membrane.
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Figure S18. AFM images (a, ¢) and height profiles (b, d) of exfoliated TTA-DFP-COF-120.
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Figure $19. AFM images of exfoliated TTA-DFP-COF-120.



3.6. Powder X-ray diffraction (PXRD) measurements

Powder X-ray diffraction (PXRD) measurements were carried out to confirm the crystalline nature
of the framework. The TTA-DFP-COF membranes were found to be highly crystalline in nature. In
fact, we observed a strong peak at 20 of 4.8 ° assigned to the (110) plane of the regularly ordered
lattice. TTA-DFP-COF membrane shows a broad peak at ~25.5, corresponding to the reflection

from the (003) plane.
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Figure S20. PXRD analysis of TTA-DFP-COF-120 membrane. Comparison of experimental PXRD

pattern and calculated from the proposed crystal structure.



3.7. High-resolution transmission electron microscopy (HRTEM)

High-resolution transmission electron microscopy (HRTEM) images were obtained using a Talos
F200X Scanning/Transmission Electron Microscope with a lattice-fringe resolution of 0.14 nm at
an accelerating voltage of 200 kV equipped with a CETA16M camera. The samples were prepared
on holey carbon film mounted on a copper grid. A drop of diluted particle solution was spotted
on the grid and dried overnight at room temperature (298 K). All the relevant areas were marked
using bright field imaging mode at spot size 3, and the marked areas were also scanned using the
STEM-HDAAF mode at spot size 9 for imaging and spot size 6 for conducting the STEM-EDAX. The
STEM mode helps in providing the elemental composition as it works on the principle of mass
determination. Such measurements can be performed at low electron dose by collecting the
high-angle dark-field signal using an annular detector. This mode is generally used to image the
elements with different masses, with the heavier mass element appearing brighter. The samples
were scanned at spot size 9 and with a screen current of 60 pA. The data was analyzed using

Velox analytical software.



Figure S22. STEM image of exfoliated TTA-DFP-COF-120.



Figure S23. HRTEM analysis of TTA-DFP-COF-120 confirming the material’s crystallinity: a) HR-
TEM image displaying lattice fringes and b) and c¢) images of lattice fringe reconstruction. Lattice

fringe distances (d = 0.34 and 0.64 nm) corresponding to the (003) and (221) planes of the COF

Figure S24. Selective area electron diffraction (SAED) image indicate the TTA-DFP-COF

membrane's crystallinity.
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Figure $26. TEM image of the liquid phase (dioxane) after membrane synthesis.



3.8. N2 adsorption-desorption experiments

Low-pressure gas adsorption measurements were performed on 3-Flex Surface Characterization
Analyzer (Micromeritics) at relative pressures up to 1 atm. The cryogenic temperatures were
controlled using liquid nitrogen baths at 77 K. The apparent surface area was determined from
N2 adsorption isotherm collected at 77 K by applying the Brunauer-Emmet-Teller (BET) model

between P/Po values of 0.0005 and 0.05 for microporous COFs.

In a typical experiment, 20 to 30 mg of homogenous polycrystalline samples of TTA-DFP-COF
membranes are transferred (dry) to a 6-mm large bulb glass sample cell and are evacuated at
room temperature using a turbo molecular vacuum pump and then gradually heated to 125 °C,

held for 24 h and cooled to room temperature.
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—m

dV/dW Pore Volume (cm%¥g-A)

20 40 60 80 - 100
Pore Width (A)

Figure S27. Pore size distribution of TTA-DFP-COF-5 (red), TTA-DFP-COF-45 (blue), and TTA-DFP-
COF-120 (green).
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Figure $28. a) PXRD of TTA-DFP-COF-5 (red), TTA-DFP-COF-45 (blue), and TTA-DFP-COF-120
(green) between 3 and 8° corresponding to the 110 peak. b) BET surface versus intensity of the
110 peak of TTA-DFP-COF-5 (25 um, red), TTA-DFP-COF-45 (55 pum, blue), and TTA-DFP-COF-120

(85 um, green).



3.9. Mechanical properties by nano-indentation
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Figure $29. Mechanical properties as a function of the thicknesses of TTA-DFP-COF-5/45/120,

Young modulus (black), and hardness (blue) were deduced from loading displacement curves.



Table S2. Comparison of the mechanical properties obtained by nanoindentation (Young’s

modulus (Er) and hardness (H)) of TTA-DFP-COF-5/45/120 membrane vs. reported membranes.

Young’s modulus (Er) and hardness

Membrane (H) Reference
amide-COF Er=104.5 MPa, H=21.5 MPa Lu etAl.11
COF-1 Er = 3064 MPa, H =230 MPa Turangan et Al.12
Tp—-Azosphere Er = 15300 MPa, H =~ 66 MPa Dey et Al.13
COF-DhTGCI Er = 350 MPa, H= 278 MPa Wang et Al.14
FCOF Er = 30000 MPa, H = 1200 MPa Zhao et Al.15
poly3/6COF-42 Er=914 MPa Wang et Al.16
TAPB-BTCA-MCOF Er =800 MPa Martin-1llan et ALY
TAPB-PDA COF Er = 1400 MPa Zhu et Al.18
COF-5 Er=59.42 MPa Duan et AL1°
LZU-8 Er=122.78 MPa Wang et Al.2°
TpPa-SO3H Er=2557 MPa Hou et A2
TFG-EDA Er =144 MPa Mishra et Al.?2
HKUST-1 Er=1010 MPa Bundschuh et Al. %3

MIL-53 membrane

Er=7010 MPa, H = 82.4 MPa

Zhang et Al.%*

EMA400/MIL-101(Cr)-NHa

TTA-DFP-COF-120

Er=2100 MPa, H= 520 MPa

MMMs Er = 650 MPa Chen et Al.?°
P°'V(a'ky(';xzzz)wy'ate)s Er = 4000-17000 MPa Altabal et A/.26
PAE film Er=3900 MPa, H =320 MPa Xu et Al.27
Freestanding Poly (Methyl
Methacrylate)/Monolayer Er =180 MPa Bais et Al.?8
Graphene Membrane
TTA-DFP-COF-5 Er =300 MPa, H= 250 MPa
TTA-DFP-COF-45 Er =500 MPa, H =350 MPa This work




3.10. Water contact angle
TTA-DFP-COF-5 TTA-DFP-COF-45 g FTA-DEP=COF-120
e [ pr—

Figure $30. Digital images of water contact angle (WCA) of the vapor face (VF, top) and dioxane

face (DF, bottom) of TTA-DFP-COF-5, TTA-DFP-COF-45, and TTA-DFP-COF-120.



3.11. Raman spectroscopy

The two faces of the TTA-DFP-COF membrane were characterized using Raman microscope
(Horiba Labram HR Evolution). A green laser at 532 nm wavelength was used for excitation with

a 50x objective. The focal length was optimized to minimize the laser's penetration depth.

4000-
== Vapor face
—_ 3000- Dioxane face e
= = Subtraction _’ 4
S
2 2000
‘»
c
Q
]
S 10004
0 4

200 400 600 800 1000 1200 1400 1600
Wavenumbers (cm™)

Figure S31. Raman spectra of vapor face (hydrophilic, red), dioxane face (near-hydrophobic, blue)

of the TTA-DFP-COF membrane and their corresponding subtraction (black).



3.12. ATR-FTIR spectroscopy

A Nicolet Nexus FTIR Spectrometer (Nicolet Instrument Co., Madison, USA) equipped with a DTGS
(Deuterated Triglycine Sulphate) detector was employed. A diamond ATR accessory (DuraSample
IR-Technologies Danbury, USA) was used for ATR FTIR experiments. Each spectrum comprises

128 scans measured at a spectral resolution of 4 cm™ in the 4000-600 cm™ range.

Table S3. Experimental ATR FTIR bands (at wavenumbers/cm™) of the TTA-DFP-COF membrane

and vibrational assignment of the infrared bands.

Band position (cm™) Assignment
3070 C-H stretch. (arom.)
2977 C-H antisym. stretch. (CHs group)
2925 C-H(stretch.)
2868 C-H sym. stretch. (CH3 group)
1710 C=0 (aldehyde)
1680 C=0 (N-phenyl acetamide)
1607-1580 C-C & C=C stretch. ring
1511 C=N stretch. + C-H bend.
1480 NH bend. (amide)
1453 C-H bend. ring + C-C stretch.
1409 C-H bend. + N-H bend
1350 C—N stretch. or CH(methyl) bend and combination
1395 C-C stretch and C-N-C stretc.h. e.md C-H(arom.)
bend. and combination
1176 C-H bend.
1145 C-H bend. + C-C stretch.
866-816 ring def.




3.13. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) analysis was performed to analyze the elemental
composition and understand the interactions in the membrane. XPS experiments were carried
out on a Kratos Axis Ultra DLD spectrometer under a base pressure of ~ 2x10710 mbar. A
monochromated Al Ka X-ray source (1486.69 eV) irradiated samples at room temperature. XPS
spectra were recorded from an analysis area of 700 um x 300 um. High-resolution XPS data of
core levels were obtained with an energy resolution of 0.05 eV. For consistency, XPS
measurements were calibrated to Cls (~ 285 eV). Data were analyzed using CasaXPS package

with Shirley background subtraction.

Our approach employs the pseudo-Voigt function, chosen for its robustness and effectiveness in
integrating a weighted blend of Gaussian (70%) and Lorentzian (30%) profiles. We have
meticulously adjusted the deconvolution process to accurately accommodate multiple subsidiary
peaks, ensuring a precise and reliable fit. This adjustment aims to achieve an expected x*2 value
around 1, adhering closely to the established physical principles underlying X-ray Photoelectron
Spectroscopy (XPS). A key aspect of our method involves ensuring physical plausibility, such as
maintaining consistent Full Width at Half Maximum (FWHM) values for comparable components

to accurately represent core-hole broadening effects.
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Figure $32. XPS survey spectrum of vapor and dioxane faces of the TTA-DFP-COF membrane.



Table S4. Peak % for C, N, and O of vapor and dioxane faces of the TTA-DFP-COF membrane

Element Vapor Face Dioxane Face
C1ls 81.1% 80.5 %
N 1s 12.1% 15.9 %
O1s 6.7% 3.6%
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Figure $33.XPS a) C 1s, b) N 1s, and c) O 1s spectra of vapor (left panel) and dioxane (right panel)
faces of the TTA-DFP-COF membrane.



Table S5. Binding energy (eV) and peak % for C 1s spectrum deconvolution curves of vapor and

dioxane faces of the TTA-DFP-COF membrane (instrumental error is £0.2eV).

Cls Vapor Face Dioxane Face
Bond Binding energy % Binding energy %
(eV) (eV)
Cc=C 285.0 29.1 284.9 32.0
C-N 285.8 34.6 285.9 33.3
C-N=C/ N-C=0
. 286.9 21.4 286.9 16.4
amide
€=0 from 288.5 3.6 288.2 5.0
aldehyde ' ' ' '
n-Tt 291.1 11.2 291.2 10.5

Table S6. Binding energy (eV) and peak % for N1s spectrum deconvolution curves of vapor and

dioxane faces of the TTA-DFP-COF membrane (instrumental error is +0.2eV).

N1s Vapor Face Dioxane Face
Bindin Binding ener
Bond : % g 24 %
energy (eV) (eV)
Imine/triazine/C=N/
399.4 50 399.1 37.5
N-C=0
Pyridine C-N 400.1 314 399.9 23.7
Amine - NH2 - - 400.6 22.1
N-quaternary
o 402.0 15.9 402.5 14.8
(protonated pyridine)

Table S7. Binding energy (eV) and peak % for O1s spectrum deconvolution curves of vapor and

dioxane faces of the TTA-DFP-COF membrane (instrumental error is £0.2eV).

O1ls Vapor Face Dioxane Face
Bond Binding % Binding energy %
energy (eV) (eV)
-CO (from -NH-CO-CH3s) 532.3 85.214.8 532.6 57.4
-CHO (from DFP) 533.7 14.8 533.4 38.2
Satellite - - 537.4 4.4




3.14. Surface zeta potentials ({) measurement

Surface zeta potentials ({) measurement was conducted using ZetaSizer (ZEN3600, Malvern
Panalytical, UK). A drop of tracer (polystyrene) was used as the charged particle and was added
to 2 ml DI water at pH ~ 7, since all characterization and testing were conducted around neutral
pH. The T potential is calculated with the aid of parameters such as dielectric constant, particle

velocity, and solution viscosity.

1 vapor Face [_] Dioxane Face

10 TTA-DFP-COF-5 TTA—DFP—COF—45 4 TTA-DFP-COF-120

Surface C-Potential (mV)

-30 -

Figure S34. Surface zeta potentials ({) measurement for the vapor (orange, superhydrophilic) and
dioxane (yellow, near-hydrophobic) faces of TTA-DFP-COF-5, TTA-DFP-COF-45, and TTA-DFP-
COF-120.


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/zeta-potential
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/zeta-potential
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/zeta-potential

3.15. Time-dependent TEM/STEM studies of the membrane formation

We executed time-dependent TEM studies by dipping TEM grids at the liquid/vapor interface
inside the microwave oven during the synthesis and performed a morphological analysis. The
synthesis was slightly altered to slow down the reaction kinetics and simplify the experimental
process. We conducted the experiment in an open vessel mode, dipping the grid at various time
intervals inside the oven. To prevent water evaporation as the system was no longer sealed, we
reduced the reaction temperature to 85 °C. By decreasing the temperature, we achieved a slower

reaction rate without affecting its overall outcome.



Figure $35. Time-dependent study of the TTA-DFP-COF membrane formation by a) TEM and b)
STEM.



Figure S36. Time-dependent study of the TTA-DFP-COF membrane formation by TEM.
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Figure S37. Time-dependent study of the TTA-DFP-COF membrane formation by TEM at higher

magnification.
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reaction at room temperature:
formation of distinct crystalline
nanosheets of COF
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2 - Rapid temperature increase
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assembly and polymerization of
COF: interplay of aldehyde
groups and amines on
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dioxane-water vapor interface
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Figure S38. Time-sensitive TEM analysis of TTA-DFP-COF nanosheet synthesis and assembly. Step
1: 0 min, room temperature: Rapid imine condensation forms crystalline COF nanosheets in
solution. Step 2: 2 min, 75°C: Mesoscale self-assembly at the dioxane-water vapor interface. Step
3: 3 min, 85°C: Nanosheets form larger structures with branching. Step 4: 4 min, 85°C: A thick

membrane is formed from accumulated COF layers with a smooth face (VF) and a rough face
(DF).



3.16. Thermogravimetric analysis (TGA)
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Figure S39. Thermogravimetric analysis (TGA) of TTA-DFP-COF-5 (red), TTA-DFP-COF-45 (blue),
and TTA-DFP-COF-120 (green). The thermal stability of the COF profile was recorded at a scan

rate of 5 °C/min.



3.17. Stability study

EaCD
- -

"

Figure S40. Stability of TTA-DFP-COF-120 in aqueous solution at pH 5, 7, and 9 and various organic

solvents. Membranes were immersed for 24 hours in various conditions.
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Figure S41. Stacked FTIR spectra of TTA-DFP-COF-120 in various organic solvents. Membranes

were immersed for 24 hours in the various conditions.
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Figure S42. Stacked FTIR spectra of TTA-DFP-COF-120 in an aqueous solution at pH 5, 7, and 9.
Membranes were immersed for 24 hours in the various conditions.
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Figure S43. Stacked PXRD of TTA-DFP-COF-120 in various organic solvents. Membranes were
immersed for 24 hours in the various conditions.
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Figure S44. Stacked PXRD of TTA-DFP-COF-120 in aqueous solution at pH 5, 7, and 9.
Membranes were immersed for 24 hours in the various conditions.



4 - Filtration Tests

Before testing, the TTA-DFP-COF membrane was thoroughly washed with water by immersing it
in a water bath and changing the water at least three times. The TTA-DFP-COF membrane was
then cut into a 1.4 cm circle using a hole punch. A vacuum filtration setup was used to test the
TTA-DFP-COF membrane. A membrane holder was attached to the filtration setup and acted as
a reducer of the filtration area to a 1.4 cm diameter circle. Another important function of the
membrane holder was to sandwich the membrane and prevent its buckling and further damage
when the vacuum pump was turned on. Non-woven nylon support was used to support and
protect the membrane from both sides, and their size was also adjusted to a 1.4-diameter circle

using the hole punch.

Figure S45. Filtration set-up consisting of i) the vacuum filtration setup used, ii) the membrane
holder formed from the upper part, which is a cup that holds the feed and upper support that

sandwiches the membrane, and the lower part where the membrane is placed, iii) the lower part



of the membrane holder showing the space where the membrane is placed, and iv) a picture of

the membrane cut to 1.4 cm diameter circle as used in the filtration setup.

The salt solutions were obtained by dissolving 1 g of NaCl or MgCl. in 1L of water, yielding a 1000
ppm salt solution. The dye solutions were prepared by dissolving 2.5 mg of each dye in 1 L of
water. Oil in water suspensions were prepared by adding 1g of oil to 1 L of water. A stable oil in
water suspension was obtained by mixing the solution for 15 minutes using a homogenizer at
14000 rpm. The pH of all solutions was monitored and adjusted to 7 £0.05. The filtration setup
was cleaned and dried before all experiments. 50 mL of the salt/dye solution or oil in water
suspension was added to the filtration cup, and the vacuum pump was turned on. The average

transmembrane pressure during our vacuum filtration experiments was 0.5 bar.

Standard procedures were followed to prepare the filtration setup prior to conducting
membrane filtration tests. Specifically, the setup underwent thorough flushing with deionized
(DI) water to remove any residual contaminants and to ensure optimal conditions for membrane
performance evaluation. Additionally, the filtration setup was allowed to run without collecting
any samples during the initial run of each test. This practice allowed sufficienttime for the system

to stabilize, ensuring a stable filtration flux before formal sampling was performed.

After obtaining an adequate amount of filtrate, samples from the filtrate, feed, and retentate
were taken and stored. The volume of the filtrate and the time required to collect it are noted to
calculate the flux. The salt rejection was calculated using a conductivity meter (Orion VersaStar
Pro, Thermo Scientific). The dye rejection was calculated using a UV-VIS (UV-3100PC, VWR). The
oil rejection was determined using a total organic carbon (TOC) analyzer (Sievers InnovOx ES). DI
water was used to clean the membrane between filtration runs to keep the membrane

performance optimal, even when no flux drop was observed.

The filtration experiments methodology, the samples’ volume collected, and the number of

cycles done are favorable compared to recent literature.?*34

The rejection of the salts, dyes, and oil was calculated using the following equation:



C.—C
R = (u>x100%
CF

Where (R) is the rejection of the salt, dyes, and oil, (Cr) is their concentrations in the feed, while
(Cp) is their concentrations in the permeate. The water flux was calculated using the following

equation:

Where (F) is the flux in (L m~2h1), (V) is the volume of permeate in (L), A is the filtration area in

(m?), and (t) is the time in (h).

All experiments were performed at least three times, and the average and standard deviation
were calculated. The membrane was flushed with DI water between tests to clear out any
residuals. Blank tests were also performed where the nonwoven supports were placed in the

filter holder to confirm that they did not contribute to the rejection.



Table S8. Characteristics and molecular structures of the different dyes studied.

Molecular

Dye Charge Size (A) Molecular structure
weight (g/mol)
Q
Rose Bengal J&Eg‘
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Figure S46. Long-term Stability Test of the TTA-DFP-COF Membrane. a) Pictures of the
membrane's Vapor Face (VF) and Dioxane Face (DF) after filtration experiments and being
submerged in water for two years, highlighting the preservation of surface textures. b) PXRD
pattern of the same membrane post-exposure, indicating that it retained crystallinity and

structural integrity.



Table S9. Comparison of the performance of the TTA-DFP-COF membrane with COF, MOF,

polymer membranes and composite polymer membranes in water filtration from oil-in-water

emulsions
Composite Pe":'liitlon S(-.zp.aratio‘r: Number of Reference
Membrane (Lm-2h-1bar?) Efficiency (%) Cycles
TTA-DFP-COF-120 7200 99.9 10 This Study
COF-COOH 1843 >98 5 =
TpHZ COF
Nanofibers 38842 >95 > *
PVDF/PDA/PEI 233 >85 3 37
PAI (HFPS) 440 99.9 18 38
PVDF/ESP 229 99.5 10 =
PVDF-TiO2 400 99.7 5 &
PAN/PANI 1300 99.8 15 ol
PAN-PA6/PANI 326 97.8 5 e
PEN/HNTs@GO-
PDA 705 99.4 10 &
PEN@PDA/ATPES 6121 99.63 10 44
PCL/Tween80 70 99 - ‘9
PVA/GO/PPY 6503 99.5 10 &
PAN/HPEI/PDA 1600 98.5 10 <
MCNM 1580 99.6 10 s
PAN/ZIF-8 2514 99.92 - 49
PAN/MOF-808 379.3 99.97 10 &
SiC 980 >90 - oL
HF-SiC70Si30 2515 98.75 2 oz
SiC 654 93.5 2 =
SiC 13298 >85 - o




5 - Antibacterial Properties

The antibacterial properties of TTA-DFP-COF membranes were assessed against E. coli (Gram-
negative) and S. aureus (Gram-positive) bacteria. All glassware, solutions, and membrane
samples were sterilized using ultraviolet light before the experiment. Bacterial concentration was
estimated using the optical density at 600 nm (ODeoo) using a spectrophotometer. The overnight
cultures were diluted in Luria-Bertani (LB) medium to achieve target ODeoo values. Before the
bacteria experiment, the membrane was washed and rinsed with sterile PBS. CFU: number of

colony-forming unit

All the images presented in this study are representative of results obtained from three

independent experiments.
5.1. Disk diffusion

These bacterial cultures were introduced into fresh, sterilized media ata 1:100 volume ratio and
incubated at 37 °C for 3 hours with shaking. TTA-DFP-COF membranes, cut into 2.5 cm diameter
disks, were placed on the plate, then coated with 100 pL of bacterial suspensions (107 CFU/mL)
andincubated at 37 °C for 24 hours. The antibacterial efficacy of the membranes was determined
by measuring the diameter of the inhibition zones, with larger diameters indicating more

effective antibacterial activity.

a) / E. coli

Figure S47. Images of the LB agar plates of a) E. coli and b) S. aureus cultures after removal of the

membranes showing the inhibition zones after 24 hour-contact.



5.2. Antibacterial activity

2.5-cm membrane sample was placed in a Petri dish, immersed in 1 mL of E. coli or S. aureus
suspension (bacteria concentration= 1 10® CFU/mL) respectively, and incubated with shaking at
medium speed and 37 °C for 1 hour while ensuring the membrane surface was uniformly in

contact with the bacteria liquid.

Blank control group: the same E. coli and S. aureus suspensions (cell concentration= 1 10°
CFU/mL) without being contacted with the membrane were cultured in constant temperature
incubation at 37 °C for the same time with the inoculated membrane groups, as well as LB alone
and membrane with only LB (no bacteria) for the sake of comparison. The experiment was

conducted intriplicate.

100 pL of the bacterial solution was spread on the LB agar plate, and incubated at 37 °C for 24 h,

and the CFUs in each plate was counted to evaluate the antibacterial performance.



| Control | 1-hour TTA-DFPmb |

E. coli

S. aureus

Figure S48. Antibacterial activity of TTA-DFP-COF membrane against E. coli and S. aureus.
Control groups show dense growth of both bacteria. After 1-hour treatment with the TTA-DFP-
COF membrane, there is aclearreduction in E. coli and S. aureus colonies, indicating an inhibition

rate of 83.07 % and 78.37 % respectively. Results are from triplicate experiments.



Table S10. Percentage of inhibition (%) of E. coli and S. aureus after 1 hour of contact with TTA-
DFP-COF membrane.

% inhibition
E. coli 83.07 %
S. aureus 78.37 %

5.3. Bacteria attachment experiment

Subsequently, the TTA-DFP-COF membrane was removed and washed with 10 mL sterile PBS
solution to remove nonadherent bacteria and collect the whole cells. The collected bacterial
suspensions (0.1 mL) were spread inan LB agar plate. The viable bacterial colonies were counted
after being cultured for 24 h at 37 °C (Figure S49 ii and vi). As observed, no viable bacteria were
collected from the wash solution of the TTA-DFP-COF membrane compared to the control in both

bacteria strains (Figure S49).

The membrane was then transferred to bacterial culture tubes with 5 mL of sterile PBS solution
and placed at 37 °C in an incubator-shaker for 4 h. 100 mL of the eluent bacterial solution was
spread on an LB agar plate. The plates were incubated at 37 °C for 24 h, and the viable bacterial
colonies in each plate were counted to evaluate the antibacterial and anti-attachment
performance. As observed in Figure S49 iii and vii, no viable bacteria were collected from the
eluent bacterial solution compared to the control in both bacterial strains, showing that no

bacteria were attached to the membrane or survived its contact.

The membrane was subsequently placed on an agar plate at 37 °C for 24 hours. The absence of
colonies indicated that no bacteria, from either strain, adhered to the membrane, as illustrated

in Figure S49 iv and viii.
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Figure S49. Anti-attachment efficacy of TTA-DFP-COF membrane against E. coli (top panel) and
S. aureus (bottom panel). i) and v) Display control agar plates with bacterial growth; ii) and vi)
Show no bacterial colonies from the wash solution post-membrane contact; iii) and vii) Indicate
absence of bacterial colonies in the eluent from the membrane incubation; iv) and viii) Confirm

no bacterial adherence on the membrane after 24 hours on agar plates.
5.4. Bacterial morphology study by SEM

Toinvestigate the morphological changesin bacteria exposed to the TTA-DFP-COF membrane for
1 hour, we conducted SEM analysis in comparison to control. Initially, the bacteria were fixed
overnight using a 2.5 % glutaraldehyde solution. Subsequently, the specimens underwent two
rounds of washing with phosphate-buffered saline (PBS) at a pH of 7.4. To further prepare the
samples for analysis, we subjected them to a series of ethanol washes with increasing
concentrations (20 %, 40 %, 60 %, 80 %, and 100 %). Finally, a gold coating was applied to the

prepared bacterial samples for SEM analysis.
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Figure S50. Comparative SEM analysis of bacterial morphology in the presence and absence of
the TTA-DFP-COF membrane. Top panel: E. coli bacteria appear intact in control samples but
show notable deformation after 1-hour exposure to the TTA-DFP-COF membrane, as indicated

by the yellow arrows. Bottom panel: S. aureus exhibits a similar trend, with control bacteria



maintaining their characteristic shape and those treated with the TTA-DFP-COF membrane

displaying significant structural disruptions, highlighted by yellow arrows.

5.5. Biocompatibility of the TTA-DFP-COF membrane

The biocompatibility of the TTA-DFP-COF membrane was rigorously evaluated in vitro using the
Human Embryonic Kidney (HEK-293) cell line. This cell line, known for its epithelial morphology
and origin from human embryonic kidney tissue, is extensively utilized in biotechnology and

toxicology research for evaluating material compatibility with human biology.

HEK-293 (ATCC CRL-1573) cell lines were cultured in Dulbecco's Modified Eagle's medium
(DMEM) supplemented with 10 % fetal bovine serum (FBS) and 1 % penicillin/streptomycin at 5
% CO2and 37 °C.

In vitro study by optical microscopy

HEK-293 cells were seeded in 6-well plates for 24 hours in complete DMEM with fragments of
TTA-DFP-COF membrane. Then, the cells were washed with PBS, fixed with paraformaldehyde
solution (3.7 %) for 10 minutes, and washed thrice with PBS. Samples were analysed using optical

microscopy. The experiment was repeated 3 times.



Figure S51. Images of HEK-293 cells incubated with TTA-DFP-COF membrane for 48 hours

(membrane fragments are displayedin green).
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