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ABSTRACT: Two dimensional covalent organic frameworks
(2D-COFs) are a class of crystalline porous organic polymers
that consist of covalently linked, two dimensional sheets that
can stack together through non-covalent interactions. Here
we report the synthesis of a novel COF, called PyCOFamide,
which has an experimentally observed pore size that is greater
than 6 nm in diameter. This is among the largest pore size re-
ported to date for a 2D-COF. PyCOFamide exhibits permanent
porosity and high crystallinity as evidenced by the nitrogen ad-
sorption, powder X-ray diffraction, and high-resolution transmission electron microscopy. We show that
the pore size of PyCOFamide is large enough to accommodate fluorescent proteins such as Superfolder
green fluorescent protein and mNeonGreen. This work demonstrates the utility of non-covalent structural
reinforcement in 2D-COFs to produce larger, persistent pore sizes than previously possible.

Two-dimensional covalent organic frameworks (2D-COFs) are crystalline, porous, organic polymer net-
works built from organic monomers and linked together by dynamic covalent bonds.’® Researchers have
explored the landscape of COF structures for use in applications such as molecular separation,*° sens-
ing,%’ gas storage,®® electronic devices,'®!" and catalysis.’>'® COFs can be designed for various applica-
tions by modifying their crystallinity, pore size, and surface area from the bottom up.314-16

One fundamental challenge in porous materials design involves the synthesis of structures with large,
and persistent pores. There are several general obstacles in this pursuit, including the solubility of large
organic molecules needed to generate the large pore sizes,'”'® as well as the propensity for pore collapse
or structural damage upon solvent removal.’®"2% As a result, 2D-COFs with a pore diameter larger than 5
nm are not common.'#?4726 There are additional challenges in the design of large pore 2D-COFs as they
use more flexible organic linkages?’~3? in the covalent sheets in comparison with more rigid metal-or-
ganic frameworks (MOFs),"” along with the potential for inefficient stacking of the 2D layers in an
eclipsed orientation®'*? These 2D sheets are held together by non-covalent interactions such as donor-
acceptor complexes,’® aromatic stacking interactions,’>*334 dipole-dipole interactions,**>¢ van der Waals
forces,®” and hydrogen bonding.3843

A number of general methods to improve the crystallinity and surface area of 2D-COFs have been exten-
sively studied.’>3%4445 COF activation methods have evolved significantly to include the use of fluorous
liquids?’ or supercritical carbon dioxide (scC0,)?®~* to remove the organic solvents used during the
polymerization. This strategy is beneficial as it can be used on any material and does not require any
synthetic modification of the COF structure. However, more recent work has shown that by designing
non-covalent interactions that are directed specifically between the layers, COFs with significantly im-
proved crystallinity and surface area can be attained, even without scCO; activation.’>264345 However, as
pore sizes increase, even the gentlest solvent activation methods can cause damage to the structure. In
these situations, the only way to preserve these large pores may be through a combination of structural
reinforcement and improved activation methods.
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Figure 1. Synthesis and structure of PyCOFamide.

Our group recently reported a class of 2D-COFs with secondary amide sidechains that can facilitate in-
terlayer hydrogen bonding (COFamide 1-2).% Given our previous observation that the highly correlated
interlayer hydrogen bonding of the COFamide series made them resistant to pore collapse using conven-
tional solvent activation conditions, we aimed to expand the pore size significantly with the expectation
that the rigidified layer structure would be able to support larger pores. In this study, we polymerized a
tritopic aldehyde with amide sidechains (1) and a ditopic amine linker 4,4'-(pyrene-2,7-diyl)dianiline (3) to
produce an imine-linked COF called PyCOFamide (Figure 1). A control polymer without amide groups
was also synthesized (4) using a monomer with methyl groups in place of the secondary amide groups
(2) in order to investigate the importance of the interlayer hydrogen bonding on the COF structure.

Polymerization reactions were carried out in a solvent mixture of o-dichlorobenzene, nbutanol and ace-
tic acid (3M, aq) in a ratio of 1.9:1:0.1 at 120 °C for 5d to produce PyCOFamide, or polymer 4. The insol-
uble polymers obtained were activated using scCO, before further characterization. The PyCOFamide
was obtained as an ash-colored powder whereas polymer 4 was a light-yellow powder. These powders
are insoluble in common organic solvents such as acetone, methanol, dichloromethane, and hexane.

The FT-IR spectrum of PyCOFamide (Figure 2A) showed the appearance of a signal at 1628 cm™, which
is characteristic of an imine stretching vibration. The disappearance of the aldehyde C=0 stretching
modes at 1697 cm™ and amine N-H vibrations at 3464 cm™ confirm the absence of starting monomers
in the final polymer. Additionally, the amide N-H stretching vibrations of PyCOFamide shift to 3309 cm™
compared to the amide N-H stretching modes of 1 at 3278 cm™. This shift can be attributed to the for-
mation of interlayer hydrogen bonding interactions.** We digested PyCOFamide in acidic DMSO-djs to
determine the monomer incorporation ratio. We found the aldehyde to amine monomer ratio to be 1:1.5
which is consistent with the initial feed ratio (Figure S8).

Powder X-ray diffraction (PXRD) experiments were performed to determine the crystallinity of the syn-
thesized polymers. Sharp diffraction peaks were observed in the scCO; activated PyCOFamide. An in-
tense, and narrow diffraction peak corresponding to the (100) crystal plane was observed at 3.1° 26 in
the PyCOFamide diffraction pattern (Figure 2B). In addition to the peak at 3.1°, other peaks were ob-
served at 4.8, 6.2,7.8,9.4,10.9 and 18.5° which can be attributed to the diffraction from the (110), (200),
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Figure 2. (A) FT-IR spectra of PyCOFamide and starting monomers. (B) PXRD patterns of PyCOFamide
(purple), Pawley refined (red), the simulated PyCOFamide pattern (green), difference plot (black) and pol-
ymer 4 (blue). (C) Nitrogen adsorption (closed circles) and desorption (open circles) isotherm for PyCO-
Famide (purple) and polymer 4 (blue). (D) Pore size distributions for PyCOFamide and control polymer 4.
(E) SEM of PyCOFamide. (F) HR-TEM of PyCOFamide.

(210), (120), (220), and (001) crystal planes. Molecular modeling and Pawley refinement of the diffraction
pattern was performed using the BIOVIA Materials Studio software package. The initial PyCOFamide
lattice structure was built in the P6/m space group and energy minimized in P1 using the universal force
field (UFF). The experimental PXRD patterns of PyCOFamide are well-matched with the simulated PXRD
patterns obtained by modeling an eclipsed stacking arrangement (Figure S6). The (001) reflection for
PyCOFamide appears at 18.5°, which is characteristic for COFamides as they have larger interlayer spac-
ing distances owing to the steric hindrance caused by the out of plane phenyl rings and amide groups at
the node positions.*® Additionally, the interlayer distance predicted from the simulated crystal structure
of ~ 5.1 A, is similar to the experimental value (~ 4.8 A) obtained from PXRD. No peaks were observed
in the PXRD pattern of polymer 4 (Figure 2B) indicating that it is amorphous in nature.

The Brunauer-Emmett-Teller (BET) surface area and pore size distributions of PyCOFamide and 4 were
measured by nitrogen adsorption measurements at 77 K (Figure 2C). When activated using scCO, PyCO-
Famide has a BET surface area of 1682 m?/g. However, when it is subjected to conventional activation
(washing with organic solvents and heating under dynamic vacuum), the BET surface area is significantly
lower (8 m?/g) (Figure S5). Pore collapse or decrystallization is common when using conventional sol-
vent activation because of the capillary effect that occurs during solvent evaporation under vacuum.*° In
comparison, the control polymer 4 has a low accessible surface area (169 m?/g) and no observable
crystallinity by PXRD regardless of activation method, indicating that the hydrogen bonding interactions
are key to reinforcing the eclipsed stacking of the material. Nitrogen adsorption isotherm profiles of
PyCOFamide have a type-lV isotherm shape, which is characteristic of mesoporous materials (pores >20



A). The pore size distribution and total pore volume were determined using the non-local density func-
tional theory (NLDFT), cylindrical pores-oxide surface model. PyCOFamide has a narrow pore size distri-
bution centered at 61 and 67 A (Figure 2D) that agrees with the calculated pore size (65 A) from the
computational model with eclipsed stacking (Figure S6).

Scanning electron microscopy (SEM) images of the PyCOFamide powder reveal that it has discotic mor-
phology (Figure 2E) with aggregated discs of about 70 nm in size. The highly ordered, periodic structure
of PyCOFamide could be observed in the high-resolution transmission electron microscope (HR-TEM)
image (Figure 2F). This image clearly shows the hexagonal pore arrangement indicating long-range order
and the layered arrangement of PyCOFamide. These observations are consistent with the PXRD data.
The size of the hexagonal pores is also in agreement with those obtained from the nitrogen adsorption
isotherm.

To test the stability of PyCOFamide, the COF was immersed in various aqueous solutions and organic
solvents such as N, A-dimethylformamide (DMF), dimethyl sulfoxide (DMSO0), 1,4-dioxane, Mmethyl-2-
pyrrolidone (NMP), sulfuric acid (1M, aq), sodium hydroxide (1M, aq) and phosphate buffered saline (PBS,
pH=7.4). The retention of crystallinity after immersion of 3d was studied by PXRD (Figure S7). The results
revealed that the crystallinity of PyCOFamide is retained in DMF, and sodium hydroxide and PBS. How-
ever, the crystallinity of PyCOFamide is damaged in the sulfuric acid, which may be due to hydrolysis of
the imine linkages under acidic conditions. Additionally, PyCOFamide crystallinity was lost in 1,4-dioxane,
DMSO, and NMP solvents likely due to their polarity that could contribute to the exfoliation or the dis-
placement of COF layers. Interestingly, the characteristic peak around 18.5° corresponding to the inter-
layer stacking distance in COFamide-based materials remains visible in the PXRD patterns even after the
other peaks have disappeared. We hypothesize that this could arise from continued interlayer stacking
between disordered sheets after decrystallization.

A &7 E 5 —GFP
O — COF-42
; c&c(f’ Y ..g4 — PyCOFamide|
g *\ % 3
é PyCOFamide &
1
0%0 ,o‘&go 470 520 570 620
by Wavelength (nm)
/?
25
B D F —mNG
o — — COF-42
,lf‘b‘ﬂ > 20 — PyCOFamide|
TN Ty, ~15
A{;« )1? 52 A X
i COF-42 .: 210
‘6\( ”i{}v x 5
R
Lo Rt g 0,
500 550 600 650

Wavelength (nm)

Figure 3. (A) Structure of PyCOFamide. (B) Structure of COF-42. (C) Dimensions of sfGFP (PDB ID: 2B3P)
and (D) mNG (PDB ID: 5LTR). Fluorescence spectra of (E) sfGFP loading into PyCOFamide and COF-42.
Fluorescence spectra of (F) mNG loading into PyCOFamide and COF-42. Fluorescence microscopy im-
ages of (G) sfGFP loaded COF-42 pellet (H) sfGFP loaded PyCOFamide pellet (I) mNG loaded COF-42
pellet and (J) mNG loaded PyCOFamide pellet.
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The large pore size of PyCOFamide (Figure 3A), combined with its stability in aqueous solutions like PBS
encouraged us to study its ability to host proteins. Porous materials, including MOFs, 746748 COFs,49~52
mesoporous silica,>*** hydrogen-bonded organic frameworks (HOF),% zeolites,*® and cage compounds®’
have been used to adsorb a variety of biomolecules as guests into their pores. Once inside the pores of
a polymer, the reactive properties or stability can be greatly affected. However, the inclusion of biomole-
cules into the individual pores of COFs is less common because the pore sizes of 2D-COFs are often too
small to host an entire protein. As a proof-of concept, we selected two B-barrel fluorescent proteins,
Superfolder green fluorescent protein (sfGFP) (MW= 26.8 kDa)%¢° (Figure 3C) and mNeonGreen (mNG)
(MW= 26.6 kDa)® (Figure 3D). These proteins were selected as their approximate dimensions would
allow for encapsulation within PyCOFamide, and the infiltration of protein into the COF pores can be
easily monitored using fluorescence spectroscopy and fluorescence microscopic imaging. scCO; acti-
vated samples were used in this experiment. COF-42 (Figure 3B),%" which has a smaller pore diameter
(2.3 nm) than PyCOFamide was used as a control since both sfGFP and mNG are too big to fit into its
pores. We prepared samples with different COF to protein ratios and monitored the fluorescence signal
of both sfGFP (509 nm) and mNG (520 nm) in solutions before and after PyCOFamide or COF-42 were
added to them. In the ratio of COF to protein at 9:1, where the concentration of COF is 0.9 mg/mL and
the concentration of sfGFP and mNG are 0.16 and 0.1 mg/mL respectively, we observed that the fluores-
cence of the supernatant of both proteins drastically decreased when PyCOFamide was added, whereas
the control solutions containing COF-42 do not (Figure 3E) and (Figure 3F). This indicates that both mNG
and sfGFP are being drawn out of solution and into the pores of PyCOFamide.

We further confirmed the inclusion of protein in the pores of PyCOFamide by using fluorescence micros-
copy to directly observe the change in fluorescence of the solid COF materials before and after addition
of sfGFP or mNG. Some fluorescence is observable in COF-42 samples (Figure 3G) and (Figure 31) which
is likely attributed to surface adsorption of the proteins on the COF material. In contrast, PyCOFamide
particle are highly fluorescent indicating a greater extent of protein inclusion (Figure 3H and J). The re-
tention of fluorescence for sfGFP and mNG in PyCOFamide also indicates that the proteins are not de-
natured and retain their structure after adsorption within the COF.

In conclusion, we have designed and synthesized a novel large pore COF whose structure is stabilized
through interlayer hydrogen bonding. PyCOFamide exhibits large pore channels of >6 nm in diameter,
which is among the largest reported to date in a 2D-COF. The interlayer hydrogen bonding interactions in
this COF are key to its ability to maintain its structure after activation, as similar monomers incapable of
hydrogen bonding do not produce ordered COFs. The design strategies for making large pore 2D-COFs
in the future will necessitate new design approaches that consider both mild activation techniques (e.g.,
scCO;) and the supramolecular interactions between the layers.324263645 We have also demonstrated
that large biomolecules such as fluorescent proteins can be loaded into the pores of PyCOFamide with-
out loss of their function, suggesting that these COFs could potentially be used in the future as hosts for
enzymes or biosensing proteins. Taken together, our study sets the stage for expanding the scope of
COF chemistry providing a supramolecular design strategy to synthesize COFs with large, persistent
pores.
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1. General Methods and Instrumentation

All the reagents including mesitylene, liquid bromine, potassium acetate, potassium
permanganate, thionyl chloride, hexylamine, pyridine, 4-formylphenylboronic acid,
tetracyanoquinodimethane, toluene, 1,4-dioxane, 2,7-dibromopyrene, 4-
aminophenylboronic acid pinacol ester, and tetrakis(triphenylphosphine)palladium(0)
were purchased from commercial suppliers (Acros Organics, ASTA TED, Fisher Scientific,
and Boron Molecular) and used as received without further purification. Corning Cell
Culture Phosphate-Buffered Saline (1X PBS, pH 7.4) was purchased from Fisher
Scientific. Formvar/Carbon Film 300 mesh Copper Grids were purchased from Electronic
Microscopy Sciences.

1.1 NMR spectroscopy
TH and "3C NMR spectra for all the compounds synthesized in this study were carried out
on a Bruker Avance Il HD 600 MHz NMR spectrometer.

1.2 MALDI-TOF mass spectrometry

MALDI-TOF analysis of 4,4-(pyrene-2,7-diyl)dianiline (3) was carried out on Shimadzu
Biotech Axima Confidence spectrometer. Tetracyanoquinodimethane (TCNQ) was used
as a matrix. The general procedure for sample preparation was carried out as follows:
TCNQ (10 mg) and 3 (1 mg) were grounded in a mortar to form a uniform solid, and then
1 mL of dichloromethane was added into the mortar to make suspension. The resulting
suspension was then spotted onto the MALDI plate and analyzed with reflection mode.

1.3 FT-IR spectroscopy

Transmission FTIR spectra of COFs and stating monomers were taken with an attenuated
total reflectance (ATR) method on a Cary 600 Series FT-IR spectrophotometer at room
temperature.

1.4 PXRD analysis

PXRD patterns of all COFs were collected from a Bruker D8 Advance diffractometer with
a sealed tube radiation source (Cu Ka, A = 1.54184 A), a low background sample holder,
and Lynxeye XE detector. Data were collected on a range of 26 2-30°.

1.5 Surface area analysis

Micromeritics ASAP 2020 surface area analyzer was used to collect low pressure N2
adsorption-desorption (up to 760 torr) isotherms of COFs. Ultra-high purity grade N2 gas
was purchased from Airgas Corporation. sCO2 activated samples were analyzed using a
liqguid N2 bath (77 K). The Brunauer-Emmett-Teller (BET) surface area of COFs were
calculated using the data in the range of 0.01</~/Ps< 0.1. The non-local density functional
theory (NLDFT) with N2 @ 77K, (cylindrical pores in an oxide surface model) in the
Micromeritics software package was used to determine the pore size distributions of
COFs.

1.6 Supercritical CO2 activation
Supercritical CO2 activation was performed using a Leica EM CPD 300 Critical Point Dryer.
After isolating COF powder, it was washed with tetrahydrofuran and ethanol. The wet
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samples were kept in sample holder and introduced into the sample chamber. During
filtration and washing, care was taken to avoid complete drying the COF powder. The wet
samples were activated with scCO2 Program parameters: cooling temperature to keep
CO> fluid was 17 °C, the speed of CO2 influx in pressure chamber was set to slow, the
exchange speed was set at 5 and the number of cycles was set to 99. The heating speed
for critical point was set to medium, the temperature was set at 35 °C, and the gas release
speed was set to medium.

1.7 SEM

SEM images were obtained on a Zeiss Supra 40 Scanning Electron Microscope (Carl
Zeiss Microscopy) at 2.50 kV. Briefly, COF powder was mounted on 15 mm aluminum
stubs using double-sided adhesive copper tapes. Sample was sputtered with ~ 40 A Au
layer before imaging.

1.8 TEM

COF powder was sonicated in methanol for 10 min. The suspension (~ 5 pl) was drop
cast onto TEM grids (Formvar/Carbon 300 Mesh) and droplets were allowed to sit on the
Cu grid for ~ 30 seconds at room temperature. Then, excess solvent was dried with the
aid of filter paper and sample was allowed to dry on TEM grids. Images were obtained on
a JEOL JEM-1400 plus transmission-electron microscope at 120 kV.

2. Synthesis and Characterization of Monomers
2.1 Synthesis of monomer (1)

The compound 1 was synthesized as previously reported in the literature.’

Br. AcO. Oy _OH
/é\ Bry, FeCls Br Br Br, Br Br KOAc Br gr KMnO, 3MNaOH  Br Br
——2 3 ek S e .
1,2-dicholoethane dichloromethane, Br DMF, 70 °C,12h OAc H20, reflux, 12 h HO. o
reflux, 2 h hv, reflux, 24 h
Br Br Br OAc Br O Br OH
O,
CeHis \ B/OH
Oy, OH 0y Cl 0w _NH -
/\/\/\
Br Br sSOcl, Br. Br NH; Br Br
K,COj3, Pd(PPh
HO o reflux, 12h ¢ 0o pyridine, dichloromethane H o 2C03, Pd(PPhs)s
rt, 12 h CeHi3~ dioxane:water (5:1)
O Br OH O Br Cl O  Br HN. 100°C, 3 d

Scheme S1. Synthesis of 1.
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2.2 Synthesis of monomer 2

The compound 2 was synthesized as previously reported in the literature.?

(o)

=

Pd(PPh3)4 K,CO3
ﬁ dloxane 100°C,3d O
JITT O
2 6

HO” OH

Scheme S2. Synthesis of 2.

2.3 Synthesis of 4,4-(pyrene-2,7-diyl)dianiline (3)

NH,

NH, E

O © _KyCO3, Pd(PPhy)s O
“ toluene: water (1:1) ‘
O o® o 120°C, 3d O

NH,

Scheme S3. Synthesis of 3.

To a pressure sealed tube, a mixture of water (2.5 mL) and toluene (2.5 mL) was placed
along a stirring bar. The solvent mixture was degassed with N2 for 15 min. Then, 2,7-
dibromopyrene (250 mg, 0.694 mmol), 4-aminophenylboronic acid pinacol ester (335 mg,
1.53 mmol), K2CO3 (1.44 g, 10.41 mmol), Pd(PPhs)4 (80 mg, 0.1 mmol) were added into
the pressure tube. After that, the tube was sealed and stirred at 120 °C for 3d. After the
completion of reaction, the mixture was cooled to room temperature and quenched with
water. Then, the resulted precipitate was filtered off and washed with copious amount of
water followed by ethyl acetate and acetone to obtain pure product of 3 as pale-yellow
powder with 64% yield. '"H NMR (600 MHz, DMSO-d5): & (ppm) = 8.44 (s, 4H), 8.17 (s, 4H),
7.71 (d, J=6.00 Hz, 4H), 6.77 (d, J= 6.00 Hz, 4H), 5.33 (s, 4H). 3C NMR (600 MHz, DMSO-
ds): 6 (ppm) = 149.12, 138.83, 131.39, 128.51, 128.13, 127.86, 122.73, 122.50, 114.93.
MALDI-TOF-MS my/zfor C2gH20N2 (calculated: 384.48), found: 384.58.
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Figure S1. "H NMR spectrum of 4,4'-(pyrene-2,7-diyl)dianiline (3) in DMSO-db.
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Figure S2. '3C NMR spectrum of 4,4'-(pyrene-2,7-diyl)dianiline (3) in DMSO-ds.
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Figure S3. MALDI-TOF spectrum of monomer 3.

3. Synthesis and Characterization of COFs
3.1 Synthesis of PyCOFamide

To a 5 mL ampoule was added 1 (15 mg, 0.0179 mmol) and 3 (11.2 mg, 0.065 mmol) along
with o-dichlorobenzene (1.9 mL) and r+butanol (0.1 mL). The mixture was sonicated for
10 min followed by addition of aqueous acetic acid (3M, 0.1 mL) before being flash frozen
in liquid nitrogen bath (at 77 K) and flame sealed. Once the ampoule was warmed to room
temperature, it was kept in an oven at 120 °C for 5d without any disturbances. After that,
the ampoule was cooled to room temperature and the precipitate was collected by
filtration. The resulted solid was washed with neat THF (10 mL) and ethanol (10 mL).
Then, the wet filter cake was subjected to scCO- activation to afford 15 mg (65% yield)
ash-colored powder of PyCOFamide.
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OO

n-BUOH/ 0-DCB/ 3M AcOH(aq)
(0.1:1.9:0.1 viviv)
120°C,5d

PyCOFamide

Scheme S4. Synthesis of PyCOFamide.

3.2 Synthesis of polymer 4

To a 5 mL ampoule was added 2 (11.3 mg, 0.026 mmol) and 3 (15 mg, 0.039 mmol) along
with o-dichlorobenzene (1.9 mL) and rbutanol (0.1 mL). The mixture was sonicated for
10 min followed by addition of aqueous acetic acid (3M, 0.1 mL) before being flash frozen
in liquid nitrogen bath (at 77 K) and flame sealed. Once the ampoule was warmed to room
temperature, it was kept in an oven at 120 °C for 5d without any disturbances. After that,
the ampoule was cooled to room temperature and the precipitate was collected by
filtration. The resulted solid was washed with neat THF (10 mL) and ethanol (10 mL).
Then, the wet filter cake was subjected to scCO2 activation to afford 11 mg (42% yield)
pale yellow powder of polymer 4.
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(0.1:1.9:0.1 viviv) R=CH3

120°C,5d

Scheme S5. Synthesis of polymer 4.

3.3 FT-IR of Polymer 4

3
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Figure S4. FT-IR spectra of scCO2 activated polymer 4 and starting monomers.
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3.4 Nitrogen Adsorption Isotherms of Conventionally Activated COFs

150

-e-PyCOFamide --Polymer 4

100 -

50 |

Quantity Adsorbed (cm?/g)

-50 T T r T
0 0.2 0.4 0.6 0.8 1

Relative Pressure (P/P)

Figure S5. Nitrogen adsorption (closed circle) and desorption (open circle) isotherms of
conventionally activated PyCOFamide and polymer 4.

4. Computational Modeling of PyCOFamide

The crystal models for all the COFs including cell parameters were built using the BIOVA
Material Studio 2019 software package. The initial lattice structures with eclipsed
stacking (bnn topology) layers of PyCOFamide was constructed with the space group
P6/m. The created crystal structures were geometry optimized in P1 with the Forcite
module (Smart algorithm) in Material Studio using the universal force field (UFF). The
geometry optimized structures were used to generate their simulated PXRD patterns
using Reflex Plus module with Pseudo-Voigt function. The refined PXRD profile was
obtained by applying the profile fitting with Pawley refinement in Material Studio. The
obtained lattice parameters are as follows:

a=5812A, b=6092A, c=5144A
a=91.70° B =87.83° y =120.35°
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Figure S6. PyCOFamide in eclipsed (bnn topology) packing mode.

5. Stability Studies of PyCOFamide

PyCOFamide (~10 mg) is directly submerged in 5 mL of a different solution or solvent
and this was kept for a period of 3d at room temperature. The COF powders were then
filtered and dried. The retention of crystallinity is tested using PXRD.

—

[72]

€

- 1M HzS°4

3 e

3’ ’\ PBS

® /\ . 1M NaOH

E k - 1,4-dioxane

= /\ DMF
/\ ~ Pristine COF
T T T T T T T T T T T T T T T T T T T T T T T T T

2 6 10 14 18 22 26 30
20 (degree)

Figure S7. PXRD spectra of PyCOFamide after immersion in different solvents and

solutions.
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6. Digestion experiment of PyCOFamide

Deuterium chloride (20% w/w) in D20 (3 drops) was added into PyCOFamide powder.
Then, it was heated at 120 °C for 30 s followed by addition of DMSO-ds. The obtained
mixture was sonicated for 10 min and an "H NMR spectrum was collected using this

sample.
0, H
. mecersans © esssrgess
s sayatnecasy 5 s87822358
o L N N S N coccocccooo O
AN SN o
AT TV
aH o H
R:AM\N/\/\/\
b H
NH,
[ i%
NH,
1 J L ‘IJL._A..JULLJ
‘ ‘

Figure S8. "H NMR spectrum of digested PyCOFamide in acidified DMSO-d&.

7. Synthesis and Characterization of COF-42
7.1 Synthesis of 1,3,5-triformylbenzene benzene

The compound was synthesized as previously reported in the literature.® All
spectroscopic data is matched with the literature.

HO (o] HO
_0
CH3OH conc. H,SO,4 PCC, celite
OH
reflux overnight dry THF, 0°C dichloromethane, ether Ox
OH

Ny, rt, overnight rt, overnight

Scheme S6. Synthesis of 1,3,5-triformylbenzene.
7.2 Synthesis of 2,5-diethoxyterephalodihydrazide

The compound was synthesized as previously reported in the literature.® All
spectroscopic data matches literature values.

| | NHZ

OO 0.__0 (o) NH
OH ~~|,DMF o~ NH,NH, H,0 o~
- - = .
HO K;CO3, 90°C, overnight o CH3CH,0H, reflux, o
overnight

[eXNe} o Yo HN (o]
! [ NH,

Scheme S7. Synthesis of 2,5-diethoxyterephalodihydrazide.
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7.3 Synthesis of COF-42
COF-42 was synthesized as previously reported in the literature.®

1,3,5-triformylbenzene (5 mg, 0.031 mmol) and 2,5-diethoxyterephalodihydrazide (13 mg,
0.046 mmol) were keptin a 5 mL ampoule along with 1,4-dioxane (250 pL) and mesitylene
(750 pL). Then, the mixture was sonicated for 10 min followed by addition of 6M acetic
acid (0.1 mL, aq.) before being flash frozen in liquid nitrogen bath (at 77 K) and flame
sealed. Once the ampoule was warmed to room temperature, it was kept in an oven at
120 °C for 3d without any disturbances. After that, the ampoule was cooled to room
temperature and the precipitate was collected by filtration. The resulted solid was
washed with neat THF (10 mL) and ethanol (10 mL). Then, the wet filter cake was
subjected to scCO- activation to afford 17.5 mg (97% yield) of a pale-yellow colored
powder of COF-42.

NH, 0 _NH Q HN.

) >
Ox NH i -di .
o) mesitylene:dioxane: 6M AcOH(aq) ) |
Z (0.75/0.25/0.1) O~
o~ PN
120 °C, 3d [¢]
ou T~ COF-42

l X N7
[¢]

|
HN™ O N O NH

| Z X
NH, o
P
O
J € i

Scheme S8. Synthesis of COF-42.
7.4 FT-IR characterization of COF-42

COF-42

1,3,5-triformylbenzene

% Transimttance

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-)

Figure S9. FT-IR spectra of COF-42 and starting monomers.
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7.5 Nitrogen Isotherm and pores size distribution of COF-42

Normalized differential pore
volume

Pore width (A)

Figure S10. Pore size distribution of COF-42.

400 A

300 1

200 A
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Figure S11. Nitrogen adsorption (closed circle) and desorption (open circle) isotherm of
COF-42. Calculated BET surface area = 836 m?/g

7.5 PXRD pattern of COF-42

Intensity(counts)

LA o
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Figure S12. PXRD pattern of COF-42.
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8. Protein Adsorption Experiments

8.1 Protein expression and dimension measurements of protein structure

Superfolder Green Fluorescent Protein (sfGFP, PDB ID: 2B3P)® and mNeonGreen (mNG,
PDB ID: 5LTR)’ were prepared as previously described. For mNG, the following
modifications were made: The protein was buffer exchanged into 20 mM phosphate
buffer and 200 mM gluconate at pH 7. All spectroscopic measurements were carried out
in 1X PBS phosphate buffered saline (PBS 1X, pH 7.4) as described below. The protein
crystal structures were generated using PyMOL, and the dimensions of the proteins of
proteins were measured using the following open source code:
https://github.com/Pymol-Scripts/Pymol-script-

repo/blob/master/Draw_Protein_Dimensions.py.

8.2 Protein loading into PyCOFamide and COF-42

Both PyCOFamide and COF-42 (1 mg) were measured into separate vials and suspended
in 1T mL of 1X PBS. The vials were sonicated overnight in ultrasonic bath. Stock solutions
of both sfGFP and mNG were prepared in 1X PBS at 1.6 mg/mL and 1 mg/mL,
respectively. Each COF and protein were combined in 1.5 mL polypropylene tubes at 1:1,
1:3, and 1:9 ratios of COF to protein. For each ratio, as a control the protein was combined
with 1X PBS instead of the COF. The tubes were then incubated in a delicase fridge with
shaking for 3d. Following this, each sample was centrifuged for 5 min at 20,000g at 4 °C
(5810 R, Eppendorf). Three-50 pL portions of each supernatant were pipetted into 96-well
half-area plate for spectroscopic measurements on a plate reader. Absorbance of each
sample was recorded from 300-700 nm with a 5 nm step size. For sfGFP excitation was
provided at 460 nm, and the emission was collected from 475-700 nm; for mNG excitation
was provided at 485 nm, and the emission was collected from 500-700 nm. For all
fluorescence measurements the following settings were used: 5 nm step size, 30 flashes,
gain of 75, and a z-position at 16,000. For each sample, the average of the three spectra
are reported.

8.3 Epifluorescence microscopy

After obtaining fluorescence and absorbance measurements, protein loaded COF pellets
were washed (4x) with 1X PBS, followed by centrifuged for 2 min at 12,1700g (mini Spin,
Eppendorf) each time and dried in air. The dried COF pellets were used to prepare
aqueous suspensions (1 mg/mL) of the samples and 10 pL of each sample were loaded
on to a glass microscopic slide, covered with a glass coverslip with an aid of mounting
medium (Leica Surgipath MM 24). After that, the prepared specimens were imaged under
EVOSFL epifluorescence microscope under epifluorescence and transmitted light (bright
field and phase contrast). The fluorescence intensity was adjusted to the background and
all the images were recorded at the same light intensity to be comparable with the
exposure time for 10 s.
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Figure S13. (a) absorbance, (b) fluorescence, (c) COF-42 fluorecence microscopic
images, and (d) PyCOFamide fluorecence microscopic images for GFP:COF = 1:1 ratio.
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Figure S14. (a) absorbance, (b) fluorescence, (c) COF-42 fluorecence microscopic
images, and (d) PyCOFamide fluorecence microscopic images for GFP:COF = 1:3 ratio.
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Figure S15. (a) absorbance, (b) fluorescence, (c) COF-42 fluorecence microscopic
images, and (d) PyCOFamide fluorecence microscopic images for GFP:COF = 1:9 ratio.

8.2 Loading of mNeonGreen (mNG) into PyCOFamide and COF-42
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Figure S16. (a) absorbance, (b) fluorescence, (c) COF-42 fluorecence microscopic
images, and (d) PyCOFamide fluorecence microscopic images for mNG:COF = 1:1 ratio.
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Figure S17. (a) absorbance, (b) fluorescence, (c) COF-42 fluorecence microscopic
images, and (d) PyCOFamide fluorecence microscopic images for mNG:COF = 1:3 ratio.
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Figure S18. (a) absorbance, (b) fluorescence, (c) COF-42 fluorecence microscopic
images, and (d) PyCOFamide fluorecence microscopic images for mNG:COF = 1:9 ratio.
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