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ABSTRACT: The pore apertures dictate the guest accessibilities
of the pores, imparting diverse functions to porous materials. It is
highly desired to construct crystalline porous polymers with
predesignable and uniform mesopores that can allow large organic,
inorganic, and biological molecules to enter. However, due to the
ease of the formation of interpenetrated and/or fragile structures,
the largest pore aperture reported in the metal—organic frame-
works is 8.5 nm, and the value for covalent organic frameworks
(COFs) is only 5.8 nm. Herein, we construct a series of COFs with
record pore aperture values from 7.7 to 10.0 nm by designing
building blocks with large conformational rigidness, planarity, and
suitable local polarity. All of the obtained COFs possess eclipsed
stacking structures, high crystallinity, permanent porosity, and high

stability. As a proof of concept, we successfully employed these COFs to separate pepsin that is ~7 nm in size from its crudes and to

protect tyrosinase from heat-induced deactivation.

B INTRODUCTION

In the pursuit of diverse functions and good control of porous
structure with atomic precision, crystalline porous materials,
such as metal—organic frameworks (MOFs)"? and covalent
organic frameworks (COFs), have been explosively developed
in recent decades.” The physical and chemical features of the
pores in these materials determine the kinds of the substances
that can enter into, interact with, and pass through, where the
pore apertures mainly dominate the size and shape
selectivity.

Particularly, COFs are constructed by organic building
blocks via covalent bonding, featuring tailorable and long-range
ordered skeletons with high crystallinity and porosity.”*~"*
They possess well-defined and easily tuned pore channels that
allow the mass transfer of target molecules with different
polarities and dimensions, endowing the COFs with great
potentials in gas storage and separation,'”~"” heterogeneous
catalysis,”" " optoelectronics,”” > energy storage and con-
version,”>™* sensing,"*"** etc.” 7" The pore apertures of
COFs dictate the size of target molecules that can permeate
into the pores, which provide active sites and/or confined
space to perform corresponding functions.’> For the
applications requiring the inclusion and/or separation of
large organic, inorganic, and biomolecules, it is highly desired
to construct COFs with suitable large pores. To the best of our
knowledge, Fang et al. reported JUC-564 that has the largest
pore (4.3 nm) in three-dimensional COFs.> Li et al. and Liu
et al. reported that both Ttba-TPDA-COF and PC-COF,
respectively, have the largest pores (5.8 nm) in two-
dimensional (2D) COFs.>*">° Yaghi et al. prepared MOF-
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74-X1, which exhibited the largest MOF pore aperture with an
opposite edge-to-edge distance of 8.5 nm.>” In principle, long
linkers can be used to obtain crystalline polymers with larger
pore apertures. However, attempts to construct large-pore
COFs often yield interpenetrated amorphous structures with
smaller pores.””>7>*

As reported in the literature, increasing the conformational
rigidness and planarity of the monomers is important for
obtaining crystalline 2D COFs. Herein, we proposed a strategy
to construct COFs with large mesopore apertures via
minimizing the interlayer nonbond energy by further
introducing appropriate polarity of the building blocks. We
prepared a series of COFs (TDCOF-1, TDCOF-2, and
TDCOEF-3) with the opposite edge-to-edge distances ranging
from 7.7 to 10.0 nm in the hexagonal cross section. The
diagonal length of the pore apertures in TDCOF-3 can reach
up to 11.5 nm. To the best of our knowledge, these COFs
possess the largest pore apertures among the reported MOFs
and COFs synthesized via bottom-up methods. All three COFs
exhibit robust backbones, as demonstrated by their high
crystallinity, permanent porosity, and high thermal and
hydrostability. We utilized these TDCOFs as column-packing
materials to successfully separate pepsin from its raw materials.

Received: January 17, 2022
Published: March 8, 2022

https://doi.org/10.1021/jacs.2c00584
J. Am. Chem. Soc. 2022, 144, 5145-5154


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhenjie+Mu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuhao+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bixiao+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anwang+Dong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bo+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao+Feng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.2c00584&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00584?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00584?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00584?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00584?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00584?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jacsat/144/11?ref=pdf
https://pubs.acs.org/toc/jacsat/144/11?ref=pdf
https://pubs.acs.org/toc/jacsat/144/11?ref=pdf
https://pubs.acs.org/toc/jacsat/144/11?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.2c00584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
穆
高亮


Journal of the American Chemical Society pubs.acs.org/JACS
A B
® i ® It
N3N + :Z ) NN + Q)
TBA-NH, o TBA-NH, \

l DMBD-CHO

BDMBD-CHO

TDCOF-2

11.5 nm

TDCOF-3

Figure 1. Synthesis routes of (A) TDCOF-1, (B) TDCOF-2, (C) TDCOF-3, and their corresponding perspective views of simulated eclipsed

stacking models (C, gray; H, white; N, blue; O, red).

In addition, TDCOF-1 can be used as a shield to protect
tyrosinase (TYR) (5.5 X 5.5 X 5.6 nm®) from heat-induced
deactivation.

B EXPERIMENTAL SECTION

In this work, all chemicals and solvents were commercially available
and used without further treatments unless otherwise noted.
4',4” 4""-(1,3,5-Triazine-2,4,6-triyl)tris([1,1’-biphenyl]-4-amine)
(TBA-NH,), 4,4'-(1,4-phenylenebis(ethyne-2,1-diyl))dibenzaldehyde
(BD-CHO), and 5”-(4'-amino-[1,1'-biphenyl]-4-yl)-
[1,1:4,1":3",1":4",1""-quinquephenyl]-4,4""-diamine (TADPB-
NH,) were purchased from Jilin Chinese Academy of Science-
Yanshen Technology Co., Ltd. Solvents including mesitylene, 1,4-
dioxane, 1,2-dichlorobenzene, and n-butyl alcohol were purchased
from Energy Chemical. The precursors of aldehyde monomers,
including 1,4-diiodo-2,3-dimethoxybenzene, 1,4-diiodo-2,5-dimethox-
ybenzene, 4-ethynylbenzaldehyde, and ((4-iodophenyl)ethynyl)-
trimethylsilane were purchased from Tensus Biotech., Co., Ltd. The
building blocks such as 4,4'-((2,3-dimethoxy-1,4-phenylene)bis-
(ethyne-2,1-diyl))dibenzaldehyde (DMBD-CHO), 4,4"-((((2,3-dime-
thoxy-1,4-phenylene)bis(ethyne-2,1-diyl) )bis(4,1-phenylene) )bis-
(ethyne-2,1-diyl) )dibenzaldehyde (BDMBD-CHO), 4,4'-(((1,4-
phenylenebis(ethyne-2,1-diyl) )bis(4,1-phenylene) )bis(ethyne-2,1-
diyl))dibenzaldehyde (BBD-CHO), and 4,4'-((((2,5-dimethoxy-1,4-
phenylene)bis(ethyne-2,1-diyl) )bis(4,1-phenylene) )bis(ethyne-2,1-
diyl))dibenzaldehyde (BPMBD-CHO) were synthesized according to
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the corresponding literature or with further modifications (see the
Supporting Information for details).

Small-angle X-ray scattering (SAXS) was performed on the Xenocs
Xeuss 3.0 system with a Cu Ka X-ray source (4 = 1.5418 A) at 25 °C.
Structural modeling and Pawley refinement of TDCOFs were
performed by using Materials Studio suite of programs to obtain
the stacking models of TDCOFs and their corresponding lattice cell
parameters. Nitrogen sorption isotherm measurements were carried
out on a Kubo X1000 analyzer at 77 K in a P/P, pressure range from
1073 to 1. Fourier transform infrared (FT-IR) spectra were collected
in the range of 400—4000 cm™" on a Bruker ALPHA spectrometer.
Elemental analyses (EA) were performed on an Elementar UNICUBE
elemental analyzer to obtain the contents of C, H, and N. Field-
emission scanning electron microscopy (FE-SEM) images were
obtained from a JEOL model JSM-7500F scanning electron
microscope at 10 kV. High-resolution transmission electron
microscopy (HRTEM) was performed on a JEOL JEM-2100Plus
transmission electron microscope (LaBg filament). Thermogravimet-
ric analysis (TGA) data were collected on a Netzsch STA449FS
analyzer at a heating rate of 10 K min™' with a temperature range
from 40 to 800 °C. 'H NMR and "*C NMR spectra were obtained
from a Bruker Advanced III 400 MHz NMR spectrometer in the
correspondingly fitting deuterium-generation reagent. Solid-state *C
CP-MAS NMR spectra were collected on a JEOL ECZ600R/S3
NMR spectrometer.

Synthesis of TDCOF-1. A 10 mL glass ampoule was charged with
TBA-NH, (17 mg, 0.03 mmol) and DMBD-CHO (18 mg, 0.04S

https://doi.org/10.1021/jacs.2c00584
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Figure 2. Solid-state '*C CP/MAS NMR spectra of (A) TDCOF-1, (B) TDCOF-2, and (C) TDCOF-3. SAXS patterns of (D) TDCOEF-1, (E)
TDCOF-2, and (F) TDCOF-3, including experimental (red curves), Pawley refined (black curves) patterns and their difference (yellow curves),
the simulated patterns for eclipsed AA stacking (blue curves), and AB stacking (purple curves). Insets: the corresponding partially enlarged

patterns.

mmol); then, the mixtures of o-dichlorobenzene/n-BuOH (0.6/1.4
mL) were added. Then, the glass ampoule was sealed with parafilm
and sonicated for S min. Subsequently, aqueous acetic acid (6 M, 400
uL) was added, and the glass ampoule was again sealed by parafilm
and sonicated for 10 min, which was subsequently degassed through
three freeze—pump—thaw cycles. After heating at 120 °C for S days,
the precipitate was cooled to room temperature. The powder was
collected and washed with tetrahydrofuran (THF) and methanol
alternately by decantation and then exchanged with the corresponding
solvents three times a day until the supernatant did not show obvious
fluorescence under 365 nm UV light irradiation. Finally, the solid was
further treated with supercritical CO, in a Tousimis Samdri PVT-3D
critical point dryer (see the Supporting Information for details) and
TDCOF-1 was obtained as a light-yellow powder (29 mg, 86% yield).

Synthesis of TDCOF-2. TDCOF-2 was prepared by a similar
method, except that TBA-NH, (17 mg, 0.03 mmol) and BD-CHO
(1S mg, 0.045 mmol) were used as monomers with a solvent of o-
dichlorobenzene/n-BuOH (0.7/0.3 mL), and the amount of aqueous
acetic acid was changed to 200 uL. TDCOF-2 was obtained as a
yellow powder (25 mg, 82% yield).

Synthesis of TDCOF-3. TDCOF-3 was prepared through a
similar method, except that TBA-NH, (12 mg, 0.02 mmol) and
BDMBD-CHO (18 mg, 0.03 mmol) were used as monomers and
mesitylene/1,4-dioxane (1.0/1.0 mL) was used as a solvent. TDCOEF-
3 was obtained as a yellow powder (19 mg, 67% yield).

To increase the crystallinity and surface area of the obtained
TDCOFs, all of the synthesized samples were further treated with the
corresponding reaction solvent under heating at 120 °C for another 5
days to allow error-checking and self-repairing. The resultant powders
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were washed and activated via organic solvent exchange and
supercritical CO, treatment.

B RESULTS AND DISCUSSION

TDCOEF-1, TDCOEF-2, and TDCOF-3 were synthesized via
co-condensation of amido block (TBA-NH,) with DMBD-
CHO, BD-CHO, and BDMBD-CHO, respectively, under
solvothermal conditions (Figure 1). All these TDCOFs are
imine-linked hexagonal mesoporous COFs.

The chemical structures of the TDCOFs were characterized.
Solid-state "*C cross-polarization magic angle spinning nuclear
magnetic resonance (CP/MAS NMR) spectra reveal that these
TDCOFs present all of the characteristic signals of the carbons
that can be assigned to their corresponding chemical structures
(Figure 2A—C). The signal peaks at 1626 cm™" observed in the
Fourier transform infrared (FT-IR) spectra of TDCOFs are
assigned to the stretching vibration of C=N in triazine rings
and imine linkages (Figure S1). The disappearance of the
peaks assigned to the amino groups and the significantly
weakened C=O0 stretching band (1700 cm™) reveals high
polymerization degrees for TDCOFs (Figure S1). Elemental
analysis data show that the C, H, and N contents are in
agreement with the theoretical values (Table S1). Thermog-
ravimetric analysis curves demonstrate that these TDCOFs are
thermally stable up to ~500 °C (Figure S2). The particle
morphologies of TDCOFs are shown in Figure S3.
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Figure 3. Nitrogen sorption isotherms, pore size distribution curves, and HRTEM images of (A—D) TDCOF-1, (E-H) TDCOF-2, and (I-L)

TDCOE-3.

The crystallinities of these TDCOFs were characterized by
small-angle X-ray scattering (SAXS) measurements. Pawley
refinements were performed to deduce the lattice parameters
from the corresponding SAXS patterns (Figure 2D—F, Tables
S4, S6, and S7). 2D polymeric sheets with extended hexagonal
polygons were constructed by placing the amido and aldehydic
blocks at the vertices and edges, respectively. Then, AA
stacking and AB stacking crystal models were further built by
placing the 2D sheets in an eclipsed or staggered fashion within
the obtained cells, respectively, followed by geometry
optimization. It should be noted that for TDCOF-1 and
TDCOE-3 in AA stacking modes, whether the methoxy groups
are alternately arranged at the two sides of the walls (the
crystal models are denoted as TDCOF-1-A and TDCOF-3-A)
or anchored at the same side of the benzene ring (the crystal
models are denoted as TDCOF-1-S and TDCOF-3-S) along
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the 1D pore channels, the XRD simulation results are not
influenced.

For TDCOF-1 and -2, the enlarged SAXS patterns are in
good agreement with the simulated patterns of eclipsed
structure, which can reproduce both the position and intensity
of the experimental peaks (Figure 2D,E). The sharp SAXS
peak of TDCOF-1 at 20 = 1.47° can be assigned to the (100)
facet of a highly regular lattice that is stacked in a hexagonal
orientation. The other minor peaks at 20 = 2.46, 2.82, and
3.70° are assigned to the (110), (200), and (210) facets,
respectively (Figure 2D, red curve, Figure S4). Similarly, the
SAXS peaks of TDCOEF-2 appear at 26 = 1.46, 2.45, 2.81, and
3.70° are attributed to the (100), (110), (200), and (210)
facets, respectively (Figure 2E, red curve, Figure S5), while an
intense SAXS peak at 260 = 1.05° assigned to the (100) facet is
observed for TDCOF-3 (Figure 2F, red curve, Figure S6). In
contrast, for the AB stacking models, the relative intensity of

https://doi.org/10.1021/jacs.2c00584
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peaks assigned to (100) and (110) should be similar due to the
crystal symmetry, which disagrees with the experimental results
(Figure 2D,E, purple curves). Compared to those for TDCOF-
1 and -2, the absence of relatively high-angle scattering peaks
for TDCOEF-3 suggests its relatively low periodicity owing to
the difficulty in crystallization in obtaining such a large
mesoporous COF.

In addition, we constructed the stacking models of TDCOF-
1 with varied interlayer slipped distances (0.4, 0.8, 4, 8, and 32
A) along different directions (Figure S7). The simulated XRD
patterns do not show significant differences except for the
model with a 32 A offset, yet the calculated nonbond energy
results indicate the models with eclipsed stacking or very
slightly offset (0.4 A) are thermodynamically favorable. The
pore structure features of TDCOFs were further confirmed by
N, sorption analyses and HRTEM.

Nitrogen sorption isotherm measurements were performed
at 77 K to investigate the porosity of TDCOFs, and the
samples were activated before measurements (see the
Supporting Information for details). All of the TDCOFs
exhibit typical type IV isotherms with high starting-point
values of the relative pressure at the second step (Figure
3AED), suggesting that they possess relatively large meso-
pores.”””  Simultaneously, pore size distributions (Figure
3B,FJ) were calculated based on quenched solid density
functional theory (QSDFT). Herein, pore widths of 7.7, 7.7,
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and 10.0 nm dominate the pore size distribution profiles of
TDCOE-1, TDCOF-2, and TDCOE-3, respectively, which is
in agreement with the predicted pore sizes deduced from the
eclipsed stacking models. Therefore, the pore size distributions
further support the formation of eclipsed stacking structures
rather than staggered crystalline or interpenetrated amorphous
forms. The Brunauer—Emmett—Teller (BET) specific surface
areas are determined to be 1665, 1560, and 1270 m?* g_1 for
TDCOEF-1, -2, and -3, respectively (Figure S8). The
experimentally obtained values of surface areas are lower
than the theoretical values (details are described in SI), which
may indicate that there remain defects and/or blocked pores in
the obtained COFs. Furthermore, the pore volumes are
calculated based on the N, sorption uptake at P/P; = 0.9 by
assuming all of the pores in the adsorbents are filled with
condensed gas; the calculated pore volumes are directly
influenced by the pore sizes. As a result, the pore volumes of
TDCOQF-1, -2, and -3 are calculated to be 2.02, 2.08, and 2.13
cm?® g_l, respectively, all of which are much higher than the
reported COFs with smaller pores and even with higher surface
areas (Table S3). Similar results were found in the IRMOF-74
series, whose pore volumes mainly increase with the extending
of the pore widths irrespective of the BET surface area
changes.

Moreover, the well-aligned hexagonal mesopores can be
directly visualized by HRTEM, especially for TDCOEF-1 and

https://doi.org/10.1021/jacs.2c00584
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Figure 5. (A) Schematic representation of the separation of pepsin by TDCOFs. (B) SDS-PAGE results of the crude pepsin and the eluents after

column separation by TDCOFs and TAPT-DHPA-COF.

TDCOF-2 (Figures 3C,D,GH,K,L and S9). Although lots of
grain boundaries between the crystalline domains are found,
they do not influence the large mesoporous structural nature of
the TDCOFs. For TDCOE-3, less uniform pores are observed
owing to its lower crystallinity as well as lower tolerance
toward high-energy electrons.’®'

The chemical stabilities of these TDCOFs were examined by
immersing the samples in organic solvents (including
tetrahydrofuran, methanol, dimethylformamide) and aqueous
HCI solution (pH = 1) at 40 °C for 24 h. The FT-IR spectra,
SAXS profiles, and nitrogen sorption isotherms show no
obvious changes after the treatment (Figures S10—S12),
revealing their chemical robustness. In comparison, the
MOEF-74 families with large pores show relatively weak
hydrostability.”

To further clarify the role of triazine, alkynyl, and the
asymmetric ortho-dimethoxy of the building blocks on the
construction of periodical large-mesopore frameworks, we
performed controlled experiments and theoretical energy
calculations.

First, we utilized TADPB-NH,, where the triazine species in
TBA-NH, was substituted by benzene ring, to react with
DMBD-CHO and BDMBD-CHO (Figure 4A, Scheme SS).
The products, TDpolymer-1 and -5, obtained under different
solvothermal conditions all exhibit low BET surface area with
wide pore size distribution. In addition, although BD-CHO
was successfully applied to prepare the COF with a 7.7 nm
pore width, we could not further obtain the COFs with a 10.0
nm pore width via the extension of the monomer length, i.e.,
using BBD-CHO (without methoxy groups) and BPMBD-
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CHO (with para-dimethoxy groups) to react with TBA-NH,
(Figure 4A, Scheme SS, the product is denoted as TDpolymer-
2 and TDpolymer-4, respectively).

Then, we built the corresponding crystal structures of
TDCOFs (denoted as TDCOEF-1-A, TDCOE-1-S, TDCOEF-2,
TDCOF-3-A, and TDCOF-3-S) and TDpolymers in AA
stacking modes (denoted as TDpolymer-1-A, TDpolymer-2,
TDpolymer-3-A, TDpolymer-4, and TDpolymer-5-A) based
on the reticular chemistry (Figures 4B—I and S13). Table S2
shows the nonbond energy per monolayer in the unit cell of
different structures or stacking modes, which are calculated by
a forcite method based on the universal forcefield. Since the
dynamic covalent chemistry applied in the COF preparation
favored the products with higher thermodynamic stability,
lowering nonbond energy was beneficial for the formation of
the crystalline products. Among the crystal cell models with
similar pore sizes that we screened, COFs with alternately
arranged methoxy groups showed the lowest nonbond energy.
It was attributed to the fact that the dimethoxy groups
anchoring at the same side of the benzene ring led to local
polarization-induced interlayer interaction enhancement. In
addition, compared with the benzene ring, the triazine ring
possesses smaller steric hindrance between adjacent layers,
leading to a much higher nonbond energy of TDpolymer-1-A
compared with TDCOF-1-A. Similarly, the alkynyl species
with sp hybrid C atoms are beneficial to increase the planarity
and reduce the steric hindrance of the building units. To verify
this assumption, we used phenyl groups to substitute the
alkynyl group in DMBD-CHO to build 2 COF model (termed
as TDpolymer-3-A, Scheme S7) with alternative AA stacking.

https://doi.org/10.1021/jacs.2c00584
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Figure 6. (A) Schematic representation of the loaded TYR in TDCOF-1 for catalyzing the oxidation of APAP. (B) Generation of AOBQ catalyzed
by free TYR (black curve) and TYR@TDCOF-1 (blue curve) at room temperature. (C) Catalytic performance of free TYR (black curve) and

TYR@TDCOF-1 (blue curve) after treatment at 40 °C for an hour.

The resultant optimized model adopts twisted nonplanar
sheets with large nonbond energy. These thermodynamic
energy comparisons as well as the successful preparation of
TDCOF-1, TDCOF-2, and TDCOF-3 and the failures to
experimentally obtain crystalline TDpolymer-1, -2, -4, and -5
prove the importance of controlling the conformational
rigidness, reducing the steric hindrance, and introducing
appropriate polarity of the building blocks for constructing
COFs with large pore apertures.

As a proof of concept, we verified the accessibility of pore
apertures of these TDCOFs to large biomolecules. We first
performed the inclusion experiments of myoglobin (2.1 X 3.5
X 44 nm’) using TDCOF-1, -2, and -3. The adsorption
capacities of these TDCOFs were monitored by measuring the
absorbance of the supernatant with ultraviolet—visible (UV—
vis) spectrophotometry (Figure S15). A continuous decrease
of the myoglobin in their supernatants was found, indicating
the successful inclusion of myoglobin into the pore apertures
of TDCOFs. The myoglobin uptake capacities are calculated
to be 1.50, 0.56, and 0.72 mg per milligram of TDCOF-1, -2,
and -3, respectively.

Taking advantage of the accessible large mesopores of
TDCOFs, we applied them as column-packing materials in the
separation of the commercially purchased crude pepsin in PBS
solution (pH = S5). While the dimension of the pepsin
published in the protein data bank (PDB) was 3.6 X 5.5 X 7.4
nm*% the pepsin favored the forming hydration shell
presenting a larger dimension. The crude pepsin showed
wide molecular weight distributions as determined by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). After separation by TDCOFs, almost pure pepsin
with a molecular weight of 35 kDa could be obtained (Figure
S). As a control experiment, only low-molecular-weight
components could be found in the eluents using TAPT-
DHPA-COF with 3.1 nm pore apertures (Figure S14) for
pepsin separation (Figure S). It is hypothesized that pepsin
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molecules were trapped in the surface pores of TAPT-DHPA-
COF.

To further demonstrate the importance of the large pore
aperture, we utilized TDCOF-1 as a carrier to load tyrosinase
(TYR) (5.5 X 5.5 X 5.6 nm?) for catalyzing the oxidation
reaction of paracetamol (Figure 6A), the product of which was
an active ingredient of Tylenol.”* The catalytic kinetic curves
of free TYR and TYR@TDCOEF-1 were assessed by
monitoring the absorbance intensity at 450 nm, which
belonged to the absorption of 4-acetamido-o-benzoquinone
(AOBQ) product. As shown in Figure 6B, TYR@TDCOF-1
shows an almost equal catalytic activity compared with free
TYR. We further proved the protection effect of COF on the
enzyme’s thermal stability. The free TYR and TYR@TDCOEF-
1 were treated at 40 °C for 1 h before the catalytic reaction.
TYR@TDCOF-1 still showed high activity toward para-
cetamol oxidation despite a slight hysteretic production of
AOBQ. In sharp contrast, free TYR completely lost its catalytic
activity due to heat-induced deactivation (Figure 6C). The
above results demonstrate that the large mesoporous COFs
can efficiently load large enzymes and serve as shields to avoid
enzyme deactivation under rigorous conditions.*®

B CONCLUSIONS

We have extended the record pore width of COFs from 5.8 to
10.0 nm. These large-mesopore TDCOFs exhibit high
crystallinity, permanent porosity, and high thermal and
chemical stabilities. The large pore apertures and robustness
impart these TDCOFs with abilities to encapsulate myoglobin,
separate pepsin under acidic conditions, and load TYR for
catalyzing the oxidation reaction of paracetamol. These studies
shed light on the raising of the upper limit of pore size of
COFs, providing a promising future for biological applications.
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TBA-NH, 4',4" 47" (1,3,5-triazine-2,4,6-
triyl)tris(([1,1’-biphenyl]-4-
amine))

DMBD-CHO 4,4"-((2,3-dimethoxy-1,4-
phenylene)bis(ethyne-2,1-diyl))-
dibenzaldehyde

BD-CHO 4,4'-(1,4-phenylenebis(ethyne-2,1-
diyl) )dibenzaldehyde

BDMBD-CHO 4,4"-((((2,3-dimethoxy-1,4-

phenylene)bis(ethyne-2,1-diyl))-
bis(4,1-phenylene))bis(ethyne-
2,1-diyl) )dibenzaldehyde
5”-(4’-amino-[1,1’-biphenyl]-4-
y1)-[1,1':4',17:3",1":4" 1" quin-
quephenyl]-4,4”"-diamine, 4,4'-
(((1,4-phenylenebis(ethyne-2,1-
diyl))bis(4,1-phenylene))bis-
(ethyne-2,1-diyl) )dibenzaldehyde

TADPB-NH,, BBD-CHO

SAXS small-angle X-ray scattering
QSDFT quenched solid density functional
theory

SSA specific surface area

BET Brunauer—Emmett—Teller

HRTEM high-resolution transmission elec-
tron microscopy

FTIR Fourier transform infrared spec-
troscopy

PDB protein data bank

TYR tyrosinase

AOBQ 4-acetamido-o-benzoquinone
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