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ABSTRACT: Partitioning the pores of covalent organic frame- Pore Space Partition Synthetic Strategy in COFs
works (COFs) is an attractive strategy for introducing micro- ® < =

< Va y =}
porosity and achieving new functionality, but it is technically 3 o " k o s
challenging to achieve. Herein, we report a simple strategy for LIS ’f.’,_ < < ! 3
partitioning the micropores/mesopores of multivariate COFs. Our > ) ) . )
approach relies on the predesign and synthesis of multicomponent Aol e e ees In:;;ﬁg&;ﬁ%f;'e
COFs through imine condensation reactions with aldehyde groups , \
anchored in the COF pores, followed by inserting additional S y %

: 1d; . : - 4 3 - <8 & % R
symmetric building blocks (with C, or C; symmetries) as pore ¥ . y ¢ \ £ BN
partition agents. This approach allowed tetragonal or hexagonal o U 4 b g /
pores to be partitioned into two or three smaller micropores, y . - -y

~ _J
respectively. The synthesized library of pore-partitioned COFs was ) anan y e

then applied for the capture of iodine pollutants (i.e., I, and CH,I).

This rich inventory allowed deep exploration of the relationships between the COF adsorbent composition, pore architecture, and
adsorption capacity for I, and CH;I capture under wide-ranging conditions. Notably, one of our developed pore-partitioned COFs
(COF 3-2P) exhibited greatly enhanced dynamic I, and CH,] adsorption performances compared to its parent COF (COF 3) in
breakthrough tests, setting a new benchmark for COF-based adsorbents. Results present an effective design strategy toward
functional COFs with tunable pore environments, functions, and properties.

1. INTRODUCTION window size, and functionality of COFs. In a recent notable

Covalent organic frameworks (COFs) are a family of two- contri.bution, Xu. et al. were ablle to segment. 3 mesoporous
dimensional (2D) crystalline porous materials that nowadays boroxine COF with a fixed pore size of 2.9 nm into six uniform

. . ) s 25
find widespread application in environmental remediation, > 6.5 A micropore domains by using a pore partition strategy.
light-emitting coatings,® catalyses,*™® water harvesting,”® gas However, the challenge of using pore partitioning strategies is
storage and separation,” among others. COFs are attractive for the need for precise control over the sites where the additional
) . . e .
these applications owing to their multifunctionality originating functional components (pore partlt.mn agents) anchor in .the
from their programmable design,'°~'* tunable networks of channels of the frameworks. Typically, aldehyde or amino
) . .
pores and channels, "' and high chemical stability. Over the groups in the channels of COFs would be used as anchoring

past 25 years, most COFs have been constructed directly via de points, thereby allowing partitioning of the pore space into

novo syntheses to introduce predesigned organic functional multip lte smjll‘er doinﬁ%ns (e.g., mlctrogoti;s). tI;oweveré
groups into the pores during the COF synthesis. In addition, Symme'ry and size-matchung requirements between the paren

some additional functionality can be introduced into COFs XOF ;l.lanlnel ta}? d the lp or: P artltflon ai;:.nt I,nUSt lt)e tac}.uevetd.
through postsynthetic modification strategies.'”~>* These ceordingly, the appucation of partifioning straiegies to

postsynthetic strategies typically involve the introduction of gteneiate pore—partltlolnEd iOF mate.rlals rtb ﬁvell—}ilel{ined
active metal species, different organic constituents, or chemical structure—property relationships remains technically challeng

transformations of functional groups on connecting linkers to g

impart specific functions. However, postsynthetic modification

for tuning the pore space and window size in COFs has Received:  July 29, 2023
received little attention thus far. Revised:  December 2, 2023
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From a survey of the field, it is evident that strategies for
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introducing additional functional units into COF frameworks
to partition pores are highly sought after. This would offer a
novel approach to achieving control over the pore space,
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Figure 1. (a) Schematic illustration of the traditional approach used in the synthesis of COFs. (b) Illustration of the pore partition synthetic
strategy in imine-linked multivariate COFs, showing the synthesis of multicomponent COFs with predesigned accessible aldehyde sites, followed by
the introduction of a symmetric building block as the pore partition agents to divide one micropore/mesopore into two or three micropores.

One of the foremost guiding principles for designing and
synthesizing COFs is that of isoreticular chemistry (Figure
1a).”° This posits that introducing specific components into
porous COFs with large pores should allow partitioning into
smaller pores while retaining the crystallinity. In this work, we
exploit the isoreticular principle to show that large micropores/
mesopores of multivariate imine-linked COFs can be
partitioned into uniformly interconnected micropores by
systematically introducing symmetric linkers as pore partition
agents (Figure 1b). We demonstrate that this synthetic strategy
can generate diverse libraries of pore-partitioned COF
materials, offering a wider range of host—guest interactions
for specific applications.

The synthesis of pore-partitioned COF materials involves a
two-step process (Figure 1b). First, tetragonal or hexagonal
imine-linked COFs were synthesized with aldehyde groups
anchored into the channels of the frameworks (Figure 1b, steps
(I) and (i)). The large micropores/mesopores in the COFs
were then partitioned into uniform smaller micropores by
inserting additional linear or triangular linkers as pore partition
agents in the center of the pore spaces, producing new pore-
partitioned COF materials (Figure 1b, steps (II) and (ii)). We
then systematically examined the performance of the parent
and pore-partitioned COFs as adsorbents for the capture of I,
and CH;l under various conditions. Among the developed
COFs, COF 3-2P was identified as a particularly efficient
adsorbent for I, and CH;I capture, possessing multi-N
components that enabled fast uptake kinetics and a high
dynamic uptake capacity of 1.01 and 0.60 g/g, respectively,
under the breakthrough condition at 75 °C. Further, COF 3-
2P showed a high I, and CHj;I uptake capacity of 0.42 and 0.24
g/g at 150 °C (industrially relevant adsorption conditions),
respectively. These results demonstrate that pore partitioning
allows precise control over the pore environment and
functionalities of COF materials, enabling the very challenging
capture of iodine-based pollutants. We anticipate that similar
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pore partitioning strategies will be widely adopted in the future
for the design of improved COF-based adsorbents for different
applications.

2. RESULTS AND DISCUSSION

2.1. Design, Synthesis, and Characterization of Pore-
Partitioned COFs. To implement the pore partitioning
protocol, we first synthesized imine-linked COFs with
aldehyde sites in the channels. Multicomponent COF 1 was
synthesized via an imine condensation of three distinct
functional ligands, 4,4’,4”,4”-(pyrene-1,3,6,8-tetrayl)-
tetraaniline (PyTTA), [1,1':4',1”-terphenyl]-2’,4,4",5 -tetra-
carbaldehyde (TpTTc), and 2,5-pyridinedicarboxaldehyde
(PDB) in a solvent mixture of 1,2-dichlorobenzene (o-
DCB)/1-butanol (1-BuOH)/acetic acid (AcOH) at 120 °C
for 3 days (Figure 2a). The FT-IR spectrum of COF 1 displays
a characteristic —C=N stretch at 1620 cm™', confirming the
formation of imine groups (Figures 2b and S1).”” Notably, the
sharp —CHO signal at 1697 cm™' was retained after the
formation of COF 1, indicating the retention of aldehyde
groups on the TpTTc component (Figures 2b and S1). The
solid-state *C cross-polarization magic-angle spinning (CP-
MAS) NMR spectrum of COF 1 showed a —CHO signal at
194.6 ppm, consistent with the FT-IR results (Figure 2c).”
Powder X-ray diffraction (PXRD) showed that COF 1
possessed a crystalline structure with diffraction peaks at 26
~3.8, 7.6, 11.4, 12.3, and 15.2°, which were assigned to the
(100), (020), (130), (320), and (330) planes of 2D layers
(Figure 2d). Pawley fitting refinement results revealed that the
diffraction pattern for COF 1 had unit cell parameters of a =
2433 A,b=24.62A,c=3.97 A, a =9833° f=80.35% and y
= 88.73° with Rp = 1.99% and R, = 2.50% (Table S1). The
experimental result is consistent with an eclipsed (AA)
stacking mode constructed by using Material Studio software
(Figures 2a,d and S2). The tetragonal pore width and
interlayer distance of COF 1 are ~1.1 nm and ~4.0 A,
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Figure 2. (a) Illustration of the synthesis of COF 1, 1-1P, 1-2P, 2, 2-1P, and 2-2P (the lower figures show the structural model of each COF
assuming the AA stacking mode). (b) FT-IR spectra of different COFs. (c) '*C CP-MAS solid-state NMR spectra of COF 1, 1-1P, and 1-2P. (d, g,
h) Experimental PXRD patterns of COF 1, 1-1P, and 1-2P with corresponding Pawley refinement (dark orange), simulated results (sky blue), and
Bragg positions (brick red) showing good fits to the experimental data (light gray) with minimal differences (dark violet). (e, f) N, sorption
isotherms and pore size distributions measured at 77 K for COF 1, 1-1P, and 1-2P, respectively.

respectively (Figures 2a and S2). Scanning electron micros-
copy (SEM) showed that COF 1 possesses a microsphere
morphology (Figure S3). The Brunauer—Emmett—Teller
(BET) surface area and pore size distribution of COF 1
were determined from the N, sorption data at 77 K (Figure
2e,f). Type I adsorption—desorption isotherms with a BET
surface area of 643.1 m?/g were obtained (Table S15). The
average pore size was estimated to be ~1.1 nm using a
nonlocal density functional theory (NLDFT) model, con-
sistent with the predicted pore diameter for an AA stacking
geometry in the framework (Figure 2f).

The attachment of functional linkers in the channels of COF
1 was expected to tune the pore size and properties. We next
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partitioned the pore spaces of COF 1 through the introduction
of 2,5-diaminobenzonitrile (Db) as a pore partitioning agent.
The postsynthetic treatment of COF 1 was carried out in a
mixture of mesitylene/1,4-dioxane/AcOH at 120 °C for 3
days. After washing with ethanol and acetone, the obtained
powder was denoted as COF 1-1P (Figure 2a). After this
treatment, the FT-IR spectrum showed a significant decrease
of characteristic —CHO signals at 1697 cm™}, together with
the increase of —C=N signals at 1620 cm™' (Figure 2b),
suggesting the successful formation of new —C=N bonds
through the reaction between aldehyde groups in the channels
of COF 1 and amine groups on Db. The presence of the —C=
N stretch at 2214 cm™ after the postsynthetic treatment
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Figure 3. (a) 3C CP-MAS solid-state NMR spectra of COF 2, 2-1P, and 2-2P. (b, e, f) Experimental PXRD patterns of COF 2, 2-1P, and 2-2P
with corresponding Pawley refinement (dark orange), simulated results (sky blue), and Bragg positions (brick red) showing good fits to the
experimental data (light gray) with minimal differences (dark violet). (¢, d) N, sorption isotherms and pore size distributions measured at 77 K for
COF 2, 2-1P, and 2-2P, respectively. (g—i) PXRD patterns of different COFs after treatment under different conditions.

further confirmed the successful insertion of the Db linker. The
solid-state '*C CP-MAS NMR spectrum for COF 1-1P further
verified the incorporation of the Db linker, evidenced by the
appearance of a new —C=N signal at 97 ppm (Figure 2c).
PXRD confirmed that the crystallinity of the COF was retained
after pore space partitioning (Figure 2g). The refined unit cell
parameters for COF 1-1P were determined as a = 22.19 A, b =
2432 A, c =409 A, o =7747° = 81.28° and y = 93.78°,
with agreement factors of R, = 2.84% and R,, = 3.79% (Table
S2). Compared with COF 1, the intensity of the (100)
reflections of COF 1-1P was weakened relative to the (020)
reflections after the pore space partitioning (Figure 2d,g). To
better explain how the pore partitioning strategy changes
PXRD peak intensities, we calculated the structure factors for
selected reflections (Supporting Information, Experimental
Procedures section). These calculations revealed that addi-
tional electron densities near the unit cell origins contributed
positively to negative-valued Fy, Fyo, and Fj, resulting in a
net reduction of peak intensities (Table S13). Taking these
results into account, an eclipsed AA stacking 2D structure with
a ~0.7 nm pore width was obtained, which was obviously
smaller than the parent COF 1 (Figures 2a and S2). N,
adsorption—desorption isotherms allowed the accessible
porosity of COF 1-1P to be probed (Figure 2e,f). The pore
size distribution analysis verified that pore diameters clustered
around 0.7 nm, consistent with the theoretical value from
structural simulations (Figures 2f and S2).
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On the basis of the aforementioned findings, we conclude
that our pore space partition strategy based on the use of a
multivariate COF with predesigned aldehyde sites is effective
for downsizing the pore sizes. The postsynthetic introduction
of amine-based components then serves as pore partition
agents, which can be appropriately anchored in the pore center
of the parent COF framework through imine linkages to
achieve precise pore partitioning. Given these attractive
features, we further explored the broader scope of the pore
space partition concept and its applicability to the fabrication
of other COFs with an elegantly partitioned pore space and
enhanced properties. To extend the pore space partition
strategy, we next employed 2,6-diaminonaphthalene (NTD) as
the pore partitioning agent of COF 1, yielding COF 1-2P
(Figure 2a). FT-IR and solid-state *C CP-MAS NMR spectra
confirmed the successful integration of NTD (Figure 2b,c).
PXRD and Pawley fitting refined results revealed the crystalline
structure of COF 1-2P to be the same as that of COF 1-1P
(Figure 2h and Table S3). As expected, the N, sorption
isotherm for COF 1-2P showed the same type I shape and a
similar pore size distribution to COF 1-1P (Figures 2e,f and
S2). In addition, we carried out nuclear magnetic resonance
(NMR) relaxometry measurements to study the pore environ-
ment of the COFs before and after pore space partitioning,
Single relaxation peaks were observed for both COF 1 and
COF 1-2P, suggesting the single relaxation population present
(Figure S4). COF 1-2P showed a single peak at ~0.066 s,
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Figure 4. (a) Illustration of the synthesis of COF 3, 3-1P, 3-2P, 4, 4-1P, and 4-2P (the lower figures show the structural model of each COF
assuming the AA stacking mode). (b) FT-IR spectra of COF 3, 3-1P, 3-2P, 4, 4-1P, and 4-2P. (c) "*C CP-MAS solid-state NMR spectra of COF 3,
3-1P, 3-2P, 4, 4-1P, and 4-2P. (d) Experimental PXRD patterns of COF 3, 3-1P, 3-2P, 4, 4-1P, and 4-2P. (e) Pore size distributions measured at 77

K for COF 3, 3-1P, 3-2P, 4, 4-1P, and 4-2P.

relatively earlier than that of COF 1 (~0.077 s), indicating that
its pore size distribution was smaller than that of COF 1.
Moreover, COF 1 and COF 1-2P showed similar signal
intensities, suggesting identical amounts of the porous
structures. Taken together, the data suggest a near-perfect
(almost 100%) insertion of partition agents into the pores of
the parent COF.

Encouraged by the results above, we next sought to replace
the PDB linker in COF 1 with a hydroxyl-rich linker (2,5-
dihydroxyterephthalaldehyde, DHTA), followed by partition-
ing the tetragonal channels to produce microporous dual
hydroxyl and nitrogen-functionalized COFs (Figure 2a). Based
on this approach, a hydroxyl functionalized COF was first
prepared by combining PyTTA, TpTTc, and DHTA,
producing COF 2 with a triclinic unit cell with a = 24.65 A,
b=2525A,and c =359 A, a = =90° and y = 90.3°
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(Figures 2a and 3a,b and Table S4). The experimental PXRD
pattern closely matched the calculated results based on a
model with eclipsed AA stacking (Figure 3b). The solid-state
3C CP/MAS NMR and FT-IR spectra showed the signals at
~153 ppm and ~1334 cm™!, respectively, confirming the
presence of hydroxyl groups (C—OH) in the structure (Figures
2b and 3a). The characterization results and calculated unit cell
for COF 2 revealed an isoreticular structure similar to that of
COF 1.

Subsequently, the tetragonal channels of COF 2 were
partitioned into smaller domains by Db and NTD, yielding
COF 2-1P and COF 2-2P, respectively (Figure 2a). In
comparison with COF 2, the *C CP/MAS NMR of COF 2-1P
showed an additional peak at 93.3 ppm attributed to the —C=
N group from the Db linker (Figure 3a). FT-IR spectroscopy
showed characteristic peaks at 1334 cm™ for the COF 2-1P
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and COF 2-2P frameworks, confirming the presence of C—OH
groups (Figure 2a).”® PXRD and Pawley refinements reveal
that COF 2-1P and COF 2-2P are isoreticular with COF 1-1P
and COF 1-2P. All experimental PXRD data were a close
match for the calculated data (negligible difference, R,
2.93%/R,,, = 3.72% for COF 2-1P; R, = 2.57%/R,,, = 3.41%
for COF 2-2P), indicating AA stacking mode and phase purity
(Figure 3e,f and Tables SS, S6, and S14). In COF 2-1P and
COF 2-2P, the hydroxyl groups of the ligand did not affect
pore partitioning and caused almost no change in the diameter
of the pore width (Figures 3¢c,d and SS; 1.1 nm for COF 2, and
0.7 nm for both COF 2-1P and COF 2-2P). This indicates that
the frameworks can be considered a platform able to tolerate
the substitution of functional linkers for broad functionalities
without changing the topology.

We then examined the chemical and thermal stabilities of
synthesized pore-partitioned COFs. After immersion in HC],
NaOH, and hot water for 12 h, respectively, the COF 1-1P,
COF 1-2P, COF 2-1P, and COF 2-2P remained intact with no
framework collapse or undesirable phase transitions occurring,
as evidenced by the PXRD patterns of the treated COFs being
the same with the as-prepared COFs (Figure 3g—i). However,
their parent COFs (COFs 1 and 2) showed relatively poor
chemical stability under similar conditions. Thermogravimetric
analysis (TGA) demonstrated that all pore-partitioned COFs
showed slightly better thermal stability than their parent COFs
with heating under a nitrogen atmosphere (Figure S6).

To explore the versatility of our synthetic strategy, we
subsequently extended the fabrication method to other [C; +
C,] COFs (Figures 1b and 4a). COF 3 was synthesized by the
imine condensation of 1,3,5-tris(4-aminophenyl)benzene
(TAPB), PDB, and TpTTc. COF 4 was prepared via a similar
synthetic route, replacing PDB with DHTA. FT-IR, solid-state
BC CP/MAS NMR, PXRD, and Pawley fitting refinement
analysis revealed the isoreticular crystalline structures with
triclinic unit cells for COF 3 (a=74.32 A, b =76.08 A, and c =
3.83A, a=92.04° 8 =95.85° and y = 121.38°) and COF 4 (a
=7297A, b=7547 A, and c = 3.74 A, @ = 91.48°, f = 85.82°,
and y = 119.59°) (Figures 4b,c and S7 and Tables S7 and
S10). The experimental PXRD patterns closely matched the
calculated results based on a model with eclipsed AA stacking
in both COFs (Figures 4a,d, S7, and S8). The aldehyde groups
in the COFs were oriented in an equilateral triangle with three
vertices on the TAPB components in both COFs 3 and 4
(Figure 4a). These geometric features allowed the introduction
of a C;-symmetric amine-linker, thus partitioning one pore into
three similarly sized micropores. The subsequent postsynthetic
reaction of COF 3 or COF 4 with [1,1":4',1"":3",1""":4""",1"""'-
quinquephenyl]-4,4’"'-diamine, 5”-(4’-amino[1,1’-biphenyl]-
4yl) (QDAB) and 4',4”,4"'-(1,3,5-triazine-2,4,6-triyl ) tris-
([1,1-biphenyl]-4-amine) (TTBA) resulted in the formation
of COF 3-1P, COF 3-2P, COF 4-1P, and COF 4-2P,
respectively (Figure 4a). The successful synthesis of these
pore-partitioned COFs was verified by using a range of
experimental techniques. We focus on COF 3-2P as a
representative example of the structural description of these
materials. The observed signal at 170.5 ppm by solid-state '*C
NMR, together with FT-IR peaks 1583 and 1363 cm™/,
confirmed the presence of triazine rings in the structure of
COF 3-2P (Figure 4b,c), demonstrating successful pore space
partitioning by TTBA. The experimental PXRD pattern for
COF 3-2P exhibited main diffraction peaks at 20 ~2.76, 4.81,
5.52, and 7.31°, which could be assigned to the (200), (220),
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(400), and (420) planes, respectively (Figure S7). Structural
modeling and Pawley refinement fitting allowed for the crystal
structure to be elucidated. The most probable structure was
determined to be a 2D net with AA stacking mode (space
group: P1, a = 7445 A, b = 7539 A, c =377 A, and a =
101.77°, p = 87.46° y = 119.88% R, = 2.01% and R, =
2.53%) (Figures S7 and S8 and Table S9). In addition, the FT-
IR, solid-state *C NMR, PXRD, and Pawley refinement fitting
results confirmed that COF 3-1P, COF 3-2P, COF 4-1P, and
COF 4-2P were isostructural porous neutral frameworks
(Figures 4b—d and S8 and Tables S8, S9, S11, and SI2).
SEM showed that COFs possess microsphere-like morpholo-
gies (Figure S3). COF 3 and COF 4 displayed a combination
of type I/IV adsorption/desorption isotherms, indicating the
presence of mesoporous structures. After pore segmentation,
COF 3-1P, COF 3-2P, COF 4-1P, and COF 4-2P
demonstrated type I curves with microporous characteristics
(Figure S9). The BET specific surface area for the samples,
determined from the N, sorption isotherms, ranged from 728
to 1083 m?*/g (Figures S9, S11, and S12 and Table S15). The
calculated pore sizes of COF 3-1P, COF 3-2P, COF 4-1P, and
COF 4-2P were all ~1.1 nm (Figure 4e), in agreement with
the predicted pore diameters for the eclipsed AA geometries
(Figure S8). The logarithmic scale of COF 3-1P, COF 3-2P,
COF 4-1P, and COF 4-2P showed lower nitrogen uptake than
their parents, COF 3 and COF 4, at low relative pressures (~
ranging from 0.001 to 0.01), respectively, suggesting that
COFs after pore segmentation have a greater volume of such
smaller pores (Figures S9, S11, and S12). NMR relaxometry
spectra further revealed that the pore size distribution of COF
3-2P is smaller than that of its pristine COF 3, indicating the
successful insertion of the pore partitioning agent (Figure
S10). COF 3-1P, COF 3-2P, COF 4-1P, and COF 4-2P
showed enhanced chemical and thermal stability compared to
those of COF 3 or COF 4, evidenced by their PXRD results
(Figure S13). The N, adsorption isotherms of those samples
showed small amounts of reducing the porosity, further
demonstrating the framework stability (Figure S14). The
chemical stabilities of COF 3-1P, COF 3-2P, COF 4-1P, and
COF 4-2P were better than that of their parent COF 3 and
COF 4, respectively, probably due to the inset QDAB and
TTBA linkers improving the rigidity of frameworks. Similar
strategies have been used and demonstrated the enhanced
stabilities in MOF structures.””>*

2.2. lodine and lodomethane Capture by Pore-
Partitioned COFs. The efficient capture of iodine (I,) and
iodomethane (CH;I) from the off-gas stream of nuclear power
plants is challenging and industrially important.*> Adsorbents
such as silver compounds,%’37 zeolites,*® metal—organic
frameworks,””~*” and polymers*®** have been developed for
the capture of these iodine pollutants. However, most of these
studies have focused on the adsorption of I, vapor and CH;I in
closed systems, whereas only a few studies have addressed the
dynamic removal of iodine species. Recently, COFs have
attracted interest as potential adsorbents in iodine species
adsorptive capture.”” ™ In this context, the pore partitioning
methodology presented herein offers an avenue for tailoring
the properties of COF-based adsorbents toward I, vapor and
CH,l capture. As a proof-of-concept, we conducted experi-
ments to assess the dynamic I, vapor and CHjl adsorption
performance of the various pore-partitioned COFs and their
parent COFs.
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Figure S. (a) Static I, vapor adsorption kinetics on different COFs upon exposure to I, vapor at 75 °C. (b) Static CH,I adsorption kinetics on
different COFs upon exposure to CH,I at 75 °C. (c) Exposure of saturated CH,I/COF 3-2P to air at 25 °C for 7 days. (d) Experimental column
breakthrough curves for I, vapor in an absorber bed packed with COF 3-2P. (e) Experimental column breakthrough curves for CH,I in an absorber
bed packed with a COF 3-2P. (f) I 3d XPS spectra of COF 3 and COF 3-2P after the adsorption of I,. (g) Raman spectra of COF 3 and COF 3-2P
after the adsorption of L. (h) FT-IR spectra of COF 3 and COF 3-2P after the adsorption of I, and CH,L. (i) *C CP-MAS solid-state NMR spectra

of COF 3 and 3-2P after the adsorption of CH;l.

We first carried out I, and CH,I adsorption experiments in a
static closed system at 75 °C. The adsorption capacity and
kinetics are summarized in Figure Sa,b. All of the COFs after
pore space partitioning demonstrated higher uptake capacities
over their parent COFs. Notably, COF 3-2P displayed
relatively fast I, adsorption kinetics, with an uptake value
reaching ~7.4 g/g over 352 h (Figures Sa and S1S and Table
$16). COF 3-1P, COF 4-1P, and COF 4-2P showed slightly
lower uptake capacities under similar conditions. When used
for CH;I capture at 75 °C, the adsorption capacity of COF 3-
2P was determined to be 2.24 g/g with fast adsorption kinetics,
outperforming most other reported adsorbents (Figure Sb and
Table §17).50°87¢° Exposure of the CH,I-saturated COF (i.e.,
CH,I/COF 3-2P) to air at 25 °C for 7 days resulted in
negligible weight loss, suggesting a strong host—guest
interaction between CH,l and COF 3-2P (Figure Sc).
Moreover, COF 3-2P can be regenerated and recycled with
~40% losses in I, adsorption (Figure S16). Given the strong
interactions, iodine incorporated into the COF cannot be
facilely desorbed with the procedure by rinsing with a solvent
or thermal desorption at a high temperature. The results show
that COF 3-2P has great potential for the capture of I, and
CHal in gas streams.

Encouraged by the relatively fast kinetics and high
adsorption capacity of COF 3-2P, we next performed dynamic
I, and CHjl adsorption experiments under breakthrough
conditions to simulate the treatment of industrial off-gas
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streams. COF 3-2P achieved an equilibrium adsorption
capacity of 2.42, 1.01, and 0.42 g/g at 25, 75, and 150 °C
toward L, respectively (Figure Sd and Table S18). As shown in
Figure Se, CHj3l was detected at breakthrough times of
approximately 540, 240, and 180 s at 25, 75, and 150 °C,
respectively. The calculated dynamic adsorption capacities
were 1.06, 0.60, and 0.24 g/g, respectively, higher than most of
the other reported adsorbents (Table S19). For comparison,
CH,l was detected after a short breakthrough time in the
absence of the COF 3-2P.

After demonstrating the excellent dynamic I, and CHj;l
adsorption performance of COF 3-2P under wide-ranging
conditions, we next sought an in-depth understanding of the I,
and CH;l adsorption mechanism by carrying out X-ray
photoelectron spectroscopy (XPS), Raman, FT-IR, and solid-
state *C NMR measurements. As shown in Figure 5f, the I 3d
XPS spectrum of COF 3 and COF 3-2P after I, adsorption
experiments could be deconvoluted into two sets of peaks at
618.6 and 630.1 eV (3:2 area ratio) and 620.1 and 631.7 eV
(3:2 area ratio), corresponding to I3~ and I~ species,
respectively.”®°" Results suggested the COFs adsorbed iodine
in the forms of I;~ and I;7, likely through interactions with the
exposed N atoms of the framework.”®®" The I~ signals were
more intense relative to the I;~ signals for COF 3-2P, while the
opposite was observed for COF 3, revealing that pore space
partitioning by the nitrogen-rich TTBA linker improved iodine
uptake performance. These results were consistent with the
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adsorption experimental results and helped explain the
enhanced I, adsorption performance of COF 3-2P. Raman
spectroscopy further revealed the existence of I;~ and Iy~ on
the surface of the used COFs (Figure Sg). Compared with the
FT-IR spectra of COF 3 and 3-2P, the C=N stretching
vibrations shifted from 1620 to 1639 cm™ after I, uptake,
revealing that exposed N atoms transferred electrons to
adsorbed I, molecules to form I;~ and I;~ (Figure Sh). After
CH,lI uptakes, FT-IR spectroscopy of COF 3 and COF 3-2P
revealed the formation of new C—N (N*—CH,;) bonds
through methylation, evidenced by the emergence of a new
peak at 955 cm™' (Figure 5h).>>*® Solid-state 3C NMR
showed characteristic peaks at ~59.6 ppm, confirming N-
methylation (Figure 5i).°%°% The long breakthrough time and
high dynamic capacity suggest that COF 3-2P is a very
promising adsorbent for use in packed columns for I, and
CH;l capture from the off-gas stream of nuclear power plants.

We next carried out density functional theory (DFT)
calculations to better understand the I, and CH;l adsorption
mechanisms. On the basis of XPS, Raman, FT-IR, and solid-
state >*C NMR results, we considered first 1,7, I;”, and CH,l
binding on the N-containing pyridine, imine, and triazine sites
of COF 3—2P. Figure S17 shows models of binding sites,
including I, /pyridine, Is”/pyridine, I;”/imine N, I;~/imine
N, I, /triazine N, and I /triazine N of COF 3-2P. The
binding free energies of I, /pyridine, I~ /pyridine, I,;"/imine
N, L, /imine N, I;"/triazine N, and I;”/triazine N were
calculated to be —0.51, —0.58, —0.45, —0.45, —0.30, and —0.46
eV, respectively. Moreover, the binding free energies of CH,l/
pyridine, CH;I/imine N, and CH,]/triazine N were —0.33, —
0.24, and —0.22 eV, respectively. These results revealed the
efficient contribution of triazine N sites to I, and CHjl
adsorption after pore space partitioning by the TTBA linker,
suggesting strong binding affinities of triazine N for 137, 17,
and CH;l. This further explains the excellent adsorption of I,
and CH;lI on COF 3-2P, highlighting the precise control over
the pore environment and functionalities of the pore space
partition strategy.

Taken together, these experimental results reveal that pore
space partitioning can deliver functional multicomponent
COFs for specific applications. The pore space partition
strategy reported here utilized multivariate COFs with
accessible aldehyde sites, allowing the controlled introduction
of matching C; and C, symmetry pore partition agents to
divide the 1D tetragonal and hexagonal channels into
uniformly sized micropores, thus producing microporous
frameworks. By this approach, diverse libraries of pore-
partitioned COF materials could be synthesized and screened
as high-performance adsorbents for target applications (e.g,
the capture of iodine species). We anticipate that our proof-of-
concept study will serve as inspiration for the synthesis of
improved COF-based adsorbents for selective separations,
waste-stream processing, and environmental remediation.

3. CONCLUSIONS

In summary, we have proposed a simple and versatile synthetic
strategy for the realization of pore space partitioning in imine-
linked covalent organic frameworks. This strategy is applicable
for the segmentation of tetragonal or hexagonal pores into
multiple uniformly sized micropores. We demonstrated that
pore partitioning is a versatile platform for the rational design
of COF-based adsorbents for I, and CH;l. Further, this
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synthetic strategy creates vistas toward functional COFs for
many other applications.
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