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Tuning the Topology of Two-Dimensional Covalent Organic
Frameworks through Site-Selective Synthetic Strategy

Xueying Wu,” Xihao Tang,® Kai Zhang,”?! Chelsea Harrod,™ Rui Li,” Jialin Wu,? Xi Yang,”
Shengrun Zheng,*® < Jun Fan, 9 Weiguang Zhang,™ 9 Xinle Li,*® and Songliang Cai*®d

Tuning the topology of two-dimensional (2D) covalent organic
frameworks (COFs) is of paramount scientific interest but
remains largely unexplored. Herein, we present a site-selective
synthetic strategy that enables the tuning of 2D COF topology
by simply adjusting the molar ratio of an amine-functionalized
dihydrazide monomer (NH2-Ah) and 4,4’,4"-(1,3,5-triazine-2,4,6-
triyl)tribenzaldehyde (Tz). This approach resulted in the for-
mation of two distinct COFs: a clover-like 2D COF with free
amine groups (NH2-Ah-Tz) and a honeycomb-like COF without
amine groups (Ah-Tz). Both COFs exhibited good crystallinity
and moderate porosity. Remarkably, the clover-shaped

Introduction

Covalent organic frameworks (COFs) are an emerging class of
crystalline porous polymers formed by the precise linking of
organic monomers via strong covalent bonds. COFs possess
nontrivial structural attributes, such as low density, high
crystallinity, large specific surface area, superb chemical
stability, adjustable poremetrics, and customizable skeletons.!'!
Consequently, COFs hold immense promise across a wide
spectrum of applications spanning gas storage,*® chromato-
graphic separation,®'¥ heterogeneous catalysis,"*'® chemical
sensing,!'>-2  optoelectronics,?2 and energy storage.?’-3
Among these diverse applications, there has been a growing
interest in recent years in the use of COF adsorbents with task-
specific affinity sites for the removal of aqueous pollutants. Of
particular interest, amine-functionalized COFs have demon-
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NH.-Ah-Tz COF, with abundant free amine groups, displayed
significantly enhanced adsorption capacities toward crystal
violet (CV, 261 mg/g) and congo red (CR, 1560 mg/g) compared
to the non-functionalized honeycomb-like Ah-Tz COF (123 mg/
g for CV and 1340 mg/g for CR), underscoring the pivotal role
of free amine functional groups in enhancing adsorption
capacities for organic dyes. This work highlights that the site-
selective synthetic strategy paves a new avenue for manipulat-
ing 2D COF topology by adjusting the monomer feeding ratio,
thereby modulating their adsorption performances toward
organic dyes.

strated extraordinary efficacy in selectively removing environ-
mentally harmful pollutants.?'-* To date, four strategies have
been established for constructing amine-functionalized COFs.
The first strategy involves the post-synthetic reduction of
existing COFs.B%37) For instance, the reduction of nitro groups in
pre-formed COFs results in the formation of amine-functional-
ized COFs.*”! The second approach is the monomer exchange
strategy, wherein COF monomers are exchanged with those
bearing multiple amine groups.?*-% However, this process often
requires a lengthy exchange reaction time and can lead to
challenges in retaining the pristine COF crystallinity after
monomer exchange. The third method is sub-stoichiometric
synthesis, which might generate unpredictable defects due to
the identical reactivity of the amine groups of the monomers
used for constructing imine-linked COFs.*'-*3 The fourth
method, proposed by our group in 2021, is the site-selective
synthetic strategy. This approach is simple to execute and yields
targeted COFs in a single reaction step.?>44#! |t leverages the
different reactivities of amine and hydrazide with aldehyde to
produce amine-functionalized 2D COFs, exclusively giving rise
to honeycomb-like COFs to date.

On the other hand, the structural topology of 2D COFs is
intricately controlled through the deliberate selection of rigid
building blocks with different symmetries. 2D COFs harness the
rigidity of their constituent monomers, each possessing reactive
sites arranged in a particular geometry. This geometric align-
ment serves as a blueprint for the growth of polygonal
frameworks, resulting in a diverse array of topologies, including
trigonal, tetragonal, rhombic, hexagonal, and Kagome shapes.?!
Given that COF topologies can lead to intriguing material
properties and contribute to the advancement of reticular
chemistry, there have been a few studies on the topology
modulation of 2D COFs in recent years. For instance, in 2017,
Zhao's group demonstrated the capability to switch 2D COFs

© 2024 Wiley-VCH GmbH
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between orthorhombic and hexagonal topologies by introduc-
ing alkyl substituents to a monomer.“® Wang's group exerted
control over the rhombic and Kagome topologies of on-surface-
synthesized 2D COFs by varying the monomer
concentrations.*” In 2021, Chen’s group employed a “two-in-
one” strategy to create highly crystalline 2D COFs, and their
topologies were fine-tuned by adjusting either the solvents or
the monomer concentrations.*s! Despite notable progress,
manipulating the 2D COF topology using the same monomer
combination has been rarely reported.

In this study, we introduce a site-selective synthetic strategy
that facilely modulates the topology of 2D COFs by adjusting
the molar ratio between an amine-containing dihydrazine
monomer (NH>—Ah) and 4.4 4°-(1,3,5-triazine-2,4,6-
triyltribenzaldehyde (Tz). The condensation of NH.-Ah with Tz
in a molar ratio of 3/2 led to the site-selective synthesis of a
clover-shaped NH>-Ah-Tz COF with free amine groups, while
the reaction of NH.-Ah with Tz in a molar ratio of 1/1 gave rise
to a honeycomb-like Ah-Tz COF without amine groups. When
applied for the selective removal of aqueous organic dye
pollutants, the clover-shaped NH,-Ah-Tz COF containing amine
functional groups exhibited largely enhanced adsorption abil-
ities, in comparison to those of the honeycomb-like Ah-Tz COF
without amine groups.
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Results and Discussion

Synthesis and characterization of NH2 .Ah Tzand Ah Tz
COFs

We commenced our study with the synthesis of two molecular
model compounds, NH.-Ah-Ba and Ah-Ba, by adjusting the
feed ratio between amine-functionalized dihydrazide (NH.—Ah)
and benzaldehyde (Ba). At an NH.—Ah/Ba molar ratio of 1/3, a
grayish-white solid of NH.-Ah-Ba was obtained with a yield of
78 %. In contrast, at an NH.—Ah/Ba molar ratio of 1/2, a white
solid of Ah-Ba was obtained with a yield of 84 % (Scheme 1a).
The structures of these two model compounds were unambig-
uously confirmed by 'H NMR, *C NMR, and LC-MS analyses (see
supporting information). The molecular model system demon-
strates that the selective retention of unreacted amine groups
can be achieved by varying the monomer feed ratio, high-
lighting the exceptional efficiency of our site-selective synthetic
strategy. Encouraged by this result from the model compound,
we applied it to the synthesis of two new 2D COFs, namely
NH>-Ah-Tz COF and Ah-Tz COF. These COFs were synthesized
solvothermally via the Schiff-base reaction of 4,4’,4”-(1,3,5-
triazine-2,4,6-triyl)tribenzaldehyde (Tz) and amine-functional-
ized dihydrazide (NH2—-Ah) at different molar ratios (Scheme 1b).
The synthesis was conducted in o-dichlorobenzene/ethanol,
catalyzed by 6 M acetic acid, and maintained at 110 °C for
3 days. NH,-Ah-Tz COF was obtained as a dark yellow solid in
high yields by the condensation of NH2-Ah with Tz at a molar
ratio of 3/2, while Ah-Tz COF was obtained as a bright yellow
solid by the reaction of NH,—Ah with Tz at a molar ratio of 1/1.
Elemental analyses were conducted for both NH.-Ah-Tz
and Ah-Tz COFs, and the results were given in Table S1. The

Tz
NH,-Ah/Tz=3/2

Scheme 1. (a) Synthesis of the model compounds NH,-Ah-Ba and Ah-Ba. (b) Synthesis of NH,-Ah-Tz and Ah-Tz COFs.
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measured C and N contents of NH.-Ah-Tz COF and Ah-Tz COF
were found to be lower than the theoretical values, which
might be due to the challenging removal of the guest
molecules in the pore channels of the resulting COFs. It was
worth noting that the N/C ratio of NH.~Ah-Tz COF (1/2.99) was
much higher than that of Ah-Tz COF (1/3.83), which was
attributed to the greater nitrogen content in the amine-
functionalized NH.-Ah-Tz COF. The crystalline structures of
NH.-Ah-Tz and Ah-Tz COFs were verified by X-ray powder
diffraction (PXRD) analysis. As illustrated in Figure 1a, the
diffraction pattern of NH.-Ah-Tz COF exhibited an intense
peak at 5.0° and three minor peaks at 8.6°, 13.1° and 26.3°. In
contrast, Ah-Tz COF displayed a strong diffraction peak at
around 5.0°, accompanied by four minor peaks at 8.5°, 13.1°,
15.2° and 26.2° (Figure 1e). A comparison of the experimental
PXRD pattern with the simulated one revealed that NH,-Ah-Tz
COF adopted a clover-like 2D network with ABC packing
(Figures 1a, 1d, and Table S4), as opposed to AA packing
(Figure 1b and Table S2) and AB packing (Figure 1c and
Table S3). Such an amine-functionalized NH.-Ah-Tz COF with
ABC stacking mode was similar to those of the other reported
clover-like COFs.#9-5" Likewise, the packing mode of Ah—Tz COF
closely resembled that of NH,-Ah-Tz COF. This was evident
from the fact that the experimental PXRD pattern of Ah-Tz COF
matched well with the simulated pattern generated from the
ABC packing mode, rather than the AA packing and AB packing
modes (Figures 1e-1 h and Tables S5-57). The ABC stacking
mode of Ah-Tz COF was similar to those of the previously
reported honeycomb-like COFs.24 The suggested ABC pack-
ing modes were therefore utilized for the Pawley refinements
for NH,—-Ah-Tz and Ah-Tz COFs, producing the PXRD patterns
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Figure 1. (a) Experimental and simulated PXRD patterns of NH. :Ah Tz COF; (b—d) Simulated structures of NH. Ah Tz COF with AA, AB, and ABC stacking
modes, respectively; (e) Experimental and simulated PXRD patterns of Ah Tz COF;(f-h) Simulated structures of Ah Tz COF with AA, AB and ABC stacking
modes.

Chem. Eur. J. 2024, 30, 202303781 (3 of 9)

which were very close to their corresponding experimental
ones (Figure S1). The final agreement factors of R, and Ru, were
found to be 3.42%, 2.68% for NH,-Ah-Tz COF, and 2.40%,
1.89% for Ah-Tz COF, respectively. Notably, this work repre-
sents the first attempt at creating a clover-like COF through the
site-selective synthetic strategy. Furthermore, it stands as the
first example of tuning 2D COF topology through the
straightforward variation of the molar ratio of two monomers.
Fourier transform infrared (FT-IR) studies were conducted to
further validate the successful synthesis of two COFs. As shown
in Figure 2a, the FT-IR spectra of both NH,-Ah-Tz COF and
Ah-Tz COF revealed the absence of aldehyde stretching
vibrations (1706 cm-") and the emergence of characteristic C=N
peaks (~1610 cm-"), confirming the imine formation. These C=N
stretching bands were in close agreement with those observed
in the model compounds of NH,-Ah-Ba (1616 c¢cm-') and
Ah-Ba (1607 cm-") (Figure S2). Moreover, in the FT-IR spectrum
of Ah-Tz COF, the amine vibration bands disappeared in
comparison to those observed in the NH,—Ah monomer (3200-
3450 cm-'"). Noteworthy, some characteristic amine stretching
peaks (3221 and 3418 cm-') were still evident in the FT-IR
spectrum of NH.-Ah-Tz COF, indicating the presence of free
amine functional group in NH,-Ah-Tz COF, whereas these
groups were absent in Ah-Tz COF. Similar amine characteristic
bands were also found in the FT-IR spectrum of the model
compound NH>-Ah-Ba (Figure S2). The presence of free amine
groups was further corroborated by X-ray photoelectron
spectroscopy (XPS) analysis. The N 1s spectrum of NH.-Ah-Tz
COF exhibited four peaks centered at 398.31 eV, 399.34 eV,
400.23 eV, and 401.55 eV, corresponding to the N atoms of C=N
from the hydrazone unit, C=N from the triazine ring, C-N bond

AB Stacking ABC Stacking
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Figure 2. (a) FT-IR spectra of Tz, NH,—Ah, NH.—Ah-Tz COF and Ah-Tz COF. (b) XPS N 1s spectrum of NH,—Ah—-Tz COF. (c) XPS N 1s spectrum of Ah—Tz COF. (d)
Solid-state *C CP-MAS NMR spectrum of NH,~Ah-Tz COF. (e) Solid-state '*C CP-MAS NMR spectrum of Ah-Tz COF. (f) Solid UV absorption spectra of

NH2-Ah-Tz COF and Ah-Tz COF.

and the -NH: group, respectively (Figure 2b). By comparison,
the N 1s spectrum of Ah-Tz COF only displayed three peaks at
398.38 eV, 399.72 eV, and 400.52 eV, which were attributed to
the C=N from the hydrazone bond, C=N from the triazine ring
and the C-N bond, respectively (Figure 2¢). Solid-state 3C cross-
polarization magic angle spinning (CP-MAS) NMR spectra of
NH2-Ah-Tz COF and Ah-Tz COF exhibited resonance signals at
147.8 and 148.7 ppm, which were characteristics of the C=N
carbons in the hydrazone linkages and aromatic carbons
connected to the free or reacted -NHz groups (Figures 2d, 2e
and S3a). More importantly, the signal at 161.7 ppm in the 3C
CP-MAS NMR spectrum of Ah_Tz COF could be ascribed to the
carbons of imine linkage,* which was absent in that of
NH.-Ah-Tz COF. These results were in good consistency with
the *C NMR spectra of the corresponding model compounds
NH.-Ah-Ba and Ah-Ba (Figure S3b).

Thermogravimetric analysis (TGA) showed that both
NH-Ah-Tz COF and Ah-Tz COF displayed high thermal
stability, exhibiting a slight weight loss before the temperature
of 365°C in a nitrogen atmosphere (Figure S4). Solid UV-vis
absorption spectra demonstrated that NH,-Ah-Tz COF exhib-
ited a broader UV absorption range than that of Ah-Tz COF.
This observation was consistent with the visual appearance of
the powders, as NH,-Ah-Tz COF was darker than Ah-Tz COF
(Figure 2f). Moreover, the bandgap of NH.-Ah-Tz COF was
determined to be 2.67 eV, which was smaller than that of
Ah-Tz COF (2.84eV), as presented in Figure S5. Scanning
electron microscopy (SEM) micrographs of the two COFs
presented rod-shaped morphologies with different lengths
(Figures S6 and S7). The nitrogen adsorption-desorption iso-
therms of both COFs demonstrated a TypelV behavior,

Chem. Eur. J. 2024, 30, 202303781 (4 of 9)

indicative of their microporous character (Figures 3a and 3b).
The Brunauer-Emmett-Teller (BET) surface areas were calcu-
lated to be 119 m? g-! for NH,~Ah-Tz COF and 149 m? g-' for
Ah-Tz COF. The pore size distribution was estimated from
nonlocal density functional theory (NLDFT), yielding pore sizes
of 1.63 nm and 1.28 nm for NH,-Ah-Tz COF and Ah-Tz COF,
respectively (Figures 3c and 3d). The relatively modest BET
surface areas can be attributed to the unusual ABC stacking
mode in both NH,-Ah-Tz and Ah-Tz COFs, which has been
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Figure 3. N; adsorption-desorption isotherm curves of (a) NH.-Ah-Tz COF
and (b) Ah-Tz COF at 77 K. The corresponding pore size distribution profile
of (¢) NH,—Ah-Tz COF and (d) Ah-Tz COF.
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observed in prior studies4 The chemical stabilities of
NH2-Ah-Tz COF and Ah-Tz COF were assessed by soaking the
COF samples in different solvents at room temperature for
48 hours. It was found that both NH.-Ah-Tz and Ah-Tz COFs
were stable in dichloromethane (DCM), N,N-dimethylformamide
(DMF), tetrahydrofuran (THF), water, aqueous NaOH (1 M) and
HCl (1 M), as evidenced by only slight changes in their PXRD
patterns after solvent treatment (Figure S8). The good chemical
stabilities of both NH,-Ah-Tz and Ah-Tz COFs could be
attributed to the robust hydrazone linkages in the resulting
COFs 11958l

Dye adsorption isotherms

With both COFs thoroughly characterized, we sought to assess
their potential in the selective removal of aqueous organic dye
pollutants. The dye absorption capacities of COFs as adsorbents
were determined by measuring the adsorption isotherms of
crystal violet (CV) and congo red (CR) organic dyes (Figure 4a
and Table S8). The equilibrium data were analyzed and fitted
with Langmuir, Freundlich, and Temkin isothermal adsorption
models to elucidate the interactions between COFs and two
dye molecules. As illustrated in Figure 4b, NH,-Ah-Tz COF
exhibited a maximum adsorption capacity of 261 mg/g towards
CV, surpassing the non-functionalized Ah-Tz COF (123 mg/g)
by 2.1-fold. As for CR, both NH,-Ah-Tz COF and Ah-Tz COF
displayed high adsorption capacities, reaching up to 1560 mg/g
and 1340 mg/g, respectively (Figure 4c). The amine-functional-
ized clover-shaped NH,-Ah-Tz COF demonstrated significantly
enhanced adsorption capacities for both CV and CR compared
to the non-functionalized honeycomb-like Ah-Tz COF. This
underscores the effectiveness of introducing amine functional
groups into COF structures for improving their adsorption
abilities towards organic dyes. The amine groups in NH>-Ah-Tz
COF are prone to forming hydrogen bonds with dye molecules,
resulting in higher maximum adsorption capacities of
NH.-Ah-Tz COF for two organic dyes.’'*2 To underline the
outstanding performance of NH,-Ah-Tz COF, we compared the
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Figure 4. (a) The structures of CV and CR organic dyes. (b) The adsorption

isotherms of NH,—Ah-Tz COF and Ah-Tz COF for CV. (c) The adsorption
isotherms of NH,—~Ah-Tz COF and Ah-Tz COF for CR.
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maximum adsorption capacities with those of reported adsorb-
ents for CV and CR in Tables S9 and S10. The maximum
adsorption capacity of NH.—Ah-Tz COF for CR surpassed that of
many reported metal-organic frameworks (MOFs) and COFs,
such as Mn-UiO-66@GO-NH. (1265.82 mg/g),*” MIL-88 A(Fe)
(PMFe-x) (1141.4 mg/g),*® COF-COONi/Ca (781.25/704.23 mg/
9} Fes0.@MIL-53(Al)  (234.4mg/g)®  Fes0.@TpPDA
(179.4 mg/g),’*" and so on. Similarly, the saturated adsorption
capacity of NH,-Ah-Tz COF for CV was superior to many
reported materials, such as SCNU-Z2 (847.4 mg/qg),*? TpPa-
SOsNa COF (728.4 mg/qg),!*¥ COF-H2 (151.8 mg/qg),'*” COF-TPDD-
COOH (88.02 mg/g),’**! LYU-2 (44.8mg/g)*? and Zn-MOF
(7.355 mg/g)” etc. The adsorption of NH.-Ah-Tz COF and
Ah-Tz COF on the two dye molecules conformed to the
Langmuir isothermal adsorption model, indicating monolayer
adsorption of CV and CR molecules on NH,-Ah-Tz COF and
Ah-Tz COF (Figures S9 and S10).

Dye adsorption kinetics

The adsorption kinetics of NH,~Ah-Tz COF and Ah-Tz COF for
CV (20 mg/L) and CR (200 mg/L) were investigated. The amine-
functionalized clover-like NH>~Ah-Tz COF displayed much high-
er adsorption rates for CV and CR than those of the honey-
comb-like Ah-Tz COF without amine groups (Figure 5). For
NH.-Ah-Tz COF, the removal rate of CV reached 97.1 % after
180 minutes of adsorption, while Ah-Tz COF achieved only
86.8% removal of CV in the same time frame. Moreover, the
removal rate of CR by NH-Ah-Tz COF was 829 % at
300 minutes, significantly higher than the 71.8 % removal rate
attained by Ah-Tz COF for CR. In addition, the aqueous
solutions treated with NH2-Ah-Tz COF exhibited a noticeably
lighter color compared to those treated with Ah-Tz COF,
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Figure 5. UV-Vis absorption spectra of CV treated with (a) NH, Ah Tz COF
and (b) Ah_ Tz COF at different times. UV-Vis absorption spectra of CR
treated with (c) NH, .Ah Tz COF and (d) Ah Tz COF at different times. The
inset images present the corresponding color changes before (left) and after
(right) the dye adsorption.
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providing further evidence of the faster adsorption kinetics of
NH.-Ah-Tz COF than Ah-Tz COF. Although the adsorption
rates of NH>-Ah-Tz COF for organic dyes were slower than
those of the B-ketoenamine-linked COFs,'%8% it was noteworthy
that the maximum adsorption capacities of NH,-Ah-Tz COF
toward CV and CR were superior to many reported MOF and
COF-based materials,*’-%”! rendering it still a promising adsorb-
ent for the effective removal of dye pollutants from water. The
adsorption kinetics of CV and CR on the two COFs were studied
by quasi-first-order and quasi-second-order equations. The
results indicated that the fitting data of the adsorption of CV by
Ah-Tz COF conformed to the pseudo-first-order equation, and
the other fitting results conformed to the pseudo-second-order
equation (Figures S11 and S12). This suggested that the
adsorption of CV by Ah-Tz COF was more likely to be physical
adsorption.

Adsorption mechanism

To probe the molecular interactions between COFs and the
adsorbed dyes, FT-IR studies were performed and the results
were presented in Figure 6. The FT-IR spectra of NH,—-Ah-Tz
COF and Ah-Tz COF exhibited prominent peaks at 1572 and
1574 cm-', corresponding to the C=C vibration in the benzene
ring. Upon adsorption of CV, the FT-IR spectrum of NH.-Ah-Tz
COF@CV displayed characteristic peaks of CV at 1296 cm-' and
1172 cm-'. Notably, the characteristic C=C peak shifted to
1585 cm~" compared to that of the pristine NH.-Ah-Tz COF. In
the case of Ah-Tz COF@CV, the FT-IR spectrum displayed
characteristic peaks of CV at 1296 cm~' and 1272 cm-', with a
similar shift in the aromatic C=C peaks to 1582 cm-' following
adsorption. When CR was adsorbed, characteristic CR peaks

—— AV
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Figure 6. FT-IR spectra of (a) NH-Ah-Tz COF, CV and NH-Ah-Tz COF@CV.
(b) Ah
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emerged at 1605 cm~' and 1201 cm-', 1605 cm-' and
1204 cm~" in the FT-IR spectra of NH,-Ah-Tz COF@CR and
Ah-Tz COF@CR, respectively. In both cases, the aromatic C=C
stretching peaks shifted to 1577 cm-', indicating n-r interac-
tions between the COF skeleton and the conjugated structure
of the organic dye "

The significantly improved adsorption performance of
NH,-Ah-Tz COF compared to the non-functionalized Ah-Tz
COF can be attributed to two primary factors. Firstly, the
presence of free amine groups enables interactions with
organic dyes through hydrogen bonds, such as N-H--N and
N-H--O interactions, thereby enhancing the adsorption of
organic dyes. Secondly, the disparity in pore sizes between the
two COFs plays a crucial role. The molecular size of CV
(1.39 nmx1.40 nmx0.40 nm) was slightly larger than the pore
size of Ah—-Tz COF (1.28 nm), making it challenging for CV to
enter the pore channels of Ah-Tz COF. On the contrary, the
pore size of Ah-Tz COF (1.63 nm) exceeds the molecular
dimensions of CV, facilitating easy access for CV dye into the
pore structure of NH,-Ah-Tz COF. This difference also contrib-
utes to the higher adsorption capacity and faster adsorption
kinetic of NH.-Ah-Tz COF than Ah-Tz COF for CV. Regarding
CR, which has a linear structure with a molecular size of
2.36 nmx0.82 nmx0.50 nm, the pore channels of both
NH.-Ah-Tz and Ah-Tz COFs can be readily accessed. This
accounts for the high adsorption capacities of both COFs
towards CR.

Conclusions

In summary, we have demonstrated for the first time that the
site-selective synthetic strategy provides a facile means to fine-
tune the 2D COF topology. By adjusting the molar ratios of an
amine-functionalized dihydrazide monomer (NH.-Ah) and Tz
under solvothermal conditions, we synthesized a clover-like
NH.-Ah-Tz COF with amine functional groups and a honey-
comb-like Ah-Tz COF without amine functional groups. When
employed as adsorbents for the removal of aqueous dye
removal, NH,-Ah-Tz COF, enriched with amine functional
groups, exhibited exceptional adsorption performance toward
CV and CR, far exceeding that of the honeycomb-like Ah-Tz
COF without amine group. The enhanced adsorption perform-
ance of NH,-Ah-Tz COF can be attributed to the strong
between the amine groups and the dyes, in addition to the
enlarged pore size. The molecular interactions between the
COFs and the adsorbed dyes were verified through FT-IR
studies. This work underscores the immense potential of the
site-selective synthetic strategy in tuning 2D COF topology,
thereby regulating their dye absorption properties and offering
possibilities for broader applications. We envision that the site-
selective synthetic strategy can be applied to modulate the
topology of other 2D COFs or even 3D COFs by selecting
appropriate, versatile amine-functionalized hydrazide linkers.

These potentials are currently under investigation in our
laboratory.

© 2024 Wiley-VCH GmbH
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Experimental Section

Synthesis of amine-functionalized dihydrazide (NH>-Ah)

Dimethyl 5-amino-isophthalate (209 mg, 1 mmol), 98 % hydrazine
hydrate (900 puL), and anhydrous ethanol (2 mL) were placed in a
10 mL microwave tube. The mixture was deoxygenated with liquid
nitrogen freezing for 15 minutes and then reacted in an oil bath at
80 °C for 24 hours. After cooling down to room temperature, the
powder was washed with anhydrous ethanol several times and
then dried in a vacuum oven at 100 °C overnight to yield a gray
solid, 5-amino-isophthalic dihydrazide (NH._Ah). '"H-NMR (600 MHz,
DMSO-de) & (ppm)=9.47 (s, 2H), 7.32 (s, 1H), 7.09 (s, 2H), 5.42 (s,
2H), 4.45 (s, 4H). *C-NMR (150 MHz, DMSO-ds) & (ppm)=166.91,
149.24, 134.81, 115.31, 113.10. MS (LC-MS) for CgH1iNsO, (Calcd:
209.09): m/z=208.28 [M-H]-.

Synthesis of NH.-Ah Ba and Ah Ba (molecular model
compounds)

NHz-Ah (31 mg, 0.15 mmol), benzaldehyde (31 pL, 0.30 mmol), and
methanol (2 mL) were charged in a 10 mL microwave vial. The
mixture was then degassed by three freeze-pump-thawing cycles
and finally heated at 82 °C for 48 hours. Upon cooling to room
temperature, the precipitate was collected by filtration, washed
with methanol several times, and dried overnight under vacuum,
giving rise to the model compound of NH,_Ah_Ba as an off-white
solid (45 mg, yield: 78%). 'H-NMR (600 MHz, DMSO-ds) & (ppm) =
11.85 (s, 2H), 8.46 (s, 2H), 7.73 (d, J =72 Hz, 4H), 7.55 (s, 1H), 7.51-
7.36 (m, 6H), 7.25 (s, 2H), 5.64 (s, 2H). C-NMR (150 MHz, DMSO-ds)
d (ppm)=163.96, 149.60, 148.14, 135.08, 134.84, 130.56, 129.34,
127.58, 116.36, 114.12. MS (LC—MS) for C22H19Ns02 (Calcd: 385.42)2
m/z= 384.23 [M-H]-.

NHz-Ah (21 mg, 0.1 mmol), benzaldehyde (31 uL, 0.30 mmol), and
methanol (2 mL) were placed in a 10 mL microwave vial. The vial
was then degassed by three freeze-pump-thawing cycles and finally
heated at 82 °C for 48 hours. Upon cooling to room temperature,
the precipitate was collected by filtration, washed with methanol
several times, and dried overnight under vacuum to obtain the
model compound of Ah_Ba as a white solid (40 mg, yield: 84 %). 'H-
NMR (600 MHz, DMSO-ds) & (ppm) =12.08 (s, 2H), 8.83 (s, TH), 8.52
(s, 2H), 8.38 (s, TH), 8.03 (s, 4H), 7.77 (d, J=6.7 Hz, 4H), 7.59 (d, J=
7.2 Hz, 3H), 7.48 (t, J=7.5 Hz, 6H). *C-NMR (150 MHz, DMSO-de) &
(ppm) =163.41, 162.67, 152.16, 148.82, 136.15, 135.31, 134.69,
132.52, 130.71, 129.47, 129.41, 129.36, 127.68, 125.06, 123.62. MS
(LC=MS) for Ca9H23NsO; (Caled: 473.53): m/z = 472.17 [M-H]-.

Synthesis of NH.-Ah-Tz and Ah-Tz COFs

A mixture of Tz (7.9 mg, 0.02 mmol), NH,_Ah (6.3 mg, 0.03 mmol),
o-dichlorobenzene and anhydrous ethanol (0.67 mL and 0.33 mL,
respectively) was added into a 10mL glass bottle and then
sonicated for 10 minutes. Acetic acid (0.1 mL, 6 M) was added to
the mixture and argon was bubbled for 10 minutes, after which the
glass bottle was quickly sealed and heated at 110 °C for 3 days. The
precipitate was filtered, collected, and then washed with tetrahy-
drofuran and methanol to obtain a dark yellow solid powder. The
obtained powder was soaked in tetrahydrofuran and methanol
solvents for 2 days, during which fresh tetrahydrofuran and
methanol solvents were exchanged 3 times. The powder was
collected by centrifuge and dried under vacuum to obtain a clover-
shaped COF containing amine functional groups (NHAh_Tz COF)
in a yield of 80 %.

Chem. Eur. J. 2024, 30, 202303781 (7 of 9)

A mixture of Tz (7.9 mg, 0.02 mmol), NH—Ah (4.2 mg, 0.02 mmol),
0.67 mL o-dichlorobenzene and 0.33 mL anhydrous ethanol was
added into a 10 mL glass bottle and then sonicated for 10 minutes.
Then, acetic acid (0.1 mL, 6 M) was added to the mixture and argon
was bubbled for 10 minutes, after which the glass bottle was
quickly sealed and heated at 110 °C for 3 days. The precipitate was
filtered and collected and then washed with tetrahydrofuran and
methanol to obtain a bright yellow solid powder. The obtained
powder was soaked in tetrahydrofuran and methanol solvents for
2 days, during which fresh tetrahydrofuran and methanol solvents
were exchanged 3 times, respectively. The powder was collected by
centrifuge and dried under vacuum to obtain a honeycomb-like
COF without amine functional groups (Ah—_Tz COF) in a yield of
78%.

Dye adsorption test

NH._Ah_Tz COF or Ah_Tz COF (2.5 mg) was immersed in 10 mL
organic dyes aqueous solutions with different initial concentrations
ranging from 50 to 2000 ppm and stirred at room temperature in
the dark for 72 hours. Then the mixture was filtered by PES
membranes with 0.22 pm micropore to remove any adsorbent. The
concentrations of organic dyes in an aqueous solution were
characterized by a UV-visible spectrophotometer. The adsorption
capacity (Qe) and the capacity at giving time (Q:) of NHa- Ah_Tz COF
or Ah_Tz COF for organic dyes were calculated by the following
equations, respectively:

VoG, - Cb
Qu

VBCO - Cep
1, Y0 — el
QU

Where Co and C. (mg- L-") are the concentrations of dyes in aqueous
solutions at the beginning and equilibrium times, respectively, V
(mL) represents the volume of the aqueous dye solution, and m (g)
is the mass of the NH,—Ah-Tz COF or Ah—-Tz COF sample.

The adsorption isotherm data were fitted using Langmuir, Freund-
lich, and Temkin adsorption models. The Langmuir adsorption
model formula is:

Ce . 1 Ce

Qe A KLQm b Q_rn

and formula of the Freundlich adsorption model is:

1
InQ. Y4 InKr p n InCe

and formula of the Temkin adsorption model is:
Q. ¥4 BInA b BInCe

Where Ce (mg- L") is the equilibrium concentration of dyes in an
aqueous solution, Qe (mg- g-') is the equilibrium adsorption
capacity, Qm (mg- g-') is the maximum adsorption capacity. While K;
is the Langmuir constant, Kr is the Freundlich constant, 1/n is
adsorption intensity, B is a factor related to the heat of adsorption,
A is the equilibrium binding constant.

The kinetic adsorption studies were performed in a similar method.
NH,-Ah-Tz COF or Ah-Tz COF (3.0 mg) was added into organic
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dyes aqueous solutions, and the concentration of dyes at the given
time was determined. For the adsorption studies, NH._Ah_Tz COF
or Ah_Tz COF (3.0 mg) powder was added into 10 mL aqueous
solutions of crystal violet (CV) and congo red (CR), and the
concentration of dyes at the giving time was determined. The
adsorption kinetic data were fitted with the pseudo-first-order and
pseudo-secondary-order models, respectively, and their equations
are as follows:

|n6q;; - qtb Va |nqe - kit

t 1 t

1
qt s k2q? b Ge

-1 i
LB Alin? 3% IG Snb FRTEIER aNG K PERNEs SRPARL AL
first-order rate constant and pseudo-second-order rate constant,
respectively.
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