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ABSTRACT: Covalent organic frameworks (COFs) have wide-
spread applications in many fields. However, successful attempts to Y
construct COFs through the formation of two types of covalent
bonds remain limited and challengeable. Here, we report the first 4
example of a COF with olefin and imine dual linkages, which was
enabled by orthogonal Schiff base reaction and the Knoevenagel mmm= e
condensation. The obtained COF-FD1 exhibits good stability and
high selectivity in the fluorescence sensing of Fe3* jons. Remarkably, O .
this COF features a relatively rare hollow spherical morphology, and \
\\\ solid sphere Q i
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a time-dependent study of the continuous transformation from initial
solid spherical to hollow spherical structures reveals an Ostwald S
ripening mechanism. This research not only demonstrates a new
approach for the design and synthesis of COFs with dual linkages but
also may bring about the possibility of constructing COFs with hollow structures.

=~ ___core-shell spheres -~ -

B INTRODUCTION

Covalent organic frameworks (COFs) make up an emerging
class of two-dimensional (2D) and three-dimensional (3D)
crystalline porous polymers, with an exceptional diversity of
types and shapes, due to the high accessibility and diversity of
organic building blocks.' ~*° Meanwhile, these materials usually
exhibit low densities, large specific surface areas, high thermal
stabilities, and controllable structures, rendering them good

The construction of COFs with dual linkages requires the
formation of two types of covalent bonds; difficulty was often
encountered in the compatibility of the two types of covalent
bonds and/or the bond forming reactions. In 2015, Zhao et al.
demonstrated the first successful synthesis of COFs with dual
linkages using an orthogonal reaction strategy.56 Since then,
the construction of COFs by integrating two types of covalent
bonds has attracted considerable research interest, and various

candidates for various potential applications, including gas
adsorption,” ™>* organic catalysis,”* "> photocatalysis,”’ >
electrochemistry,‘%_42 molecular recognition,43 fluorescence
sensing,"* " etc. COFs are constructed typically by inter-
connecting the molecular building blocks; therefore, the
reversibility of the condensation reactions for the synthesis
of highly crystalline COFs is particularly critical, while the
formation of strong covalent bonds often leads to poor
crystallinity or even an amorphous network. So far, a number
of COFs have been successfully constructed through the
formation of different covalent bond linkages, such as B—O,
B—N, C=N, C—N, C=C,*'* etc., but a vast majority of
COFs are connected by a single type of covalent bond. In
contrast, only a few COFs are connected by more than one
type of covalent bond,*>*® though developing new synthetic
strategies and constructing new COFs with dual linkages could
greatly enrich the types, quantities, and functions of COFs. In
particular, COFs with dual linkages could integrate the physical
and chemical properties of two different connectors, affording
dual-functional or specific functional materials without post-
modification,””*%¢>
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novel COFs have been successfully synthesized with different
dual linkages, including boroxine and hydrazone linkages,””
boroxine and triazine linkages,58 etc. However, so far, the most
frequently reported examples were constructed by employing
the B—O bond as one end of the connection core by virtue of
its dynamic reversibility.”>"® On the contrary, the unstable
nature of the B—O bonds often restricted the stability and
function of these dual-linkage COFs. Here, we report a new
strategy for constructing COFs by combining Schiff base
reaction and the Knoevenagel condensation, allowing the
synthesis of a new type of COF for the first time with olefin
and imine dual linkages, denoted as COF-FD1 (Scheme 1).
It is well-known that the Schiff base reaction is reversible,**
while for the Knoevenagel condensation reaction, strong
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Scheme 1. Strategy for Preparing COFs with Olefin and Imine Dual Linkages, Including (a) a Schematic Representation of the
Bifunctional Linker 4-Aminobenzyl Cyanide Along with the Linkage Structure of the COF with Dual Linkages, (b) the Model
Reaction of Benzaldehyde with 4-Aminobenzyl Cyanide to Form the Dual Linkages, and (c) Synthesis of COF-FD1 with Dual

Linkages via Orthogonal Reactions
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electron-withdrawing groups like nitrile could also increase the
C=C bond reversibility,(’5 which is a prerequisite for obtaining
crystalline COFs. We thus chose benzaldehyde and 4-
aminobenzyl cyanide as the model building blocks to verify
the feasibility of this orthogonal reaction strategy. Encourag-
ingly, we successfully obtained the desired molecules (BAPP)
in a model reaction (Scheme 1b and Figures S1—S3),
suggesting a good compatibility of the two reaction types
and thus the high likelihood of constructing COFs with these
dual linkages. Indeed, after extensive screening (Figures S4—
S8), the use of 1,3,5-triformylbenzene (TFB) instead of
benzaldehyde could finally enable us to synthesize a highly
crystalline COF with olefin and imine dual linkages (Scheme
1c), which features an interesting hollow spherical morphology
and exhibits remarkably high stability and excellent selectivity

in fluorescence sensing of Fe3* ions.

B EXPERIMENTAL SECTION

Synthesis of (2)-2-(4-{[(E)-Benzylidenelamino}phenyl)-3-
phenylacrylonitrile (BAPP). A 10 mL Schlenk tube was charged
with 4-aminobenzyl cyanide (0.132 g, 1 mmol), benzaldehyde (0.212
g, 2 mmol), and methanol (4 mL). Afterward, 0.4 mL of NaOH (4
M) was added to the mixture, and then the mixture was sonicated for
S min; the resulting reaction mixture was allowed to stand at room
temperature for 12 h, yielding BAPP (0.2684 g, 87%). '"H NMR (500
MHyz, chloroform-d): & 8.49 (s, 1H), 7.95—7.89 (m, 4H), 7.72 (d, ] =
8.2 Hz, 2H), 7.55 (s, 1H), 7.52—7.42 (m, 6H), 7.29 (d, ] = 8.2 Hz,
2H). '3C NMR (126 MHz, chloroform-d): § 161.1, 152.9, 141.5,
136.0, 133.9, 132.1, 131.9, 130.6, 129.4, 129.1, 129.0, 127.0, 1217,
118.1, 111.3. HRMS: m/z caled for C,,H (N, [M + HJ*, 309.1347;
found, 309.1381. Mp: 117 °C.

Synthesis of COF-FD1. A 50 mL Schlenk tube was charged with
4-aminobenzyl cyanide (19.8 mg, 0.15 mmol) and TFB (16.2 mg, 0.1
mmol) in methanol (3 mL). Afterward, 0.4 mL of NaOH (4 M) was
added to the mixture, and then the mixture was sonicated for 5 min
and allowed to stand at room temperature for 2 days. Then, 0.6 mL of
acetic acid (6 M) was added, and the mixture was further
decompression degassed through the vacuum pump for 3 min. The
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Figure 1. (a) PXRD patterns of COF-FD1 with the observed profile colored black, Pawley refinement colored red, the difference (observed minus
refined) colored dark blue, simulated eclipsed stacking colored purple, and simulated staggered stacking colored orange. Eclipsed structure: views
from (b and d) the c axis and (c) the b axis. Staggered structure: views from (e and g) the c axis and (f) the b axis. Gray for C, blue for N, and white
for H. For the staggered structure, alternating yellow layers with undefined atoms are presented to emphasize the alternating structure.

tube was placed in an oil bath at 120 °C without disturbance for 2
days and then cooled to room temperature, and the precipitate was
collected by filtration and sequentially washed twice with methanol,
H,0, DCM, and DMEF. This was followed by Soxhlet extraction in
THE for 24 h and drying under vacuum at 105 °C for 12 h to afford a
yellow powder (25 mg, 81%).

Fluorescence Detection of Metal lons. The metal ions used for
the fluorescence sensing experiments were SnCl,, MgCl,, ZnCl,,
CuCl,, MnCl,, CoCl,-6H,0, NiCl,, AICl;, CrCl;-6H,0, FeCl;, and
ZrCl,, and the metal ion solutions (10 mM) were prepared in THF.
Suspensions of COF-FD1 (1 mg/20 mL) were prepared by dispersing
COF-FDI in THF and subjecting them to ultrasonication. To explore
the fluorescence response of the synthesized COF-FD1 to different
metal ions in THF solutions at room temperature, 3 mL of COF-FD1
suspensions (1 mg/20 mL) was added to the cuvette (12.5 mm X
12.5 mm X 45 mm), followed by 60 uL of a blank THF or THF
solution containing M(Cl), (M* = Sn*', Mg**, Zn*, Cu®**, Mn™,
Co**, Ni**, AI**, Cr**, Fe*', or Zr*", 10 mM), and the fluorescence
emission spectrum with an excitation wavelength of 387 nm was
monitored. To further explore the selectivity of COF-FDI for sensing
Fe*, the fluorescence of the COF-FD1 suspensions (1 mg/20 mL)
was investigated by testing the fluorescence intensity changes in the
presence of other metal ions.

Further detailed experimental procedures and characterization are
described in the Supporting Information.

B RESULTS AND DISCUSSION

COF Synthesis and Characterizations. By screening the
reaction conditions, including various different combinations
of solvents and catalysts, we found that a methanol solvent and
a 6 M acetic acid catalyst were more favorable for the
crystallization of COF-FD1 (Figures S4—S8). Accordingly,
COF-FD1 was synthesized by the reaction of 4-aminobenzyl
cyanide and TFB in a methanolic NaOH solution at room
temperature for 2 days, followed by the addition of an acetic
acid solution and heating at 120 °C for 2 days (see the
Supporting Information for details). In this synthetic strategy,
an orthogonal reaction was prone to the formation of the
disordered polymer framework under the catalysis of NaOH,
and then the polymer framework was “self-repaired” to a highly
crystalline network by adding acetic acid and heating. The

Fourier transform infrared (FT-IR) spectrum of COF-FD1
(Figure S9) shows the appearance of the C=N bond at 1624
cm™! and the C=N bond at 2218 cm™}, evidencing the
generation of dual linkages in the COF skeletons. These
connections in the structures of COF-FD1 were further
confirmed by the solid-state cross-polarization magic-angle
spinning (CP/MAS) "“C NMR spectrum (Figure S10). The
peak at 158 ppm is attributed to the carbon atom of the C=N
bond, and that at 116 ppm to the carbon atom of the C=N
bond, and the signals at 109 and 148 ppm originate from the
carbon atom of the C=C bond. In addition, the signals at 127,
130, 134, 135, and 149 ppm can be assigned to the carbon
atoms of the phenyl groups.”**°

The crystalline nature and the framework structure of COF-
FD1 were elucidated by powder X-ray diffraction (PXRD)
analysis in conjunction with structural simulations (Figure 1).
The PXRD pattern showed a strong diffraction peak at 4.70°,
accompanied by several relatively weak diffraction signals at
8.14° 9.44°, 12.6°, and 25.8°, which can be assigned to the
(100), (110), (200), (210), and (001) planes, respectively. To
examine the degree of structure matching, the interlayer
stacking, a geometrical energy minimization, and structural
refinement by Materials Studio were conducted (see the
Supporting Information for details). After Pawley refinement
of the model against the experimental pattern for COF-FD1,
the following unit cell parameters were generated: a = b =
21.6031 A, ¢ = 3.1222 A, a = f = 90°, ¥ = 120°, R, = 3.29%,
and R, = 2.54% (Table S1 and Figure S11). As expected, the
peak positions and relative intensities of the experimental and
simulated PXRD pattern employing eclipsed stacking were
found to be in good agreement (Figure S12). In sharp contrast,
simulation of COF-FD1 with a staggered stacking mode
cannot reproduce the experimental PXRD patterns (Figure
S13), indicating COF-FD1 adopts an AA stacking mode.
Interestingly, field emission scanning electron microscopy
(FESEM) images (Figure S14) show the spherical structure of
COF-ED1. The well-defined hollow spherical texture of COF-

https://doi.org/10.1021/acs.chemmater.2c00922
Chem. Mater. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00922/suppl_file/cm2c00922_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00922/suppl_file/cm2c00922_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00922/suppl_file/cm2c00922_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00922/suppl_file/cm2c00922_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00922/suppl_file/cm2c00922_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00922/suppl_file/cm2c00922_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00922/suppl_file/cm2c00922_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00922/suppl_file/cm2c00922_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00922/suppl_file/cm2c00922_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00922/suppl_file/cm2c00922_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00922/suppl_file/cm2c00922_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00922/suppl_file/cm2c00922_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00922?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00922?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00922?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00922?fig=fig1&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c00922?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

Figure 2. TEM images of COF-FD1 prepared with different times: (a) 6 h, (b) 24 h, (c) 48 h, (d) 52 h, (e, i, and m) S6 h, (£, j, and n) 64 h, (g k,

and 0) 72 h, and (h, |, and p) 96 h. Scale bar of 2 ym.

c

symmetric way

asymmetric way

Figure 3. Hollowing evolution process of COF-FD1 via an Ostwald ripening mechanism: (a) 6 h, (b) 48 h, (cand f) S6 h, (d and g) 64 h (e and h)

72 h, and (i) 96 h.

FD1 (Figure 2 and Figure S16) was further clearly verified via
transmission electron microscopy (TEM) images.
Morphology Evolution Analysis. To understand the
mechanism of formation of hollow spheres, the morphological
changes at different reaction times (6, 24, 48, 52, 56, 64, 72,
and 96 h) were investigated by means of FESEM and TEM.
With a longer reaction time, these solid spheres developed
gradually and afforded a uniform spherical structure with

diameters of 2—4 um (Figure 2a—c and Figure S$14).%
Moreover, TEM images provided clear and direct information
to explore the growth pattern of these hollow spheres. After 48
h, an acid catalyst was added and the temperature was
increased to 120 °C; the morphology of solid spheres
remained the same until 52 h (Figure 2d). Solid evacuation
started at a particular region under the surface of the solid
sphere as the reaction time increased, which divided the
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Figure 4. (a) Fluorescence emission spectra of COF-FD1 upon addition of different metal ions in THF. (b) Selectivity of COF-FD1 for sensing
Fe®* in THF. (c) Fluorescence titration of COF-FD1 with Fe** in THF. (d) Stern—Volmer plot of COF-FDI.

pristine solid sphere into two discrete regions and formed two
core—shell hollow sphere structures, including symmetric and
asymmetric core—shell hollow spheres (Figure 2e,i).”®
Subsequently, the solid evacuation continued (Figure 2£j),
and the core was further trimmed down to a smaller size in a
symmetric or an asymmetric way, leading to several symmetric
or asymmetric core—shell hollow spheres (Figure 2gk).
Notably, when the reaction time reaches 96 h, the core
eventually disappears thoroughly, forming a complete hollow
sphere structure (Figure 2h]l). Furthermore, the fractured
morphologies of the spheres were also detected by FESEM and
TEM, which clearly demonstrated the shell, core—shell cavity
space, and inner core of the core—shell spheres (Figure S15).
In addition to most single spheres, interconnected core—shell
spheres were also found (Figure 2m—p and S17). Similarly, the
interconnected core—shell hollow spheres exhibited almost the
same growth pattern as single spheres.69 Meanwhile, a
simultaneous enhancement in crystallinity was also observed
by PXRD analysis (Figure S18), and the specific surface areas
increased accordingly with a gradual hollowing of the inner
cores (Figure S19), which indicates that the self-templated
hollowing evolution process affects the internal ordering in the
COF and the reversible “self-repair” process of COF is also
used to rearrange the order of covalent bonds from random to
regular order.”’ On the basis of the experimental data
presented above, the solid sphere gradually transformed into
a hollow sphere, in which Ostwald ripening dominated the
morphological evolution with reaction time (Figure 3).°”~7*

Stability and Porosity. To our delight, by virtue of the
covalent bond structures of connections, this type of COF
exhibited superior stability. Thermogravimetric analysis
(TGA) revealed that COF-FD1 possesses prominent thermo-
stability with a weight loss of <4% until 400 °C under both air
and nitrogen atmospheres (Figure $20). The chemical stability
of COF-FD1 was investigated by PXRD after treatment for 3
days in a variety of organic solvents, such as tetrahydrofuran
(THF), EtOH, N,N-dimethylformamide (DMF), dichloro-
methane (DCM), H,0O, and 4 M NaOH and 4 M HCl aqueous
solutions. COF-FD1 exhibited good chemical stability after
soaking in different solvents, evidenced by PXRD profiles
(Figure S21). In particular, peaks in the PXRD pattern after
water treatment were observed, suggesting this COF with dual
linkages may be applied in aqueous environments. In addition,
the contact-angle (CA) measurement of water on COF-FD1
revealed the relatively good hydrophilic nature of this
material’s surface (~32°) (Figure S22). After its thermal
stability had been determined, COF-FD1 was activated by
vacuum at 105 °C for 12 h and then the integrity of the sample
was confirmed by PXRD (Figure S23). The porosity of COF-
FD1 was demonstrated by measuring the nitrogen adsorption—
desorption isotherms at 77 K (Figure S24), giving a relatively
small Brunauer—Emmett—Teller (BET) surface area of 94 m*
g, which may be caused by the blockage of the pore channels
by large fragments or defects.”’ ~>* The total pore volume was
calculated to be 0.089 cm® g™' (at P/P, = 0.95), and the pore
size distribution of COF-FDI1 was estimated from nonlocal
density functional theory (NLDFT), showing a narrow pore
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width at ~1.69 nm (Figure S25a), close to the pore size
predicted to be 1.85 nm from the crystal structure (Figure
S25b).

Fluorescence Sensing Performances. To explore the
fluorescence response of COF-FD1 to different metal ions, we
dispersed COF-FD1 in different common solvents and
recorded its fluorescence spectra first (Figure S26). THF,
which affords the strongest fluorescence and relatively good
solubility for various metal chlorides, was selected as the
solvent for metal ion detection. Upon excitation at 387 nm in
THF, COF-FD1 exhibited a distinct emission band at 514 nm
(Figure S27). To eliminate the interference of solvents, we
dissolved different M(CI), ions (M** = Sn**, Mg**, Zn**, Cu*,
Mn?¥, Co*, Ni**, AI**, Cr¥, Fe¥*, or Zr*) into THF and
investigated the fluorescence sensing ability of COF-FD1 to
probe metal ions in the presence of different metal ions.”®
Figure 4a shows the corresponding difference of the
fluorescence intensity of COF-FD1 in THF (8 X 107° M)
toward various metal ions (10 mM). Interestingly, the addition
of metal cations such as Sn**, Mg?*, Zn**, Cu**, Mn**, Co™,
Ni**, AI**, Cr*, or Zr*" to the suspensions led to almost no
effect on the fluorescence intensity of COF-FD1. In sharp
contrast, the Fe’ ions induced a rapid and significant
quenching effect on the fluorescence intensity in a few
seconds. Notably, no distinct difference was detected in the
FT-TR spectra and PXRD patterns for COF-FD1 before and
after the fluorescence detection of Fe®*, suggesting the robust
skeleton of COF-FD1 (Figures S28 and S$29). These
phenomena indicate that COF-FD1 exhibits high selectivity
and stability for sensing Fe’" and may serve as a fluorescent
sensor for detecting Fe®* jons. As a control, the fluorescence
detection of Fe** ions for the model compound (BAPP) was
also carried out and demonstrated no fluorescence quenching
under the same conditions, further proving that COF-FD1 was
unique as a fluorescent sensing material (Figure S30).

To further evaluate the selectivity of COF-FD1 for sensing
Fe¥, comparative experiments were performed by mixing
COF-ED1 suspensions with Fe®* and other metal ions, and the
results are depicted in Figure 4b. It was found that the
interference of most metal ions has led to an only minor
influence on the detection of Fe3* by COF-FD1, which also
clarifies that COF-FD1 has a high selectivity for sensing Fe®".

Sensitivity is another critical feature of effective fluorescent
sensors. To examine the sensitivity of COF-FD1 to Fe®,
fluorescence titration experiments were conducted. As
displayed in Figure 4c, the fluorescence intensity of COF-
FD1 exhibits a sharp decrease with an increase in Fe®* ion
concentration from 3 X 107° to 6 X 107" M. To qualitatively
describe the quenching sensitivity, we evaluated the values of
the quenching coefficient of Fe®* for the fluorescence of COF-
FD1 by using the Stern—Volmer equation: Ip/I = 1 + Kgy[M]
(where I and I represent the fluorescence intensities of COF-
FD1 in the absence and presence of the Fe®* ion, respectively,
Kgy is the quenching coeflicient, and [M] is the concentration
of the Fe* ion).”° A good linear Stern—Volmer relationship
was observed for COF-FDI, and the quenching coefficient is
estimated to be 9.957 X 10° M), as described in Figure 4d. In
addition, the limit of detection (LOD) of COF-FD1 for
fluorescence sensing of Fe®* was obtained from the formula
LOD = 36/Kg, (o is the standard deviation of the blank
solution, and Kgy is the slope of the Stern—Volmer graph),””
and the low LOD of COF-FD1 was calculated to be ~6.39
UM, representing an excellent sensitivity for Fe’* detection.

To explore the possible mechanism of COF-FD1 for Fe**
detection, the ultraviolet—visible (UV—vis) absorption spectra
of BAPP (Figure S31), the COF-FD1 suspension, and all metal
ions in THF solutions are illustrated in Figure 5, showing that

Absorbance

COF-FD1

~

—

200 300 400 500 600 700
Wavelength (nm)

Figure S. UV—vis absorption spectra of metal ions and COF-FD1 in a
THF solution.

Fe’* displays a higher and more obvious absorption peak at
300—400 nm, while other metal ions (Sn**, Mg**, Zn**, Cu*",
Mn**, Co**, Ni**, AI**, Cr**, and Zr**) have only very weak or
no pronounced absorption peaks; the absorption spectrum of
Fe*" also exhibits a more considerable overlap with that of
COEF-FD1, while other metal ions do not. Both COF-FD1 and
Fe¥* represent a strong absorption centered at ~387 nm, but
the absorption of Fe** is much greater than that of COF-FDI,
suggesting a strong absorption competition of the light source
energy between COF-FD1 and Fe’*. The Fe’* filters the light
absorbed by COF-FDI, thus resulting in fluorescence
quenching, implying an absorption competitive quenching
(ACQ) mechanism.”*™*"

Bl CONCLUSIONS

In summary, we have developed a new strategy for
constructing a COF with dual linkages by orthogonal Schiff
base reaction and the Knoevenagel condensation reaction,
which enables the synthesis of a new type of hollow spherical
COF with olefin and imine dual linkages for the first time.
COF-ED1 crystallites self-assembled into hollow spheres, and
the continuous transformation process from initial solid
spherical into hollow spherical structure was studied by
TEM, FESEM, PXRD, and N, sorption analysis and revealed
in accord with the Ostwald ripening mechanism. Remarkably,
COF-FD1 exhibited outstanding thermal and chemical stability
and showed its good potential in fluorescence sensing with
excellent selectivity toward Fe®* ions. So far, the development
of COFs with dual linkages is still limited, and the successful
preparation of COF with olefin and imine dual linkages in this
study suggests the strategy developed could not only provide a
possible pathway for synthesizing COFs with hollow
structures, or even more complex structures and compositions,
but also potentially expand the types and quantities of COFs.
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