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Covalent organic frameworks (COFs) have arisen as one kind of devisable porous organic polymer that has
attracted immense attention in catalytic applications. In this work, we prepared cost-effective imine-based
COFs (COF-300, COF-LZU1 and CIN-1) via a reaction kettle operated in place of a traditional sealed Pyrex
tube. Then, phosphomolybdic acid (PMA) and iron ions were immobilized on the COF supports by
impregnation; the resulting frameworks were denoted as Fe/PMA@COFs (Fe/PMA@COF-LZU1, Fe/
PMA@CIN-1 and Fe/PMA@COF-300). A series of characterization results demonstrated that the PMA and
iron ions were uniformly dispersed on the surface/cavities of the COFs. The catalytic properties of the
obtained Fe/PMA@COFs were investigated in the epoxidation of cyclooctene with H,O, as the oxidant.
The experimental results show that the Fe/PMA@CIN-1 composite can act as an efficient heterogeneous
catalyst for the epoxidation of cyclooctene. The intramolecular charge transfer between the COFs and
the dual sites (PMA and Fe ions), the spatial structure and the nitrogen content of the COFs played
critical roles in dispersing and stabilizing the active species, which are closely connected with the activity
and stability of the catalysts. A novel efficient heterogeneous catalyst for the epoxidation of olefins via
a simple and cost-effective process is provided, and this experiment demonstrates the notable
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Introduction

Covalent organic frameworks (COFs) are a class of crystalline
organic porous materials that are constructed from light
elements and linked by covalent bonds to create predesigned
skeletons and nanopores.”* By means of the organic functional
group of the framework, a multitude of active sites are intro-
duced into the porous network to develop COFs with diverse
applications, such as gas storage and separation,®® energy
conversion,” optoelectronics,**® and catalysis."*™* According to
research, imine-based COFs are highly stable in water and
common organic solvents; moreover, coordination chemistry
demonstrates that imine-type ligands are versatile in incorpo-
rating a variety of metal ions."'® Several kinds of imine-based
COFs have been used as excellent candidates for catalytic
applications.”*>'**  Vaidhyanathan's  group  reported
a nitrogen-rich and triazine-based COF (trzn-COF) loaded with
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application prospects of the covalent organic skeleton as a catalyst support.

Pd° nanoparticles, named Pd-trzn-COF, as a good hydrolytically
stable catalyst for multi-fold Heck and C-C coupling reactions."”
An sp*rich non-polar phenyl framework and Schiff linkages
serve as a polar matrix mimicking the environment typically
present in homogeneous molecular catalysts.'®* Bhaumik and
coworkers used a nitrogen-rich porous covalent imine network
(CIN-1) material as an efficient catalytic support for C-C
coupling reactions.” The stability of the catalyst is due to the
intimate contact between the nitrogen-rich organic support and
Pd nanoparticles.

The epoxidation of olefins is an important chemical indus-
trial process. The preparation of more efficient heterogeneous
catalysts for the aerobic epoxidation of olefins by an environ-
mentally benign route has attracted considerable study interest
in recent years. On the one hand, the seldomly employed oxygen
oxidant hydrogen peroxide (H,O,) is the most popular
environment-friendly reagent. Different kinds of heterogeneous
catalysts have been widely investigated. Polyoxometalates
(POMs) are one class of efficient epoxidation catalysts of
olefins."?*** Noritaka Mizuno and his research group found
that peroxotungstate immobilized on dihydroimidazolium-
based ionic liquid-modified SiO, is an efficient heterogeneous
epoxidation catalyst of various olefins with H,0,.>> On the other
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hand, numerous transition metal complexes of iron have been
investigated as alkene epoxidation catalysts.**?® Costas and
coworkers developed a series of Fe-pdp catalysts with chiral
tetradentate ligands for the epoxidation of a wide range of
olefins.”” In this work, iron coordination complexes bearing
tetradentate aminopyridine ligands are shown to constitute
a privileged platform for epoxidation. Carboxylic acid can be
envisioned as a valuable partner to modulate the structure of
oxygen atom species in reactions where peroxides are used as
oxidants.

Previously, Jia and his group prepared various POMs or
transition metal complex-based heterogeneous catalysts for
olefin epoxidation.”*?* As a follow-up work, in this study, we
prepared cost-effective imine-based COFs (COF-LZU1, CIN-1,
and COF-300) using a reaction kettle. Then, phosphomolybdic
acid (PMA) and iron ions were immobilized onto the COF
supports by impregnation, and the resulting materials were
denoted as Fe/PMA@COFs (Fe/PMA@COF-LZU1, Fe/
PMA®@CIN-1, and Fe/PMA@COF-300). The physicochemical
properties of the Fe/PMA@COFs were determined by
a comprehensive range of characterization techniques, such as
Fourier-transform infrared (FT-IR) spectroscopy, X-ray powder
diffraction (XRD), scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), N, adsorption/desorption
and X-ray photoelectron spectroscopy (XPS), and their cata-
lytic performances were tested in the epoxidation of cyclooctene
with H,0, as oxidant. The experimental results show that the
Fe/PMA®@CIN-1 composite can act as an efficient heterogeneous
catalyst for the epoxidation of cyclooctene. The intramolecular
charge transfer between the COFs and the dual sites (Fe and
PMA ions), as well as the spatial structure and nitrogen content
of the COFs, played critical roles in dispersing and stabilizing
the active species, which are closely connected with the activity
and stability of the catalysts.

Experimental

Preparation of imine-based COFs

COF-LZU1, CIN-1, and COF-300 were prepared via a simple and
cost-effective process, using a reaction kettle (Teflon-lined
stainless-steel autoclave) operated in place of a traditional
sealed Pyrex tube. The reaction monomers were transferred to
the reaction kettle and crystallization occurred at a lower
temperature (COF-LZU1, CIN-1, and COF-300: 120 °C, 168 °C
and 120 °C, respectively). The other steps were performed
according to procedures described in the literature.'>****
Among them, the nitrogen content of COF-LZU1, CIN-1 and
COF-300 was 14.2%, 45% and 9.14%, respectively (Fig. 1).

Preparation of Fe/PMA@COFs

Fe/PMA®@COF complexes were prepared by the impregnation
method. All the chemicals used for synthesis were of analytical
grade and commercially available. Ultrapure water was used in
all experiments. COFs (0.1 g) were dispersed in 20 mL of
ultrapure water under ultrasonic irradiation for 1 h. Afterward,
a certain concentration of H;PMo0,,0,40 aqueous solution was
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added to the above solutions with stirring at 80 °C. After 12 h of
stirring, a certain concentration of Fe(NOj3);-9H,O solution was
added to the reaction flask, and the mixture was stirred
continuously to guarantee reaction for 24 h at 80 °C. The
product was filtered off, washed with water and ethanol, and
dried at 80 °C overnight under vacuum to afford the Fe/
PMA@COFs.

Results and discussion
Characterization techniques

FT-IR spectra were recorded on an Interspec 200-X FTIR spec-
trometer in the range 3500-500 cm™'. XRD patterns were
collected using a Bruker D8 Advance X-ray powder diffractom-
eter in reflectance Bragg-Brentano geometry employing Ni-
filtered Cu Ka line-focused radiation at 1600 W (40 kV, 40 mA)
power. N, adsorption/desorption isotherms were measured at
liquid nitrogen temperature using a Micromeritics ASAP 2020
automated adsorption analyzer. All samples were degassed at
393 K for 12 h before measurements. The surface areas were
calculated using the Brunauer-Emmett-Teller (BET) method
using the adsorption data in the relative pressure range of 0.05-
0.2. Total pore volumes were derived at the relative pressure of
P/P, = 0.99, assuming full surface saturation with nitrogen.
Pore size distributions were calculated from the N, adsorption
isotherms by non-linear density functional theory methods. The
field-emission SEM images were obtained on an FEI Nova Nano
SEM 450. TEM and energy-dispersive X-ray spectrometry (EDS)
were carried out using a JEM-2100F electron microscope. XPS
measurements were performed on a Thermo ESCALAB 250
system with a Mg Ko source (1253.6 eV).

Material characterization

Fig. 2 shows the FT-IR spectra of the PMA, COFs, and Fe/
PMA®@COFs. The characteristic peaks of the COFs in the
whole region presented good agreement with the literature-
reported results."'*** The existence of a strong C=N stretch-
ing vibration at around 1619 cm ™" is indicative of the formation
of imine bonds during reaction kettle operation. This result
confirms that the COFs (COF-LZU1, CIN-1 and COF-300) were
successfully synthesized by using the reaction kettle method.
Comparing the spectra of the Fe/PMA@COFs and COFs, the
COF was well conserved after loading the PMA and Fe ions. The
apparent red shift of the C=N peak indicated the coordination
of Fe ions to imine N atoms in the framework.*® The charac-
teristic absorption peak of P-0, at 1064 cm™* in PMA shifted to
around 1059 cm™" after immobilization, indicating the chem-
ical interaction between PMA and the COFs."” The characteristic
peaks of Mo-Oy, at 968 cm ™!, Mo-O,-Mo at 870 cm™ ', and Mo-
O.Mo at 798 cm™ " partially overlapped with the absorption
peaks of the COFs.

Fig. 3 displays the XRD patterns of PMA, Fe(NO;);, COFs and
Fe/PMA@COFs. The main characteristic diffraction peaks of
COF-LZU1, CIN-1 and COF-300 were preserved, indicating that
doping of PMA caused no destruction of the structure of the
support. The characteristic diffraction peaks of PMA and
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Fig. 2 FT-IR spectra of PMA, COFs and Fe/PMA@COFs.

Fe(NO;); were absent in Fe/PMA@COFs, indicating that PMA is
highly and molecularly dispersed within the surface and pores
of the COF. With regard to the characteristic peaks of Fe/
PMA®@COFs, a decreased intensity, increased width, and
significant shifts to high-angle regions were observed, sug-
gesting that several cavities were filled with the introduced
active substance.***” The appearance of the new low-angle peaks
in the Fe/PMA@COF-300 composites is similar to that observed
in a previous report,” and this finding should be related to the
distribution of PMA units and slight transformation of the COF-
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Fig. 3 XRD spectra of PMA, COFs and Fe/PMA@COFs.

300 framework after introducing the PMA and Fe ions
(Fig. 3c).3**

Fig. 4 shows the SEM images of the COFs and Fe/
PMA®@COFs. The morphology of the COFs prepared via the
reaction Kkettle is similar to literature findings (Fig. 4a, ¢ and
e).*>'%3* The image of the Fe/PMA@COF-LZU1 composite shows
a layered-sheet morphology with a size of around 300 nm
(Fig. 4b).

The image of Fe/PMA®@CIN-1 depicts spherical-like nano-
particles of size ca. 40-60 nm (Fig. 4d). A smaller packing

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 SEM images of (a) COF-LZU1, (b) Fe/PMA@COF-LZULI, (c) CIN-
1, (d) Fe/PMA@CIN-1, (e) COF-300, and (f) Fe/PMA@COF-300.

structure of particles usually features a larger surface area and
better loading property. The Fe/PMA@COF-300 composite
shows a similar morphology to the grain shape of rice, achieving
better dispersion rather than agglomeration (Fig. 4f). From the
morphology observed in the SEM images, we can preliminarily
determine that the size of the COFs synthesized by the reactor
was uniform and well dispersed, and no visible evidence of the
accumulation of active species was found.

Fig. 5 displays the TEM images of Fe/PMA@COFs. Fe/
PMA@COF-LZU1 can be observed to have an eclipsed
layered-sheet arrangement (Fig. 5a and b). At first, several
black spots were observed to be uniformly dispersed on the
composite surface at a certain magnification in the TEM
image. Lattice fringes can also be observed after extended
irradiation, showing good agreement with the d spacing of the
PMA crystal planes (424), (225), (521), (434) and (305) (Fig. 5c).
Meanwhile, a similar phenomenon also occurred in Fe/
PMA®@COF-300. After an extended irradiation time, the
crystal planes (512), (424), (306), (502), and (335) (PDF #46-
0482 PMA) can be observed (Fig. 5i).

Notably, the morphology of COF-300 changed to a certain
extent after introducing the PMA units and Fe ions, and a rela-
tively rough surface appeared over the composite particles
(Fig. 5g and h). These phenomena imply that the dopant not
only dispersed on the outer surface of the carrier but also
participated in the recrystallization process of COF-300, which
is compatible with the carrier skeleton structure.****
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Fig. 6a-c show the HAADF-STEM images of the Fe/
PMA@COFs. As shown in the EDS mapping images, P and Mo
originated from the PMA units, whereas Fe came from the
loaded Fe ions (Fig. 6h, d and i). These images confirm that the
PMA units and Fe ions were uniformly distributed over the
whole composite. More Fe ions were also observed in Fe/
PMA@CIN-1 compared with Fe/PMA@COF-LZU1 and Fe/
PMA@COF-300 (Fig. 6b versus Fig. 6a and c). The Fe ions dis-
played a close relationship with the nitrogen content of the
carriers. From this finding, we assumed that the Fe ions were
loaded onto the COF by chemical reaction with C=N and
physical adsorption.

Fig. 7 shows the nitrogen adsorption-desorption isotherms
of the COFs and Fe/PMA@COFs. According to IUPAC classifi-
cation, the COF-LZU1, CIN-1 and COF-300 samples exhibited
type IV isotherms. A steep N, uptake at P/P, < 0.01 and P/P, > 0.8
characterized the micro- and macro-structure of the materials,
and the increased nitrogen uptake above a partial pressure of
0.2 in the isotherm indicated the presence of mesopores. These
characteristics show that the COFs prepared via the reaction
kettle are hierarchically porous. Compared with the COFs, the
BET surface areas and total pore volume of the Fe/PMA@COFs
notably decreased (Table 1). This phenomenon indicates that
certain amounts of PMA units and Fe ions were introduced not
only on the surface of the COFs but also into the cavities.
Moreover, significant changes in the pore size distributions
suggest that the introduction of PMA units and Fe ions could
block or destroy the pores of the COFs.

Fig. 8 provides the XPS measurements. Fig. 8a displays the N
1s spectra of the support CIN-1, PMA@CIN-1, and Fe/
PMA®@CIN-1. The binding energy (BE) of 399.2 eV is attrib-
uted to the nitrogen species in the imine groups of CIN-1. For
PMA®@CIN-1 and Fe/PMA®@CIN-1, the peak of N 1s shifted to
a lower position, with values of 398.9 and 397.2 eV, respectively.
The N 1s peak moved toward to a lower level by 1 eV after doping
Fe ions, further reflecting the presence of an interaction
between Fe ions and the CIN-1 support. Combined with
infrared characterization, it was found that the doping of PMA
units and Fe ions is not merely a simple physical adsorption but
also a coordination of chemical bonds. The Fe 2p spectrum was
deconvoluted into one doublet Fe2p 1/2 at 723.1 eV and Fe2p 3/2
at 710.2 €V (Fig. 7b), which is attributed to the Fe*" oxidation
state. More importantly, compared with the pure iron oxide (BE
of approximately 710.8 and 724.2 €V),*** a minimal shift
toward a lower BE of Fe** was observed in the catalyst
composite, and this result may be due to the interaction
between iron ions and the carrier.

Catalytic properties

The catalytic performances of the Fe/PMA@COFs composites
were investigated in the epoxidation of cyclooctene with H,0, as
the oxidant. In order to ensure the accuracy of the experimental
data, the results in Table 2 were repeated five times or more. Fe/
PMA@COF-LZU1, Fe/PMA@CIN-1 and Fe/PMA@COF-300
respectively yielded 69% (s.d. = 2.4), 88% (s.d. = 1.3) and
62% (s.d. = 2.6) conversion values of cyclooctene with an

RSC Adv., 2019, 9, 4884-4891 | 4887
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Fig. 6 EDS images of (a) PMA/Fe/COF-LZU1, (b) PMA/Fe/CIN-1, and
(c) PMA/Fe/COF-300.

extremely high selectivity of epoxide (=99%) after 9 h at 80 °C,
and no detectable side products were observed under the test
conditions (Table 2). PMA@COF-LZU1, PMA@CIN-1 and
PMA@COF-300 respectively yielded 49% (s.d. = 2.3), 83% (s.d.
=1.4) and 52% (s.d. = 2.5) conversion values of cyclooctene. For
comparison, the catalytic properties of PMA@COFs were also
tested. PMA@COF composites showed 5-20% lower cyclooctene
conversion values than the dual site catalyst Fe/PMA@COFs.
Among these catalysts, Fe/PMA@CIN-1 is the most efficient.
Moreover, the catalytic properties of Fe/PMA@CIN-1 were

4888 | RSC Adv. 2019, 9, 4884-4891
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Fig. 7 N, adsorption—desorption isotherms and pore size distribution
curve for (a) COF-LZU1, (b) Fe/PMA@COF-LZUL, (c) CIN-1, (d) Fe/
PMA@CIN-1, (e) COF-300, and (f) Fe/PMA@COF-300.
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Table 1 Corresponding physicochemical properties of the as-

prepared samples

Pore size Pore volume
Sample Sper [m? g7 [A] [em® g7
COF-LZU1 207 82 0.44
Fe/PMA@COF-LZU1 35 23 0.14
CIN-1 246 144 0.89
Fe/PMA@CIN-1 77 49 0.17
COF-300 284 36 0.25
Fe/PMA@COF-300 56 32 0.13
(a) (b)
& 399.2 8
[
2o K & 710.2 Fe2p 3/2
2 7N g
) % N 8| 723.1 Fe2p 1/2
g [PMa@CeDvT 559, g p
Fe/PMA
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B.E. (¢V) B.E. (V)

Fig. 8 X-ray photoelectron spectra of (a) N 1s and (b) Fe 2p.

Table 2 Reaction conditions: cis-cyclooctene 1.0 mmol, H,O,
1.0 mmol, catalyst 10 mg, solvent (CHsCN) 2 mL, 80 °C, 9 h. Al
selectivities for the epoxide are =99%

Selectivity
Substrate Catalyst Con. (%) (%)
PMA®@COF-LZU1 49
Fe/PMA@COF-LZU1 69
PMA®@CIN-1 83 =99
Fe/PMA®@CIN-1 88
PMA®@COF-300 52
Fe/PMA®@COF-300 62
Fe/PMA®@CIN-1 58 =99

further explored for the epoxidation of cyclododecene. It was
found that this relatively bulky cyclododecene (with a kinetic
diameter of around 8 A) could also be converted to the corre-
sponding epoxide over the dual site catalysts. These results
suggest that PMA and Fe ions are distributed throughout the
support, and most of them are easily accessible even for the
bulky olefin. Combined with previous characterization, the
results indicate that both PMA units and Fe ions play a crucial
role in the catalytic process. The increased nitrogen content of
the carriers is beneficial to introducing more Fe**, thus
promoting the catalytic performance in the epoxidation
reaction.

As shown in Fig. 9, the stability of the Fe/PMA@COF catalysts
was investigated by leaching tests. In duplicate reactions, the
solid catalyst was separated by hot filtration, and the filtrate was
further stirred to study the continuing activity at the reaction
temperature. When using the Fe/PMA@COFs, the epoxidation

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Reaction conditions: cis-cyclooctene: 1.0 mmol, H,O;:

1.0 mmol, catalyst: 10 mg, solvent (CH3CN): 2 mL and 80 °C.

of cyclooctene was catalyzed with H,O, as the oxidant. The
catalyst was removed, and the conversion rate was measured. A
small amount of cyclooctene conversion was observed within
2 h after separation of the solid catalyst Fe/PMA®@COF-300 and
Fe/PMA@CIN-1. After 2 h, no further increase in conversion rate
was observed. This result may be due to the loss of the reactant
cis-cyclooctene and a slight shedding of the active species
during the separation operation, indicating the loss of a trace
amount of active species to the reaction medium and the
predominant heterogeneous catalysis. A relatively strong inter-
action is built between the dual-site units (Fe** and PMoy,*")
and COF frameworks by intramolecular charge transfer,
consistent with the previous characterization results. Therefore,
it was proved that the stability of Fe/PMA@COF-300 and Fe/
PMA@CIN-1 is high. On the contrary, the stability of Fe/
PMA@LZUI is poor and the conversion rate continues to
increase after separation of the solid catalyst. Combining the
above catalytic data with the characterization results, it is clear
that the configuration of the covalent organic skeleton is closely
related to the stability of the catalysts. Fe/PMA@CIN-1
possesses an outstanding stability due to CIN-1 having a rich
nitrogen content, small particle unit, and large surface area.
Meanwhile, the 3-D structure of COF-300 can also assist in
inhibiting active substance doping, which possibly explains why
Fe/PMA@COF-300 showed a higher stability than Fe/
PMA@COF-LZU1 (Fig. 9).

Conclusions

In this work, we prepared imine-based COFs (COF-300, COF-
LZU1, and CIN-1) via a reaction kettle. PMA and iron ions
were immobilized onto the COF supports to form Fe/
PMA@COFs. A series of characterization methods verified that
PMA and Fe ions were uniformly dispersed on the surface/
cavities of the COFs. A relatively strong interaction was ach-
ieved between the dual-site units and COF frameworks. The

RSC Adv., 2019, 9, 4884-4891 | 4889
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experimental results show that the Fe/PMA@CIN-1 composite
can act as an efficient heterogeneous catalyst for the epoxida-
tion of cyclooctene. The intramolecular charge transfer between
COFs and the dual-site units (Fe and PMA) and the spatial
configuration and nitrogen content of the COFs have played
critical roles in dispersing and stabilizing the active species,
which are closely connected with the activity and stability of the
catalysts. This experiment demonstrates the notable applica-
tion prospects of the covalent organic skeleton as a catalyst
carrier.
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