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Preparation of hollow tubular TpBD COF and pod-
like ZIF-8/H-TpBD COF tubes using a porous
anodic aluminum oxide membrane as templatet

Jiayuan He,1? Rijian Mo,$® Guangzheng Jiang,? Lei He,© Chunxia Zhou,?°
Zhong-Ji Qian,*© Pengzhi Hong*?® and Chengyong Li {2 *P¢

By sacrificing a porous anodic aluminum oxide (AAO) membrane as a template, hollow tubular TpBD (H-
TpBD) covalent organic framework (COF) tubes were synthesized in situ and zeolitic imidazolate
framework (ZIF-8) nanoparticles were creatively synthesized in situ in H-TpBD tubes at room
temperature. H-TpBD COF tubes and ZIF-8/H-TpBD COF tubes were procured by using a strong base
or acid to remove the AAO membrane. Then they were analyzed by X-ray diffraction, Fourier infrared
spectroscopy, scanning electron microscope, transmission electron microscope, etc. Surprisingly, the
obtained TpBD COF has a very small aperture (1.8 nm), thinner tube thickness (50 nm), high stability, and
a smooth and homogeneous surface. And the pod-like ZIF-8/H-TpBD COF with complete tubular

rsc.li/rsc-advances structure was also obtained.

Covalent organic frameworks (COFs) are a class of crystalline
organic porous materials formed by connecting organic units
(consisting of light atoms such as C, H, O, and N) through
chemical covalent bonds, and have atomically precise porous
framework structures. COF polymers can be predesigned and
synthesized by topology-diagram-directed polymer develop-
ment." The key to obtaining polymers with predesigned primary
and higher-order structures is to fuse covalent bonds and non-
covalent interactions into a polymer system to form a first-order
structure with a specific structure or chain segment, thus
guiding the formation of higher-order structures. The COF, with
the covalent bond and non-covalent interaction in the poly-
merization system, has the characteristics of this kind of poly-
mer. And in order to be suitable for a particular field, COF-
derived materials can also be prepared by forming composites
and high-temperature pyrolysis.” In addition, due to its unique
characteristics, such as nano pore-size (usually ranging from
several angstroms to several nanometers),® ordered channel
structure, excellent thermal stability, and excellent chemical
properties, COF has attracted great attention in many fields,
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including separation,* catalysis,”® energy storage,” and medi-
cine delivery.®®

Some studies have found that COF with hollow nano-
structures carry the characteristics of low density, high specific
surface area, and strong load capacity. So hollow-structured
COF materials have gained a lot of attention in recent years.
And the hollow COF got broad application prospects in the
fields of environmental protection,'®* biomedicine,*>*?
membrane separation,'* and food safety.*>'® Gole et al. reported
a hollow imine COF tube formed by s bottom-up microtubular
self-assembly, with a mean diameter of about 150 nm."
However, the machinability of conventional self-assembled
COFs is very challenging. Without spatial and temporal
control of the nucleation and growth, COFs are always sepa-
rated into insoluble and cannot processable solids.” Huang
et al. prepared hollow nanotubes by selectively hydrolyzing the
target covalent bond in the two-dimensional hetero-pore COF.*®
Although it can be synthesized by self-assembly, by self-
assembly, the synthesis of hollow structures by templates
provides significant advantages in terms of size and shape
control and freedom of template variability.* Hollow 1,3,5-tri-
formylphloroglucinol/p-phenylenediamine (TpPa) COF nano-
structures were synthesized with template-assisted method.
ZnO@TpPa is formed with ZnO nanorods as the core, and then
the ZnO nanorods are removed to obtain a hollow TpPa COF
nanostructure, which has a capsule-like morphology. Never-
theless, the synthesis of nanosized low-density hollow COF
tubes remains a challenge.*

Here, tubular and pod-like COF structures were synthesized
using a porous anodic aluminum oxide (AAO) membrane as
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a template. AAO membrane was prepared subject to the litera-
ture prepared by a two-step anodic oxidation method and with
a pore size of 200 nm.** The 1,3,5-triformylphloroglucinol (Tp)
and benzidine (BD) were used as reaction solvents to form
a TpBD COF tubular structure in AAO by in situ growth method.
3 M NaOH solution was used to remove the AAO membrane to
obtain a hollow tubular TpBD COF that has the characteristics
of rich hydrophilic groups and high stability** (Scheme 1(a),
a more detailed explanation can be seen in the ESI). Firstly,
imines were formed on the template by continuous mutual
conversion inter-conversion from enol to keto forms, and then
the network tubular skeleton of polyimines was formed by
precipitation polymerization of TP and BD under the condition
of equilibrium control of the template. The obtained polymer is
amorphous in structure, has inherent imine bonds and internal
dynamic imine exchange process, which can initiate the struc-
tural transition from disorder to order.*® Analogously, zeolitic
imidazolate framework (ZIF-8, a highly porous crystalline solid
based on the coordination of organic 2-methylimidazole (2-
mIM) ligand and Zn*" ionic subunit)** was formed in TpBD
COF/AAO by in situ growth method using zinc nitrate and
dimethylimidazole as reaction reagents. Finally, the pod-like
structure of the ZIF-8/H-TpBD COF tube can be obtained by
treatment with 20 puL of 1% hydrofluoric acid (HF) for 30
seconds and ultrasonication to remove AAO (Scheme 1(b),
a more detailed explanation can be seen in the ESIf). The
combination of ZIF-8 and COF tube is designed to better inte-
grate the strengths of both sides. Meanwhile, contrasted with
other methods, the size of the synthesized COF tube is adjust-
able using the AAO nanochannel as a template. With the AAO
nanochannel as the template, the size of the synthesized COF
tubes can be adjusted and a pod-like COF tube can be synthe-
sized. This provides a new method for the synthesis of COF
tubes.

The reaction time of Tp and BD plays an indispensable role
in the synthesis of TpBD COF/AAO nanotubes. Fig. 1 and S17
reveal scanning electron microscope (SEM) images of TpBD/
AAO synthesized at different reaction times (1-8 hours). When
the reaction time of Tp and BD is fewer than 5 hours, almost no
COF tube is formed in the AAO nanochannel. Remarkably,
when the reaction time was extended to 5 hours in Fig. 1(e),
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(a)TpBD COF/AAO (b)H-TpBD COF (c)ZIF-8/H-TpBD COF/AAQ (d)ZIF-8/H-TpBD COF

Scheme 1 Synthesis of H-TpBD COF nanotubes and ZIF-8/TpBD COF
peapod composite. (@) H-TpBD COF nanotubes (b) ZIF-8-TpBD COF.
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Fig. 1 SEM images of TpBD COF/AAO membrane synthesized by Tp
and BD under different reaction times. (a) 1 h. (b) 2 h. (c) 3 h. (d) 4 h. (e)
5h.(f) 6 h.

TpBD COF/AAO tubular structures started to mature in the AAO
nanochannels. It shows that when the reaction time is 1-5
hours, it is the transition process of TpBD aggregation network
structure from disorder to order. Furthermore, when the reac-
tion time was extended from 5 to 8 hours (Fig. S11), the shape of
the COF nanotubes in the AAO nanochannels did not change
with the increase of the reaction time, but grew along the
vertical direction of the AAO membrane hole. And it extends
outwards during growth, while preserving a complete tubular
structure. Although it looks very disorderly. Obviously, the COF
tubes grew along the pores of AAO membrane, namely, the AAO
membrane is used as the template to extend to the direction of
the pore channel to form nanotubes. Through comparison, it
can be found that with the increase of reaction time, the
number of COF tubes gradually reduced and the length of tubes
also increased significantly (Fig. S17).

FT-IR spectroscopy was used to characterize the prepared
samples to verify the formation of TpBD COF/AAO tubes in the

(@) (b)

H CoF

—Ar0
—COF
—COPANO

Intensity(a.u.)

\"N COF/AAO)
J-\_/\‘___l\\‘u\o

10 20 30 4 50 60 70 80 90

Transmittance(%)
H g

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

2 Theta(degree)
60
© =g _ oons] (d)
250 — — Desorption(AAO) £ o.0030
" —— Adsorption(COF/AKD) s
240 Desorption(COF/AAO) g 00028
— = Adsorption(COR) < 00020
30 Desorption(COF) E
3 Z 0001s.
22 &
] {i 0.0010 ‘X
H
Al Z 0.0005 v \»—w«\\
ppane 2
o] emsere Z 00000 e

00 02 04 06 08 10 0 s 10 15 20 28

Relative pressure(P/Pg) Pore Width (nm)

Fig. 2 Characterization of TpBD COF/AAO. (a) FT-IR spectra of H-
TpBD COF nanotubes, TpBD COF/AAO and AAO. (b) XRD pattern of
TpBD COF/AAO and AAO. (c) N, adsorption analyses of H-TpBD COF
nanotubes, TpBD COF/AAQO and AAO. (d) The pore size of TpBD COF
nanotube.
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AAO membrane. As shown in Fig. 2(a), the TpBD COF/AAO have
appeared characteristic peaks at 1595, 1465 and 1259 cm™"
correspond to the C=C, Ar (C=C), and C-N of the TpBD
respectively. Which is consistent with the literature report. The
spectrum showed that the C=N peak disappeared, and a new
C=C peak appeared at 1595 cm™*,? illustrating the effectively
formation of TpBD. Compared with pure AAO, at the wavenumber
range of 500 to 4000 cm™ " that the infrared spectrum of TpBD
COF/AAO has the same characteristic peaks (1595, 1465 and
1259 em™ ') as TpBD COF. But there is no characteristic peak in
pure AAO film, as shown in the Black Line in Fig. 2(a). The above
analysis confirms that the TpBD COF/AAO has been successfully
formed in nanochannels of AAO membrane. To eliminate
internal stress and make the crystal structure of COF more
uniform through grain reconstruction, TpBD nanotubes were
annealed at 800 °C. As shown in Fig. 2(b), XRD spectrum of TpBD/
AAO presents moderate crystallinity, exhibiting the first 26 peak at
low angles of 3.3°, corresponding to the (100) reflection plane.?
In order to evaluate the porosity of the as-synthesized TpBD
COF nanotube, we have collected the N, adsorption isotherms of
the AAO, TpBD COF/AAO and TpBD COF nanotube. As shown in
Fig. 2(c), the N, adsorption analyses performed for TpBD COF/
AAO, which is characteristic of microporous materials.”>*® The
surface area of TpBD COF nanotube, TpBD/AAO membrane and
AAO membrane was calculated using the BET model. The
increased surface area of H-TpBD COF nanotube (11.37 m> g™ ')
and TpBD COF/AAO (15.21 m* g~ ') as compared to AAO (4.51 m®
g~ ') confirms the removal of AAO, leaving behind the TpBD COF
nanotube. The pore size distribution of TpBD COF nanotube
calculated related to the BET model shows that the pore size of
TpBD COF nanotube is primarily clustered at 1.8 nm in Fig. 2(d).
In order to obtain the tubular TpBD COF structure, the AAO
template must be removed from the TpBD COF/AAO. 5 M NaOH
solution was exploited to remove AAO. Scanning electron
microscope (SEM) and transmission electron microscope (TEM)
were used to characterize the obtained TpBD COF tube, as
shown in Fig. 3. Remarkably, the TpBD COF after removing the
AAO is a tubular structure, and the tube length can be extended
to 60 um. Of course, the length of the COF tubes will be
inconsistent due to the difference in reaction time or reaction
position. In addition, most COF tubes are clustered together.
After sonication, individual COF tubes or shorter COF tubes can
be obtained (Fig. S2). As shown in Fig. 3(c) and (d), it can be
found that the COF tube is a hollow tube and its surface is
smooth and uniform. The time and average diameter distribu-
tion diagram are shown in Fig. S3.7 With the change of reaction
time of TP and BD, the diameter of the synthetic COF tube also
changes, and when the reaction time is 6 hours, the diameter
reaches the maximum. Fig. S47 shows that the inner and outer
diameter is mainly distributed at 160 nm and 211 nm, respec-
tively. Hence the thickness of the tube wall is about 50 nm. After
that, as the reaction time increases, the diameter of the tube
gradually decreases after 8 hours. It may be due to the increase
of tubular structure, which leads to the enhancement of the w—7
stacking effect and restrict the extension of pipe diameter.
Furthermore, we also synthesized ZIF-8/H-TpBD COF that
ZIF-8 are grew in the TpBD COF/AAO tube. The pod-like
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Fig. 3 Morphological characterization of TpBD COF nanotubes. (a)
and (b) SEM images, (c) TEM image, and (d) HRTEM image of H-TpBD
COF nanotubes.

structure of the ZIF-8/H-TpBD COF tube can be obtained by
treatment with 20 uL of 1% hydrofluoric acid for 30 seconds and
ultrasonication to remove AAO. Fig. 4 are the TEM images of ZIF-
8/H-TpBD COF/AAO, including cross-section view and overview of
ZIF-8 in the COF tube. It can be found that the COF tube is filled
with ZIF-8 but still preserves a hollow tube structure, while the
ZIF-8 is evenly distributed in the tube. Combining the ZIF-8
structure into the H-TpBD COF tube is an innovative idea in
this article, which entirely utilizes the space of the COF tube. In
order to verify the practicability of the synthetic materials, the
adsorption of tetracycline in water by H-TpBD COF and ZIF-8/H-
TpBD COF were performed. The adsorption capacity of H-TpBD
COF and ZIF-8/H-TpBD COF are 2.97 mg mg ' and 4.17 mg
mg " (Fig. 5), respectively. Compared with the reference, the H-
TpBD/COF and ZIF/H-TpBD/COF have the great potential appli-
cation in environmental protection (a more detailed explanation
can be seen in the ESIt).”’

In summary, using porous AAO membrane as a template, we
innovatively synthesized H-TpBD COF and the in situ generated
pod-like ZIF-8 COF structures. The H-TpBD COF has an inner
and outer diameter of 160 nm and 211 nm, and the ultrathin
thickness of pipe of about 50 nm. The ZIF-8 particles are
distributed in the tubular TpBD COF without damaging the
integrity of the H-TpBD COF tubes. Combining ZIF-8 with COF
with stable structure to better integrate the advantages of both

Fig. 4 TEM images of ZIF-8/H-TpBD COF/AAQ. (a) sectional view. (b)
ZIF-8 in the COF.
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Fig. 5 (a) The linear range of tetracycline. (b) The adsorption capacity
of tetracycline by H-TpBD COF and ZIF-8/H-TpBD COF.

parties is the latest highlight of this article. It is also believed
that this will be one of the important directions for further
research on polycrystalline polymer materials. These materials
show great potential to be applied to the fields of separation,
catalysis, environmental protection, and food safety.
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