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Radioactive iodine in the nuclear field is considered very dangerous nuclear waste because of its chemical
toxicity, high mobility and long radioactive half-life. Herein, a conjugated two-dimensional covalent organic
framework, TPB-TMPD-COF, has been designed and synthesized for iodine capture. TPB-TMPD-COF has
been well characterized by several techniques and showed long order structure and a large surface area
(1090 m? g™%). Moreover, TPB-TMPD-COF shows a high iodine capture value at 4.75 g g~* under 350 K

and normal pressure conditions, benefitting from the increased density of adsorption sites. By using
Received 14th November 2023

Accepted 25th December 2023 multiple techniques, the iodine vapor adsorbed into the pores may readily generate the electron transfer

species (I3~ and Is~) due to the strong interactions between imine groups and iodine molecules, which
contributes to the high iodine uptake for TPB-TMPD-COF. Our study will stimulate the design and
synthesis of COFs as a solid-phase adsorbent for iodine uptake.
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Introduction

Nuclear energy has been widely used in human society,
including military, energy, industry, aerospace and other fields,
which has a significant impact on energy development.'
However, with the development of nuclear energy, one of the
problems we have to face is the disposal of nuclear waste
produced from nuclear fission, which has a great impact on the
living environment of human beings. As a volatile side product
of nuclear fission reaction, radioactive **°I is considered the
most dangerous nuclear waste due to the long radioactive half-
life (15.7 million years).” To date, many efforts have been made
to develop new methodologies for removing radioactive *°I, in
which solid-phase adsorption is believed to have considerable
prospects.® Therefore, the search of novel porous materials for
efficient capture and removal of radiological iodine has attrac-
ted significant research interest.

Covalent organic frameworks (COFs),* as an emerging class
of porous crystalline materials, are precisely assembled from
organic building blocks into periodic structures. Compared to
other porous materials, COFs are connected by chemically
stable covalent bonds, rendering them superior thermal and
chemical stability. Since they were first reported in 2005 by
Yaghi et al.,> COFs have attracted much attention and have
shown great potential in various applications, such as sorption
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and separation,® sensing,” energy,® catalysis,” and so on. Due to
their high surface area, low density and regular pore structure,
COFs are suitable as a solid-phase adsorbent and have been
studied as adsorbent materials for iodine capture.'®>" For
example, Fang et al. synthesized tetrathiafulvalene-based COFs
and achieved excellent iodine adsorption capacity through the
synergistic effect of physical and chemical adsorption.'®
Recently we have also reported a pyrene-based two-dimensional
COF (TFPPy-TMPD-COF) with a vapor capacity of 4.8 g g " due
to the combination of chemisorption and physisorption,*® in
which the introduction of 2,3,5,6-tetramethyl-p-phenylenedi-
amine (TMPD) was helpful for changing the pore environment
to enhance the iodine adsorption capacity of the COF. However,
the relatively low density of chemical adsorption sites (e.g.,
C=N group) in TFPPy-TMPD-COF still restricted its iodine
capacity. Therefore, we anticipated that further increasing the
density of adsorption sites may contribute to improve the iodine
adsorption capacity.

In this work, 1,2,4,5-tetrakis-(4-formylphenyl)benzene (TPB-
CHO) and 2,3,5,6-tetramethyl-p-phenylenediamine (TMPD)
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Fig. 1 Synthesis of TPB-TMPD-COF.
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were selected to construct a two dimensional COF, named TPB-
TMPD-COF, for iodine capture (Fig. 1). TPB-TMPD-COF was well
characterized by several techniques and showed long order
structure and high surface area. In addition, adsorption exper-
iments showed that the iodine adsorption capacity of TPB-
TMPD-COF was 4.75 g g ' under 350 K and normal pressure
conditions.

Results and discussion

The synthetic route of TPB-TMPD-COF is shown in Fig. 1. After
condensation of TPB-CHO and TMPD in a mixture of n-butanol
(1.5 mL), mesitylene (3.5 mL) and 6 M acetic acid aqueous
solution (0.6 mL) at 120 °C for 7 days, TPB-TMPD-COF was
generated as yellow-green powder in 73% yield, which was
insoluble in common solvents. The linkage of TPB-TMPD-COF
was confirmed by Fourier transform infrared (FT-IR) spectrum
and solid-state ">C NMR spectra. The FT-IR spectrum of TPB-
TMPD-COF displayed a stretching vibration band at
~1636 cm™ ' (Fig. 2a), confirming the successful formation of
imine bonds. And from the '*C NMR spectroscopy, the char-
acteristic signal appeared at ~160 ppm for TPB-TMPD-COF,
indicating the existence of imine bonds again. In addition,
the morphology of TPB-TMPD-COF was checked by scanning
electron microscopy (SEM), which afforded a prismatic-like
morphology (Fig. 2c and d).

The crystallinity of TPB-TMPD-COF was investigated by the
powder X-ray diffraction (PXRD) analysis. The PXRD pattern of
TPB-TMPD-COF showed strong peaks at 5.0° and 6.3°, and
other weak peaks at 9.2°, 9.8°, 12.6°, 13.1°, indicating a high
crystallinity. The detailed crystal structure of TPB-TMPD-COF
was determined by comparing the experimental PXRD with
the simulated PXRD pattern generated by the Accelrys Material
Studio software package. In principle, the [4 + 2] connection
type may produce four possible crystal structures, single-pore
COF with eclipsed (AA) stacking, single-pore COF with stag-
gered (AB) stacking, dual-pore COF with eclipsed (AA) stacking
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Fig. 2 Synthesis of TPB-TMPD-COF. (a) FT-IR spectra of TPB-CHO
(black), TMPD (blue), and TPB-TMPD-COF (red): (b) **C NMR spectra
of TPB-TMPD-COF; (c and d) SEM image of TPB-TMPD-COF.
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and dual-pore COF with staggered (AB), which were constructed
for the structural simulations (Fig. S3 and S47). It was found
that the experimental PXRD pattern of TPB-TMPD-COF could
match with simulated PXRD profile of single-pore COF with AA-
stacking mode (Fig. S51). After Pawley refinement, the simu-
lated profile from AA-stacking single-pore mode showed good
agreement with the experimental one (Fig. 3a). Finally, the
optimized cell parameters of @ = 4.1747 A, b = 19.4152 A, ¢ =
20.0465 A, a = 122.5978°, v = 63.9059°, § = 132.6397° with R, =
5.01% and R,, = 7.17% (see Table S1t for details) were
obtained.

The permanent porosity of TPB-TMPD-COF was investigated
through using nitrogen sorption isotherm recorded at 77 K.
Before the measurement, TPB-TMPD-COF had been vacuumed
at 80 °C for 12 h. As shown in Fig. 4a, TPB-TMPD-COF displayed
the typical type I sorption curve with a sharp uptake at a low
relative pressure, which was a significant feature of micropo-
rous structure. The Brunauer-Emmett-Teller (BET) model was
applied to the isotherm of TPB-TMPD-COF to give a BET surface
area of 1090 m? g~ . The total pore volume calculated at P/P, =
0.99 is 0.49 cm® g~* for TPB-TMPD-COF. The pore-size distri-
bution of TPB-TMPD-COF exhibited a major peak at 1.5 nm
(Fig. 4b), which matched well with the predicted pore size from
the simulated crystal structure. The thermal stability of TPB-
TMPD-COF was checked by thermogravimetric analysis
(Fig. 4c), which showed a high thermal stability up to 400 °C
under nitrogen atmosphere. Furthermore, TPB-TMPD-COF was
chemically stable in various solvents (H,O, acetone, DMF,
hexane) for 24 h (Fig. 4d).

As a potential solid-phase adsorbent for iodine vapor, the
capacity of TPB-TMPD-COF was investigated by exposing to
iodine vapor at 350 K under normal pressure (Fig. S61). And
before the measurement, the blank control experiment was
conducted carefully, which revealed the weight change of the
open small vial had little effect on the amount of iodine vapor
sorption (Fig. S71). As shown in Fig. 5a, TPB-TMPD-COF showed
a high adsorption capacity with iodine uptake of 4.75 g g™,
which was higher than lots of porous materials reported (Table
S21). In addition, thermogravimetric analysis was used to figure
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Fig. 3 The experimental and Pawley refined PXRD patterns of TPB-
TMPD-COF (a): experimental (black curve), Pawley refined (red curve),
difference between the experimental and refined patterns (blue curve),
and Bragg position from AA stacking with single-pore structure (green
curve). Top view and side view of simulated structure for TPB-TMPD-
COF (b and ¢).
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Fig. 4 N, adsorption—desorption isotherm (a) and pore size distri-
bution (b) of TPB-TMPD-COF; (c) thermogravimetric analysis of TPB-
TMPD-COF; (d) PXRD patterns of TPB-TMPD-COF after treatment in
different solvents for 24 hours.

out the loss of mass in TPB-TMPD-COF after iodine adsorption
(Fig. 5b), which exhibited a significant loss of mass before 300 °
C, indicating the escape of iodine species. The observed weight
loss was estimated to be 78.8% for TPB-TMPD-COF, comparable
to the uptake capacities calculated by gravimetric method. In
addition, iodine loaded TPB-TMPD-COF could preserve most of
weight upon exposure to air under ambient condition for 5 days
(Fig. S871). Although the surface area and pore volume of TPB-
TMPD-COF was lower than that of reported TFPPy-TMPD-
COF," the comparable iodine adsorption capacity of TPB-
TMPD-COF suggested increasing the density of adsorption
sites was an efficient way to improve iodine adsorption capacity.
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Fig. 5 (a) Uptake of iodine of TPB-TMPD-COF as a function of

exposure time at 350 K and ambient pressure; (b) thermogravimetric
analysis of TPB-TMPD-COF before (black curve) and after (red curve)
iodine uptake; (c) Raman spectra of TPB-TMPD-COF before (black
curve) and after (red curve) iodine uptake; (d) XPS | 3d for TPB-TMPD-
COF after iodine uptake.
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To understand the mechanism of iodine vapor sorption on
TPB-TMPD-COF, a series of FT-IR spectroscopy, Raman spec-
troscopy, X-ray photoelectron spectroscopy (XPS) were per-
formed. As shown in Fig. S9,T a significant shift of the C=N
stretching vibration band from 1636 cm ™" for TPB-TMPD-COF
to 1628 cm ' for iodine loaded TPB-TMPD-COF on FT-IR
spectra was observed. Such a shift suggested the strong inter-
action between the C=N groups and the absorbed iodine
molecules, indicating the formation of the charge-transfer
species.”* After uptake of iodine, the Raman spectra of iodine
loaded TPB-TMPD-COF presented two characteristic peaks
around 109 and 167 cm™* (Fig. 5¢), corresponding to I;~ and I5~
ions, respectively. The N 1s XPS spectrum of TPB-TMPD-COF
displayed a sole peak at 398.8 eV owing to the existence of
imine nitrogen atoms (Fig. S1071). After the capture of iodine,
a new peak at 400.1 eV was attributed to the formation of N-I
bond, confirming the formation of charge-transfer complex
between imine bond and iodine again. In addition, two
conspicuous peaks located at 629.9 eV and 618.4 eV were
observed for iodine loaded TPB-TMPD-COF in I 3d XPS spectral
(Fig. 5d), ascribed to I 3dj, and I 3ds, orbitals of polyiodine
anions (like I3~ and I5 "), which was consistent with that ob-
tained from Raman analysis. Furthermore, another two peaks
appeared at 631.0 eV and 619.6 eV, corresponding to I 3d;/, and
1 3ds,, orbitals of I, molecules. The above results exhibited that
the iodine vapor adsorbed into the pores may readily generate
the electron transfer species (I;~ and Is”) due to the strong
interactions between imine groups and iodine molecules,
indicating a chemisorption step. And then Iodine vapor entered
the porous channel through physisorption. In addition, the
SEM images showed the morphology of TPB-TMPD-COF was
preserved after iodine uptake (Fig. S127).

Recyclability of TPB-TMPD-COF as adsorbents in iodine
vapor capture was also investigated through cycling experi-
ments. After uptake of iodine, TPB-TMPD-COF was regenerated
by washing with methanol and drying under vacuum at 120 °C
overnight. As shown in Fig. S13,T TPB-TMPD-COF displayed an
iodine uptake capacity of 2.8 g g~ after three cycles. FT-IR and
PXRD were checked for the regenerated TPB-TMPD-COF
(Fig. S14 and S15t), The FT-IR spectrum showed their chem-
ical structure integrity, while their PXRD peak intensities were
greatly attenuated, indicating crystallinity decrease signifi-
cantly. As the ordered structure was very important in iodine
uptake, which enabled the full access of the porous space to
iodine, the decrease in iodine adsorption capacity of TPB-
TMPD-COF may be caused by the crystallinity decrease, which
was similar with previous report.*

Conclusions

In summary, a TPB-based 2D COF two-dimensional COF (TPB-
TMPD-COF) with specific adsorption of iodine has been
successfully synthesized through solvothermal synthesis. TPB-
TMPD-COF showed a good crystallinity and a large surface
area (1090 m” g~'). More importantly, TPB-TMPD-COF exhibi-
ted a vapor iodine capacity of 4.75 g g~ ' under 350 K and
atmospheric pressure conditions, higher than most porous
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materials reported. The high adsorption capacity was benefited
by the formation of polyiodine anions and the existence of
physisorption and chemisorption in the channel of TPB-TMPD-
COF. We hope this work will stimulate the design and synthesis
of COFs as a solid-phase adsorbent for iodine uptake.
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