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To safeguard the development of nuclear energy, practical techniques for capture and storage of
radioiodine are of critical importance but remain a significant challenge. Here we report the synergistic
effect of physical and chemical adsorption of iodine in tetrathiafulvalene-based covalent organic
frameworks (COFs), which can markedly improve both iodine adsorption capacity and adsorption
kinetics due to their strong interaction. These functionalized architectures are designed to have high
specific surface areas (up to 2359 m? g™%) for efficient physisorption of iodine, and abundant
tetrathiafulvalene functional groups for strong chemisorption of iodine. We demonstrate that these
frameworks achieve excellent iodine adsorption capacity (up to 8.19 g g%, which is much higher than
those of other materials reported so far, including silver-doped adsorbents, inorganic porous materials,

metal—-organic frameworks, porous organic frameworks, and other COFs. Furthermore, a combined
Received 28th March 2021 th tical d . tal studv. includi DFT lculati lect ti
Accepted 13th May 2021 eoretical and experimental study, including calculations, electron paramagnetic resonance
spectroscopy, X-ray photoelectron spectroscopy, and Raman spectroscopy, reveals the strong chemical

DOI: 10.1039/d1sc01747j interaction between iodine and the frameworks of the materials. Our study thus opens an avenue to
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Introduction

Nuclear power is one of the most important energy sources due
to its high power density and low carbon emission."” However,
an urgent safety issue related to nuclear power is the adminis-
tration of waste produced from nuclear fission.** Radioiodines
(**°1 and **'1) are typical pollutants that accompany nuclear
fission, and attract a particular attention. '*°I has a half-life of
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construct functional COFs for a critical environment-related application.

~17 million years and is a concern for repository and environ-
mental conditions, and '*'I has a half-ife of 8 days and is of
grave concern for human metabolic processes.® For example,
radioactive iodine that leaked out from the Chernobyl nuclear
accident has entered the human metabolic system and resulted
in human diseases like thyroid cancer. To safeguard the future
development of atomic energy, efficient strategies for adsorp-
tion and removal of radioiodine are necessary but remain
elusive.

The traditional technology to remove radioactive iodine is
based on a chemical transformation, that is, using silver-doped
adsorbents to produce harmless Agl; however, these materials
show a low efficiency. For instance, their theoretical and prac-
tical adsorption capacity is 1.18 g ¢~ and 0.10-0.31 g g~ * (per
gram Ag), respectively, which is far from meeting practical
needs.® In recent years, porous materials including inorganic
porous materials,”® metal-organic frameworks (MOFs),”** and
amorphous porous organic frameworks (POFs)'"*> have been
shown to be a suitable choice for the removal of radioiodine. In
particular, covalent organic frameworks (COFs),"** as a unique
class of crystalline organic polymers with ordered porous
channels, have been studied extensively for the uptake of
iodine. These COF materials with specific pore environments
and tunable chemistry can be easily functionalized to obtain
active sites for more efficient iodine capture by electrostatic
forces, Lewis acid-base interactions and coordinative sites.
Nevertheless, most studies are still limited to exploitation of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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physical interaction, ie., iodine uptake capacity in porous
materials is driven by pore volume and uptake kinetics is
dominated by pore connectivity and size. For example, although
a state-of-the-art COF, TPB-DMTP COF, has achieved remark-
able iodine adsorption capacity (6.26 g g '), its adsorption
kinetics is quite slow (0.13 g g~' h™").>> In principle, the
combination of high physisorption and strong chemical inter-
action in a material will be beneficial to improving both iodine
adsorption capacity and adsorption kinetics. However, this
avenue is still not properly explored.

Herein, we report the synergistic effect of physical and
chemical iodine adsorption in tetrathiafulvalene (TTF)-based
COFs, JUC-560 (JUC = Jilin University China) and JUC-561,
leading to ultrahigh iodine adsorption capacity and ultrafast
adsorption kinetics. These architectures are designed to have
large specific surface areas (1815 m® g~ for JUC-560 and 2359
m? g~ ' for JUC-561) for high iodine uptakes through the phys-
ical process, and plentiful TTF functional groups for powerful
iodine chemisorption. As a result, JUC-561 exhibits an unprec-
edented iodine uptake of 8.19 g g~ and adsorption kinetics of
0.70gg " h™" at 75 °C under ambient pressure. These values are
much higher than those of other materials reported so far,
including silver-doped adsorbents, inorganic porous materials,
MOFs, POFs, and other COFs. The strong interaction between
the COF framework and iodine has been probed by DFT
calculations on model molecules, TTF-I,, TTF -I,, TTF" -(I"),,
TTF'-(I;7), and TTF'-(I;7), and confirmed by experimental
studies including X-ray photoelectron spectroscopy (XPS), elec-
tron paramagnetic resonance (EPR) spectroscopy, and Raman
spectroscopy.

Results and discussion

To achieve high iodine adsorption, we introduced a TTF-based
derivative, tetrathiafulvalene-tetrabenzaldehyde (TTF-TBA,
Fig. 1b), as a planar 4-connected building unit. TTF or TTF-
based derivatives are known to form radical cations with elec-
tron acceptors (e.g., I,).* Therefore, by the incorporation of TTF-
based units, the resulting COF materials will promote iodine
adsorption based on this strong interaction. We further chose
two typical monomers, 2',5'-dimethyl-[1,1":4',1"-terphenyl]-4,4"-
diamine (DTDA, Fig. 1a) as a linear building unit and 2,4,6-
tris(4-aminophenyl)amine (TAPA, Fig. 1c) as a 3-connected
building unit. Thus, we developed two novel structures, two-
dimensional (2D) JUC-560 with sql topology** and three-
dimensional (3D) JUC-561 with ffc topology (Fig. 1d-i),* con-
structed from the condensation of TTF-TBA and linear DTDA or
non-coplanar 3-connected TAPA (Fig. S1, ESI}), respectively.
The targeted COFs were synthesized by suspending TFP-TTF
and DTDA or TAPT in a mixture of mesitylene/1,4-dioxane or o-
dichlorobenzene/n-butanol in the presence of acetic acid, fol-
lowed by heating at 120 °C for 3 days (Fig. S2-S9, ESI{). JUC-560
shows powder X-ray diffraction (PXRD) peaks at 2.69°, 3.48°,
5.38°, 5.60°, and 8.07° for 26, which are assigned to the (110),
(200), (220), (310), and (330) facets, respectively. This structure
adopts a 2D sql net with an eclipsed AA-stacking mode that
yields a PXRD pattern similar to the experimentally observed
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Fig. 1 Schematic representation of the strategy for preparing TTF-
based COFs. (a—c) Molecular structures of DTDA as a linear building
unit, TFP-TTF as a 4-connected building unit, and TAPA as a 3-con-
nected non-coplanar building unit. (d and e) Two novel TFF-based
COFs, denoted as JUC-560 and JUC-561, are constructed by the
condensation reaction of TTF and DTDA or TAPA. (f and g) Extended
structures of mesoporous 2D JUC-560 (f) and 3D JUC-561 (). (hand i)
2D sqgl and 3D ffc net for JUC-560 (h) and JUC-561 (i) respectively.

one (Fig. 2a and S10-S12, ESIf). On the other hand, JUC-561
exhibits PXRD peaks at 1.99°, 3.21°, 4.01°, 5.20°, 6.06°, 6.89°,
7.77°, 8.44°, and 22.00° for 26, which correspond to the (020),
(001), (040), (041), (060), (061), (042), (110), and (313) facets,
respectively. JUC-561 assumes a 3D ffc net that exhibits a PXRD
profile that is consistent with the experimental one (Fig. 2b and
S13-S16, ESIt). PXRD patterns based on Pawley refinements®
also confirm the assignments of PXRD peaks, as evidenced by
their negligible differences (residuals R, = 1.31%, Ry, = 2.53%
for JUC-560, and residuals R, = 3.07%, Ry, = 4.51% for JUC-
561; Tables S5-S9, ESIt). Based on these results, both TTF-based
COFs have mesoporous frameworks with a diameter of about
2.62 nm for JUC-560 and about 2.55 nm for JUC-561.

Both COFs were observed to be chemically stable in different
organic solvents, including acetone, ethanol, cyclohexanone,
hexane, tetrahydrofuran, N,N-dimethylformamide and dime-
thylsulfoxide. After being treated in these solvents for 24 h, JUC-
560 and JUC-561 maintained their crystallinity (Fig. S17 and
S18, ESIt). Furthermore, both COFs retained their structures in
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Fig.2 PXRD profiles and porosity. (a and b) PXRD patterns of JUC-560
(a) and JUC-561 (b). (c and d) N, adsorption—desorption isotherms of
JUC-560 (c) and JUC-561 (d) at 77 K. (e and f) Pore-size distribution of
JUC-560 (e) and JUC-561 (f) calculated by fitting on the NLDFT model
to the adsorption data.

boiling water (100 °C) and even in a strong acid (3 M HCI, 25 °C)
and strong base (3 M NaOH, 25 °C) for 24 h (Fig. S19 and S20,
ESIT). According to the thermogravimetric analysis (TGA), these
COFs did not decompose until 400 °C under nitrogen (Fig. S21
and S22, ESIt). Therefore, these TTF-based COFs are chemically
and thermally stable, crystalline, porous materials.

The porosities of both COFs were determined by N,
adsorption and desorption isotherms at 77 K (Fig. 2c and d). For
each COF, a sharp uptake below P/P, = 0.05 and a step, indi-
cating the presence of mesopores, was observed. The inclina-
tion of isotherms between P/P, = 0.9-1.0 and slight desorption
hysteresis is related to the presence of textural mesopores from
the agglomeration of COF crystals.>””** The Brunauer-Emmett-
Teller (BET) specific surface areas were calculated to be 1815 m*
g~ ! for JUC-560 and 2359 m?> g ' for JUC-561, respectively
(Fig. S23-526, ESIt). The pore size distribution obtained by the
nonlocal density functional theory (NLDFT) showed mono-
modal mesopores, 2.50 nm for JUC-560 and 2.46 nm for JUC-561
(Fig. 2e and f), which are in good agreement with those of the
proposed model (2.62 nm for JUC-560 and 2.55 nm for JUC-561).
Furthermore, the pore volume was determined to be 1.11 cm?
g~ " for JUC-560 and 1.92 em® g~' for JUC-561, matching well
with the simulated ones (1.16 cm?® g~ * for JUC-560 and 2.04 cm®
g ! for JUC-561).

We conducted the iodine adsorption experiment by exposing
COFs to iodine vapor at 75 °C under ambient pressure with the
humidity concentration of 38%. JUC-560 exhibited a quick
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Fig. 3 Study of iodine capture. (a and b) Uptake of iodine of JUC-560
(a) and JUC-561 (b) as a function of exposure time at 75 °C and
ambient pressure. (c and d) lodine retention of the iodine-captured
JUC-560 (c) and JUC-561 (d) upon exposure to air at 25 °C and
ambient pressure. (e and f) Recyclability of JUC-560 (e) and JUC-561
(f) in iodine adsorption.

iodine uptake, showing a nearly linear increment in 7 h and
then reaching adsorption saturation within 14 h (Fig. 3a).
Similarly, JUC-560 showed a rapid adsorption in 8 h and ach-
ieved saturation in 18 h (Fig. 3b). JUC-560 showed iodine
uptakes as high as 5.20 g g~'. Remarkably, JUC-561 showed
much higher iodine uptakes of 8.19 g g~ * due to its 3D frame-
work with higher specific surface areas and interconnected
channels. On the basis of the pore volume together with the
iodine density (4.93 g cm ), their theoretical capacities (4.93 g
em ® x pore volume) upon the full occupation of pores by
iodine are 5.47 g g~ for JUC-560 and 9.47 g g ' for JUC-561
(Table S1, ESIT). The channels of both COFs are almost entirely
occupied by iodine (95% for JUC-560 and 86% for JUC-561
based on their theoretical maxima), which is consistent with the
high weight lost (Fig. S27 and S28, ESIf) for iodine-loading
samples.

We summarized the iodine uptakes of typical adsorbents in
Fig. 4 and Table S2, ESIf. As can be seen, the adsorption
capacity of JUC-561 (8.19 g g~ ') is far superior to those reported
previously, such as 29-fold higher than that of the typical silver-
doped zeolite mordenite (Ag-MOR, 0.28 g g~ '),** two orders of
magnitude higher than those of nonporous materials, and
much better than those of representative porous materials,
including zeolitic imidazolate framework-8 (ZIF-8, 1.20 g g~ *),*
porous aromatic framework (PAF-24, 2.76 g ¢~ '),** azo-bridged
porphyrin-phthalocyanine network (AzoPPN, 2.90 g g '),*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison of iodine adsorption capacities against specific
surface areas in different adsorbents.

covalent organic polymers (COP10, 3.80 g g 1),* and a state-of-
the-art COF (TPB-DMTP COF, 6.26 g g~ ').>> Notably, although
the specific surface area of JUC-561 (2358 m” g~ ') is lower than
those of some of the reported porous materials, such as COF-
320 (2400 m* g "), NiP-conjugated microporous polymer (NiP-
CMP, 2630 m”> g~ ), and porous carbon (Uassis-PC800, 3053 m>
g~ 1), its iodine adsorption is higher (COF-320, 4.00 g g~ *;*” NiP-
CMP, 2.02 g ¢~ ';*® and Uassis-PC800, 2.25 g g~ ')** due to the
synergistic effect of physical and chemical adsorption of iodine
in JUC-561.

The adsorption kinetics of iodine in various materials are
also summarized in Table S3, ESL.7 In fact, the available relevant
reports are limited due to low adsorption kinetics in most of the
previously reported materials. Remarkably, the adsorption
kinetics of TTF-based COFs (0.49 g g~ * h™* for JUC-560 and 0.70
g g ' h™! for JUC-561) are superior to those of most of the
adsorbents reported, such as the nitrogen-rich triptycene-based
porous polymer (NTP, 0.11 g ¢ * h™"),* TTA-TTB COF (0.15 g
g h™),2NiP-CMP (0.17gg ' h™!),** AzoPPN (0.18 gg ' h™1),*
and even more than 34 times higher than that (0.02 gg ' h™") of
Ag-loaded zeolites applied in real environments.*” These results
confirm that the strong physical and chemical interaction
between TTF units and iodine is favourable to enhance iodine
adsorption ability.

The iodine-adsorbed COFs can preserve iodine upon expo-
sure to air under ambient conditions (25 °C and 1 bar), and do
not display iodine escape from the frameworks (Fig. 3¢ and d).
Adsorbed iodine could be removed by immersing these samples
in ethanol solution at room temperature. Iodine release was
monitored through optical images and UV/Vis spectroscopy,
leading to a linear increase based on the absorbance over time
(Fig. S29-S36, ESIt). After ethanol rinse, these COFs were recy-
clable and retained similar iodine uptakes (Fig. 3e and f). FT-IR
spectroscopy verified the chemical integrity of these COFs after
cycled application (Fig. S37 and S38, ESIT). These regenerated
COFs maintained their crystallinity and porosity, as evidenced
by their unchanged PXRD patterns and retained specific surface
areas (Fig. S39-542, ESI). These excellent cycling performances
suggest that these materials are robust against oxidative iodine
over long-term exposure.

Electron paramagnetic resonance (EPR) studies of the solid
samples at 110 K confirmed the generation of TTF radical

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Spectroscopy study. (a and b) EPR spectra of JUC-560 (a) and
JUC-561 (b) before (black curve) and after (red curve) iodine uptake. (c
and d) XPS of iodine for JUC-560 (c) and JUC-561 (d) after iodine
uptake. (e and f) Raman spectra of JUC-560 (e) and JUC-561 (f) before
(black curve) and after (red curve) iodine uptake.

cations after iodine adsorption (Fig. 5a and b). Clearly, the
pristine samples showed a very weak EPR signal (black curve)
while there is an approximately two orders of magnitude
increase in paramagnetic intensity for the iodine-doped
samples (red curve). After I, doping, sharp peaks were observed
at g = 2.0182 for JUC-560 and 2.0189 for JUC-561 respectively,
clearly demonstrating the presence of TTF radical cations from
oxidation by iodine.* Furthermore, we tested the electro-
chemical behaviour of JUC-560 and JUC-561 by cyclic voltam-
metry (CV). Two clear redox processes at 0.72 and 1.15 V vs. Ag/
AgCl for JUC-560 and 0.69 and 1.08 V vs. Ag/AgCl for JUC-561
were observed in the reversible CV profiles (Fig. S47 and S48,
ESIt), revealing that TTF units retain their redox activities in the
frameworks and can be oxidized by iodine which has a reduc-
tion potential at 0.78 V.**

To investigate the existing state of iodine captured in TTF-
based COFs, we conducted X-ray photoelectron spectroscopy
(XPS). In Fig. 5c and d, two conspicuous peaks located at 629.8
eV and 618.3 eV for JUC-560 as well as 630.0 eV and 618.6 eV for
JUC-561, belonging to I 3dz, and I 3ds, orbitals of iodine
molecules respectively, were observed, which indicates that the
captured iodine partially exists as a molecule. Furthermore,
another two peaks at 630.9 eV and 619.6 eV for JUC-560 as well
as 631.4 eV and 619.8 eV for JUC-561 were found, which are
attributed to the formation of polyiodine anions (such as I3~
and Is;7).* In addition, the species of captured iodine were
detected by Raman spectroscopy. As shown in Fig. 5e and f, the

Chem. Sci., 2021, 12, 8452-8457 | 8455
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Raman spectra of TTF-based COFs showed no distinct peaks
before iodine adsorption (black curve). However, after iodine
capture, the low-frequency spectral region was dominated by
three peaks at 107, 136 and 174 cm™* for JUC-560 and 108, 135
and 181 cm ' for JUC-561 (red curve). The peaks can be
assigned to the symmetric and asymmetric stretching vibra-
tions of I;~ as well as the stretching vibrations of I5~, respec-
tively.** Thus the results show that the adsorbed iodine species
in TTF-based COFs exist as both iodine molecules and poly-
iodine anions, and the process is the combination of phys-
isorption and chemisorption.

To gain insight into how the COF frameworks bind iodine,
we performed DFT calculations with the M06-2X-D3 func-
tional based on the Gaussian 09 package (Revision D.01).*®
Full geometry optimizations of model compounds, TTF-I,,
TTF "I, TTF"-(I"), TTF""-(I;7), and TTF'-(I;"), offered
related systems with the I, molecule, and I, I3~ or Is anions
situated at the centre of the TTF or TTF'" unit (Fig. 6 and
Table S4, ESIt). No symmetry constraints were imposed
during the optimizations. The standard def2-SVP basis set
was used for geometry optimizations, and the vibration
analysis and def2-TZVP basis set were applied for calculating
single point energy. The binding energy of the I, molecule to
the TTF or TTF'" unit calculated at the M06-2X-D3 level was
low (—8.3 kcal mol™" and —7.1 kcal mol™" respectively).
However, the association of the I~ anion with the TTF'" unit
showed a large binding energy as high as —74.6 kcal mol ",
which is the result of the electrostatic interaction between the
anions and the positively charged viologen. Similarly, the I;~
or Is~ anion also displayed a relatively high binding energy of
—70.6 kcal mol™* or —65.3 kecal mol™* to the TTF'* unit,
respectively. Thus, these results suggest that TTF units in
these COFs are subjected to a charge-transfer from TTF to
iodine, forming oxidized TTF' radical-cations and (poly-)
iodides, which at last are tightly bound to the cationic
framework through electrostatic interactions.

4017, 3817 © 394y

QL 49s8g

Fig. 6 Optimized geometries of TTF-I, (a), TTF** -1, (b), TTF*-1~ (c),
TTF* 137 (d), and TTF*-15™ (e).
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Conclusions

By developing TTF-based COF materials, we have successfully
obtained high iodine adsorption capacity and quick iodine
adsorption kinetics. These results point out that the integration
of virtues of physical and chemical adsorption is of paramount
importance in the designed synthesis of porous materials for
the very challenging capture of radioiodine. The pre-designed
COF frameworks exhibiting synergy between physisorption and
chemisorption showed a dual impact on the iodine adsorption:
substantially improved total iodine capacity, in particular the
3D COF (JUC-561); and accelerated transport rate due to their
strong interaction between functionalized units and iodine.
Consequently, the TTF-based COFs achieved the highest iodine
uptake (~8.19 g g~ ') and adsorption kinetics (~0.70 g g~ h™1),
which are far superior to those of other materials reported so
far, such as silver-doped adsorbents, inorganic porous mate-
rials, MOFs, POFs, and other COFs. The set of experimental
results thus demonstrate the potential of functionalized COF
materials as platforms for the removal of I, ejected into the
environment through environmental and accidental events.
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