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a b s t r a c t

Based on the outstanding application advantages of nitrogen-rich materials with regular porous frame-

works in the capture of gaseous radioactive iodine, a series of covalent organic frameworks (COFs) with

dual channels and abundant tertiary-amine active sites were constructed herein via a unique multi-

nitrogen node design. The high density of up-to-six nitrogen adsorption sites in a single structural unit of

the products effectively improved the adsorption capacities of the materials for iodine. Moreover, the ad-

sorption affinity of the active sites can be further regulated by charge-induced effect of different electron-

donating groups introduced into the COFs. Adsorption experiments combined with DFT theoretical calcu-

lations confirmed that the introduction of electron-donating groups can effectively increase the electron

density around the active sites and enhance the binding energy between the materials and iodine, and

thus improve the iodine adsorption capacity to 5.54 g/g. The construction strategy of multi-nitrogen node

and charge-induced effect proposed in this study provides an important guidance for the study of the

structure-activity relationship of functional materials and the design and preparation of high-performance

iodine adsorption materials.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As an important gaseous fission product produced by nuclear

reactors, radioactive iodine is one of the major hazardous vapor ra-

dioactive pollutants released during nuclear power plant operation,

spent fuel reprocessing and nuclear accidents. Due to its strong

volatility, high diffusion coefficient and long half-life, etc., it is quite

difficult to deal with in the actual environment. For example, the

half-life of 129I is up to 1.57×107 years, which can easily cause

serious harm to human health and the environment. Although 131I

has a short half-life of 8.02 days, it also plays a vital role in causing

radiation hazard to human beings in a short term, such as being

easy to accumulate and induce diseases in the thyroid, owing to its

high specific activity, biocompatibility and chemical toxicity. There-

fore, rapid and efficient separation and enrichment of radioactive

iodine is of great practical significance [1].

In recent years, researchers have made great efforts in the

study of efficient capture and storage materials for radioactive io-

dine, including activated carbon [2], conjugated microporous poly-

mers [3–5], metal-organic frameworks [6–8], porous organic poly-

mers [9,10], etc. However, these iodine adsorbents have some de-
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fects such as poor structural stability, few active sites and low ad-

sorption capacity to some extent, which limit their application in

gaseous iodine removal in actual extreme environment.

The emerging covalent organic frameworks (COFs) are regarded

as one of the most promising adsorption materials due to their

periodic structure, regular pores, large specific surface area and

high porosity. COFs have shown exciting enrichment and separa-

tion effects on vapor iodine in some researches [11–14]. Although

great progress has been made so far, designing and synthesizing

high-capacity COFs for iodine capture is still a huge challenge.

Previous studies have shown that electron-rich structural units

in materials can effectively form charge transfer complexes with

electron-deficient iodine molecule, thereby improving the iodine

capture performance of the materials [1,15]. Especially, materials

with nitrogen-rich structure have obvious advantages for iodine

capture. For example, the introduction of structural units such as

amine, imine, triazine ring, pyridine and imidazole into the struc-

tural system can significantly increase the adsorption capacity of

the COFs for iodine [12,16–18]. However, most imine-linked COFs

commonly designed and studied at present have fewer chemical

active sites. On the other hand, the triazine ring units usually used

for the introduction of nitrogen-rich structure will generally reduce

the affinity between their active sites (C=N groups) and iodine,
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Scheme 1. Schematic diagram of the COF syntheses (gray, C; blue, N; red, O).

owing to the formation of large conjugated systems by the triazine

rings.

Based on the above theory, how to construct materials with

regular channels and improve the density of adsorption sites on

the materials, and meanwhile effectively ensure the high activity

and efficiency of these adsorption sites as well as the high affin-

ity for iodine has become the key to prepare high-performance

iodine capture materials. In order to achieve this goal, a series

of 2D COFs with hexagonal and triangular pore characteristics

were designed and constructed from a spatially twisted four-link

multi-nitrogen nodes building block (tetrakis(4-aminophenyl)−1,4-

benzenediamine (TAPD)). Each structural unit has up to 6 effec-

tive nitrogen binding sites, including the nitrogen of tertiary amine

with high adsorption activity. The high-density of active adsorption

sites can fully guarantee the materials’ iodine adsorption capac-

ity, and the spatial distortion of the structure can effectively im-

prove the permeability of the pore, and thus improve the materi-

als’ iodine adsorption rate. In addition, different electron-donating

groups are also introduced into COFs to further enhance the ad-

sorption affinity of the active sites for iodine. The charge-induced

effect of the electron-donating groups also greatly improved the

iodine adsorption performance of the materials. The strategy of

multi-nitrogen node and charge-induced effect proposed for the

first time in this study for COF construction has significant scien-

tific value for the in-depth study of the structure and properties of

COFs as well as the preparation of high-performance iodine adsor-

bents.

In this study, TAPD-PDA COF, TAPD-DMTA COF and TAPD-

DHTA COF were synthesized by the polycondensation of TAPD

with terephthalaldehyde (PDA), 2,5-dimethoxyterephthalaldehyde

(DMTA) and 2,5-dihydroxyterephthalaldehyde (DHTA), respectively

under solvothermal conditions (Scheme 1, details in Supporting

information) [19,20]. The Fourier transform infrared (FT-IR) spec-

tra of the products showed that the characteristic peaks of C=O

in the range of 1664–1686 cm−1 and -NH2 in the range of 3346–

3430 cm−1 almost disappeared, and the stretching vibration peak

of C=N (1610–1620 cm−1) appeared, indicating the successful oc-

currence of aldehyde-amine condensation reaction (Figs. S1a–c in

Supporting information). The elemental contents of the prepared

COFs determined by elemental analysis indicated that the exper-

imental values of C/H/N are close to the theoretical values (Ta-

ble S1 in Supporting information). The results of thermogravimet-

ric analysis (TGA) showed that all the COFs have high thermal

stability (Fig. S2a in Supporting information). The X-ray photo-

electron spectroscopy (XPS) analysis revealed that there are ni-

trogen peaks of tertiary amine and imine in the N1s spectrum

with a ratio of 1:2 (Fig. S3 in Supporting information). Scanning

electron microscopy (SEM) was used to characterize the micro-

morphology of the COFs and the nanosheet-like layered structures

can be obviously seen in the SEM images (Fig. S4 in Supporting

information).

As can be seen from the powder X-ray diffraction (PXRD) pat-

terns (Figs. 1a–c), TAPD-PDA COF, TAPD-DMTA COF and TAPD-

DHTA COF all have high crystallinity and have a strong diffrac-

tion peak belonging to (100) crystal plane at about 2.35° Mate-

rials Studio 8.0 software was used to simulate and analyze the

material structure. It was found that the experimental PXRD pat-

terns of the three COFs are consistent with the simulated pat-

terns of eclipsed (AA) stacking mode. The fine structural images

(Fig. 1d and Fig. S5 in Supporting information) obtained by high-

resolution transmission electron microscopy (HR-TEM) proved that

the materials have good crystal structure. The specific surface

areas and pore structure of the materials were studied by ni-

trogen adsorption isotherm at 77K, and the measured Brunauer–

Emmett–Teller (BET) surface areas of TAPD-PDA COF, TAPD-DMTA

COF and TAPD-DHTA COF are 194.1, 415.2 and 213.6m2/g, re-

spectively. The pore size distributions analyzed by non-local den-

sity functional theory (NLDFT) showed that all the materials have

two different pore sizes and their average pore sizes are about

∼1.81/2.78nm, ∼1.23/2.60nm, ∼1.56/2.73nm, respectively, which

are basically consistent with the simulated pore sizes (Fig. S6 in

Supporting information). The results further proved that the three

COFs are AA stacking mode and Kagome (kgm) topological config-

uration with two different pore channels.
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Fig. 1. Experimental (red), AA stacking (blue) and AB stacking (green) simulation

PXRD patterns of TAPD-PDA COF (a), TAPD-DMTA COF (b) and TAPD-DHTA COF (c)

(inset: the views of space-filling models of AA stacking); HR-TEM image of TAPD-

PDA COF (d).

Fig. 2. Gravimetric iodine uptake at 75 °C and ambient pressure (a) and iodine re-

lease at 125 °C (b) of TAPD-PDA COF (black), TAPD-DMTA COF (red) and TAPD-DHTA

COF (blue); FT-IR spectra (c) and Raman spectra (d) of TAPD-DMTA COF before and

after iodine uptake.

In view of the high specific surface areas and the periodic dis-

tribution of double channels, as well as the abundant nitrogen ac-

tive sites of the COFs, their adsorption properties for gaseous io-

dine were investigated. The iodine-loaded materials after the ad-

sorption were named TAPD-PDA COF@I2, TAPD-DMTA COF@I2 and

TAPD-DHTA COF@I2 (Fig. 2a). It was found that the adsorption ca-

pacities of the materials increased rapidly in the initial 6 h and

reached the maximum values after ∼44h (Table S2 in Support-

ing information). The maximum adsorption capacities of TAPD-

PDA COF, TAPD-DMTA COF and TAPD-DHTA COF are 5.09, 5.54 and

4.02 g/g, respectively, indicating that the construction strategy of

multi-nitrogen nodes is effective for preparing high-performance

iodine adsorbents.

The desorption experiments revealed that TAPD-PDA COF@I2,

TAPD-DMTA COF@I2 and TAPD-DHTA COF@I2 have faster iodine re-

lease rates and more than 80% of the adsorbed iodine can be re-

leased within 3h at 125 °C (Fig. 2b and Table S3 in Supporting in-

formation). In addition, TGA was used to study the heat release

of iodine in TAPD-DMTA COF@I2 under N2 atmosphere (Fig. S2b

in Supporting information). Extensive mass loss was observed be-

tween 25 °C and 350 °C, mainly due to the release of iodine cap-

tured by the materials. The amount of iodine released at 350 °C
reached 85.6% of the weight of TAPD-DMTA COF@I2, which was ba-

sically the same as the amount of iodine captured by TAPD-DMTA

COF (84.7%).

The iodine capture mechanism of the materials was prelimi-

narily studied by FT-IR and Raman spectra. As seen from the FT-

IR spectra in Fig. 2c, the characteristic peaks changed significantly

before and after adsorption. For example, the stretching vibration

peak of C=N at 1612 cm−1 disappeared obviously after the iodine

adsorption, and the peak of C=C (1577 cm−1) in phenyl ring was

significantly enhanced. Meanwhile, the stretching vibration peak

of C–N in the tertiary amine node at 1261 cm−1 became weak

and shifted to 1255 cm−1 [21,22]. The results indicated that the io-

dine adsorption had occurred simultaneously in imine and tertiary

amine groups of TAPD-DMTA COF. The species of the adsorbed io-

dine was detected by Raman spectra in Fig. 2d. Compared with

the original COFs, TAPD-DMTA COF@I2 has strong absorption peaks

at 107 and 167 cm−1, which are assigned to the aggregated state

I3
− and I5

−, respectively, and there is no characteristic peak of I2,

indicating that the iodine molecules are basically converted into

poly-anion iodides [14,23]. The consistency of the Raman and FT-IR

spectra indicated that the occurrence of chemical adsorption pro-

cess, which was due to the charge transfer between the electron-

rich imine bond and the electron-deficient iodine molecule, form-

ing a stable charge transfer complex (Scheme 2) [15].

In order to further explore the mechanism of iodine adsorp-

tion by the COFs and reveal the internal driving force of the dif-

ference in adsorption capacity, density functional theory (DFT) was

carried out to simulate and calculate the adsorption process. As

shown in Fig. 3, TAPD-PDA, TAPD-DMTA and TAPD-DHTA were

used as model molecules to represent TAPD-PDA COF, TAPD-DMTA

COF and TAPD-DHTA COF, respectively. Iodine molecules were ad-

sorbed at two different active sites of tertiary amine nitrogen

and imine nitrogen. The calculated binding energy between iodine

and TAPD-DMTA is −17.32 kcal/mol, which is lower than that of

TAPD-PDA (−15.95 kcal/mol) and TAPD-DHTA (−14.91 kcal/mol), in-

dicating that TAPD-DMTA has a stronger affinity for iodine, while

TAPD-DHTA has the worst affinity for iodine. This conclusion is

also consistent with the experimental results of saturated iodine

adsorption (TAPD-DMTA COF>TAPD-PDA COF>TAPD-DHTA COF).

Based on the calculations, it can be concluded that the intro-

duction of methoxy, an electron-donating group, into the struc-

ture can increase the electron cloud density around the nitrogen

active site through the charge-induced effect, thereby enhancing

the affinity of the active site for iodine. On the other hand, al-

though the introduced hydroxyl group can also be regarded as an

electron-donating group, it is more inclined to form intramolec-

ular hydrogen bond with the nitrogen in the ortho-imine bond,

which reduces the electron cloud density near the nitrogen ac-

tive site and lead to a worse affinity for iodine finally [24–26].

Moreover, ESP analysis was also performed on 0.001 a.u. con-

tours of electronic density for the three systems [27–30]. From

the van der Waals (vdW) surface penetration diagram, nega-

tive ESP (blue area) is mainly distributed on the vdW surface

of the model molecules and delocalized around tertiary amines,

imines and phenyl rings, while the vdW surface of iodine is

mainly positive ESP (red area) and the mutual penetration between

red and blue indicates the interaction between them. Obviously

from the ESP diagram, it can be found that compared to

TAPD-PDA, the negative ESP of TAPD-DMTA is more delocalized

around tertiary amines, imines and phenyl rings, while TAPD-

DHPA even exhibits a positive ESP near tertiary amines and

imines. The ESP analysis results agree well with DFT calcula-
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Scheme 2. Schematic illustration of the iodine uptake mechanism of TAPD-DMTA COF (gray, C; blue, N; red, O; purple, I2; green, I3
−; brown, I5

−).

Fig. 3. Structural formulas of TAPD-PDA, TAPD-DMTA and TAPD-DHTA (right) and the binding energy with iodine and ESP analysis (left) (green, C; white, H; red, O; blue, N;

purple, I).

tions and experimental conclusions, which can fully explain the

internal mechanism of the difference in iodine adsorption per-

formance of TAPD-PDA COF, TAPD-DMTA COF and TAPD-DHTA

COF.

In summary, based on the affinity of the nitrogen-rich and

electron-rich structure for vapor iodine adsorption, we designed

and constructed a series of 2D COFs with double channels and

abundant active adsorption sites of tertiary nitrogen using a

unique multi-nitrogen node TAPD, and further enhanced the ad-

sorption affinity of active sites to iodine by introducing different

electron-donating groups to regulate the charge-induced effect in

the structural frameworks. Adsorption experiments combined with

DFT theoretical calculations show that the introduced methoxyl

group can effectively improve the electron density around the

active sites, thereby enhance the binding energy between the ma-

terial and iodine and thus achieve a higher iodine adsorption ca-

pacity of 5.54 g/g. However, hydroxyl groups introduced into the

structure tend to form intramolecular hydrogen bonds with nitro-

gens of the ortho-imine bonds, which induces a decrease in the

electron density around the active sites and leads to a lower io-

dine adsorption capacity finally. This work not only prepares iodine

adsorbents with high capacities using a construction strategy of

multi-nitrogen node, but also confirms the effect of charge-induced

groups on iodine adsorption through the combination of the-

ory and experiments, which provides a valuable guiding strat-

egy for in-depth research on the structure-activity relationship

of functional materials and the design and preparation of high-

performance materials for iodine adsorption.
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