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Computational screening of covalent organic
frameworks for the capture of radioactive iodine
and methyl iodide†

Youshi Lan,a Minman Tong,*b Qingyuan Yang *a and Chongli Zhonga

Effective capture of radioactive iodic contaminants from nuclear wastes is of great importance for public

safety as well as the secure utility of nuclear energy. In this work, a computational study was performed to

systematically evaluate the performance of 187 experimentally reported covalent organic frameworks

(COFs) for gaseous I2 and CH3I adsorption under real industrial conditions. The results show that 3D-COFs

present better performance than 2D-COFs for both I2 and CH3I adsorption. 3D-Py-COF was identified with

the highest I2 uptake of 16.7 g g−1, outperforming the adsorbents reported to date. In addition, based on

the obtained structure–property relationships, a new 3D-COF with an even higher I2 uptake of 19.9 g g−1

was designed. For CH3I adsorption, the pore morphology plays an important role, and 3D-COFs with ctn

topology having a pore size of around 9 Å show superiority compared with other COFs. COF-103 was

identified as the best material with a CH3I uptake of 2.8 g g−1, which is much higher than those of tradi-

tional adsorbents like activated carbons, alumina and zeolites.

Introduction

Considering the gradual exhaustion of fossil fuels and the
intense requirement of greenhouse gas emission reduction,
developing alternative clean and sustainable energy sources is
viewed as crucial to secure worldwide economic prosperity
and stability.1 In this aspect, the promising nuclear energy of-
fers cost-effective and non-carbon-emitting options compared
to other types of energy sources. Currently, nuclear energy
has provided about 13% of global electricity and the ratio is
growing steadily to meet the rapidly increasing energy de-
mands.2 However, an urgent issue of safety concern behind
nuclear power production is the control and management of
generated radioactive wastes, the severe hazards of which can
be reflected from the Chernobyl and Fukushima accidents.
During the reprocessing operation of nuclear plants, there are
various gaseous radionuclides of iodine in the released off-
gas streams.3,4 Particularly, 129I is a highly volatile contami-
nant with an extraordinarily long half-life (∼107 years), and
its elemental (or molecular) form (I2) is dangerous for the

health of the general public and the environment.5,6 Addition-
ally, although the half-life of 131I is only 8 days, it is the most
abundant and usually combined with other hydrocarbons to
yield organic compounds such as methyl iodide (CH3I),

7

which also has serious impacts on the metabolic system of
human beings.8,9 Consequently, effective capture and storage
of the two species remain strong concerns for public safety as
well as the safe utility of nuclear energy.

Different methods are available for the removal of gaseous
radioactive iodic contaminants, including precipitation, dry
dedusting, wet scrubbing, adsorption, etc.10 Among them, ad-
sorption techniques based on porous adsorbents have been
in the forefront due to their many advantages, such as high
removal efficiency, low maintenance cost, simple equipment
design and operation.3 So far, various traditional porous me-
dia have been tried, such as activated carbons11 and the
TEDA- or DABCO-impregnated forms,7,12 aerogels,13,14 and
clay materials.15 Currently, the prevalent industrial approach
for iodine capture is to use silver-exchanged zeolites (AgZ) as
the adsorbents.8 However, these materials have the draw-
backs of low adsorption capacities and adverse environmen-
tal impact of silver.16,17 Therefore, suitable adsorbents with a
lower overall cost which can tackle issues of global impor-
tance are in high demand. Recently, both experimental and
theoretical studies have been performed to investigate the
performance of metal–organic frameworks (MOFs) for iodine
capture.18,19 For examples, Nenoff and co-workers20–22 sys-
tematically studied the I2 adsorption properties of Cu-BTC
and ZIF-8 by combining computational and experimental
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methods; they found that the two MOFs behave much better
compared to AgZ, exhibiting promising capability for I2 cap-
ture application. Some experimental studies also suggested
that MOFs decorated with functional moieties like amine23,24

and thiol25 groups can find better applications for the encap-
sulation of I2. Assfour et al.

26 computationally screened a di-
verse set of 12 MOFs for I2 capture at 298 K and found that
the top material NU-110 shows a very high adsorption capac-
ity (13 g g−1) at 1 bar, which was claimed to be higher than
any material capacity reported at that time. From a computa-
tional investigation of I2 adsorption behaviour in 21 ZIFs,
Yuan et al.27 identified that ZIF-10 has the highest adsorption
capacity (2.39 g g−1) at 298 K and moderate pressures. As far
as we know, there is no related work reported for evaluating
the performance of MOFs towards CH3I capture. More impor-
tantly, the existing studies on MOFs mainly focus on explor-
ing their performance for iodine capture at ambient tempera-
ture or 348 K, while the more relevant operational
temperature in the nuclear industry is around 423 K.5

Covalent organic frameworks (COFs) represent a novel
class of crystalline nanoporous materials in which organic
building units are assembled together to form periodic net-
works via strong covalent bonds.28 The highly-ordered archi-
tectures of such intriguing materials possess many fascinat-
ing features like low framework density, tuneable porosity,
high thermal and chemical stabilities as well as easy
functionalization.29 These remarkable characteristics make
them serve as a uniquely ideal platform for diverse applica-
tions.30 Many studies have shown that COFs can be regarded
as promising materials for gas storage (such as H2, CH4 and
CO2)

31–34 and separation (such as CO2/CH4 and CO2/N2).
35–38

To the best of our knowledge, studies on COFs for iodine
capture are still very scarce,17 although some amorphous po-
rous organic materials have been examined for this pur-
pose.16,39 Thus, it is quite necessary to put more efforts into
this aspect of COF research.

In light of the context described above, a large-scale com-
putational study was conducted in this work to explore the
structure–property relationships of COFs for the adsorption of
both I2 and CH3I, using a database of 187 materials collected
from the literature. For a practical application, screening
COFs under the real conditions of a given system is essential.
Thus, the adsorption behaviours of the two iodic species in all
the COFs were investigated at 423 K and ambient pressure.
Two COFs were identified to respectively have the highest ad-
sorption capacities for I2 and CH3I compared to other solid
adsorbents reported to date. The information obtained in this
work may provide useful guidance for the design and synthe-
sis of new materials for iodine capture applications.

Models and computational methods
COF structures

To build a representative database, 187 COFs that cover most
of synthesized materials were collected and their guest-free
crystalline structures were constructed according to the re-

spective experimental studies. For those COFs reported with-
out detailed atomic coordinate information, their structures
were constructed following the structure information pro-
vided in the corresponding synthetic studies. The so-built da-
tabase contains 19 3D-COFs with ctn, bor, dia, and pts topol-
ogies, and 168 2D-COFs with hexagonal, square, triangular
and hybrid pores. Such a large database containing diversi-
fied structures can lay a foundation for exploring the struc-
ture–property relationships of COFs for iodine capture. The
related structural descriptors of these COFs, including pore
diameter, surface area, and free volume, were calculated
using the open source package Zeo++.40 A complete list of the
studied COFs and their structural features are given in Table
S1 in the ESI.†

Interatomic potentials

In this study, the adsorbate–adsorbate and adsorbate–COF in-
teractions were described using a combination of Lennard-
Jones (LJ) and Coulombic potentials. The I2 molecule was
modelled as a spherical model with the LJ potential parame-
ters taken from the literature,41 which were derived from the
viscosity calculation of pure I2. The CH3I molecule was repre-
sented using an explicit rigid model with five charged LJ
interaction sites located on each atom, for which the poten-
tial parameters were taken from the work of Crone-
Munzebrock and Doge.42 For the COFs studied, an atomistic
representation was used for all of them. The LJ potential pa-
rameters were taken from the universal force field (UFF),43

and the partial charges of these atoms were calculated by the
charge equilibration (QEq) method, using the code developed
by Wells et al.44 All the potential parameters for the adsor-
bates and COFs are provided in the ESI.† All the LJ cross
interaction parameters were determined by the Lorentz–
Berthelot mixing rule. As far as we know, no experimental
data are available at the moment for the adsorption of gas-
eous I2 and CH3I in COFs with crystalline structures, al-
though there are some experimental studies on several po-
rous organic materials that are essentially amorphous. Thus,
it is computationally difficult to directly confirm the reliabil-
ity of these force fields. However, the above set of force fields
has been widely used to study I2 adsorption in various
MOFs26,27 and good agreements have also been found be-
tween simulation and experimental results.20,21 In addition,
although the diatomic model has been used to study I2 ad-
sorption in MOFs,21 we found that there are significant devia-
tions between the simulation results and experimental
data.21,22 Therefore, it may be reasonably assumed that the
above sets of force fields are applicable to study the perfor-
mance of COFs for iodine capture.

Simulation details

Grand canonical Monte Carlo (GCMC) simulations were
performed to investigate the adsorption of gaseous I2 and
CH3I in the COFs at 423 K and 1 bar, using our in-house code
HT-CADSS (High-throughput-based Complex Adsorption and
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Diffusion Simulation Suite). During the simulations, mole-
cules involve four types of trials: attempts (i) to displace a
molecule (translation or rotation), (ii) to regrow a molecule at
a random position, (iii) to create a new molecule, and (iv) to
delete an existing molecule. All of the COFs were treated as
rigid frameworks with atoms frozen at their crystallographic
positions. A cutoff distance was set to 14.0 Å for the LJ inter-
actions, while the long-range electrostatic interactions were
handled using the Ewald summation technique. Periodic
boundary conditions were considered in all three dimen-
sions. Each run consisted of 1 × 107 steps to ensure equilibra-
tion, followed by 1 × 107 steps to sample the desired thermo-
dynamic properties. Besides the adsorption amount, another
important thermodynamic quantity of interest that can be
obtained from a GCMC simulation is the isosteric heat of ad-
sorption (Qst). According to the ensemble theory, it could be
calculated from45

where the brackets <…> denote the ensemble average, R is
the gas constant, and N is the number of molecules adsorbed.
The first and second terms are the contributions from the mo-
lecular thermal energy and adsorbate–adsorbate interaction
energy Uff, respectively, while the remaining term is the contri-
bution from the adsorbate–adsorbent interaction energy Ufm.
In this study, the contributions for the Qst from the second
and third terms are denoted as Qst,ff and Qst,fm, respectively.

Results and discussion
Iodine adsorption

To obtain general knowledge of the structure–property relation-
ships of COFs for iodine capture, the adsorption capacities of
the 187 COFs examined in this work were firstly correlated with
their structure features. To achieve high I2 uptake, the results
shown in Fig. 1a indicate that the optimum value for the larg-
est cavity diameter (LCD) of COFs is around 24 Å. Fig. 1 also
shows that a larger accessible surface area (Sacc) or void frac-
tion (φ) of COFs will generally lead to a higher I2 uptake.

Table S5 in the ESI† presents the 10 top-performing COFs
identified from our database for I2 adsorption. It can be found
that 3D-COFs with structures having ctn, bor, dia, and pts topol-
ogies appear at the top of the list, suggesting the advantage of
3D-COFs in I2 adsorption. In addition, 2D-COFs with hexagonal
and square pores also show considerably high I2 uptake. The
preferred adsorption of I2 in the COFs with mesoporous struc-
tures reminds us that the interactions between the guest mole-
cules may dominate the adsorption behaviour of I2 in these ma-
terials. To validate this speculation, we further calculated the
isosteric heats of adsorption of I2 in the top 10 COFs at 423 K
and 1 bar, as shown in Fig. 2. The results show that the con-
tributions (Qst,ff) from the interactions between I2 molecules are
indeed much higher than those (Qst,fm) between I2 molecules
and the COF frameworks. Actually, Hughes et al.20 previously

made the same speculation from their experimental study of I2
adsorption in ZIF-8, but without giving direct evidence. To un-
derstand the adsorption behaviour of I2 in the top-performing
COFs at a molecular level, the microscopic adsorption mecha-
nisms of this guest species were further examined. For this

Fig. 1 Structure–property relationships of I2 adsorption in COFs. (a)
Relationship between the LCD (largest cavity diameter) of COFs and
the I2 uptake, colored by material surface area. (b) Relationship
between the φ (void fraction) value of COFs and the I2 uptake. The
blue point enclosed by the dashed circles in the two figures
corresponds to the material PI-COF-5 discussed in this work.

Fig. 2 Isosteric heats of adsorption of I2 in the top 10 COFs identified
from our database. In the abscissa, I2–I2 represents the contribution
(Qst,ff) from the interactions between I2 molecules, I2-COF represents
the contribution (Qst,fm) from the interactions between I2 and COF
frameworks, and total represents the total heat of adsorption.
Simulation conditions: 423 K and 1 bar.

CrystEngCommPaper

Pu
bl

is
he

d 
on

 1
3 

M
ar

ch
 2

01
7.

 D
ow

nl
oa

de
d 

on
 9

/2
4/

20
24

 1
1:

21
:4

5 
PM

. 
View Article Online

https://doi.org/10.1039/c7ce00118e


CrystEngComm, 2017, 19, 4920–4926 | 4923This journal is © The Royal Society of Chemistry 2017

purpose, a snapshot of I2 adsorbed in 3D-Py-COF identified
with the best performance is shown in Fig. 3a as an example.
One can observe that I2 molecules can fill the entire pore
space of the material and are also inclined to form cluster-like
structures due to the strong interactions between them.

However, the strong interactions between I2 molecules
themselves do not mean that the I2 can be highly adsorbed
in any COFs with high void fraction. For example, the blue
point enclosed by the dashed circle in Fig. 1 corresponds to
PI-COF-5. This 3D material has similar structural features
(pore size, surface area and void fraction) to those of the best
performing COF 3D-Py-COF, but its I2 uptake is very low. A
detailed comparison of the two COFs is shown in Table 1. It
can be seen that the Qst,ff value in PI-COF-5 is much lower
than that in 3D-Py-COF, resulting in a sharp contrast that PI-
COF-5 can only have a small adsorption amount of I2 and the
molecules are mainly adsorbed near the framework, while
the void space of 3D-Py-COF is almost fully occupied by I2
molecules. By examining the structural features of the two
materials, the biggest difference lies in their different topolo-
gies. The structure of 3D-Py-COF has a pts topology with
square-like pores in which the significant confinement effects
result in a very compact encapsulation of I2 molecules. In
comparison, the diamond-like structure of PI-COF-5 is
connected by linear ligands, and thus its thin skeleton can-
not lead to good packing behaviour of I2 molecules in the
pore space. To further confirm these observations, we manu-
ally replaced the building block of tetraĲp-aminophenyl)-
methane (TAPM) in 3D-Py-COF by tetra(p-amino naphthyl)
methane (TANM) to construct a pts framework named 3D-Py-
COF-TANM, for which the optimized structure is shown in
Fig. 4. The simulation result shows that this new COF at 423
K and 1 bar has an uptake of about 19.9 g g−1, exceeding the
performance of all the 187 COFs in our database. The lattice
parameters and the detailed atomic coordinates for the 3D-

Py-COF-TANM structure are provided in Table S6 in the ESI.†
As can be seen from Table 1, the Qst,ff and the Qst,ff/Qst,fm of
3D-Py-COF-TANM are both higher than those of 3D-Py-COF,
suggesting that the strong interactions between I2 molecules
play a more dominant role in the adsorption of I2 in 3D-Py-
COF-TANM. In addition, except that the two COFs have the
same topology, 3D-Py-COF-TANM has larger pore size and sur-
face area than 3D-Py-COF. Therefore, 3D-Py-COF-TANM re-
tains the characteristics of better adsorption environments,
leading to a higher I2 uptake.

Our screening results show that the best existing COF for I2
capture is 3D-Py-COF, and its adsorption capacity (16.7 g g−1) is
significantly higher than those reported for the benchmark zeo-
lites under similar conditions, such as AgX – silver-exchanged
faujasite (0.20 g g−1) and mordenite (0.17 g g−1).5 Actually, Fig. 1
shows that many COFs can surpass the performance of these
typical zeolites and other amorphous porous organic frame-
works like PAF-24 (2.76 g g−1).16 In addition, by surveying related
studies on MOFs for I2 capture, the best MOF reported so far, to
the best of our knowledge, is the material NU-110 identified
computationally,26 which exhibits an uptake of 13.1 g g−1 for I2
adsorption at 298 K and 1 bar. To directly compare with this
MOF, we also performed molecular simulations to examine the
performance of the 187 COFs under the conditions of 298 K
and 1 bar, as shown in Fig. S1 in the ESI.† Evidently, there are
three COFs (3D-Py-COF, COF-108 and COF-105) that can
outperform NU-110, and 3D-Py-COF still has the highest uptake
(19.8 g g−1) among the examined COFs. It can be expected that
NU-110 will have a lower uptake at 423 K and 1 bar (actually
10.5 g g−1). Considering the good performance of 3D-Py-COF
with pts topology, we further performed GCMC simulations to
examine the I2 uptakes of MOFs with the same topology. For
this purpose, 12 MOF structures that have large accessible sur-
face areas (ranging from 2213 to 5353 m2 g−1) and high void
fractions (ranging from 0.65 to 0.88) were extracted from the
Cambridge Structural Database (CSD). As can be seen from the
results given in Table S7 in the ESI,† the best MOF is FEBXIV

Fig. 3 I2 adsorption configurations in the structures of: (a) 3D-Py-COF
and (b) PI-COF-5. Frameworks are displayed in ball-and-stick style (H,
white; C, grey; N, blue). The violet spheres displayed in space-fill style
represent the I2 molecules.

Fig. 4 Structure of the newly designed 3D-Py-COF-TANM.

Table 1 Structural features and adsorption properties (423 K and 1 bar) of 3D-Py-COF, PI-COF-5 and 3D-Py-COF-TANM

Material Topology LCD (Å) Sacc (m
2 g−1) φ Qst (kJ mol−1) Qst,ff (kJ mol−1) Qst,fm (kJ mol−1) Qst,ff/Qst,fm I2 uptake (g g−1)

3D-Py-COF pts 24.4 7229 0.93 50.8 41.8 5.4 7.7 16.7
PI-COF-5 dia 26.6 6479 0.94 28.3 9.1 15.6 0.6 3.0
3D-Py-COF-TANM pts 26.5 7644 0.94 51.9 45.5 2.8 16.2 19.9
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(CSD refcode) with a surface area of ∼5200 m2 g−1 and a void
fraction of 0.88. This material exhibits an I2 adsorption capacity
of 7.1 g g−1, which is much lower than that of 3D-Py-COF while
comparable to the COFs with similar void fractions, as shown
in Fig. 1b. The above results demonstrate that COFs can be
regarded as very promising adsorbents for practical I2 removal.

Methyl iodide adsorption

CH3I is the main organic iodine substance in the vessel off-
gas (VOG) released from used nuclear fuel (UNF)
reprocessing plant, which is commonly considered more dif-
ficult to capture than elemental iodine.9 Fig. 5 shows the sim-
ulated structure–property relationships of the 187 COFs for
CH3I adsorption at 423 K and 1 bar. It can be found that the
pore diameter, surface area and void fraction of the well-
performing COFs are about 10 Å, 5000 m2 g−1 and 0.8, respec-
tively. Table S8 in the ESI† lists the information of the top 10
COFs screened for methyl iodide adsorption. Although 2D-
COFs account for nearly 90% of the COFs experimentally
reported so far, 3D-COFs show much better performance
than 2D-COFs. Noticeably, five 3D-COFs with ctn topology ex-
hibit the best performance among the 187 COFs (see Table
S8†). These COFs have different organic building blocks but

share similar structural features, indicating the important
role of pore morphology in CH3I adsorption. PI-COF-4-2P and
COF-300 are 3D-COFs with dia topology that have a suitable
pore size of about 9 Å for CH3I adsorption, which can be as-
cribed to the appropriate catenations of their frameworks.

Although the molecular size of CH3I is slightly larger than
that of I2,

46 compared with the results shown in Fig. 1, Fig. 5
shows that the optimum pore size (as well as surface area and
void fraction) of the top-performing materials for CH3I ad-
sorption is smaller than that for I2 adsorption; moreover, the
CH3I uptakes in COFs are overall much lower than the I2 up-
takes. To understand the differences more clearly, the heats
of adsorption of CH3I in the top 10 COFs identified were cal-
culated at 423 K and 1 bar, as shown in Fig. 6. Compared with
the results for I2 adsorption in COFs (Fig. 2), the Qst,ff is much
closer to the Qst,fm in the situation of CH3I adsorption. This
suggests that the contribution from the interactions between
a CH3I molecule and the COF framework is as important as
that from the interactions between CH3I molecules. Further-
more, the Qst,ff of CH3I is much lower than the Qst,ff of I2, im-
plying that CH3I molecules are not inclined to aggregate in
large amounts as I2 molecules behave in COFs. In other
words, achieving a high CH3I uptake needs a framework with
a strong confinement effect to restrict the CH3I molecules.

To more intuitively explain the above phenomena, Fig. 7
shows a comparison of the microscopic configurations of
CH3I molecules adsorbed in COF-103 and 3D-Py-COF, respec-
tively, with the best and poor performance. Obviously, the
suitable pore size (9.7 Å) of COF-103 to a large extent can
maximize the intermolecular interactions of CH3I as well as
those between CH3I and the framework. For the case of 3D-
Py-COF, it has a mesoporous structure with a pore size of
24.4 Å. Such an unfavourable void environment leads to the
significantly weak interactions between CH3I molecules (Qst,ff

= 1.2 kJ mol−1), resulting in the observation that few mole-
cules are sparsely adsorbed near the pore walls while the
more interior pore space is not useful.

Fig. 5 Structure–property relationships of CH3I adsorption in the 187
COFs. (a) Relationship between the LCD (largest cavity diameter) and
CH3I uptake, colored by material surface area. (b) Relationship
between the φ (void fraction) and CH3I uptake.

Fig. 6 Isosteric heats of adsorption of CH3I in the top 10 COFs
identified from the 187 materials. CH3I–CH3I represents the
contribution (Qst,ff) from the interactions between CH3I molecules,
CH3I-COF represents the contribution (Qst,fm) from the interactions
between CH3I and COF, and total represents the total heat of
adsorption. Simulation conditions: 423 K and 1 bar.
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The importance of the confinement exerted by adsorbent
frameworks also explains the superiority of 3D-COFs over 2D-
COFs, since the 3D-grown framework not only can provide
multiple surfaces for guest molecules to interact but can ex-
ert a stronger confinement effect on guest molecules from
various directions. But, why do the COFs with ctn topology
outperform the other 3D frameworks as reflected from Table
S8 (see the ESI†) and Fig. 5? By comparing COF-202 (ctn,
pore size of 9.9 Å) with PI-COF-4-2P (dia, pore size of 8.2 Å)
which almost have the same CH3I uptake (1.70 and 1.65 g
g−1, respectively), we can see that the dia topology needs a
smaller pore to exert a comparative confinement on CH3I ad-
sorption compared with the ctn one. This from another side
proves the stronger confinement ability of the ctn-type frame-
work. As for other 3D-COFs, their unsatisfactory performance
can be attributed to the overly large or overly small pore
sizes, such as NPNs (dia, ∼6 Å), COF-105 (bor, 19 Å) and PI-
COF-5-2P (pts, 14 Å). At the moment, studies of CH3I capture
using adsorbents are mainly focused on activated carbons,
alumina and zeolites. Compared with these traditional mate-
rials, the top three COFs (COF-103, COF-102 and BF-COF-1)
show significantly better adsorption performance, as shown
in Table S9 in the ESI.†

Conclusions

In this work, a large-scale computational screening study was
for the first time performed to evaluate the performance of a
diverse set of 187 experimental COFs for gaseous I2 and CH3I
adsorption at 423 K and 1 bar, which are the more practical
conditions related to the treatment of radioactive iodic con-
taminants produced from the nuclear industry. The results
show that 3D-COFs have better performance than 2D-COFs
for the capture of both I2 and CH3I. A monotonically increas-
ing relationship was observed between the I2 uptake and the
void fraction of COFs but with the optimal pore size centred
at around 24 Å. 3D-Py-COF was identified as the best adsor-
bent for I2 capture with an I2 uptake of 16.7 g g−1, which is
higher than any material's capacity reported so far. In addi-
tion, the intermolecular interactions of I2 were found to pro-
vide the dominant driving force for I2 adsorption. Based on

the obtained structure–property relationship, a new 3D-COF
with an even higher I2 uptake of 19.9 g g−1 was designed. For
CH3I adsorption, there is no monotonous relationship
existing between the adsorption capability and the structural
features of COFs. A series of 3D-COFs with ctn topology hav-
ing a pore size of about 9 Å were identified as the top-
performing materials. Among them, COF-103 is the best ma-
terial with a CH3I uptake of 2.8 g g−1, which is significantly
higher than those of traditional adsorbents like activated car-
bons, alumina and zeolites. The results provided in this work
can give guidance for experimental efforts in seeking ad-
vanced materials for I2 and CH3I adsorption, as well as can
facilitate the practical applications of COFs.
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