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ABSTRACT
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organic frameworks, called COFamides, ¥

which contain amide sidechains in their pores. COFamides are capable of rapidly
removing iodine from aqueous solutions at concentrations as low as 50 ppm, with total

capacities greater than 650 wt%. In order to explain the high affinity of the COFamide
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series for iodine and iodide species in water, we performed a computational analysis of
the interactions the COFamide framework and iodine guests. These studies suggest that
the origin of the large iodine capacity in these materials can be explained by the presence
of multiple, cooperative, non-covalent interactions between the framework and both

iodine, and iodide species.
INTRODUCTION

lodine pollution from nuclear and medical waste ('?°l and '3'l) is a problem for both
humans and the environment due to its ability to accumulate in waterways, soil or in
certain tissues, especially in the thyroid gland. Radioactive iodine is a major pollutant in
nuclear accidents such as the Fukushima ,'and Chernobyl nuclear power plant disasters
as well as regular nuclear waste disposal from power generation facilities.? In fact, after
1986, thyroid cancer cases spiked tremendously among the people living in vicinity of
the Chernobyl power plant.® The biomagnification of radioactive iodine species among the
local population, particularly children’, was determined to be the cause of disease
proliferation. Additionally, excessive iodine consumption (1.1 mg/day) on a regular basis
can potentially cause thyroid problems, including cancer.® In addition to its ability to
affect human health, '?°I has a very long half-life of ~10 million years.”8 Therefore, it is
vital and necessary to develop new materials for iodine capture given the detrimental
impacts. Current methods for removing radioactive iodine from different industrial waste
streams include wet scrubbing (using alkaline solutions like NaOH or Hg(NO3)2 as well
as solid phase adsorption (using silver salts, zeolites, minerals containing bismuth
oxyiodide, activated carbon and others).>'® However, these methods have drawbacks
such as the need for complex equipment, hazardous byproduct generation, poor
absorption capacities, and high cost because of the need for expensive sorbents.”11-13
For these reasons, the development of alternative, chemically stable materials that can

collect iodine at low concentrations in aqueous environments, remains a key challenge.

To address this problem, researchers have begun to explore the vast library of porous
organic materials as high-performance adsorbents for iodine pollution. Covalently linked
networks such as porous organic polymers (POPs), covalent organic frameworks (COFs)

and others have demonstrated excellent uptake of iodide, triiodide and iodine
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species.'4-6 COFs are a class of polymers, that have exceptional crystallinity, and high
surface areas that can be designed with pore apertures ranging from 1-10 nm."’-23 These
characteristics have excellent prospective applications in the fields of energy,
catalysis,?*?% gas storage,?®?’ and separation.?82° COFs have received a lot of attention
recently in the field of iodine vapor adsorption because of their porous structures, uniform
channels, high accessible surface area, and highly conjugated structures.?®-23 Although
some progress has been made in capturing the radioactive iodine from water, currently,
it is challenging to remove the low concentration of iodide and triiodide ions from water (=
10 ppm).30:31

The porous adsorbent must have high affinities for both iodine and iodide species and
wide voids for high capacitive adsorption in order to quickly remove these pollutants from
water where they are often found in low concentrations. For the removal of iodine, a
number of porous materials, including metal-organic frameworks (MOFs),'":3233 organic
polymers,*+33-3% and hydrogen-bonded organic frameworks (HOFs),31:36:37 have recently
been reported. However, one major challenge that remains in this area involves the
removal of I and I3~ at low concentrations in aqueous environments.3® Previously reported
efforts employing hydrogen-bonded crosslinked organic frameworks HcOFs, MOFs,
COFs, and POPs can remove large amounts of iodine from aqueous
environments.”3%:31:3% |n these studies, iodide (I') is added to water to stabilize iodine (I2)
via 2 + I 2 I3~ equilibrium.3'3® However, many of these systems work best at removing
molecular iodine (I2) at higher concentrations (>100 ppm) in water. In practice, the residual
iodine levels (5-16 ppm) in treated water are substantially lower than these
concentrations. Examples of porous framework materials that can simultaneously remove
both iodine and iodide at low concentrations remain rare. In this report, we carried out
experiments which demonstrate the ability of amide functionalized COFs to absorb iodine
as well as iodide species and sequester them with high capacities, and computational
simulations to investigate the atomic and electronic factors underpinning the interactions

between different iodide species and the COFs.
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RESULTS AND DISCUSSION

We have used two imine-linked COFs (COFamide-2 and PyCOFamide) and one azine-
linked COF (COFamide-1) 749 shown in Figure (1A) for the removal of iodine from
aqueous solutions. COFamides have amide sidechains that are capable of acting as
hydrogen-bonding donors and acceptors which stabilize their large porous structures.
COFamide-1, COFamide-2, and PyCOFamide have high Brunauer, Emmett and Teller
(BET) surface areas of (1390, 1202 and 1682) m?/g respectively, and pore sizes of 23 A,
33 A, and 65 A respectively. While many porous organic materials are constructed largely
from rigid, aromatic components, COFamides also contain secondary hexylamide groups
which can donate or accept hydrogen bonds and provide hydrophobic interactions
through their n-hexyl chains. This molecular construction allows them to potentially

interact with neutral iodine or iodide species Figure (1B).

The iodine absorption capacity of all three COFamides was determined using time-
dependent UV/Vis measurements. Each COFamide (3.0 mg) was added to a saturated
aqueous iodine solution (ca. 1.2 mM) shown in Figure (2A-C). The inset image in Figure
2 shows that the color of the COFamide powders changed from yellow to brown upon
addition to the iodine water for 24 h, indicating that iodine was absorbed. The time
dependent UV/Vis measurements for all the three COFs showed a decrease in the
absorbance peaks of iodide (290 nm) and triiodide anions (355 nm) within 30 min (Figure
2A-C). These experiments showed a decrease in iodine concentration from 40 ppm to
less than 20 ppm within 30 min and below 1, 5.95 and 8.89 ppm after 24 h, for COFamide-
1, COFamide-2, and PyCOFamide respectively (Figure 2D). This indicates that these
three COFs were able to decrease the iodine concentration to less than 10 ppm within
24h.38 COFamide-1, which has the smallest pores amongst the three, absorbs iodine at
faster initial rate than the other two COFamides. We hypothesize that this can be
explained by its higher concentration of functional groups in the pores due to its smaller

pore diameter compared to the other COFamides.
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Since several of the functional groups in the COFamides are capable of forming non-

covalent interactions with anionic iodine species, we hypothesized that the exceptional
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Figure 1. (A) Structures and pore sizes of the COFamides used in this study. (B) Figure
lllustrations of the types of non-covalent interactions between the framework and iodine
guests that are possible within the COFamide pores.

adsorption properties of the COFamides could be related to their ability to bind to iodide
and triiodide and drive the equilibrium towards Iz within the pores of the COFs. In fact,
aqueous anion recognition in porous polymers has been observed previously where
amides, or other designed supramolecular receptors, are incorporated into the porous
structure.*'-*% To demonstrate the potential for iodide binding in the mechanism of iodine
adsorption in COFamides, we dissolved potassium iodide in water and the time
dependent UV/vis measurements were done at the interval of 5 mins upto 15 mins and
then up to 30 mins, and the decrease in the peak at 230 nm was observed. The reduction
of this peak shows that COFamides are capable of absorbing iodide (I) by either binding
to the amide groups or through anion-1r interactions with the linkers on the pore walls, or

at defect sites Figure (3A). The maximum iodine absorption capacity of COFamides in an
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aqueous solution was measured to be 6.53 + 0.2 g, 5.91 £ 0.2 g, 4.62 + 0.2 g of iodine
per 1 g of PyCOFamide, COFamide-2, COFamide-1 respectively Figure (2E), S4(a), (b)
and (c). These values were measured by immersing the COF powders in a concentrated
aqueous solution of Kls for five days as shown in Figure S2, where |2 is generated in situ

through the following reaction: Is~ < I2 + I- which occurs under equilibrium.

While the initial kinetics of the adsorption are faster for the smaller pore COF,
PyCOFamide, with the biggest pore size amongst the three COFamides, exhibits the
largest maximum capacity for iodine. The larger pore volume is likely a major contributor
to this observation, however PyCOFamide is different from the other materials studied
here in that its linker is based on a larger aromatic linker (pyrene). Previous studies of
other porous polymers that have excellent affinities for iodine have shown that larger
aromatic components can participate in the iodine absorption via charge-transfer

complexes formed with the p-orbitals of iodine or iodidies.®

Additionally, in order to directly observe the interactions between the framework and the
iodine, we used Fourier transform infrared spectroscopy (FT-IR). Here we have focused
our discussions on COFamide-2. When the FT-IR spectra of the iodine loaded COF
samples are compared to the COF before adsorption, it was found that the one with iodine
loading exhibits enhanced as shown in Figure (3B) N-H stretching vibrations, the center
of the peak shifted from 3305 to 3292 cm! and C=C red shifts slightly from 1590 cm to

1505 cm-', with increasing uptake of iodine.

Similar changes in the IR spectra were observed for COF-amide-1 and PyCOFamide.
This is indicative of noncovalent interactions between the free amide groups in the COF
structure with iodine. Furthermore, to ratify the role of amide bonds in the iodine
absorption of COFamides we did a control experiment using Me-COFs which is
symmetrically similar to COFamides, but instead of amide groups, there are now methyl
groups attached, was detected under the same conditions. The results disclosed that,
despite of the fact that the control itself possesses similar pore size, it displays a low
iodine adsorption capacity as compared to COFamides as shown in Figure S5, which
could be attributed to the absence of effective interaction between free amide rich sites

and iodine species. Regardless of the fact that these control COFs are not particularly
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superlative in terms of iodine adsorption capacity collateral with the COFamides, more
than 45% capacity enhancement in iodine uptake capacity over the control COFs should
appear by introducing nitrogen-rich amide sites into the frameworks. Furthermore, we
compared the maximum iodine absorption of COFamides to some polymers already
present in literature and found that these COFamides are contesting with the maximum
absorption of some polymers that absorb iodine in gas phase while COFamides compete

with them in liquid phase. The comparison table of the same is shown in Table S1.
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Figure 2: Time dependent UV-Vis absorption spectra of an aqueous solution of (1.2mM)
upon addition of (A) COFamide-1 (3.0 mg) (B) COFamide-2 (3.0 mg) and (C)
PyCOFamide (3.0 mg). Purple: |2 saturated aqueous solution, t= 0 min, grey: = every 3
min, brown: = 4 hrs (D) I2 concentration decrease after 30 mins of adding COFamide (E)
maximum iodine capacity measurements for all three COFamides (F) iodine uptake
capacity of COFamides for up to three cycles.

To determine the reusability of these COFamides for repeated iodine absorption, we
immersed the loaded COFamides in ethanol and dimethyl sulfoxide (DMSO), and

monitored the release of iodine by UV/Vis. More than 95% of the encapsulated iodine
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was released within 30 min demonstrating the reversible interactions between the
absorbed iodine and the COFamide structure. Release data of COFamides in ethanol
and DMSO is shown in figure S6(A and B). The speed of release is slower in DMSO than
the ethanol because of difference of solubility of iodine in these two solvents. The
recovered COF was reactivated using supercritical carbon dioxide (scCO2) to remove the
residual ethanol or DMSO and the PXRD patterns of the recovered COF powders were
compared to the materials before iodine adsorption. The original crystalline structures
were preserved, for COFamides1-2, Figure (3C and D), but PyCOFamide was found to
be amorphous after the first regeneration cycle shown in Figure S9C. All three
COFamides were tested in three absorption and desorption cycles. COFamide 1 and 2
retain most of their ad-sorption capability after three cycles, however PyCOFamide was
considerably decreased, though it still could remove a significant amount of iodine (>3
g/g). COFamides1-2 are known to be resistant to pore collapse, whereas PyCOFamide
must be activated with scC0O2."” While we suspect that the reduction in iodine adsorption
capability in PyCOFamide is due to delamination or pore collapse during the reactivation
process, it is interesting to note that the intact pore structure appears to play a large role
in the adsorption behavior, rather than just the overall density of the functional groups

capable of forming non-covalent interactions with iodine guests.
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Figure 3: (A) Adsorption of iodide in COFamide upon addition of Kls in water. Blue: |2
saturated aqueous solution, t= 0 min, grey: t= every 5 mins, red: t= 30 mins (B) FT-IR of
COFamide-2 (C) PXRD of COFamide-1 and (D) COFamide-2 before and after the iodine
uptake.

We have further investigated lodine-COF interactions by considering monolayer and
bilayer models of the COF unit via DFT simulations and COF models with and without
amide bonds (computational methodology in Supporting Information). Two major
outcomes from experiments have been further supported by the computations: 1) Linker
size vs lodine uptake capacity, 2) Significance of amide bonds on iodine capture. As
depicted in Figure S9, the interaction energy (IE) of I2 in different binding modes
associated with the different linkers are observed to be larger for pyrene likely due to its
larger size and extended aromaticity (IE Link-12 -6.1 kcal/mol and -5.5 kcal/mol for PYR1
and PYR2 respectively) as compared to benzene (IE Link-12 ) -4.5 kcal/mol for BENZ1).
Thus, our computational results support the hypothesis of a proportional relationship
between pore size and |2 uptake capacity. Molecular level inspection of the influence of
amide bonds on iodine capture has been studied computationally by considering the
interaction between different iodine nuclear complexes (I, l2, I3~ SI). Several different
binding modes of the different iodine molecules in the COF were investigated. As shown

in Figure S11, the amide bond-containing monolayer COF model shows larger interaction
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energies, |Ecorr = -28.2 kcal/mol and IE cori3= -24.9 kcal/mol for anionic iodine
molecules. Conversely, the COF monolayer model without amide bonds shows reduced

interaction energies of IE cor- = -14.9 kcal/mol for MLi.NO-NH and |E cor-13"= -16.4 kcal/mol.
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Figure 4: Constrained optimized geometries of (A) I2 (ML,,) (left), la (ML,) (middle) I
(ML) (right). (B) I (ML,-) (C) Is" (ML), (D) Is" (MLy;), (E)l7 (ML) and their topological
diagram of Non-covalent interaction plot on monomeric unit of COF at WB97XD/6-
31+G(D) (C,H,N,O)/DEF2SVP(l). Interaction energies are in kcal/mol. (Green surfaces
represent the attractive non-covalent interactions).
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We have also considered a bilayer COF model to investigate the lodine uptake process
which also shows analogous results as those observed for the monolayer, further
supporting the uptake of anionic iodine molecular forms as shown in Figure S12.
Structural analysis indicates that iodine can orient in proximity to the exposed NH groups
so that it can form N-H—I interactions. The existence of this N-H—I interaction is further

supported by Symmetry Adapted Perturbation Theory.

DFT, SAPT(DFT) analysis. Our SAPT(DFT) analysis indicates that the electrostatic (-
24 .91 kcal/mol) and induction energy (-15.91 kcal/mol) components are the major
contributing terms for the total interaction energy Table 2. Non-covalent Index (NCI)
analysis further supports the observed interaction between NH and iodine as visualized
prominently for I- and I3~ Figure 4. It should be mentioned that NCI also portrays the non-
covalent interactions between other parts of the COF and iodine mostly concentrated on
the core benzene, indicating many-body effects play an important role in the interaction
between the guest and the host. Interestingly, for neutral I2, both COFs with and without
amide-bonds, show IEs that are up to three times lower in magnitude. For |2, SAPT shows
dispersion (-7.4 kcal/mol) is the major contributing term despite the presence of polar
amides bonds. Low IE with insignificant contribution of electrostatic and induction energy
as shown in table 2 suggests that lodine as neutral form shows low uptake capacity

regardless of the presence of the amide bond.

Taken together, these results suggest that anionic iodine moieties facilitate the uptake of
iodine by the COF through NH—I interactions. This was further confirmed by modeling
multiple |2 capture with and without an anionic iodine counterpart. These structures have
been previously reported as possible binding modes based on Raman spectroscopy.?533
The tested models show that the presence of a single |- promotes strong interaction
energies of multiple iodine molecules (212 and 3l2) with the amide bond-containing COF,
whereas the absence of the anionic iodine shows significantly smaller interaction energies
(Figure 4). The optimized structures suggest that |2 molecules are oriented in the proximity
of |- so that they can form a |-----xl2 (x=2,3) network. NCI plot analysis suggests significant
non-covalent interactions between |- and the I2molecules. SAPT(DFT) analysis (Sl table

2) suggests that electrostatic (-54.2 kcal/mol) and induction energies (-50.4 kcal/mol) are
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the major contributing terms in total interaction energy between COF-I" and 2l2. This
suggests the possible capture of multiple iodine molecules inside the COF via NH--|----12

interactions; the importance of many-body effects between host and guest.
CONCLUSIONS

In summary, we have carried out an in-depth study of iodine adsorption in amide
functionalized 2D-COFs. lodine can be rapidly removed from aqueous solutions at both
high, and low concentrations using all three COFamides. We demonstrated that the pore
size can con-tribute to the overall adsorption capacity, and that loss of the crystalline
structure of the COF can significantly reduce its adsorption capability. Computational
studies suggest possible binding sites of different iodine species (both l2and iodide) inside
the COF with the prediction of active participation of the linker groups (-NH and aromatic
moieties). These studies also infer the facilitation of iodine capture is driven though
generation of NH-I" interactions with the amide sidechains. Overall, this work shows that
in order to design a porous material capable of high-performance adsorption of iodine
species from aqueous environments, it is necessary to take a multivariate approach that
includes designed supramolecular interactions, and considers all possible forms of iodine,

both ionic and molecular.
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