Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Benzothiazole-Derived Covalent Organic Framework
for Multimedia lodine Uptake

Ritika Jaryal
Dr. B. R. Ambedkar National Institute of Technology Jalandhar

Sadhika Khullar
Dr. B. R. Ambedkar National Institute of Technology Jalandhar

Rakesh Kumar (% rakeshkumar@nitj.ac.in)
Dr. B. R. Ambedkar National Institute of Technology Jalandhar

Research Article

Keywords: Covalent organic frameworks (COFs), Benzothiazole, Phenylenediamine, B-ketoenamine, lodine
adsorption, lodine release

Posted Date: June 30th, 2023
DOI: https://doi.org/10.21203/rs.3.rs-3100667/v1

License: © ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Page 1/29


https://doi.org/10.21203/rs.3.rs-3100667/v1
mailto:rakeshkumar@nitj.ac.in
https://doi.org/10.21203/rs.3.rs-3100667/v1
https://creativecommons.org/licenses/by/4.0/

Abstract

Nuclear energy holds the chief portion of the global primary energy mix that comes with the major issue
of releasing volatile nuclear wastes viz. radioiodine (2° and 371) into air and water bodies during nuclear
fuel reprocessing. The efficient capture of volatile radioiodine has attracted a major attention worldwide
due to the severe health and environment effects. Among various porous materials, covalent organic
frameworks (COFs) are the intriguing class of porous organic materials with crystallinity, synthetically
pre-designable functionalities to achieve tunable properties. Herein, a new benzothiazole based COF
(COF-3) obtained by the condensation of 2,6-dimainobenzothiazole and 2,4,6-triformylpholoroglucinol is
reported with tetragonal pore topology (pore volume = 0.305 cc/g; BET surface area = 57.9 m?/g). The
electron rich heteroatoms in the frameworks play a crucial role in adsorbing electron deficient iodine
molecules and therefore, the benzothiazole-derived COF is envisioned to be potent material for efficient
iodine adsorption. The synthesized COF showed the iodine adsorption capacity of 1.07 g g™ in vapor
phase and 109.0 mg g™ from n-hexane solution. A reference COF (COF-4) with no thiazole group derived
from 1,4-phenylenediamine and 2,4,6-triformylpholoroglucinol with hexagonal pore topology (pore
volume = 0.937 cc/g) and BET surface area 133.9 m?/g showed adsorption of iodine from n-hexane
solution with capacity 149.5 mg g'. The study revealed that although the presence of heteroatoms in the
framework facilitates the iodine adsorption by converting the molecular iodine into the polyiodides; the
factors such as BET surface area, pore topology and pore volume also play a major role in the adsorption
of iodine molecules.

Introduction

Nuclear energy is a sustainable, low carbon and economically competitive energy with a potential to
share the major chunk of the future global energy consumption. According to British Petroleum (BP)
Statistical Review of World Energy 2021 (70th edition), nuclear energy holds 4.3% share of the global
primary energy mix [1]. 2021 witnessed the largest rise in nuclear energy generation (4.2%) since 2004 led
by China [2]. However, the safety related issues associated with the operations of the nuclear power
plants, improper disposal of the generated radioactive waste and the risks of nuclear accidents outweigh
the several advantages of the nuclear energy. Various radioactive iodine isotopes, majorly lodine-129
('?°1) and lodine-131 ('371) are released into the gas streams and aqueous solutions during nuclear fuel
treatment. 137l has the high radioactivity (half-life, t;,, = 8.04 d) and is potentially active to incorporate
into the human metabolic process through bioaccumulation in food chain. On the other hand, '?°| has a
very long life time (¢, = 1.6 x 107 y) and the isotope poses a greater disposal risk [3, 4]. Indeed, the
studies revealed that radioiodine was the major contributor to the thyroid cancer caused by Chernobyl
and Fukushima nuclear disasters in 1986 and 2011, respectively [5, 6]. Thus, an effective capture of
radioiodine during the nuclear disasters as well as routine waste treatment is a major global concern.

The typical nuclear fuel reprocessing conditions involve ambient pressure and 77°C temperature under
which the iodine exists as a coagulative vapor. In this context, various removal techniques for the
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coagulative radioiodine vapors have been exploited. However, the adsorption based removal techniques
are considered better over traditional liquid scrubbing processes because of the low maintenance cost,
easy operation and non-usage of corrosive solutions [7]. These adsorption based processes are
effectively strategized by using (1) silver based adsorbent to convert iodine to silver iodide [8—10]; (2)
adsorbents containing frameworks with electron rich heteroatoms sulfur (S), nitrogen (N) and oxygen (0)
as well as the -donors such as aromatic ring, double/triple bonds or conjugated systems to adsorb
electron deficient iodine leading to the formation of charge transfer complexes[11-16]; (3)
functionalizing the adsorbents with ionic groups such as [RN-(CH5)5]*-X™ to adsorb iodine via the
coulombic interactions [17]. The silver based adsorbents render less efficiency due to a low
stoichiometrically maximum adsorption capacity of 1.18 g per gram of Ag and with lesser practical
capacities of the order of 0.10-0.31 g g~ '.[10] The high cost of silver also renders these materials
ineffective for commercial use.

Based on the adsorption mechanisms, various materials such as ceramics [18, 19], aerogels [20, 21],
metals such as silver [22], conjugated polymers [23, 24], zeolites [25-30], metal organic frameworks
(MOFs) [31-37] etc. have been explored as the potential adsorbents till now for the capture of
radioiodine. Covalent organic frameworks (COFs) are the emerging organic polymers with fascinating
properties such as highly ordered and crystalline structures, excellent stability, large surface areas and
permanent porosity [38—43]. Further, several advantages such as the structural predesignability, synthetic
flexibility and post-synthetic functional group modifications are amenable to tune the properties of these
frameworks to achieve materials with low densities and high efficiencies. In recent years, COFs have been
explored as impressive adsorbent materials with a broad scope in several applications such as gas
adsorption and storage, catalysis, semiconductors and photoconducting devices [13—14, 44-49].
Suitably designed heteroatom containing electron rich COFs are envisioned as potent materials in
adsorbing electron deficient iodine [50—56]. Zhao et al. showed the iodine adsorption capability of COFs
in both the vapor state and in the solution. They found that the abundance of aromatic rings were
advantageous for iodine adsorption, high nitrogen content, and well-ordered network [47]. The adsorption
of iodine within the cavities of the COFs involve the physical adsorption that depend upon the pore
volume, pore topology, pore size and the BET surface area of the frameworks. Then, interaction of
electron density of the frameworks with electron deficient iodine molecules which may or may not convert
them into polyiodides depending upon the type of connectivity, type of electron rich heteroatoms or
functionalities occurs. These polyiodides further, help in adsorbing more iodine molecules through
chemical adsorption [48]. A recent study showed that Schiff base linkage in the COFs plays an important
role in the iodine adsorption capacity [57]. The imine-linked COF showed excellent iodine adsorption both
in vapor phase (5.82 g g™ ') as well as from the solution of iodine in -hexane (99.9 mg g™ ). The higher
adsorption in these COFs was attributed to the polarity of the C=N bond, a Lewis structure to bind iodine
according to the charge transfer (CT) theory. The oxidizing components of the COF structure have the
tendency to convert partially or completely iodine into polyiodides. These adsorbents and polyiodides
have the strong interaction to bind iodine molecules within the frameworks. COFs based on imine
linkages also possess excellent thermal stability and chemical resistant properties [58].
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Intrigued by the recent studies, COFs with heteroatom containing molecular scaffolds were desired.
Benzothiazole moiety comprising of a significant m-character and Nand Sheteroatoms could provide an
effective template for the physisorption through van der Waals interactions as well as the chemisorption
of iodine through the formation of polyiodides. In the current study, synthesis and iodine adsorption
ability of a benzothiazole-derived, B-ketoenamine linked COF (COF-3) is reported. The iodine adsorption
capacity of the new COF is also compared with the previously reported TpPa-1 (COF-4).

Materials and Methods
Chemicals

1,4-phenylene diamine, phloroglucinol, 2-amino-6-nitrobenzothiazole, phosphorus oxychloride (POClI5),
trifluoroacetic acid (TFA), hydrochloric acid (HCI), hexamethylenetetramine (HMTA), N,N-
dimethylformamide (DMF), mesitylene, 1,4-dioxane, acetone, tetrahydrofuran (THF), methanol were
purchased from Avra. All the chemical reagents were of analytical grade and used without further
purification.

Methods

Synthesis of 2,4-diformylphloroglucinol (1).

In a 10 mL round bottom flask containing 0.7 mL dimethylformamide (DMF) and 0.8 mL phosphoryl
chloride (POCI;) were added dropwise under nitrogen atmosphere and reaction mixture was allowed to
stir for 45 minutes. In another 10 mL round bottom flask, 500 mg phloroglucinol was added into 3.5 mL
dioxane. To this, DMF/POCI; solution was added dropwise with continuous stirring under nitrogen

atmosphere and allowed to stir for 12 hours. An off-white amorphous solid was formed that was
transferred to another round bottom flask containing ice and further, allowed to stir for 4 hours. The off-
white precipitates were filtered and washed with cold water. The obtained precipitates were refluxed in
water for 15 minutes resulted into salmon orange-colored precipitates that were filtered, washed with

excess of water and dried to afford 450 mg (65%)."H NMR (DMSO-d,, 500 MHz, ppm) 12.49 (Broad s,
3H), 10.01 (s, 2H), 5.90 (s, TH) [59] (Fig. S1).

Synthesis of 2,4,6-triformylphloroglucinol (2).

In a 10 mL round bottom flask, 250 mg of 2,4-diformylphloroglucinol and hexamethylenetetramine
(HMTA) (288 mg, 2.05 mmol) were dissolved in 2 mL trifluoroacetic acid (TFA). The reaction mixture was
refluxed for three hours. Then, 7 mL 2M HCI solution was added to the solution and refluxed for one hour.

Light red-coloured precipitates were filtered and washed with water to afford 210 mg (73%). "H NMR
(DMSO0-d,, 500 MHz, ppm): 9.99 (s, 3H), 5.89 (s, 3H) [59] (Fig. S2)

Synthesis of 2,6-diaminobenzothiazole (3).
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2.0 g (10.25 mmol) of 2-amino-6-nitrobenzothizole was dissolved in ethanol (80 mL) in a 250 mL two-
neck round bottom flask. A solution of SnCl,.2H,0 (16.14 g, 71.7 mmol) in ethanol (20 mL) was added to
the reaction mixture that was allowed to stir at 70°C for 24 h. The resulting milky white colored
suspension was poured in ice cold water and neutralized with Na,CO3 until the pH of the mixture reached
7.0. The desired product was obtained by filtration of the reaction mixture with ethyl acetate as an
organic solvent. The ethyl acetate layer containing the product was evaporated under reduced pressure to
give light brown coloured powder with yield of 1.62 g (95.6%). "H NMR (DMSO0-d,, 500 MHz, ppm): 7.02
(d, TH, J=8.4 Hz), 6.91 (s, 2H), 6.81 (d, 2H, J= 2.2 Hz), 6.49 (dd, 1H, J; = 8.5, J, = 2.3 Hz), 4.82 (Broad s,
2H).

ynthesis of COF-3

An Erlenmeyer flask was charged with 1,3,5-triformylphloroglucinol (63 mg, 0.3 mmol), 2,6-
diaminobenzothiazole (89 mg, 0.54 mmol), 5 mL of (1:1) mesitylene: dioxane and the mixture was
homogenized by sonication for 10 minutes. 6 M AcOH (2.0 mL) was added to the obtained orange
suspension after sonication and then transferred to reactor. The mixture was heated for 3 days at 120°C.
Dark brown precipitates were filtered and washed with N,A-dimethyl formamide, DCM, methanol and THF,
respectively. The washed precipitated were dried in an oven for 24 h at 70°C to afford 120 mg of red-
brown powder.

Synthesis of COF-4

An Erlenmeyer flask was charged with 1,3,5-triformylphloroglucinol (140 mg, 0.67 mmol), p-
phenylenediamine (130 mg, 1.2 mmol), 5 mL of (1:1) mesitylene: dioxane and the mixture was
homogenized by sonication for 10 minutes. 6M AcOH (2.0 mL) was added to the obtained orange
suspension after sonication and then transferred to reactor. The mixture was heated for 3 days at 120°C.
Dark brown precipitates were filtered and washed with N,A-dimethyl formamide, DCM, methanol and THF,
respectively. The washed precipitates were dried in an oven for 24 h at 70°C to afford 217 mg of red-
brown powder.

Vapour Phase lodine Adsorption

The capture of volatile iodine was studied by simulating nuclear fuel reprocessing conditions. BT-COF (40
mg) was placed in a guard tube whose one mouth was fitted to a round bottom flask containing solid
iodine and other mouth was closed to avoid air contamination. Vaporized iodine was obtained by heating
solid iodine at 77 °C under ambient pressure conditions. After the adsorption of iodine vapours for a
period of time, the weight of iodine capture COF was taken at room temperature. The uptake ability of
COF for iodine was calculated using the Eq. (1):

(Wi — Wy)

i

Ce = x100wt%
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Where, C,is the iodine uptake capacity, W; and W, are the weights of COF before and after the iodine
capture [54].

Liquid Phase lodine Adsorption-Desorption
lodine Adsorption

5 mg of COF was added to 5 mL of iodine/n-hexane solution at various concentrations of 50, 100, 150,
200 mg L™ at 30°C with stirring for a period of 4.5 hours. The residual iodine readings were taken at
various time intervals using UV-Vis spectrophotometer at 522 nm. The iodine adsorption quantity (q;; mg

g~ ") and the removal efficiency (w %) were calculated using Egs. (2) and (3).

v
a4y = (Co — Ct)XW

w% = £ %5100 ()

Where, C, and C; are the initial and final concentrations of iodine/ n-hexane solution (mg L™ '), V is the
volume of iodine/ n-hexane solution taken (L) and W is the weight of the COF taken (g) [54].

Kinetics analysis and adsorption isotherms:

The adsorption kinetics of iodine/ n-hexane solution was analyzed using pseudo-first-order and pseudo-
second-order kinetic models using equations (4) and (5).

In(q, — q;) = Inq, — Kjt

t 1
R + 5
qt qe K2 de

5

Where, g, (mg g~ ') and g, (mg g~ ") are the iodine adsorption quantities at equilibrium and time t (min),

respectively. K; (min~") and K, (min~") are the rate constants for pseudo-first-order and pseudo-second-
order adsorptions, respectively.

Adsorption isotherm was analyzed using Langmuir and Freundlich isotherm models according to the
equations (6) and (7):
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d KiCe aqp

1
Inq, = nKy + —InC,
n
7

Where, q, (mg g~ ') and q,, (mg g~ ") represent the iodine adsorption quantities at equilibrium and
maximum adsorption capacity, respectively. C, (mg L™ ) is the concentration of iodine at equilibrium. K,
signifies the Langmuir equilibrium adsorption constant, K¢ signifies the Freundlich constant and 1/n

represents the adsorption intensity (mg L™ ") [54].

lodine Desorption

Trapped iodine was released by immersing iodine loaded COFs in methanol at 30°C. 5 mg of I,@COF was

immersed in 5 mL of methanol solution and the releasing process was studied at various time slots via
UV-Vis spectrophotometer at 290 and 359 nm.

Characterizations

The structure of COF was characterized by using ATR-IR BUKER ALPHA II, Germany in a range of 4000 -
400 cm™ ! and solid-state '3C NMR analysis using ECZR Series 600 MHz NMR Spectrometer with 20 KHz
spinning speed and variable temperature range between - 20°C to + 80°C. The crystallinity of the COF
was determined by using PXRD analysis and diffraction patterns were recorded in a 26 range of 5-60° on
RIGAKU using Cu—Ka radiation (1.14, 1.54) at a scan rate of 3 min~ 1. Structural modelling, theoretical
PXRD pattern calculations, Pawley refinement were carried out using Materials Studio software package.
The geometrical optimizations were done using Forcite tool. Then, Pawley refinement was done using
Reflex tool. The morphology and size of the COF was determined using FE-SEM (CARL ZEISS GEMINI 1
SIGMA 500 VP) and HR-TEM with charge couple device (CCD) coupled device within the working voltage
range of 80 to 200 kV. Thermal stability of the COF was studied by SIl EXSTAR 6000 TGA thermal
analyzer at a heating rate of 10°C/min within temperature range of 30°-600°C. The adsorption/desorption
isotherm and pore volume of the COF was determined by nitrogen adsorption-desorption isotherm
measured at 77 K using Quanta chrome Autosorb 1C system. The BET surface area and pore properties
were determined by calculation from the adsorption branch. The chemical composition of the framework
was characterized using X-ray photoelectron spectroscopy which was conducted at room temperature
using a Nexsa (ThermoFisher Scientific) instrument with an Al Ka X-ray source. The UV-Vis spectra were
recorded using an Agilent Cary-5000 UV-Vis-NIR spectrophotometer.

Results and Discussion
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Structure and composition

[Ketoenamine-linked COF-3 and COF-4 were synthesized via the solvothermal condensation of 2,6-
diaminobenzothiazole,1,4-phenylenediamine, respectively with 2,4,6-triformylphloroglucinol as depicted in
Scheme 1. The synthesized COFs were characterized using ATR-Infra-red (IR), solid-state NMR
spectroscopy, powder X-ray diffraction (PXRD), FE-Scanning Electron Microscopy (FE-SEM), high
resolution Transmission Electron Microscopy (HR-TEM), X-ray Photoelectron Spectroscopy (XPS) and
Thermogravimetric analysis (TGA).

IR spectra of the two COFs revealed the disappearance of characteristic bands of the starting materials
i.e. N-H stretching (3100-3400 cm™ ") and aldehyde carbonyl stretching (1645 cm™ ') bands, that
confirmed the complete Schiff base condensation reaction between the monomers (Figs. 1 & 2) [60]. Both
the COFs showed Bketoenamine linkage in their structures as evident from the absence of O-H stretching
and C = N stretching bands, the characteristic bands for the structure to exist in the enol form. The
tautomerism between the B-positioned hydroxyl groups and Schiff bonds (C = N) leads to the
intramolecular NH-O hydrogen bonding resulting into the S-ketoenamine linkages. Also, the appearance of
C-N stretching peaks at 1262 cm™' and 1259 cm™ ', the characteristic peak of Bketoenamine linkage in
case of COF-3 and COF-4, respectively was also observed. No C = O stretching band corresponding to keto
group of the framework was observed in the IR-spectra of both the COFs. This is because C = O stretching
band merged with the C = C stretching band at 1588 cm™' and 1582 cm™ ! in the extended structures both
the COFs viz. COF-3 and COF-4, respectively.

The atomic-level construction of both the COFs was further verified by 3C cross-polarization magic
angle-spinning (CP-MAS) solid-state carbon NMR spectroscopy. NMR spectrum of COF-3 showed the
signals at 185.80 ppm corresponding to carbonyl group of the f-ketoenamine linkage in the framework
(Fig. S4). The signals at 148.53 ppm, 133.19 ppm, 121.42 ppm and 106.28 ppm correspond to aromatic
carbons. The signals at 171.19 ppm and 161.35 ppm were attributed to the presence of thiazole in the
structure of COF-3. Also, COF-4 showed signals at 106.32 ppm, 115.04 ppm, 121.85 ppm, 135.69 ppm
and 183.78 ppm corresponding to aromatic carbons and carbonyl group of B-ketoenamine linkage,
respectively (Fig. S5).

The powder X-ray diffraction patterns of the synthesized COFs showed their semi-crystalline nature. COF-
3 displayed diffraction peak at 26.28° corresponding to the (002) reflection plane and COF-4 exhibited the
major diffraction peak at 26.12° corresponding to the reflection from (201) plane. The 1t - 1t stacking
distances between the COF-3 layers was 3.4 A from the d spacing between (002) planes and in case of
COF-4, the d-spacing between (201) reflection planes was 3.3 A. To analyse the structures of the COFs
and to calculate the parameters of the unit cell, geometrical optimizations and structural models were
employed using Material Studio software 8.0. The experimental patterns of COF-3 matched well with the
simulated staggered AB stacking model corresponding to the tetragonal lattice with space group P4222.
Also, the experimental diffraction patterns of COF-4 matched well with simulated eclipsed AA stacking
model corresponding to hexagonal lattice with space group P6/m. The lattice parameters of the unit cell
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were refined using Pawley refinement tool which gave the values for COF-3as a= b=3.13 A, ¢=6.81A, a
= B=y=90° with R, = 6.09% and R;, = 4.84% for COF-3. Similarly, COF-4, exhibited the parameters as a =
b=22.91A, c=3.34 A a=B=90°, y=120° with R, = 5.27% and R, = 4.16% for COF-4. (Figs. 3 & 4).

The surface areas of the COFs were further determined by nitrogen adsorption-desorption studies. Based
on the nitrogen sorption isotherms, COF-3 and COF-4 were estimated to have Brunauer- Emmett-Teller
(BET) surface areas of 57.9 and 133.9 m?/g, respectively as shown in Fig. 5. From isotherm curves, both
the COFs were found to show type-lll adsorption. Pore calculations were performed using Barrett-Joyner-
Halenda (BJH) plots. The pore sizes for COF-3 and COF-4 were calculated to be 1.9 nm and 1.5 nm
respectively and the pore volumes were 0.305 cc/g and 0.937 cc/g.

FE-Scanning electron microscopy (FE-SEM) images revealed coral like morphology for both the COFs in
the microscopic range and pores could be seen on magnifying the images to the nano scale range.
However, COF-4 seems visibly more porous than COF-3 (Fig. 6).

HR-TEM analysis of COF-3 and COF-4 also revealed the porosity in the frameworks with the stacking
between the COF-sheets (Fig. S6).

Thermogravimetric analysis (TGA) of COFs determined the thermal stabilities of both the frameworks
from 30°C to 600°C. COF-3 was thermally stable up to 210°C with ~ 10% weight loss in the beginning up
to 75°C plausibly because of the guest solvent molecules within the pores of the frameworks. After
210°C, there was gradual weight loss up to 440°C followed by sharp loss up to (Fig. S7). COF-4 also
showed 18% loss of the weight at 70°C plausibly due to the guest solvent molecules and then, thermal
stability up to 280°C, a gradual weight loss up to 400°C followed by a sharp weight loss (Fig. S7).

XPS analysis of COF-3 revealed the binding energies at 532.2 eV, 398.6 eV and 164.1 eV corresponding to
the 045, Nys and S, orbitals related to carbonyl, C-N and C-S bonds. In case of COF-4, the binding

energies corresponding to carbonyl group and C-N bond were present suggesting the formation of
enamine linkage within the frameworks. (Fig. S8)

lodine Adsorption Studies
Adsorption of iodine vapor

Adsorption of iodine vapors was studied by exposing an appropriate amount of COF (40 mg) in a closed
vessel to the iodine vapors at 77°C and ambient pressure to have the close scenario of typical nuclear
fuel reprocessing conditions. During adsorption process, the deepening of the COF color from light brown
to dark brown affirmed the diffusion of iodine into pores of the frameworks. COF-3 after adsorbing iodine
was referred as |, @COF-3. The iodine uptake capacity reached 0.725 g g~ after 23 hours and reached

the equilibrium value 1.075 g g~ after three days (Fig. 7; Table 1).
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Table 1
Parameters and iodine capacity of BT-COF.

COF Pore Pore BET Pore Theoretical Experimental Pore
topology size  surface volume capacity capacity accessibility
area (m2g~ (cm3g™") p p (%)
(am) -y @g™" @g™"
BT- Tetragonal 1.9 57.9 0.305 1.51 1.08 71.5
COF

lodine adsorption from solution

The adsorption of iodine from n-hexane solution was performed at various concentrations viz. 50, 100,
150, 200, 250 mg L™ " under ambient temperature and pressure conditions. The UV-Vis spectrum of iodine
solution after adsorption at various intervals of time is shown in Fig. 8 for 250 mg L™ concentration.
Adsorption of the iodine solution with 250 mg L™ concentration increased significantly in the first one
hour and then it reached the equilibrium value after 270 minutes. The removal efficiencies reached
43.01% and 65.9% after 4.5 hours for COF-3 and COF-4, respectively with the initial concentration of 250
mg L™ 1. The adsorption kinetics was studied using pseudo-first order and pseudo-second order kinetic
models. The experimental data for COF-3 fitted well with both pseudo-first order (R% = 0.9868) and
pseudo-second order (R? = 0.992) kinetics with R? values close to each other. This suggests the
involvement of both physical and chemical adsorptions. The pseudo-first and pseudo second order rate
constants were calculated to be 0.0134 min™' and 8.9 x 10”® min~ " for COF-3. However, the equilibrium
adsorption capacities calculated from both the kinetics curves are compared with the experimental
capacity, pseudo-first order curve fitted comparable to pseudo-second order curve. In case of COF-4,
pseudo-first order kinetics (R? = 0.9337) fitted well with the experimental data than the pseudo-second

order (R? = 0.8747) kinetics. This pointed towards the physical interaction between iodine molecules and
the frameworks of COF-4. The calculated pseudo first and second order rate constants were calculated to

be 0.0054 min~ " and 5.1 x 10™° min~ (Fig. 9; Table 2).

Further, adsorption isotherms were evaluated using Langmuir and Freundlich isotherm models. Both
Langmuir and Freundlich models fitted well the sorption curves, with a closely related correlation
coefficient (R?) of 0.9976 and 0.9899, respectively for COF-3 suggesting the formation of multilayer
during the adsorption of iodine. The calculated Langmuir adsorption constant (Kg) was 0.0026 and
maximum adsorption capacity from Langmuir model came out to be 135.1 mg g~ . Also, Freundlich
constant (K|) value came out to be 10.42 and n value to be 2.06. The adsorption isotherms of the COF-4
fitted well with the Freundlich model with the correlation coefficient (R?) of 0.9771. The Freundlich
constant (Kg) and n value came out to be1.68 and 1.04, respectively. Langmuir adsorption isotherm did
not fit well with the sorption curve as the calculated maximum adsorption (555.5 mg g~ ') was much
higher than the experimental value (143.0 mg g™ ') although correlation coefficient (R?) value (0.9817)
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was closer to that for COF-3. This suggested that multilayer adsorption dominated over monolayer
adsorption (Fig. 10; Table 3).

Table 2
Kinetic parameters for the iodine vapor adsorption on COFs.
COFs BET Conc. Experimental Pseudo first order Pseudo second order
surface  of Qe
area solution K, Qe R2 K, de R2
- m (mg
2 g m (mgg™') (mg
gm g (ppm) (min~ g (min~  g77)
) ") ")
COF- 5709 250 109.0 0.0134 109.5 0.9868 89x 1409 0.992
3 10—6
COF- 1339 250 149.5 0.0054 1321 09337 51x 188.7 0.875
4 107°
Table 3
Adsorption isotherm parameters for lodine adsorption from n-hexane solution
COF dm(exp)  Langmuir Freundlich
(mg g 1) KL dm RL2 KF n RF2
(mgg™")
COF-3  109.0 0.0026 135.1 0.9976 10.42 2.06 0.9899
COF-4 1495 0.003 555.5 0.9817 1.68 1.04 0.9771

The mechanism of the iodine adsorption was preliminarily studied by Infrared spectroscopy. It was found
that the characteristic peak positions of the frameworks changed significantly before and after the
adsorption suggesting the charge transfer interactions between COF structures and the iodine molecules.
There were shifts in the bands of C =0, C-N from 1586 cm™ ' to 1574 cm™ 'and 1228 - 1220 cm™ " in case
of COF-3 and from 1579 cm™ " to 1569 cm™',1251 to 1239 in case of COF-4. This shift in the bands
suggested that adsorption of iodine molecules occurred at the enamine linkages (Fig. 11). Also,
adsorption of iodine within the frameworks was supported by the FE-SEM a (Fig. 12). Both the pristine
COFs showed nanowire like morphology with visible porosity. The observed porosities in case of the
pristine COFs were reduced upon exposure to iodine molecules suggesting the adsorption of iodine
molecules within the pores of the frameworks resulting into the reduced porosity of the frameworks.

Study of Absorbed lodine Chemical State

The detailed atomic structure and chemical valence state of iodine species in the iodine adsorbed COFs
were ascertained by X-ray Photoelectron Spectroscopy (XPS). On comparing the spectra of pristine COFs
and iodine adsorbed COFs, two split peaks were observed at binding energies of 630.08 eV and 619.08 eV
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corresponding to the 1 3d3/2 and | 3d5/2 orbitals of the iodine molecules, respectively. This suggested
that iodine molecules were captured within the frameworks. Further, I3~ showed one peak at the binding
energies of 620.8 eV in-case of COF-3 suggesting the chemical interaction of heteroatoms of the
frameworks with the iodine molecules (Figs. 13 & 14). This was supported by kinetic study as well where
both physical and chemical adsorptions were observed. However, presence of I3~ within the frameworks

of COF-4 was not observed upon the deconvolution of | 3d peaks in the XPS spectrum. This supported
only the physical adsorption of moleculariodine in case of COF-4 as also indicated by the kinetic studies.

lodine Release Studies

Further, the release of iodine was studied by submerging the COFs in organic solvents. The color of
methanol progressively changed from colorless to dark brown after the iodine-loaded samples of COF-3
and COF-4 were submerged in it at 25°C showing that the iodine was slowly coming out from the
material's pore. The release of iodine was measured using UV-Vis spectroscopy (Fig. 15). lodine signals
at 290 and 359 nm demonstrated that the amount of iodine emitted by COF-3 normally increased and
achieved a dynamic equilibrium in less than 60 minutes. However, with COF-4, this release was relatively
slower reached the dynamic equilibrium after 180 minutes.

Conclusion

In summary, a benzothiazole-derived COF (COF-3) was synthesized by the solvothermal method and the
iodine adsorption was studied in both the vapor and solution phases. To assess the effect of heteroarene
scaffolds on the iodine adsorption, a previously reported phenylene diamine-derived COF (COF-4) was
also synthesized under the same conditions and studied for iodine adsorption in solution phase. Both the
COFs showed iodine adsorption in n-hexane solution with efficiencies of 109.0 mg g™ ' and 149.5mg g™
for COF-3 and COF-4, respectively. COF-3 was also analyzed for the iodine adsorption in vapor phase and
exhibited adsorption capacity of 1.07 g g~ '. The structures of frameworks for COF-3 and COF-4 were
optimized to be tetragonal and hexagonal, respectively, with pore diameters 1.9 nm and 1.5 nm; and BET
surface areas 57.9 m? g~ and 133.9 m2 g~ 7, respectively. The lower iodide adsorption capacity of COF-3
as compared to COF-4 could plausibly be due to the relatively smaller surface area owing to a different
framework structure and the pore topology. The smaller pore volume and BET surface area values of
COF-3 result into less interaction of iodine molecules with the framework as in case of COF-3, only nearly
71% (calculated) of the pores were exposed to the iodine environment. Although, heteroatoms in the
frameworks have been reported to enhance the iodine adsorption through both physical and chemical
interactions; the BET surface area and pore topology/volume remained as the major deciding parameters
for the efficient iodine adsorption in case of COF-3.
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Scheme 1

Scheme 1 is available in the Supplementary Files section.
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Figure 1

IR spectra of 2,6-diaminobenzothiazole (1); 2,4,6-triformylphloroglucinol (2); and COF-3 (3).
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Figure 2

IR spectra of 1,4-phenylenediamine (1); 2,4,6-triformylphloroglucinol (2); and COF-4 (3).
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patterns (pink), simulated patterns (black) and the difference between the experimental and calculated
patterns (blue) (B); Optimized tetragonal pore topology of the COF-3 (C); Reconstructed crystal structure
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between COF-3 layers (vertical alignment) (E).
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Figure 5

Nitrogen sorption isotherms of COF-3 (A) and COF-4 (B)

Figure 6

FE-SEM images of COF-3 (A) and COF-4 (B).
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Adsorption of iodine vapors in COF-3.
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IR spectra of COF-3 (A); and COF-4 (B) after iodine adsorption.
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FE-SEM images of iodine loaded COF-3 (A); and COF-4 (B).
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XPS spectra of iodine loaded COF-3(A); COF-4 (B).
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Figure 15

UV-Vis spectra for the time —dependent iodine release from COF-3 (A); and COF-4 (B); Release of lodine
from COF-3 (C); and COF-4 (D) at different times.
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