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Abstract: Effective detoxification of CWA Mustard Gas (HD) via selective partial oxidation is 

the most effective but challenging method because the overoxidized sulfone product is toxic 

and the choice of solvent system. All organic and heterogenous photoactive porous organic 

polymers are more environmentally friendly and sustainable. Imidazoline-based POP, a new 

material class, consists of electron-rich and electron-deficient units in donor−acceptor 

junction and has mild oxidizing power and ROS generation ability. In this current work, 

IPPOP-4, a new Imidazoline POP, was synthesized, characterized, and found to be 

photoactive. Towards detoxification of HD simulant 2-chloroethyl ethylsulfide (CEES), 

IPPOP-4 showed excellent performance with ultrafast kinetics of t1/2 = 4.7 min in O2 and t1/2 

= 5.8 min in air atmosphere, respectively, in MeOH as a suitable solvent system. 

Experimental data was presented that validates the crucial stage of the catalytic process that 

results in a plausible mechanism in the different solvent systems. Additionally, the versatile 

photocatalytic oxidative nature of the IPPOP-4 was established from its competence in the 

sulfide oxidation and aromatic aldehyde oxidation reaction with wide substrate scope. 

Furthermore, recyclability of the photocatalyst (upto 10 cycles) validates the conceptual 

feasibility of the photocatalyst.  
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1. Introduction 

The chemical warfare agents (CWAs) have been a serious threat to human civilization since 

World War I (WW-I) and remains till date due to their cost-effective production and 

stockpiling.1 Sulfur Mustard (bis(2-chloroethyl)sulfide); also known as HD, one of the CWAs, 

which is notorious as a blistering agent, causes severe damage to skin, eyes and respiratory 

system. Additionally, oxidative stress and antioxidant depletion brought on by HD exposure 

might result in DNA alkylation and cell death.2 Among trivial detoxification methods, 

hydrolysis3 and dehydrohalogenation4 are limited by slow kinetics because of very low 

solubility of HD in aqueous system. The most encouraging route to detoxify HD is selective 

partial oxidation to nontoxic sulfoxide because overoxidized sulfone is also toxic.5 In this 

point, singlet oxygen (1O2) has been a well-established, mild oxidizing agent for the selective 

partial oxidation of CEES, avoiding the overoxidised toxic sulfone product.6 

1O2 is a type II reactive oxygen species (ROS) that is produced when light irradiation on a 

photosensitizer (PS) causes energy transfer from the excited triplet state of the PS to 

molecular oxygen in the ground state.7 Since Farha et al. originally showed that 1O2 catalyzed 

by PCN-222/MOF-545, a porphyrin-based metal-organic framework (MOF) selectively 

oxidized sulfur mustard simulant, other investigations based on photosensitized 1O2 have 

been reported.6, 8 The majority of PSs include well-known photosensitive moieties that are 

typically linked to heavy-metal effects, such as pyrene, porphyrin,9 or 4,4-difluoro-4-bora-

3a,4a-diaza-s-indacene (BODIPY)10 containing MOFs and Covalent organic framework 

(COF).11 In practical terms, sulfur mustard photo-oxidation in ambient conditions might be 

more appropriate; nonetheless, most research has been done in an O2 atmosphere with 

lasers or lamps as the light source. Therefore, developing new PS types with high ROS 

production efficiency is critical for the selective catalytic detoxification of sulfur mustards in 

environments like surrounding air.  

Porous organic polymers (POPs) have recently gained attention in the science community 

due to their ease of synthesis, long-term stability, and versatile application in various sectors 

like water remediation,12 catalysis,13 CO2 capture,14 energy storage,15 H2 evolution16 etc. 

Also, their modular and fully conjugated structure, inherent porosity, and heterogenous nature 

make them attractive platforms for photocatalytic reactions. In this context, imidazoline moiety 

containing highly conjugated POPs is the new class of photosensitizer, which is known for its 

high 1O2 generation capability.5, 17  
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In this work, we developed a new novel conjugated imidazoline porous organic polymer, 

IPPOP-4, using 4',5'-bis(4-formylphenyl)-[1,1':2',1''-terphenyl]-4,4''-dicarbaldehyde and 

NH4Cl. IPPOP-4 acts as an efficient photosensitizer for singlet oxygen generation in ambient 

conditions. IPPOP-4, a metal-free photocatalyst, demonstrated remarkably fast kinetics 

toward the HD simulant 2-chloroethyl ethyl sulfide (CEES) detoxification upon blue LED 

irradiation in air atmosphere, with a half-life (t1/2; 50% conversion) of 5.7 min. Compared to 

other previously published Metal-Organic Framework (MOF), Covalent Organic Framework 

(COF), and Conjugated Microporous Polymer (CMP)-based photocatalysts, this t1/2 is 

significantly lower. Additionally, we performed industrially relevant sulfide oxidation 

(important in the petrochemical industry) and aldehyde oxidation to carboxylic acid in ambient 

conditions. This study highlights very efficient photocatalytic properties of an imidazoline POP 

towards HD simulant detoxification under ambient conditions.

 

Scheme 1: Photocatalytic Activity of IPPOP-4 

 

2. Methods: 

2.1. Experimental Section 

2.1.1. Materials: All the reagents, starting materials and solvents were commercially 

purchased from BLD Pharma, Sigma-Aldrich, TCI Chemicals, Alfa asar, 

Spectrochem, Rankem Chemicals depending on their availability and used without 
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further purification. 2-Chloroethyl ethyl sulfide is toxic in nature and proper 

protective gear (masks, gloves) is always to be used. 

2.1.2. Synthesis of IPPOP-4: IPPOP-4 system was synthesized from cost-effective 

starting materials through a one-pot reaction with slightly modified reported 

protocol. A 20 mL Teflon Lined stainless steel Autoclave was charged with 4',5'-

bis(4-formylphenyl)-[1,1':2',1''-terphenyl]-4,4''-dicarbaldehyde (1 mM) and 

ammonium chloride (8.1 mM) and 10 mL DMF. The mixture in the autoclave was 

then allowed to heat at 150°C for 48 h. The pale-yellow precipitate was collected, 

filtered, and washed repeatedly with water, methanol, acetone, and chloroform. 

The resulting powder was dried at 80°C under a vacuum overnight. 

2.1.3. Physical Measurements: Solid-state 13C cross-polarization magic-angle-spinning 

(CP-MAS) spectra were acquired on a Bruker 500 MHz NMR spectrometer with a 

CP-MAS probe. Carbon chemical shifts are expressed in parts per million (δ scale). 

The 13C chemical shifts were externally referenced to tetramethylsilane (δ = 0.0 

ppm). The FT-IR Spectra were acquired by using Bruker Alpha-II ECO-ATR 

spectrophotometer using solid sample in 550-4000 cm-1 range. Thermogravimetric 

analyses were performed using Perkin-Elmer STA 6000 TGA analyzer by heating 

the samples from 30 to 800°C under N2 atmosphere with a heating rate of 10°C 

min-1. For high-resolution TEM analysis, all the samples were dispersed in 

isopropanol (0.5 mg/mL) and sonicated for 15 minutes. Then, the samples were 

left undisturbed for 2 minutes, and the upper part of the solution was taken for 

preparing TEM samples on a lacey carbon-coated copper grid (Electron 

Microscopy Science). TEM imaging was performed on the HRTEM (JEM-2200FS, 

JEOL) operating at acceleration voltage of 200 kV. N2 and CO2 gas adsorption 

measurements were performed using BelSorp-Max instrument (Bel-Japan). Prior 

to adsorption measurements, the activated samples were heated at 120°C under 

vacuum for 12 hours using BelPrepvacII. As-obtained powder samples was stuck 

to conductive paste and then measured by X-ray photoelectron spectroscopy using 

K-Alpha+ model (Thermo Fischer Scientific, UK) with Al Kα source. All 1H spectra 

were recorded on Bruker 400 MHz spectrometer. The chemical shifts (δ) in ppm 

were referenced to the residual signal of deuterium solvents (1H NMR in CDCl3, 1H 

NMR in CDCl3 and DMSO-d6 equivalent mixture). The multiplicities of the peaks 

are s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublet), m 

(multiplet). DRS spectra and corresponding absorbance spectra was collected on 
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a Shimadzu UV-3600i UV/Visible/NIR Spectrophotometer with solid sample. 

Fluorescence emission spectra and PLE was collected on a HORIBA Fluromax+ 

solid sample and water dispersed samples. (EPR) spectroscopy was carried out 

on a Bruker EMX plus spectrometer. 

2.1.4. Photocatalytic CEES degradation experiment by IPPOP-4: 10 mg of IPPOP-4 

was dispersed in 4 mL of solvent (MeCN, MeOH) placed in a glass 10 mL Schlenk 

tubes and bubbled with O2. After that, 23 µL of CEES was added to the reaction 

tube. Then, the tube was irradiated with Blue LED. The 1H NMR was collected after 

a certain time interval. Photocatalytic study under atmospheric conditions is carried 

out with air instead of oxygen at the beginning of the reaction. 

2.1.5. Recyclability Test: After the photocatalytic reaction, conducted under blue LED 

illumination, the catalyst was separated by centrifugation and washed thrice with 

CH3OH (10 mL). The supernatant was carefully removed, and the powder was 

dried under a vacuum. After washing, centrifugation, and vacuum-drying, 4 mL of 

suitable solvent was added to the IPPOP-4, and the mixture was transferred to 

Schlenk tube. Fresh CEES (23 μL) was added to the mixture, and the resultant 

mixture was directly used for the next catalytic cycle. 

2.1.6. Photocatalytic aromatic sulfide oxidation by IPPOP-4:  5 mg of IPPOP-4 was 

dispersed in 4 mL of solvent placed in a glass vial. After that, 0.2 mM of aromatic 

sulfide was added to the reaction vial. Then, the tube was irradiated with Blue LED 

under air. The 1H NMR was collected for the calculation of the conversion rate. 

2.1.7. Recyclability Test: After the photocatalytic reaction conducted under blue LED 

illumination, the catalyst was separated by centrifugation and washed thrice with 

CH3OH (10 mL). The supernatant was carefully removed, and the powder was 

dried under a vacuum. After washing, centrifugation, and vacuum-drying, 4 mL of 

solvent was added to the IPPOP-4, and the mixture was transferred to a glass vial. 

Fresh aromatic sulfide (0.2 mM) was added to the mixture, and the resultant 

mixture was directly used for the next catalytic cycle. 

2.1.8. Photocatalytic aromatic aldehyde oxidation by IPPOP-4: 5 mg of IPPOP-4 was 

dispersed in 4 mL of solvent placed in a glass vial. After that, 0.2 mM of aromatic 

aldehyde was added to the reaction vial. Then, the tube was irradiated with Blue 

LED under air. The 1H NMR was collected for the calculation of the conversion 

rate. 
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2.1.9. Recyclability Test: After the photocatalytic reaction conducted under blue LED 

illumination, the catalyst was separated by centrifugation and washed thrice with 

CH3OH (10 mL). The supernatant was carefully removed, and the powder was 

dried under a vacuum. After washing, centrifugation, and vacuum-drying, 4 mL of 

solvent was added to the IPPOP-4, and the mixture was transferred to a glass vial. 

Fresh aromatic aldehyde (0.2 mM) was added to the mixture, and the resultant 

mixture was directly used for the next catalytic cycle. 

 

3. Result and Discussion 

3.1. Structural Characterization:  

Following the successful synthesis of the imidazolium functionalized polymeric network 

IPPOP-4, a diverse array of sophisticated analytical methods was employed to characterize 

and confirm the synthesis of the polymer, including solid-state 13C cross polarization magic-

angle-spinning Nuclear Magnetic Resonance (13CP-MAS NMR), Fourier transform infrared 

(FTIR), thermogravimetric analysis (TGA), transmission electron microscopy (TEM), X-ray 

photoelectron spectroscopy (XPS), low-temperature nitrogen (N2) and carbon dioxide (CO2) 

gas sorption measurements, zeta potential etc. 13C CP-MAS NMR spectroscopy confirmed 

the formation of an imidazolium cationic framework after a complete cyclization reaction. The 

peak at ~166 pm confirmed the -C=N linkage from the imidazolium ring, while peaks at ~43, 

~67, and ~77 ppm were attributed to the other carbon atoms in the imidazolium moiety. Peaks 

in the ~129-140 ppm range were assigned to the aromatic carbons from the benzene ring in 

the polymeric network (Figure-1b). The FT-IR spectra revealed peaks at ~3402 cm-1 and 

~1665 cm-1 ascribing to -N-H and -C=N stretching frequencies from the imidazolium moiety, 

and also a decrease in the peak intensity was observed at ~1701 cm-1 corresponding to the 

-C=O functional group (Figure-1c) as compared to the monomer precursor attests to the 

successful formation of the imidazolium polymeric network. TGA was carried out to assess 

the robustness and thermal stability of the polymer. A slight initial loss of ~5% was observed, 

attributed to the entrapped solvents inside the pores of the pristine polymer. However, no 

significant gradual weight loss was found till ~250ºC, suggesting the good thermal stability of 

the polymeric network, and thereafter, a gradual weight loss was observed beyond 250ºC 

due to the collapse of the polymeric framework of IPPOP-4 (Figure-1d). TEM imaging of 
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Figure 1: a. Synthetic scheme of IPPOP-4, b. 13C CP-MAS NMR of IPPOP-4, c. FT-IR 

spectra, d. TGA profile, e. HRTEM images of IPPOP-4, deconvulted XPS spectra of IPPOP-

4, f. N1s, g. C 1s, and h. Cl 2p 

IPPOP-4 showed irregular morphology with layered structures (Figure-1e, A1). The elemental 

analysis and the corresponding spectroscopy (EDS) revealed the homogeneous distribution 

of all the compositional elements of Carbon (C), Nitrogen (N) and Chlorine (Cl) on the surface 

of the polymeric network of IPPOP-4 (Appendix A2). Further, the XPS spectra confirmed the 

presence of the compositional elements and their chemical state. Three main peaks at ~283.4 

eV, ~389.9 eV, and ~198.2 eV were found in the XPS survey scan (Figure-A3), which are 

characteristic and correspond to Carbon (C 1s), Nitrogen (N 1s), and Chlorine (Cl 2p), 

respectively. High-resolution deconvoluted N1s spectra fitted into three peaks with binding 

energies at ~401.6 eV, ~399.6 eV, and ~398.8 eV corresponding to cationic N from the 
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imidazolium ring (N+-H), pyrrolic N (C-N-C) and imine bond (C=N-C) respectively (Figure-1f). 

Deconvoluted C 1s spectra were fitted into four peaks at ~284.2 eV, ~284.7 eV, ~285.5 eV, 

and ~291.2 eV attributed to aromatic -C=C bond, -C-C and C-H, for the imine bond and the 

cationic N and C bond (C=N, C-N+) and from the π-π* interaction between the layers (Figure-

1g). Cl 2p spectra were deconvoluted into two peaks at ~197 eV and ~198.6 eV assigned for 

Cl 2p3/2 and Cl 2p1/2, respectively (Figure-1h). Moreover, N2 adsorption-desorption isotherm 

at 77K does not demonstrate any appreciable uptake of nitrogen gas, indicating that counter 

chloride (Cl-) anions in the cationic network obstruct the internal pores (Appendix A4). 

Brunauer-Emmett-Teller (BET) surface area was found to be 163 m2g-1 from N2 adsorption. 

However, the porous nature of the IPPOP-4 is suggested by CO2 adsorption at 195 K 

(Appendix A5). Additionally, Zeta potential showed +39 mV of the surface charge, indicating 

the cationic nature of the IPPOP-4 polymeric network (Appendix A6). Also, we tested the 

chemical stability of IPPOP-4 in the presence of 1M HCl and 1M NaOH, and it was found that 

IPPOP-4 is very stable in this condition (Appendix A7). These observations and results from 

different characterization techniques strongly suggest the successful formation of the cationic 

polymeric network with imidazolium moiety in IPPOP-4. 

 

Figure 2: a. Solid state UV-Vis spectra, b. Tauc’s plot, c. Ultra-violet photoelectron spectra, 

d. Mott-Schottky plot, e. Band gap of IPPOP-4, and f. PLE spectra of IPPOP-4 in MECN. 

After successful synthesis and characterization, in the same lane, the photophysical 

properties and band gap calculation were analyzed to confirm the photocatalytic behavior of 
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IPPOP-4. From the Solid state UV-vis spectrum (DRS), the IPPOP-4 was found to harvest 

light from the 200 to 400 nm range with maximum absorbance (λmax) at 298 nm (Figure- 2a). 

Tauc’s plot analysis indicated that the optical of IPPOP-4 was estimated to be 3.43 eV 

(Figure- 2b). The valence band (VB) was calculated from Ultraviolet Photo-electron 

Spectroscopy (UPS) to be 2.3 V (Figure- 2c). Thus, the conduction band (CB) was calculated 

to be -1.1 V, which was well matched with the value of -1.07 V obtained from the Mott-

Schottky Plot (Figure-2d). Based on these values, we estimated the band structure of IPPOP-

4 (Figure-2e).    

The solid-state photoluminescence spectrum for IPPOP-4 showed maximum emission at 543 

nm when excited with a wavelength of 460 nm of light (Appendix A8). It was also found that 

with increasing the excitation wavelength, emission maxima showed a red-shift in its 

wavelength (Appendix A8), which was also found in the PLE spectrum from a dispersed 

phase in acetonitrile (Figure- 2f). Time-resolved Photoluminescence spectra (TRPL) were 

recorded to ascertain the lifetime of the polymer, and it was found to be 1.25 ns (Appendix 

A9). Additionally, the photoactivity of IPPOP-4 was found in the Electron paramagnetic 

resonance (EPR) spectroscopy. No signal was found in the dark condition, but when data 

was collected in the presence of blue light irradiation, the singlet EPR signal was found 

(Appendix A10), which again confirmed the photoactivity of IPPOP-4. 

 

3.2. Photocatalytic Degradation of Mustard Gas Simulant: 

After successful synthesis and characterization, we go for the photocatalytic activity of the 

IPPOP-4. Imidazoline polymeric network is well known for its ROS (1O2, •O2
−.) generation 

ability in the presence of light (Appendix A11). The photocatalytic activity of IPPOP-4 towards 

degradation of Mustard Gas simulant (MGS), 2-chloroethyl ethyl sulfide (CEES) to 2-

chloroethyl ethyl sulfoxide (CEESO) was investigated under different atmospheric conditions 

and solvent systems. The conversion and selectivity for the conversion of CEES were 

calculated from 1H NMR. To evaluate the optimized condition of the photocatalytic 

degradation of CEES, we examined the reaction in different solvent systems under 

atmospheric conditions (Appendix A12). IPPOP-4 showed an excellent 83% conversion of 

CEES to CEESO in methanol within 15 min. Also, 78% of conversion could be achieved in 

acetonitrile, but in the case of THF and CHCl3, only 33% (Appendix A13) and 13.8% 

(Appendix A14) of conversion were noticed, respectively (Appendix A15). From the 

optimization result, further studies were performed in methanol (MeOH) and acetonitrile
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Figure 3: a. Time dependent 1H NMR of photocatalytic degradation of CEES in MeOH in a. 

Air, b. O2, and c. Plausible mechanism of CEES degradation by IPPOP-4. 
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(MeCN). From the time dependent 1H NMR, the disappearance of peaks at 1.27, 2.58, 

2.86 and 3.62 ppm of CEES and the rise of the peaks at 1.36, 2.81, 3.04 and 3.92 

ppm of CEESO was noticed. IPPOP-4 can convert CEES to CEESO completely within 

60 min in air (Figure- 3a, A16), but in the presence of O2, the full conversion time 

reduced to 20 min (Figure- 3b, A18) in MeOH with no over oxidized toxic sulfone 

derivative (e.g., 2-chloroethyl ethyl sulfone (CEESO2)) (Appendix A17, A19) thereby 

demonstrating the highly selective partial oxidation ability of IPPOP-4. The kinetic plot 

(Appendix A20) indicated that the t1/2 of CEES oxidation reaction is 5.7 min in air and 

4.9 min in O2, which is lower than those of previously reported materials18 (e.g. PCN-

222, t1/2= 26 min;6a NU-1000, t1/2=6 min;18a Por-MOFs, t1/2= 14 min;18b CMPs (e.g. 

CzBSe-CMP18c and Fc-based CMPs18d). But when MeCN was used as a solvent, the 

over-oxidised product formation was noticed. In air, the main product (CEESO) 

formation was observed till 30 min, then the over-oxidized product (CEESO2) 

formation was observed with a rising peak at 1.42 ppm in 1H NMR (Appendix A21) and 

vinyl oxidation product ethyl vinyl sulfoxide (EVSO) (Appendix A22, A23). In addition, 

when the reaction was in the O2 atmosphere, the conversion to CEESO increased to 

20 min of 93.2%, but then it started to decrease with the increase of the conversion to 

CEESO2 over time (Appendix A24, A25) along with formation of EVSO (Appendix A26, 

A27, A28, A29). This observation makes MeOH a suitable solvent, and over-oxidized 

product formation in the case of MeCN could be due to the solvent effect in the 

conversion (Appendix A30).11b  

To find the mechanistic pathway of the photocatalytic mustard gas detoxification by 

IPPOP-4, we performed several control experiments with the different chemical 

scavengers. Sodium azide (NaN3), 1,4 Diazabicyclo[2.2.2]octane (DABCO), tert-butyl 

alcohol (TBA), p-benzoquinone (BQ), potassium iodide (KI) and silver nitrate (AgNO3) 

was used to selectively eliminate Singlet Oxygen (1O2), hydroxide radical (•OH), 

superoxide radical (•O2
−), hole (h+) and electron (e-) respectively. In the presence of 

NaN3, DABCO, and KI, the CEES oxidation rate was suppressed completely 

compared to another scavenging agent, suggesting that 1O2 is the main ROS 

responsible for the photocatalytic CEES oxidation along with h+ (Appendix A31). Using 

9,10-dimethyl anthracene (DMA) as a fluorescent probe, we corroborated the 

formation of 1O2 even more (Appendix A32). As the oxidation of DMA to endoperoxide 

progressed, the emission peaks rapidly decreased, indicating that 1O2 generation had 

occurred, which indicates the higher ability to produce 1O2 by IPPOP-4.  
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Based on all these results, we found that singlet oxygen (1O2) and hole (h+) are 

responsible for the CEES oxidation process, and we tried to draw a plausible 

mechanistic pathway based on these results. In first case, CEES reacts with 1O2 to 

generate persulfoxide intermediate, which can be stabilised by protic solvents via 

hydrogen bonding. Subsequently, the persulfoxide intermediate is captured by another 

CEES molecule via nucleophilic attack to provide the single sulfoxide product CEESO 

(Figure- 3c). In the case of h+, in the first step, a cation radical was formed, and then 

interacting with oxygen, it generated sulfonium cation. After that, it reacts with another 

CEES molecule to provide the CEESO as a product. 

Recyclability is one of the main parameters of heterogeneous catalysis used to test 

the long-term applicability of the material. Keeping that in mind we performed a 

recyclability test of MGS detoxification. It was found that IPPOP-4 can efficiently 

detoxify the MGS even after 10 cycles without any decrease in performance (Appendix 

33).  

3.3. Photocatalytic Sulfide Oxidation: 

 

Table 1: Substrate scope of photocatalytic sulfide oxidation by IPPOP-4 

Combusting sulfides in fuel oils produces Sulfur oxide (SOX), a major source of air 

pollution.19 One feasible alternative to separating SOx from combustion products is to 

oxidize them into sulfoxides, and sulfones can be used in the environmental and 

energy industries to reduce the sulfur content.20, 21 These oxidative products are much 
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easier to extract than their corresponding sulfides. Moreover, the oxidation of sulfides 

is a fundamentally significant reaction in synthetic chemistry as the sulfoxides 

produced are utilized as vital bioactive ingredients in the pharmaceutical sectors and 

widely applied in the manufacture of medicine.22  

This typical sulfide oxidation reaction was chosen to assess the further photocatalytic 

activity of the created IPPOP-4. 4-Bromothioanisole was chosen to find the optimized 

condition for the sulfide oxidation reaction. At first, we tested this reaction under 

different solvent systems by taking 5 mg of IPPOP-4 as a catalyst, 0.2 mM of the 

substrate in the presence of Air by irradiation of Blue LED (450 nm). We calculated 

the % conversion by 1H NMR. We found ~ 95% conversion to 4-Bromophenyl methyl 

sulphoxide in MeCN within 2 hours, whereas in other different organic solvent like 

ethanol, methanol, THF, toluene, and chloroform, the conversion is 57%, 51%, 25%, 

6.5%, and 50% respectively (Appendix A34, A35). After that, we performed a kinetics 

study of sulfide oxidation in MeCN; from the NMR titration data, it was found with an 

increase in time, the conversion to oxidized product 4-Bromophenylmethylsulphoxide 

increased. Within 1.5 hours, the conversion was found to be 52% and increased to 

95% after 2 hours with 5% of over-oxidized product 4-Bromophenylmethylsulfone. This 

over-oxidized product increases to 12% after 4 hours (Appendix A36). By screening 

the optimal condition, we choose MeCN as the solvent and the aerobic condition for 

the sulfide oxidation reaction. After the optimization of the reaction condition, to 

examine the generality of the IPPOP-4 for photocatalysis, the substrate scope was 

investigated with different sulfide derivatives. Under the optimized reaction condition, 

sulfide derivatives with electron donating group of -CH3 (thioanisole), -CH2CH3 (ethyl 

phenyl sulfide) (Table-1, Entry- 1, 2) attached with sulfur atom and thioanisole 

derivative electron donating group like -4CH3, -4OMe, -3OMe (Table-1, Entry- 3, 4, 5) 

shows 100 % conversion with 100% selectivity towards the sulfoxide product. 

Thioanisole derivatives containing electron withdrawing group as -4COCH3, -4F, -3F, 

-4Cl, -3Cl, -2Cl, -3Br, -2Br (Table-1, Entry- 6, 7, 8, 9, 10, 11, 13, 14) also shows the 

100 % conversion with 100% selectivity towards the sulfoxide product. Only two 

thioanisole derivatives with electron-withdrawing groups of -4Br and -4NO2 (Table-1, 

Entry- 12, 15) show a slightly lower selectivity towards sulfoxide products of 95% and 

87%, respectively. Also, the oxidation of Chloroethyl phenyl sulfide (CEPS), one of the 

mustard's simulants, was tested, and it was found that IPPOP-4 efficiently oxidizes 

CEPS with 100% selectivity (Table-1, Entry- 16). These observations indicate the 
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versatility of IPPOP-4 towards photocatalytic sulfide oxidation irrespective of the 

presence of different electron-donating or electron-withdrawing groups.  

Along this line, several control experiments with diverse chemical scavengers were 

performed to find out the reactive oxygen species (ROS) responsible for the oxidation 

reaction of sulfide. NaN3 and DABCO were used as 1O2 scavenger, TBA as •OH 

scavenger, BQ as •O2
− scavenger, KI as h+ and AgNO3 as e- scavenger respectively 

(Appendix A37). Remarkably, the sulfide oxidation quenches completely in the case 

of DABCO and to 9% in the case of NaN3, which indicates that singlet oxygen (1O2) is 

the main reactive species. The decrease in conversion to 25%, 0%, and 47% was also 

noticed when BQ, KI, and AgNO3 were used as scavengers, respectively, suggesting 

that the superoxide radicals, holes, and electrons were also responsible for the sulfide 

oxidation reaction. However, no suppression in conversion rate was noticed when TBA 

was used as a scavenger, indicating no hydroxyl radical role in the reaction.  

Based on the following result, we draw the plausible mechanism of photocatalytic 

sulfide oxidation under aerobic conditions by IPPOP-4 (Appendix A38). Additionally, 

we performed a series of control experiments to evaluate the requirement of catalyst, 

light, and O2, and we discovered that without these three parameters, the sulfide 

oxidation reaction did not show any conversion (Appendix A39). These findings imply 

that the heterogeneous catalyst IPPOP-4 effectively and very selectively 

photocatalyzes the sulfide oxidation process. Additionally, we performed the 

recyclability test for photocatalytic sulfide oxidation reaction, and it was found that after 

10 cycles of reaction, IPPOP-4 can convert sulfide to sulfoxide without diminishing 

performance (Appendix A40). 
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3.4. Photocatalytic Aldehyde Oxidation: 

 

Table 2: Substrate scope of photocatalytic aldehyde oxidation by IPPOP-4 

 

One of the easiest, straightforward methods for synthesizing useful, valuable 

carboxylic acids is the oxidation of industrially generated aldehydes.23 Commercially 

available chemical oxidants such copper (II) salts, silver nitrate, KMnO4, H5IO6, CrO3, 

KHSO5, NaClO2, and so on are typically used to facilitate this process of oxidation; 

nevertheless, the use of such costly and hazardous reagents places a limit on green 

sustainable synthesis. Therefore, one of the main objectives is to create a highly 

effective process for catalytically converting aldehydes into carboxylic acids in a mild 

and environmentally friendly manner. In a typical reaction condition, 4-

chlorobenzaldehyde was chosen to optimize the photocatalytic aldehyde oxidation 

reaction by IPPOP-4. The photocatalytic experiment was performed with different 

solvent systems with 0.2 mM of 4-chlorobenzaldehyde, 5 mg of IPPOP-4, 4 mL 

solvent, and irradiation of blue LED light to optimize the best reaction condition. 1H 

NMR determined the yield of the product. The yield of 4-chlorobenzoic acid in different 
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organic solvents systems like methanol, ethanol, THF, toluene, MeCN, and CHCl3 was 

found to be ~56%, ~8%, ~65%, ~77%, ~99%, and ~99% respectively within 4 hours 

(Appendix A41, A42). The best performance was shown in MeCN and CHCl3, but 

MeCN was chosen for the further reaction because it is greener than CHCl3.24 After 

that, the substrate scope was tested with benzaldehyde substitutes. Despite of 

presence of different electron donating group like -4CH3, -4Ph (Table-2, Entry- 1, 7) 

and electron withdrawing group like -4Br, -4Cl, -4F, -2,6-di-Cl, -4CF3 (Table-2, Entry- 

2, 3, 4, 5, 6), IPPOP-4 can efficiently oxidize aromatic aldehyde to aromatic acid. 

Additionally, for the heterocyclic compound, it was found that the yield of the product 

was ~100% (Table-2, Entry- 8), indicating the versatile nature of IPPOP-4 towards the 

photocatalytic oxidation of aromatic aldehydes.  

Several experiments with different scavengers were performed to determine the 

responsible reactive oxygen species for the aldehyde oxidation reaction. When TBA, 

BQ, and AgNO3 were used as scavenging agents for •OH, •O2
−, and e-, the conversion 

of aldehyde to acid was found to be ~25%, ~39%, and ~84%, respectively. However, 

in the case of NaN3 and DABCO, which are scavenging agents for 1O2, the conversion 

rate diminishes to 0%. Additionally, when KI was used as a scavenger of the h+, the 

conversion also decreased to 0% (Appendix A43). These experiments suggest that 

1O2 and h+ are the main reactive species responsible for photocatalytic aldehyde 

oxidation by IPPOP-4. We suggest the likely mechanism of photocatalytic aldehyde 

oxidation in aerobic conditions by IPPOP-4 based on the following data (Appendix 

A44). 

In addition, we conducted several control experiments to assess the need for catalyst, 

light, and O2. The aldehyde oxidation reaction to acid did not exhibit any conversion 

without these three conditions (Appendix A45). The recyclability test also showed that 

after 10 cycles, IPPOP-4 could efficiently convert aldehyde to acid (Appendix A46). 

 

3.5. Post-Catalytic Characterization: 

The stability of the polymeric network IPPOP-4 was further characterized after catalytic 

activity by FT-IR, TGA, solid-state UV-Vis spectra, and solid-state PL spectra. FT-IR 

spectra found no change in peak position or diminishing any peak (Appendix A47), 

whereas the TGA spectra were also unchanged after catalytic activity (Appendix A48). 

These two results confirm the structural stability of the IPPOP-4. Solid state UV-vis 

spectra (Appendix A49) and PL spectra (Appendix A50) were also found to be 
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unchanged after photocatalytic activity, suggesting that there was no change in the 

photophysical properties of IPPOP-4. 

 

4. Conclusion: 

In summary, we have described a readily manufactured imidazoline porous organic 

polymer  (IPPOP-4) that exhibits strong heterogeneous photocatalytic activity. The 

highly conjugated IPPOP-4 with spatial distribution of imidazoline moeity effectively 

produce reactive oxygen species singlet oxygen (1O2). It can effeciently detoxify HD 

simulant 2-choloroethyl ethylsulfide (CEES) with ultrafast kinetics in both O2 and air 

atmosphere. Also, here we demostrated the solvent effect for detoxification of CEES. 

Different mechanism was established based on the photocatalytic results on different 

solvent systems. Additionally, photocatalytic sulfide oxidation and aromatic aldehyde 

oxidation in air further proved the excellent photocatalytic activity of IPPOP-4. 

Heterogenosity and real world long term applicability was checked with recyclabilty 

test  of 10 cycle. 
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5. Appendix 

 

 
 

Appendix A1: HRTEM images of IPPOP-4 
 

 

 
 

Appendix A2: EDS elemental distribution images of IPPOP-4 
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Appendix A3: XPS survey spectra of IPPOP-4 

 

 
         Appendix A4: Low temperature N2 at 77 K gas adsorption isotherm of IPPOP-4 
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Appendix A5: Low temperature CO2 at 195 K gas adsorption isotherm of IPPOP-

4 
 

 
Appendix A6: Zeta potential of IPPOP-4 
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Appendix A7: Chemical Stability of IPPOP-4 

 

 
Appendix A8: Solid-state fluorescence spectra of IPPOP-4 
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Appendix A9: Solid-state time-resolved photoluminescence spectra of IPPOP-

4 
 

 
Appendix A10: Solid-state EPR spectra of IPPOP-4 

 
 
 
 
 
 

 



31 

 

5.1. Catalytic Studies: 

As of right now, four ROS are recognized as major: hydrogen peroxide (H2O2), singlet 
oxygen (1O2), hydroxyl radical (•OH), and superoxide anion radical (•O2

−). Previous 
results indicate that 1O2 and O2

•− can react with sulfide to produce CEESO in a 
selective manner.S2 Utilizing •OH radicals as oxidants may cause them to over oxidize, 
producing the hazardous sulfone compound CEESO2.S3 The primary source of 
additional ROS, including 1O2, •OH, and •O2

−, in the H2O2 oxidation pathway is its 
decomposition. Since H2O2 decomposition is not very efficient, effective oxygen 
transfer needs the employment of a promoter.S4  

Appendix A11: Plausible reaction mechanism by different ROS. 
These unpredictable activities lead to a complicated ROS being produced. Using 
H2O2 as a cocatalyst, several researchers have made some progress in recent 
years toward the highly selective sulfoxidation of HD simulants. During the catalytic 
process, additional substances were discovered, including over-oxidized 
CEESO2,S5 the dimeric sulfonium salt bisCEES,S6 and the oxidation elimination 
product vinyl ethyl sulfoxide (VESO).S7 H2O2 is therefore not the best option for the 
selective conversion of CEES to CEESO. Appendix A11 shows the mechanisms 
of the sulfoxidation reaction via 1O2, •O2

−, and •OH. 
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Appendix A12: 1H NMR spectra before and after photooxidation reaction of 
CEES by IPPOP-4 catalyst in Air in different Solvent Systems 

 

 
 

Appendix A13: 1H NMR spectra before and after photooxidation reaction of 
CEES by IPPOP-4 catalyst in Air in THF 
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Appendix A14: 1H NMR spectra before and after photooxidation reaction of 
CEES by IPPOP-4 catalyst in Air in CHCl3 

 

 
 

Appendix A15: % Conversion of CEES to CEESO in different solvent systems 
in Air 

 



34 

 

 
 

Appendix A16: Time dependent 1H NMR of photocatalytic degradation of 
CEES by IPPOP-4 in MeOH in air (0.8-4.3 ppm) 

 

 
 

Appendix A17: Time dependent 1H NMR of photocatalytic degradation of 
CEES by IPPOP-4 in MeOH in air (0.8-7 ppm) 
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Appendix A18: Time dependent 1H NMR of photocatalytic degradation of CEES 

by IPPOP-4 in MeOH in O2 (0.8-4.3 ppm) 
 

 
 

Appendix A19: Time dependent 1H NMR of photocatalytic degradation of CEES 
by IPPOP-4 in MeOH in O2 (0.8-7 ppm) 
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Appendix A20: % Conversion comparison of photocatalytic degradation of 
CEES by IPPOP-4 in MeOH in Air and O2 

 

 
 

Appendix A21: Time dependent 1H NMR of photocatalytic degradation of 
CEES by IPPOP-4 in MeCN in air (0.8-4.3 ppm) 
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Appendix A22: Time dependent 1H NMR of photocatalytic degradation of CEES 
by IPPOP-4 in MeCN in air (0.8-7 ppm) 

 

 
 

Appendix A23: Time dependent 1H NMR of photocatalytic degradation of 
CEES by IPPOP-4 in MeCN in air (5-7 ppm) 
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Appendix A24: Time dependent 1H NMR of photocatalytic degradation of CEES 
by IPPOP-4 in MeCN in O2 (0.8-4.3 ppm) 

 

 
 

Appendix A25: Time dependent 1H NMR of photocatalytic degradation of CEES 
by IPPOP-4 in MeCN in O2 (2.9-3.5 ppm) 
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Appendix A26: Time dependent 1H NMR of photocatalytic degradation of 
CEES by IPPOP-4 in MeCN in O2 (0.8-7 ppm) 

 

 
 

Appendix A27: Time dependent 1H NMR of photocatalytic degradation of CEES 
by IPPOP-4 in MeCN in O2 (5-7 ppm) 
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Appendix A28: Time dependent 1H NMR of photocatalytic degradation of 
CEES by IPPOP-4 in MeCN (5-7 ppm). The peaks in the region 5.8 ppm to 

6.8 ppm is evidence of formation of EVSO in air (left top and bottom) and O2 
(right top and bottom) 

 
 

Appendix A29: CEES oxidation kinetics in MeCN in different environment 
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A 
Appendix A30: Plausible mechanism of CEES degradation in MeCN 

 

 
 

Appendix A31: Scavenger test for different reactive species for CEES 
oxidation 
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Appendix A32: Emission spectrum of DMA in the presence of IPPOP-4 in MeOH 
 
 

 
Appendix A33: Recyclability of CEES degradation by IPPOP-4 
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Appendix A34: 1H NMR of photocatalytic 4-bromothioanisole oxidation in different 
organic solvent 

 
 

 
 

Appendix A35: % Conversion of photocatalytic 4-bromothioanisole oxidation in 
different organic solvent 
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Appendix A36: 1H NMR kinetics of photocatalytic 4-bromothioanisole oxidation in 
MeCN 

 
 

Appendix A37: % Conversion of photocatalytic 4-bromothioanisole oxidation in 
presence of different scavenger in MeCN 
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Appendix A38: Plausible Mechanism of photocatalytic 4-bromothioanisole 
oxidation in MeCN 

 
 

Appendix A39: 1H NMR control experiment of photocatalytic 4-bromothioanisole 
oxidation in MeCN 
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Appendix A40: Recyclability of photocatalytic 4-bromothioanisole oxidation in 
MeCN 

 

 
 

Appendix A41: 1H NMR of photocatalytic 4-chlorobenzaldehyde oxidation in 
different organic solvent 
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Appendix A42: % Conversion of photocatalytic 4-chlorobenzaldehyde oxidation in 
different organic solvent 

 
 

Appendix A43: % Conversion of photocatalytic 4-chlorobenzaldehyde oxidation in 
presence of different scavenger in MeCN 
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Appendix A44: Plausible Mechanism of photocatalytic 4-chlorobenzaldehyde 
oxidation in MeCN 

 
 

Appendix A45: 1H NMR control experiment of photocatalytic 4-
chlorobenzaldehyde oxidation in MeCN 
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Appendix A46: Recyclability of photocatalytic 4-chlorobenzaldehyde oxidation in 
MeCN 

 
 
 
 
 

 
 

Appendix A47: FT-IR Spectra of IPPOP-4 before and after Catalysis 
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Appendix A48: TGA Spectra of IPPOP-4 before and after Catalysis 
 

 
 

Appendix A49: Solid State UV-Vis Spectra of IPPOP-4 before and after Catalysis 
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Appendix A50: Solid State PL Spectra of IPPOP-4 before and after Catalysis 
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5.2. 1H NMR Spectra of Photocatalytic Sulfide Oxidation: 
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5.3. 1H NMR Spectra of Photocatalytic Aldehyde Oxidation: 
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