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Four metalloporphyrinic metal-organic frameworks (MOFs) were 
successfully synthesized and exhibited enhanced activities for the 
photooxidation of a sulfur mustard simulant, 2-chloroethyl ethyl 
sulfide (CEES). Among them, a Sn-porphyrin functionalized 2D MOF, 
namely CSLA-21-NH2(Sn), showed a half-life of 1.5 min for CEES 
oxidation under blue LED, featuring as one of the fastest 
photocatalysts for CEES degradation. 

Sulfur mustard, also known as HD or mustard gas, is a blistering 
agent that can cause severe irritation to the skin and mucous 
membranes. It can cause chronic damage to the nervous, 
cardiac, and respiratory systems, among other organ systems, 
sometimes resulting in death.1-3 Since its mass production as a 
chemical warfare agent (CWA) during World War I, stockpiles of 
sulfur mustard remain and need to be safely degraded. 
Dehydrohalogenation and hydrolysis are two widely reported 
methods to degrade sulfur mustard.4 However, they are 
typically resource-intensive and ineffective; both reactions 
occur too slowly for degradation,5 and hydrolysis can result in 
incomplete degradation.6 A more promising method is to 
selectively oxidize sulfur mustard into nontoxic sulfoxide 
products while avoiding overoxidation into the toxic sulfone 
product (Scheme 1).

Scheme 1. Structural comparison of sulfur mustard and its simulant, 2-chloroethyl ethyl 
sulfide (CEES), along with the oxidation reaction of CEES into nontoxic sulfoxide (green) 
and toxic sulfone (red) products.

Materials such as porphyrins,4, 7 metal oxides,8-10 covalent-
organic frameworks (COFs),11-12 and metal-organic frameworks 
(MOFs)4-5, 13-16 have been used to degrade sulfur mustard and 
its simulant, 2-chloroethyl ethyl sulfide (CEES) (Scheme 1). 
Among these materials, MOFs have shown considerable 
promise as reusable catalysts due to their tunable structures, 
high porosity and surface areas, crystallinity, and 
heterogeneous nature. Porphyrinic zirconium MOFs, in 
particular, have been used in several photooxidation studies 
due to their exceptional stability and singlet oxygen 
production.17-19 The high chemical and thermal stability of Zr-
porphyrin MOFs originates from their highly oxophilic ZrIV 
nodes. The rigid frameworks of these MOFs prevent 
photobleaching and aggregation of porphyrin molecules, thus 
increasing the amount of singlet oxygen that can be generated 
compared to free porphyrin molecules in solution.20 

PCN-222/MOF-545 is one such MOF, consisting of 8-
connected Zr6 clusters and tetrakis(4-carboxyphenyl)porphyrin 
(TCPP) linkers, which can selectively oxidize CEES into CEESO 
with a half-life of 9.0 min in methanol.4 Our previous study also 
found that the CEES oxidation rate was positively correlated to 
the surface area of some MOF catalysts; MOF-525, a 12-
connected porphyrinic zirconium-based MOF with a higher 
surface area than PCN-222, was tested for the same reaction 
and achieved a faster half-life of 6.2 min in methanol.4 In 
addition, Zhao et al. found that CEES photooxidation could be 
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further accelerated by using porphyrin-functionalized 2D metal-
organic layers, which exhibited a half-life of only 1.2 min due to 
the more accessible porphyrin units and enhanced substrate 
transport on the 2D material.21 

While studies have shown how additional photosensitizers, 
topologies, pore shapes and sizes, and metal node 
connectivities of MOF catalysts may impact the CEES oxidation 
rate, fewer studies have illustrated the effect of incorporating 
metal ions into the linkers of these MOFs. One study found that 
using Zn-TCPP instead of H2TCPP in a silver-chalcogenide 
cluster-based MOF produced a 2D framework and enhanced 
CEES oxidation by 1 min, with complete conversion after 6 
min.22 In another study, a lanthanide MOF with Fe(II)-TCPP 
ligands, Fe-TCPP-La, catalyzed the oxidation of CEES to 
completion within 5 min, which was 2 min faster than its free 
base counterpart MOF, TCPP-La.23 More recently, Li et al. 
reported that Sn-TCPP and PCN-222(Sn) showed superior 
superoxide dismutase (SOD) catalytic activity compared to their 
free-base counterparts and other commonly used SOD 
nanozymes.24 We expected that the coordination of certain 
metal ions at the centers of porphyrinic ligands in Zr-MOFs 
would also accelerate the photooxidation of CEES, compared to 
free base porphyrin MOFs. In this study, we first prepared two 
metalated porphyrin ligands, In-TCPP and Sn-TCPP, and 
compared the two metalloporphyrinic MOFs, PCN-222(In) and 
PCN-222(Sn), with free base PCN-222 for the photooxidation of 
CEES (Figure 1a). 

Figure 1. (a) The structures of Zr6-oxo cluster, metalated tetrakis(4-
carboxyphenyl)porphyrin (TCPP) with Indium (In) and Tin (Sn), and metalated PCN-222. 
Chlorines attached to the center atoms are omitted for clarity. (b) Powder X-ray 
diffraction (PXRD) patterns of PCN-222(Sn) and PCN-222(In) compared to the simulated 
pattern of PCN-222. (c) Nitrogen sorption at 77 K and DFT pore size distributions (inset) 
for PCN-222(In) and PCN-222(Sn).

In- and Sn-TCPP were synthesized following procedures 
adapted from literature (see SI for more details).25-26 The UV-vis 
absorption spectra of the two metalated porphyrins exhibited 
bathochromically shifted Soret bands and Q bands relative to 
the UV-vis spectrum of free base TCPP, confirming the 

incorporation of metal ions at the center of the porphyrin 
(Figure S2). PCN-222(M), M = Sn(IV) or In(III), were synthesized 
following previously reported procedures for PCN-222(Fe) (see 
SI for more details).25 The powder X-ray diffraction (PXRD) 
patterns of the activated PCN-222(M) were consistent with the 
simulated pattern of PCN-222 (Figure 1b), confirming the phase 
purity of PCN-222(M). The permanent porosity of PCN-222(M) 
was studied using nitrogen sorption experiments at 77 K (Figure 
1c). PCN-222(Sn) and PCN-222(In) both showed type IV 
reversible nitrogen isotherms with similar nitrogen uptakes and 
Brunauer–Emmett–Teller (BET) surface areas of 1,140 m2/g and 
1,194 m2/g, respectively. The lower gravimetric surface areas of 
PCN-222(M) compared to that of PCN-222 can be attributed to 
the added mass of the metalated porphyrin ligands. The pore 
size distributions of PCN-222(M) are similar to that of PCN-222, 
with slightly smaller pores due to the chlorines on In/Sn pointing 
to the MOF open channels. Scanning electron microscope (SEM) 
images of PCN-222(Sn) and PCN-222(In) showed hexagonal rod-
shaped crystals with similar crystal sizes between the two MOFs 
(Figures S4a, S4b). SEM images also revealed that PCN-222(Sn) 
has smooth crystal surfaces, while PCN-222(In) has cracks in the 
crystals. The metal content analysis of the digested PCN-222(M) 
using inductively coupled plasma optical emission spectroscopy 
(ICP-OES) further confirmed the incorporation of In and Sn in 
these MOFs (Table S2). 

As expected, the UV-vis spectra of PCN-222(M) showed 
intense Soret bands at 430 nm followed by smaller Q bands in 
the 500-700 nm range, indicating high absorptive ability for blue 
light (Figure S3). Upon this observation, we implemented a blue 
LED light source and performed photooxidation experiments at 
room temperature. Preliminary experiments using 0.5 mol% 
metalated porphyrin ligands Sn-TCPP and In-TCPP in methanol 
(homogeneous) yielded faster oxidation than 1.0 mol% loading 
(Figure S5). The slower oxidation observed with higher 
porphyrin loading could be attributed to porphyrin aggregation 
at higher concentrations, blocking potential catalytic sites. For 
all remaining reactions, we used 0.5 mol% catalyst loading. 

We then compared the reaction rates of the activated PCN-
222(M) in methanol to that of free base PCN-222. PCN-222(Sn) 
achieved the fastest CEES half-life of 3.3 min, followed by free 
base PCN-222 (t1/2 = 9 min), and then PCN-222(In) (t1/2 = 10 min) 
(Figure 2a). PCN-222(Sn) exhibited a significantly shorter half-
life and higher turnover frequency (TOF) than free base PCN-
222 (Table S1), suggesting that incorporating Sn into the 
porphyrin linkers increased the efficiency of photooxidation. 
Consistent with previous reports, the homogeneous 
metalloporphyrin solutions exhibited slightly faster CEES half-
lives (2.5 min with In-TCPP and 2.6 min with Sn-TCPP) than their 
MOF counterparts.7, 21, 27 However, compared to homogeneous 
porphyrin solutions, heterogeneous MOF catalysts are easier to 
recycle and have superior long-term stability.27 1H NMR spectra 
confirmed that the only oxidation products were nontoxic 
sulfoxides, as shown in Figures 2b and S7-S13. Remarkably, all 
CEES were converted to nontoxic products after 12 min with 
PCN-222(Sn), whereas the same reaction catalyzed by free base 
PCN-222 required 25 min to reach 100% conversion.4
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Figure 2. (a) Kinetics of CEES photooxidation with 0.5 mol% loading of PCN-222(Sn), and 
PCN-222(In) compared to 1.0 mol% loading of free base PCN-222 in MeOH. (b) 1H NMR 
spectra of pure CEESO2 in CDCl3, pure CEESO in CD3OD, and pure CEES in CDCl3, along 
with 1H NMR spectrum taken in CD3OD after complete CEES oxidation with PCN-222(Sn), 
indicating that the only product was CEESO.

We used trapping experiments to identify the reactive 
oxygen species (ROS) generated by the MOFs. In addition to 
singlet oxygen (1O2), we also observed free radicals (•O2

−/•OH) 
and peroxides (H2O2) (Figures S17-19). PCN-222(Sn) generated 
significantly more singlet oxygen than free base PCN-222 
(Figure S17), which could explain PCN-222(Sn)’s faster CEES 
oxidation rate. This difference can be attributed to the higher 
rate of intersystem crossing (ISC) of Sn-TCPP than that of free 
base TCPP. The faster CEES oxidation in the presence of PCN-
222(Sn) compared to PCN-222(In) could also be explained by 
more efficient ISC in PCN-222(Sn) due to the slightly higher 
atomic number of Sn over In. Using heavy atoms is a common 
strategy to enhance ISC because spin-orbit coupling increases 
with atomic number.28-29 Interestingly, the reaction catalyzed 
by PCN-222(In) started faster than that with PCN-222 but ended 
up taking longer to reach 100% conversion than PCN-222. The 
slower reaction rate with PCN-222(In) could be attributed to the 
slightly less accessible pores in PCN-222(In) compared to PCN-
222, which could slow down the substrate diffusion. The much 
faster singlet oxygen production by PCN-222(Sn) offset this 
slight decrease in pore size.  

Encouraged by the high efficiency of the reaction catalyzed 
by PCN-222(Sn), we grafted the Sn-TCPP on 2D MOFs to further 
enhance the photooxidation efficiency. We hypothesized that 
Sn-TCPP (active centers) grafted on 2D MOFs would be more 
accessible by substrates than those in 3D MOFs, leading to 
faster CEES oxidation. To test this hypothesis, Sn-TCPP was 
incorporated into CAU-26 and CAU-26-NH2 using solvent-
assisted linker incorporation (SALI)30 in DMF at 65 °C for 18 h 
(Figure 3a). CAU-26 is a 2D MOF with Zr6-oxo clusters and 
benzene dicarboxylic acids (BDC) linkers, previously reported by 
Leubner et al.31 CAU-26-NH2 is a new 2D MOF we synthesized 
using an amine-functionalized BDC under similar synthetic 
conditions to CAU-26. After SALI, the dark purple precipitates 
were washed with DMF/acetone and dried under a vacuum. 

The modified MOFs, named CSLA-21(Sn) and CSLA-21-
NH2(Sn), were characterized by PXRD, confirming the retention 
of the 2D MOF structures and phase purity (Figure 3b). SEM 
images of the two modified MOFs showed layered structures 
with small sheets, indicating the retention of the 2D MOF 
structures after modification (Figure S4c, S4d). The BET surface 
areas of the 2D MOFs and Sn-TCPP-modified MOFs were 
determined using nitrogen sorption experiments at 77 K (Figure 

3c). As expected, the Sn-TCPP functionalized MOFs, CSLA-21(Sn) 
and CSLA-21-NH2(Sn), exhibited lower surface areas (326 m2/g 
and 194 m²/g, respectively) than their parent MOFs (766 m2/g 
and 590 m2/g for CAU-26 and CAU-26-NH2, respectively) due to 
the occupation of the free space by Sn-TCPP. The successful 
incorporation of Sn-TCPP was further confirmed using ICP-OES 
analysis of the digested CSLA-21(Sn) and CSLA-21-NH2(Sn), 
indicating that an average of 2.58 and 0.71 Sn-TCPP linkers were 
grafted on each Zr6 cluster of CAU-26 and CAU-26-NH2, 
respectively (Table S2).

Figure 3. (a) The schematic structure of CSLA-21-NH2(Sn). (b) Powder X-ray Diffraction 
(PXRD) patterns of simulated CAU-26 (red), and experimental CAU-26 (blue), CAU-26-
NH2 (green), CSLA-21(Sn) (purple), and CSLA-21-NH2(Sn) (orange). (c) Nitrogen sorption 
isotherms at 77 K for CAU-26, CAU-26-NH2, and Sn-TCPP modified MOFs. (d) The reaction 
kinetics of CEES oxidation in the presence of 0.5 mol% of CSLA-21(Sn) and CSLA-21-
NH2(Sn) under blue LED irradiation. 

The photooxidation of CEES was carried out using CSLA-
21(Sn) and CSLA-21-NH2(Sn) under blue LED, and the reaction 
kinetics are shown in Figure 3d. With a 0.5 mol% catalyst loading 
(calculated based on Sn-TCPP), the CEES degradation showed 
half-lives of 2.4 and 1.5 min for CSLA-21(Sn) and CSLA-21-
NH2(Sn), respectively (Figure 3d). Remarkably, in the presence 
of CSLA-21-NH2(Sn), all the CEES were oxidized to CEESO within 
5.5 min, making it among the fastest MOFs studied for this 
reaction to date (Figure S6 and Table S1). The relatively short 
half-lives and high TOFs of the Sn-TCPP functionalized 2D MOF 
confirmed our hypothesis of their more accessible active sites 
and, thus, faster catalysis. Furthermore, the faster oxidation 
with CSLA-21-NH2(Sn) compared to CSLA-21(Sn) could be 
attributed to the hydrogen-bond donating properties of the 
amine functional groups, which was found to favor the 
formation of an intermediate in CEES oxidation in one of our 
previous studies.4 PXRD patterns of the MOFs taken after 
photooxidation experiments confirmed their structural stability 
as heterogeneous catalysts (Figures S14 and S15). Recyclability 
experiments also showed that all four MOFs can be used for at 
least four cycles of photooxidation without significant loss in 
catalytic activity (Figure S16). However, post-catalysis ICP 
experiments showed a loss in Sn and In, which was more 
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significant for the 2D MOFs than the 3D MOFs (Table S2). The 
ICP results suggested that the 2D MOFs are less robust than the 
3D MOFs.

In this work, we aimed to improve the efficiency of CEES 
photooxidation using the metalloporphyrinic MOFs, PCN-
222(Sn) and PCN-222(In), and the Sn-porphyrin functionalized 
2D MOFs, CSLA-21(Sn) and CSLA-21-NH2(Sn). These four 
zirconium-based MOFs were synthesized, characterized, and 
tested in the presence of O2 under blue LED irradiation. PCN-
222(Sn) achieved a significantly faster CEES half-life than free-
base PCN-222, which suggests that incorporating certain metals 
such as tin into porphyrinic MOFs can enhance singlet oxygen 
production and, thus, CEES oxidation. In addition, incorporating 
the Sn-porphyrin linkers into 2D MOFs led to two new MOFs 
that exhibited even faster CEES oxidation with half-lives of 2.4 
and 1.5 min due to more accessible active sites. Compared to 
currently used materials, CSLA-21-NH2(Sn) yields one of the 
fastest CEES half-lives and shortest completion times while 
maintaining high selectivity for nontoxic sulfoxides in methanol. 
This method of incorporating metal ions into porphyrins and 
MOF structures may be used in other material syntheses and 
catalytic reactions to significantly increase their photocatalytic 
efficiency. Future work may focus on increasing the robustness 
of 2D MOFs to improve their reusability. 
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