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ABSTRACT

The photoactivity of three porphyrin-based metal-organic frameworks (PMOFs) incorporating Al,
Ga, and In nodes was systematically evaluated using the photooxidation of an organic sulfide (2-
chloroethyl ethyl sulfide, or CEES; a mustard gas simulant). Faster photodegradation of CEES was
observed for PMOFs with heavier metal nodes, placing In-PMOF as the most efficient
photocatalyst in the series. Guided by this insight, we developed CSLA-10, a MOF integrating In
nodes and Sn-doped porphyrin linker to synergistically amplify heavy-atom effects at both the
nodes and ligand levels. CSLA-10 exhibited the fastest reported CEES photooxidation to date,
achieving a half-life of 38 s in methanol under blue LED irradiation. When grafted onto textiles,
CSLA-10 enabled solvent-free CEES degradation in air/O2 with a half-life of 2.7 min and complete
conversion within 7 min, representing the most rapid full degradation reported under solvent-free
conditions. This work establishes a dual heavy-atom strategy for enhancing intersystem crossing
and singlet oxygen generation in porphyrin MOFs, providing a rational design principle for next-

generation photocatalysts for the degradation of toxic organic sulfides.



Introduction

Reactive oxygen species (ROS), such as singlet oxygen ('O2), hydrogen peroxide (H202),
superoxide (*O2"), and hydroxyl radical (¢*OH), are highly reactive species derived from molecular
oxygen (O2). In photocatalytic systems, ROS are essential intermediates for the synthesis of value-
added products and the photodegradation of organic pollutants.!> Conventional thermal catalytic
processes often require elevated temperatures and pressures, as well as sacrificial chemical
oxidants. In contrast, photochemically driven processes can typically proceed under ambient
conditions, offering a more sustainable alternative. The mild operating conditions of photoinduced
oxidation also enable improved product selectivity and enhanced catalyst reusability.*> For
example, energy-efficient photochemical methods have been developed for the selective oxidation
of hydrocarbons, alcohols, and organic sulfides." 7 In addition, advanced oxidation processes that
rely on ROS have been widely employed for the degradation of organic contaminants, including
phenols and dyes, under visible or ultraviolet (UV) irradiation.> 8

ROS can be generated through the photosensitization of various photoactive compounds and
materials under light irradiation. Among these, metal-organic frameworks (MOFs), renowned for
their permanent porosity and well-defined crystalline structures, have been extensively
investigated as platforms for ROS generation and have demonstrated strong performance across a
wide range of photocatalytic applications.’!° The three-dimensional (3-D) architectures of MOFs
spatially organize photosensitizers into ordered arrays, which helps suppress aggregation and
mitigate photodegradation. Their high surface areas enable the enrichment of O2 and substrates
within the pores, facilitating their conversation into ROS and reactive intermediates. Moreover,
the intrinsic porosity of MOFs promotes efficient diffusion of ROS and substrates throughout the

frameworks. Collectively, these structural features endow MOFs with enhanced photoactivity and



catalytic efficiency. Importantly, the modular and tunable nature of MOFs allows for the rational
design of photosensitizing materials through diverse combination of metal nodes and organic
linkers.

Porphyrin-based MOFs (PMOFs), constructed from organic linkers bearing functional
porphyrin centers, represent a class of highly effective photoactive materials for ROS generation
and have demonstrated significant potential in photocatalysis, photodynamic therapy, and
environmental remediation.!'"!* For example, Zr-based PMOFs such as Zr-PCN-222/MOF-545
exhibit high activity for the selective photodegradation of 2-chloroethyl ethyl sulfide (CEES), a
mustard gas simulant, to its less toxic product 2-chloroethyl ethyl sulfoxide (CEESO) (Figure
1a).'* Mechanistic studies have shown that 'O2 is the primary ROS responsible for CEES oxidation
in these Zr-PMOFs.'*!> Our group recently investigated the structure-property relationship for Zr-
PMOFs with varying topologies, metal node connectivities, and pore sizes/shapes. We found that
higher surface areas correlate with faster oxidation of CEES to CEESO in methanol, primarily due
to enhanced diffusion of reactants and products within the framework.!> Additionally, we
demonstrated that sulfoxide selectivity is mainly dependent on the solvent — protic solvents (e.g.,
methanol) afford higher selectivity toward CEESO (the less toxic product) than aprotic solvents
(e.g., acetonitrile). In contrast, variations in metal node connectivity and overall framework
topology were found to have minimal influence on the reaction rate and selectivity. '

To date, most PMOFs investigated for the degradation of organic sulfides have been Zr-based,
containing Zre oxo clusters and porphyrin linkers, such as PCN-222/MOF-545, MOF-525, and
PCN-223.'%15 Although previous studies revealed that the connectivity of Zrs node has minimal
influence on the photoactivity of Zr-PMOFs,!® the impact of other metal nodes containing different

metal ions on photocatalytic performance of PMOFs remains largely unexplored. The heavy atom



effect is a well-established phenomenon observed in photosensitizers, including porphyrins, in
which heavier atoms enhance spin-orbital coupling (SOC) and promote intersystem crossing
(ISC), thereby increasing ROS generation efficiency.!®'® For example, PMOFs incorporating
metalated porphyrin centers, particularly those containing heavy metal centers such as In or Sn,
demonstrated enhanced activity toward sulfide oxidation.!” In addition, Howarth and coworkers
recently reported accelerated CEES oxidation in MOFs featuring heavier rare-earth metal nodes
and a tetratopic pyrene linker.?*?! Despite these findings, it remains unclear whether incorporating
heavy metal nodes into PMOFs can directly facilitate ROS generation and thereby accelerate the

photooxidation of organic sulfides.
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Figure 1. (a) Photooxidation of 2-chloroethyl ethyl sulfide (CEES), a mustard gas simulant, to the
less toxic oxidation products 2-chloroethyl ethyl sulfoxide (CEESO) and ethyl vinyl sulfoxide

(EVSO), as well as the toxic product 2-chloroethyl ethyl sulfone (CEESO2) in the presence of



photosensitizers and Oa. (b) Crystal structures of three PMOFs constructed from Al-, Ga-, and In-

oxo one-dimensional (1-D) chains and tetrakis(4-carboxyphenyl)porphyrin (TCPP) linkers.

This work aims to elucidate the role of metal nodes in governing the photoactivity of PMOFs.
We investigated the photodegradation of an organic sulfide (CEES) using PMOFs constructed
from tetrakis(4-carboxyphenyl)porphyrin (TCPP) linker and different metal nodes (M = Al, Ga,
and In), namely Al-PMOF,*? Ga-PMOF,* and In-PMOF? (structures shown in Figure 1b). Their
efficiency of 'Oz generation was probed using CEES photooxidation under blue LED irradiation.
We observed that PMOFs incorporating heavier metal nodes exhibited progressively faster CEES
degradation, with In-PMOF emerging as the most active catalyst in the series, achieving a half-life
(t1/2) of 1.4 min in MeOH. To further amplify the heavy atom effect, the TCPP linker was doped
with Sn and incorporated into the In-PMOF framework. As predicted, the resulting In-PMOF(Sn)
(CSLA-10) displayed a markedly enhanced photooxidation rate, achieving an exceptionally short
half-life of 38 s in MeOH under blue LED irradiation. Furthermore, textiles grafted with CSLA-
10 with benzoic acid additives exhibited a half-life of 2.7 min under blue LEDs in air under
solvent-free conditions, reaching > 99% CEES photooxidation within 7 min. To our knowledge,
CSLA-10 represents the fastest reported photocatalyst for CEES degradation in both solution and
solvent-free systems. This work demonstrates that incorporating heavier elements into both the
metal nodes and porphyrin ligands of photoactive MOFs is an effective strategy for enhancing

photocatalytic performance.

Experimental Section



Materials and Instrumentation. 2-chloroethyl ethyl sulfide (CEES, 98%), and deuterated
chloroform (CDCls, 99.5%) were purchased from Across Organics. Benzoic acid (BA, 99.5%),
acetic acid (80%), methanol (MeOH, 99.8%), acetonitrile (MeCN, 99.9%), dichloromethane
(DCM, 99.5%), N, N-dimethylformamide (DMF, 99.9%), aluminum trichloride hexahydrate
(AICI3-6H20, 99.9%), indium (III) nitrate trihydrate (In(NO3)3-H20, 99.9%), hydrogen peroxide
(H202, 30%), ammonium molybdate (IV) tetrahydrate (99+%), sodium hydroxide (98%), 1-
bromo-3,5-difluorobenzene (98%), and potassium iodide (99.99%) were purchased from Fisher
Scientific. Potassium hydrogen phthalate (99.8%), 5,5-dimethyl-1-pyrroline N-oxide (DMPO,
97%), and 1,4-diazabicyclo[2.2.2]octane (DABCO, >98%) were purchased from TCI America.
meso-Tetra(4-carboxyphenyl)porphyrin (TCPP, 97%) was obtained from Frontier Scientific.
Gallium(III) nitrate hydrate (99.9%) and 9,10-dimethylanthracene (DMA, 99%) were purchased
from Sigma Aldrich. 2,2,6,6-Tetramethylpiperidine (TEMP, 98%) was obtained from Alfa Aesar.
All reagents were used as received without further purification. Instrumentation details are
provided in the Supporting Information (SI).

Synthesis of PMOFs. The syntheses of Al-PMOF, Ga-PMOF, and In-PMOF were adapted
from literature,??>3 with detailed procedures described in the SI. CSLA-10 was synthesized by
dissolving TCPP(Sn) (51.6 mg) in DMF (2.17 mL) to in a 35 mL glass pressure vessel, followed
by sonication for 20 min. Subsequently, 0.23 mL of 0.5 M In(NOs3)s solution was added, and the
mixture was sonicated for an additional 20 min. The reaction mixture was then heated at 120 °C
for 48 h and allowed to cool to room temperature over 6 hours. The resulting purple crystals were
collected and washed with DMF (3 x 10 mL) and acetone (3 x 10 mL). The product were dried in

a vacuum oven at 90 °C for 18 h and subsequently activated under vacuum at 140 °C for 16 h.



Preparation of MOF/Additive/Textile Composites. The textile composites were prepared
following the procedures reported by Hao et al.'> AI-PMOF (14.0 mg; alternatively, 15.3 mg Ga-
PMOF, 16.6 mg In-PMOF, or 18.5 mg CSLA-10) and benzoic acid (144.0 mg) were dispersed in
I mL of acetone and sonicated for 20 min to afford a homogeneous suspension. A 2 cm X 2 cm
cotton textile was immersed in the suspension and dried in an oven at 60 °C for 5 min. The textile
was then re-immersed in the suspension and dried again. This dip-dry cycle was repeated until the
entire suspension was consumed, ensuring complete deposition of the MOF and additives onto the
cotton substrate. The resulting textile composite was further dried in an oven at 60 °C for 18 h and
subsequently cut into four 1 cm % 1 cm pieces for further testing.

Photocatalytic Studies and Reusability Tests. The photooxidation experiments conducted in
organic solvents and under solvent-free conditions followed procedures previously reported by
Hao et al.,' with detailed experimental protocols described in the SI. For the reusability studies,
five consecutive catalytic cycles were performed under the same conditions as the solvent-free
photooxidation experiments, using a balloon filled with air and a solar simulator as the light source.
Each reaction was allowed to proceed for 1 h to ensure complete CEES conversion. Product
selectivity was determined by extracting the reaction mixture with CDCl3, followed by 'H NMR
analysis.

Singlet Oxygen Trapping Experiments. Under dark (aphotic) conditions, a stock solution of
DMA was prepared by dissolving 4.0 mg DMA in 8 mL of MeCN with sonication for 10 min. The
solution was subsequently diluted by 50% twice to obtain an absorbance of approximately 1. In a
quartz tube, 3.70 mg of AI-PMOF (4.03 mg Ga-PMOF, 4.39 mg In-PMOF, or 5.00 mg CSLA-10;
each MOF contains an equivalent amount of porphyrin centers) was dispersed in 6 mL of the

diluated DMA stock solution. The suspension was purged with Oz for 1 min and centrifuged for 5



min. At t =0, an aliquot (3 mL) was withdrawn, passed through a syringe filter, and analyzed by
UV-Vis spectrometry. The analyzed solution was then returned to the quartz tube. The suspension
was irradiated by a halogen lamp set to 12.00 amps, equipped with a long-pass cutoff filter that
transmits above 493 nm, while being continuously purged with a slow stream of Oz. Aliquots were
collected and analyzed at irradiation times of 5, 10, 15, and 20 min. For In-PMOF, aliquots were
collected at shorter intervals (0, 1, 1.5, 2, and 2.5 min) due to its faster reaction rate.

Singlet Oxygen Inhibition Experiments. To determine whether 'O: is the primary oxidant
responsible for the oxidation of CEES, inhibition experiments were conducted using a 'O
quencher, 1,4-diazabicyclo[2.2.2]octane (DABCO). 1.1 mg of AI-PMOF (1.22 mg Ga-PMOF,
1.30 mg In-PMOF, or 1.51 mg CSLA-10) was dispersed in 2 mL MeOH or MeCN in a sealed
quartz tube and sonicated for 20 min. The suspension was then purged with Oz for 20 min. 23 pL
of CEES (0.2 mmol, 100 mM) and 5 pL of internal standard (1-bromo-3,5-difluorobenzene, 0.04
mmol) were added to the sealed quartz tube with a microsyringe. Att =0, a 50 puL aliquot was
withdrawn, passed through a syringe filter into a GC autosampler vial, and diluted to 0.5 mL for
GC-MS analysis. The reaction mixture was subsequently irradiated with red LEDs, and samples
were collected every 20 s for 3 min. The experiments were repeated in 2 mL of 0.25 mM DABCO
(0.0005 mmol), 2.5 mM DABCO (0.005 mmol), 25 mM DABCO (0.05 mmol), or 1 M DABCO
(2 mmol) solutions in MeOH or MeCN to evaluate the inhibitory effect of DABCO on CEES
photooxidation.

Hydrogen Peroxide Trapping Experiments. 1.1 mg Al-PMOF (1.22 mg Ga-PMOF, 1.30 mg
In-PMOF, or 1.51 mg In-PMOF(Sn)) was dispersed in 1 mL of MeOH and sonicated for 20 min.
The suspension was purged with Oz for 20 min, followed by 20 min of irradiation under blue LEDs.

After irradiation, 2 mL of a detection solution containing potassium iodide (33 g L"), sodium



hydroxide (1 g L™!), ammonium molybdate tetrahydrate (0.1 g L!), and potassium hydrogen
phthalate (10 g L") was added to the MOF suspension. After gentle swirling, 1 mL aliquot was
diluted to 5 mL with MeOH, and the production of H202 was quantified by recording the UV-Vis
absorption at 350 nm. The H202 concentration was determined using linear regression analysis
based on a calibration curve constructed from standard solutions of H202 in MeOH at five
concentrations: 0.1 mM, 0.5 mM, and 1.0 mM. 0.125 mM, and 0.0625 mM.

Electron Paramagnetic Resonance (EPR) Spin-Trapping Experiments. In-PMOF (2.64 mg)
or In-PMOF(Sn) (3.02 mg) was suspended in 1 mL of dry MeCN and sonicated for 20 min to obain
a homogeneous suspension. An aliquot of the MOF suspension (0.4 mL) was mixed with 0.4 mL
of TEMP or DMPO solution (0.2 M in dry MeCN) in a quartz tube. The mixture was purged with
O2 for 5 min before being irradiated with blue LEDs for 10 min. Following irradiation, the
suspension was passed through a syringe filter to remove the MOF particles, and a 40 pL aliquot

of the filtrate was immediately transferred to an EPR flat cell for EPR analysis.

Results and Discussion

Photoactivity of M-PMOFs. Three M-PMOFs incorporating different metal nodes (M = Al,
Ga, and In) were synthesized and activated following procedures adapted from previous literature
(see SI for details).?*>* The three MOFs crystallize in the same space group (Cmmm) and exhibit
similar unit cell parameters (Table S1). As shown in Figure 1b and Figure S1, all three PMOFs
are constructed from one-dimensional (1-D) metal-oxo chains, in which adjacent metal ions are
bridged by p2-OH groups. The TCPP ligands are arranged in alternating layers interconnected by
these 1-D metal chains, forming a characteristic sea topology (Figure S2). The structure and phase

purity of the three PMOFs were confirmed using powder X-ray diffraction (PXRD) (Figure S3a-
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¢). Nitrogen adsorption-desorption isotherms were measured at 77 K to determine the Brunauer-
Emmett-Teller (BET) surface areas, which are consistent with previously reported values (Figure
S3d, Table 1). Thermogravimetric analysis revealed similar thermal decomposition profiles for
all three PMOFs, with rapid weight loss occurring at approximately 350 °C (Figure S3e). Scanning
electron microscope (SEM) images showed sheet-like morphologies for all three MOFs, in

agreement with their layered crystal topology (Figure S4).

Table 1. Surface areas of M-PMOFs and the half-lives and sulfoxide selectivities for CEES

photooxidation in Oz under blue LED irradiation.!

MOFs Surface area Half-life Sulfoxide
(m?/g) (t1/2, min) selectivity (%)l
Al-PMOF 1,197 4.9 99
Ga-PMOF 1,351 1.8 96
In-PMOF 1,294 14 96

[i] All CEES photooxidation reactions were performed with a 0.5 mol% catalyst loading (calculated based on
porphyrin centers). At least three catalytic runs were conducted to ensure reproducibility. Reported half-lives and
selectivity values represent the average of three independent experiments.

[ii] Two less toxic sulfoxide products were observed: 2-chloroethyl ethyl sulfoxide (CEESO) and ethyl vinyl sulfoxide

(EVSO)

After confirming the structures and permanent porosity of the three PMOFs, we assessed their
photocatalytic performance for CEES degradation in methanol (MeOH). At a porphyrin loading
of 0.5 mol%, all three PMOFs exhibited rapid CEES oxidation in Oz-saturated MeOH under blue
LED irradiation, with half-lives ranging from 4.9 to 1.4 min (Table 1; Figure S5a). Among the

series, In-PMOF exhibited the highest activity, achieving a half-life of 1.4 min despite having a
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slightly lower surface area than Ga-PMOF. Complete CEES conversion was reached within 3 min
in the presence of In-PMOF. In contrast, AI-PMOF showed the slowest degradation rate (¢;2=4.9
min, while Ga-PMOF displayed intermediate activity (z72= 1.8 min). In MeOH, all three PMOFs
demonstrated high selectivity toward sulfoxide formation, affording 96-99% selectivity for CEES
oxidation (Table 1).

We then evaluated the photocatalytic performance of the PMOFs on textiles under solvent-
free conditions to demonstrate their practical applicability. Following a method reported in one of
our previous studies,!> PMOFs were incorporated into textiles using a dip-coating method (see
Experimental Section). In our earlier study, we showed that the addition of benzoic acid (BA)
additives to MOF textiles accelerated CEES degradation and enhanced sulfoxide selectivity due
to its hydrogen bond donor properties.!> Using a similar procedure, PMOFs were co-deposited
with BA onto textiles, as illustrated in Figure 2a. The resulting MOF textiles were characterized
using PXRD to confirm the presence of the PMOFs and benzoic acid (Figure 2b and Figure S6).
Their photocatalytic activity toward CEES degradation was assessed by irradiating the CEES-
loaded textiles under blue LEDs in an O2 atmosphere. All reactions were conducted using a 3
mol% MOF loading, calculated based on porphyrin centers. Reaction conversions at various time
points and final oxidation products were analyzed using gas chromatography coupled with mass
spectrometry (GC-MS) and nuclear magnetic resonance (NMR) spectroscopy. The CEES
photooxidation experiments on each textile were performed at least in triplicate to ensure

reproducibility (Figure S5).
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Figure 2. (a) Schematic illustration of MOF textiles incorporating benzoic acid (BA) additives for
solvent-free CEES degradation under blue LED irradiation. (b) PXRD patterns of In-PMOF, In-
PMOF textile with BA additive, pure BA, and blank textile. (c) Comparison of the half-lives and
(d) selectivities for CEES photooxidation on various M-PMOF textiles (M = Al, Ga, In) without

additives (MOF _txt) and with benzoic acid (MOF _txt BA).

The photocatalytic performance of the various textiles for CEES degradation is summarized
in Figure 2cd and Figure S5. Both MOF textiles, with and without BA additives, followed the
same activity trend observed for PMOF powders in MeOH (CEES degradation rate: In-PMOF >
Ga-PMOF > AI-PMOF), as shown in Figure 2c¢ and Figure S5. Among them, the textile
incorporating In-PMOF with BA additives showed the fastest CEES degradation under blue LED

irradiation in an O2 atmosphere, achieving a half-life of 2.4 min and complete conversion within
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10 min. Notably, this is the shortest reported half-life for CEES degradation among MOF-based
composites under solvent-free conditions (Table S2).' 2#27 The retention of high catalytic
efficiency under solvent-free conditions highlights the practical potential of these materials for
applications in protective masks and clothing. Furthermore, the MOF textiles containing BA
additives generally exhibited higher sulfoxide selectivity than those without additives (Figure 2d),
consistent with our previous findings that hydrogen bond donors such as BA promote sulfoxide
formation over sulfone production.'® Overall, the best-performing material among the three PMOF
textiles was the In-PMOF textile with benzoic acid as an additive, which achieved a CEES

degradation half-life of 2.4 min and a sulfoxide selectivity of 78% (Table S3).

Reactive oxygen species and heavy atom effect. Given that the three PMOFs share the same
sea topology and possess comparable surface areas, the observed differences in photocatalytic
efficiency likely arise from variations in their metal nodes. The presence of heavier In** ions in the
In-PMOFs may enhance ROS generation, thereby leading to faster CEES photooxidation. To
confirm this hypothesis, we first investigated the types of ROS produced by the PMOFs. The
generation of 'Oz by the PMOFs was probed using 9,10-dimethylanthracene (DMA), a singlet
oxygen-specific trap that undergoes a [4+2] cycloaddition to form an endoperoxide (Figure S7).28
Since DMA is also photosensitive, a long-pass filter that transmits above 493 nm was employed
so that the DMA was not excited. In all cases, we observed rapid formation of the DMA
endoperoxide, confirming 'O2 as the primary oxidant (Figure S7-8). In addition, time-resolved
102 trapping experiments using DMA revealed the fastest 'Oz generation by In-PMOF (Figure
S7), consistent with its superior performance in CEES degradation. These results support our
hypothesis that incorporation of heavier metal ions, such as In**, into PMOFs enhances ROS

generation, particularly 'O2, thereby improving their photocatalytic activity.
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In addition to singlet oxygen, porphyrin-based MOFs may generate hydrogen peroxide (H202)
upon irradiation,'” and H20: is known to rapidly oxidize sulfides to sulfoxides.?-*° To evaluate
whether H20:2 could act as an active oxidant during our photooxidation protocol, suspensions of
the various PMOFs (Al-PMOF, Ga-PMOF, and In-PMOF) in MeOH were irradiated with blue
LEDs for 20 min under conditions identical to those used for CEES photooxidation experiments,
but in the absence of CEES. Subsequent iodometric titrations using KI detected only trace amounts
of H202. The measured H202 concentrations were less than 0.5 % of the CEES concentrations
employed in the CEES oxidation experiments (Figure S9 and Table S4). The results indicate that
H20:2 does not play a significant role as an oxidant in the CEES photooxidation process.

Although EPR spin-trapping experiments confirmed the formation of 'Oz and radical species
during irradiation (Figure S10), the detection of a given ROS does not necessarily establish its
direct involvement in the photooxidation process.’! To quantify the contribution of 'O2 to CEES
oxidation, inhibition experiments were performed by adding a singlet oxygen-specific quencher,
1,4-diazabicyclo[2.2.2]octane (DABCO), to the photooxidation reaction mixture. Computational
studies indicate that both CEES and DABCO can enter the MOF pores (Figures S11-S12),
supporting the suitability of DABCO for quenching experiments in these systems. The addition of
25 mol% DABCO (25 mM relative to 100 mM CEES) resulted in a dramatic slowdown of the
reaction, with only 23% conversion after 5 min of irradiation, whereas complete conversion was
achieved in the absence of DABCO over the same time period (Figure S13). The Foote 3-value
for DABCO in MeOH is 6.5 x 10 M,3? where B = ka/kq (ka is the rate constant for singlet oxygen
deactivation in neat MeOH, and /; is the quenching rate constant by DABCO). Assuming a value
of ka for singlet oxygen in MeOH of ca. 10* 5!, we, therefore, estimate the rate constant for singlet

oxygen quenching by DABCO (kq) in MeOH to be 1.5 x 107 M's"'. The rate constant for the
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interaction of singlet oxygen with CEES in MeOH has not been reported, but an upper limit for
this value would be the rate constant of the interaction of diethyl sulfide with singlet oxygen in
MeOH, which has been measured to be 1.7 x 107 M!s™.** This value is very similar to the value
for DABCO. Thus, a considerable excess of DABCO would be required to fully suppress CEES
oxidation if singlet oxygen were the sole oxidant. We therefore conducted additional experiments
with a 10-fold excess of DABCO (1 M relative to 100 mM CEES) in MeOH, and complete
inhibition of sulfide oxidation was observed for all PMOFs under these conditions. Since MeOH
may suppress the formation of free radicals, the quenching experiments were repeated in
acetonitrile. In aprotic solvents, DABCO is a considerably more efficient singlet oxygen quencher
(kq=5.5x 108 M!sec™),* and complete inhibition of product formation was again observed when
a 10-fold excess of DABCO was used (Figure S13). Collectively, these results demonstrate that
103 is the primary ROS responsible for CEES oxidation with minimal, if any, contribution from
radical species or hydrogen peroxide.

The effect of added acid (benzoic acid) in our solid-state experiments further supports singlet
oxygen as the primary oxidant. Bonesi et al. reported that added acid (<< 0.1% for phenols and
carboxylic acids) significantly increases the efficiency of photooxidation of organic sulfides in
aprotic media.>® Consistent with this observation, textiles incorporating benzoic acid showed faster
CEES photooxidation than their additive-free counterparts for all three PMOFs (Figure 2¢, Figure

S5).

Rational design of a new MOF. Inspired by the heavy atom effect observed in the M-PMOFs,
we introduced an additional heavy atom, Sn, into the TCPP linker to construct an In-based PMOF
incorporating Sn-metalated TCPP. The resulting new MOF, In-PMOF(Sn) or (as we named it)

CSLA-10, is expected to be isostructural to the free-base In-PMOF but with Sn-TCPP serving as

16



the organic linker (Figure 3a). We hypothesized that the combination of the relatively heavy In**
ions in the metal nodes and the heavy Sn*" centers in the porphyrin ligands could work

synergistically to further enhance intersystem crossing and accelerate the photooxidation of CEES.
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structure of CSLA-10. (b) Kinetic profile for CEES oxidation in the presence of AI-PMOF, Ga-
PMOF, In-PMOF, and CSLA-10 in Oz-saturated methanol under blue LED irradiation. (c) Half-
life and selectivity of CEES photooxidation on CSLA-10 textiles containing benzoic acid additives
under various conditions. (d) Recyclability test of CSLA-10 textiles containing benzoic acid
additives over five consecutive cycles of CEES photooxidation (using air and simulated sunlight).
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Sn-TCPP was first synthesized according to previously reported procedures, and

successful metalation was confirmed by UV-vis spectroscopy (Figure S14). The new MOF, In-
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PMOF(Sn) or CSLA-10, was then synthesized via a solvothermal method similar to that used for
In-PMOF, with Sn-TCPP replacing the free-base TCPP linker. The structure and phase purity of
CSLA-10 were confirmed by PXRD (Figure S15a), demonstrating that it is isostructural to the
parent In-PMOF. The BET surface area of CSLA-10 was determined from N: adsorption
measurements at 77 K (Figure S3d). CSLA-10 exhibits a lower gravimetric surface area (829
m?/g) compared to In-PMOF (1,294 m?/g), attributable to the increased mass resulting from
incorporation of Sn*' into the porphyrin linkers. ICP-OES analysis of the digested CSLA-10
revealed a In:Sn molar ratio of 1.32 (Table S5), confirming successful incorporation of Sn-TCPP
in the framework. SEM images of the CSLA-10 showed sheet-like crystals with particle sizes and
morphologies comparable to those of the free base In-PMOF (Figure S16a). Energy-dispersive
X-ray spectroscopy (EDS) elemental mapping further demonstrated uniform distribution of In and
Sn throughout the CSLA-10 crystals (Figure S17), providing additional evidence for successful
Sn incorporation.

The photocatalytic performance of CSLA-10 toward CEES degradation was first evaluated in
MeOH. At a catalyst loading of 0.5 mol% (calculated based on porphyrin centers), complete CEES
oxidation was achieved within 1.5 min in the presence of O2 under blue LED irradiation,
corresponding to an exceptionally short CEES half-life of 38 s (Figure 3b and Figure S18).
CSLA-10 exhibits significantly higher activity than the parent In-PMOF (¢12: 38 s vs. 1.4 min),
validating our hypothesis that incorporation of a heavy atom into the TCPP ligand enhances
photooxidation efficiency. Notably, the combination of heavy In** nodes and Sn metalation of the
porphyrin linker in CSLA-10 produces a synergistic effect, resulting in a greater enhancement of

photocatalytic performance than ligand metalation alone (as shown in Figure S19).
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Notably, a half-life of 38 s represents the shortest reported half-life for CEES degradation
among all materials to date (Table S6)." %372 [n addition to its remarkable activity, CSLA-10
exhibited high selectivity (97%) toward the nontoxic sulfoxide product in MeOH (Figure S20).
The types of ROS generated by CSLA-10 were further investigated through trapping and inhibition
experiments. These studies confirmed that singlet oxygen is the primary oxidant responsible for
CEES photooxidation (Figures S7, S9, S23).

To quantitatively assess the effect of Sn-doping in In-PMOF, we determined the relative
singlet oxygen quantum yields of In-PMOF and In-PMOF(Sn) using DMA as a singlet oxygen
trap. In deuterated chloroform, nearly all of the singlet oxygen produced by the MOF is trapped
by DMA because solvent-mediated deactivation is much slower than reaction with DMA, kd <<k«
[DMA]?® (where k: is the rate constant of the reaction of singlet oxygen with DMA). Under
continuous irradiation and at low conversion of DMA, the amount of singlet oxygen produced
remains constant. Plots of the amount of oxidized DMA versus integrated absorbance of the MOF
were linear, with slopes proportional to the quantum yield of singlet oxygen production ®*. When
irradiation conditions are identical between the two MOFs, the ratio of the slopes directly
corresponds to the ratio of the ®* values for the two MOFs. MOF samples with matched integrated
absorbances were irradiated at wavelengths above 493 nm in the presence of 50 mM DMA. The
resulting plots of the DMA endoperoxide (DMA-O2) formation versus integrated absorbance
yielded a slope ratio of 1.9 for In-PMOF(Sn) to In-MOF (Figure S24). These results indicate that
Sn doping nearly doubles the singlet oxygen quantum yield of the In-PMOF.

To evaluate the practical applicability of CSLA-10, the MOF was drop-casted onto cotton
textiles with benzoic acid additives. The photocatalytic performance of the resulting MOF textile

composite was then assessed for CEES degradation under various solvent-free conditions,
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including in Oz with blue LED irradiation, in air with blue LED irradiation, and in air with
simulated sunlight irradiation. As shown in Figure 3¢ and Figure S18, when using blue LEDs as
the light source, the MOF textiles exhibited a half-life of 2.7 min in both Oz and air, indicating that
ambient air provides sufficient Oz for efficient CEES oxidation. Under these conditions, sulfoxide
selectivities of 60% and 64% were observed in Oz and air, respectively (Figure S20). Notably,
complete CEES oxidation on the MOF textile was achieved within 7 min in Oz under blue LEDs,
representing the fastest complete CEES degradation reported to date under solvent-free conditions
(Table S2).'52+2” The CSLA-10 textile was further evaluated in air under simulated sunlight (solar
simulator) to assess performance under more practical conditions. A half-life of 16.9 min was
observed under these conditions, with a sulfoxide selectivity of 85%, outperforming MOF-525 (¢:2
= 17.6 min), a benchmark material reported in our previous study. '

A general mechanism for CEES photooxidation is illustrated in Scheme 1. Based on our
DABCO quenching experiments and established mechanisms for the reaction of singlet oxygen
with alkyl sulfides,'> *3-*6 we conclude that singlet oxygen is the sole active oxidant generated by
the MOFs. The reaction is initiated by the attack of singlet oxygen on the sulfide, forming a
persulfoxide intermediate that is stabilized by hydrogen bonding interactions with MeOH in
solution. The persulfoxide intermediate subsequently reacts with a second sulfide molecule to form
two sulfoxide products. In protic solvents such as MeOH, where the persulfoxide intermediate is
effectively stabilized by hydrogen bond donors, sulfoxides are the primary products. This
mechanism is consistent with our observations for CSLA-10, which exhibited a 97% selectivity
toward sulfoxide in MeOH (Figure 3c¢). Under solvent-free conditions, however, we observed
increased sulfone formation, with sulfoxide selectivity dropping to approximately 60% (Figure

3c). This trend is also consistent with the proposed mechanism in Scheme 1. Formation of
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sulfoxide requires a bimolecular reaction between the persulfoxide intermediate and another
sulfide molecule, whereas the collapse of the intermediate to sulfone can proceed via a
unimolecular pathway. Under solvent-free conditions, where molecular diffusion is significantly
reduced, the bimolecular pathway is less favored, leading to enhanced sulfone formation.
Furthermore, the increased sulfoxide selectivity observed in the presence of benzoic acid and air
can be attributed to additional hydrogen-bond stabilization of the persulfoxide intermediate,

promoted by the benzoic acid and moisture in the air.
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Scheme 1. Proposed mechanism for CEES oxidation by singlet oxygen generated from

photoactive MOFs under light irradiation.

Finally, we studied the reusability of the MOF textile for CEES degradation in air under
simulated sunlight, representing near-practical conditions. As shown in Figure 3d, the MOF textile
retained both its catalytic efficiency and selectivity over five consecutive cycles of CEES
photooxidation, demonstrating excellent stability and durability. ICP-OES analysis of the recycled
CSLA-10 revealed only a slight decrease in the In/Sn ratio, from 1.32 to 1.26, indicating minimal

Sn leaching after five catalytic cycles (Table S5). In addition, SEM images of the post-catalysis
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textiles confirmed the continued presence of MOF particles on the fabric surface after

photooxidation (Figure S16), underscoring the robustness and reusability of the material.

Conclusions

A series of porphyrin-based MOFs (PMOFs) incorporating different metal nodes (Al, Ga, and In)
was synthesized, and their photocatalytic activities toward the degradation of a mustard gas
simulant, CEES, were systematically investigated. A clear heavy atom effect was observed among
the three isostructural PMOFs (sea topology) with comparable surface areas. In-PMOF exhibited
the highest activity, achieving a half-life of 1.4 min for CEES degradation, whereas Al-PMOF
showed the lowest activity. Motivated by this observation, we rationally designed a new MOF,
CSLA-10, featuring indium nodes and Sn-metalated porphyrin linkers. The incorporating of heavy
atoms at both the metal nodes and the organic linkers produced synergistic enhancement in
photocatalytic performance. In solution, 0.5 mol% CSLA-10 exhibited an exceptionally short
CEES half-life of 38 s in MeOH under blue LED irradiation, representing the shortest half-life
reported to date. In the solid state, textiles incorporating CSLA-10 achieved complete CEES
degradation within 7 min under near-practical conditions. Mechanistic investigations confirmed
that singlet oxygen is the primary reactive oxygen species responsible for CEES oxidation. This
study provides the first clear demonstration of a heavy atom effect arising from variation of the
metal nodes in porphyrin MOFs. By leveraging this design principle, new MOF-based
photocatalysts with enhanced photoactivity can be developed for a range of photochemical
transformations. Moreover, the excellent performance of CSLS-10 textiles highlights the potential
of porphyrin MOFs and their composites for real-world applications in the rapid detoxification of

hazardous organic sulfides.
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A heavy atom effect was observed in a series of porphyrin-based metal—organic frameworks (PMOFs) with
a sea topology. Building on this finding, we synthesized a novel MOF incorporating indium nodes and tin-
doped porphyrin linkers, which exhibited high efficiency in both solution- and solid-phase photooxidation

of a mustard gas simulant.
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