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Introduction

bis(2-chloroethyl)sulfide

Sulfur mustard or HD

Chemical warfare agent
World war- I

Mustard gas alkylating an amino group via conversion to a episulfonium ion

2-chloroethyl ethyl sulfide

CEES (Simulant of HD)
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Introduction
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D. A. Panayotov, et al., J. Phys. Chem. B 2003, 107,10571-10575

J. T. Buru, et. al., Chem. Mater. 2017, 29, 5174–5181.
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Background
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Background

Primary requirement of HD aerosol detoxification:

• Efficient capture

• Rapid decontamination

• Need of catalyst suitable in various environmental conditions
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Motivation
• Boron-dipyrromethene derivative (BODIPY) possess tunable structure and unique photophysical property – 

a promising photoactive linker

• Silver clusters with abundant heavy elements at the kernel are promising 1O2  producing catalyst.

• Incorporation of heavy halogen functionalized BODIPY into cluster-MOFs can precisely increase 1O2 

generation efficiency.

• They successfully obtained, for the first time, a series of atomically precise cluster-assembled materials for 

efficient detoxification of gaseous HD simulant using a family of functional BODIPY ligands from 

monodentate to multidentate 

• Among those, Ag12-BDP-I acts as a robust and porous photocatalyst for efficient real-time adsorption and 

detoxification of gaseous CEES under various environmental conditions.

Why this paper?
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Results and discussion

Figure 2. Simplified models of Ag12 cores and BODIPY. Structures and photographs of Ag12–BDP, Ag12–BDP-Py, Ag12–BDP-H, 

and Ag12–BDP-I and the corresponding organic linkers of BDP, BDP-Py, BDP-H, and BDP-I. 

AgStBu 
+ 

CF3COOAg
(1 : 1)

in 
EtOH/ACN

BDP 
linker

Slow 
evaporation

[Ag12(StBu)6(CF3COO)6(BDP)6]

[Ag12(StBu)6(CF3COO)6(BDP)6] [Ag12(StBu)6(CF3COO)6(BDP-Py)2]n [Ag12(SiPr)6(CF3COO)6(BDP-H)2]n [Ag12(SiPr)6(CF3COO)6(BDP-I)2]n
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Results and discussion

Figure S8. Solid state diffuse reflectance spectra of Ag12-
BDP, Ag12-BDP-Py, Ag12-BDP-H and Ag12-BDP-I. Figure S9. Tauc plots form UV-vis absorption spectra of 

Ag12-BDP, Ag12-BDP-Py, Ag12-BDP-H and Ag12-BDP-I. 

Lifetime (ns)

Ag12-BDP 3.0

Ag12-BDP-Py 3.1

Ag12-BDP-H 2.2

Ag12-BDP-I 0.1

Figure S10. Emission spectra in the solid at 
room temperature.

Figure S11. Quantum yield  in the solid 
at room temperature.

1.26 %
1.18 %

2.15 %
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Results and discussion

Figure 3. (a) Photograph of the continuous flow apparatus for the 

photooxidation of gaseous CEES under visible light irradiation. (b) 

Schematic illustration of the flowchart of the setup.

Figure S13. Adsorption capacity of Ag12-BDP-I 

within 60, 90, and 120 min..

Sample preparation:

• Vacuum dried at 60 oC for 6 h

• Ground and dispersed with quartz sand 

in a glass reactor 

• Loaded into the fixed-bed continuous set-

up 
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Results and discussion

Figure 4. Absorptivity and conversion of gaseous CEES in the presence of (a) Ag12–BDP-I, (b) Ag12–BDP-H, (c) Ag12–

BDP-Py, and (d) Ag12–BDP in a continuous flow apparatus under different RHs.

78%

37%

14%

97%
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Results and discussion

Figure 5. (b) Ag12–BDP-H and (c) Ag12–BDP-I. (The inset shows pore-size distributions derived from NLDFT)

Figure S19. N2 sorption isotherms collected at 77 K for (a) Ag12-BDP-Py and (b) Ag12-BDP.

BET surface area : 424 m2 g-1 BET surface area : 387 m2 g-1
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Figure 5. (d) EPR spectra of Ag12–BDP, Ag12–BDP-Py, Ag12–BDP-H, and Ag12–BDP-I mixed with 4-oxo-TMP under visible light 
irradiation or dark conditions. (e) Fluorescence spectra of DMA in the presence of Ag12–BDP-I upon visible light irradiation. (f) 
PXRD patterns of simulated Ag12–BDP-I, as-synthesized Ag12–BDP-I, and Ag12–BDP-I after exposure under 90% RH for 3 days.

Figure 5. (a) Representative microenvironment of Ag12–
BDP-I for gaseous CEES degradation. 

Results and discussion

Figure S21. Cl 2p higher solution XPS spectra of CEES and 
Ag12-BDP-I@CEES. . 
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Results and discussion

Figure S24. Overall structure of the Ag12-
mono-BDP-I cluster.

Figure S25. Absorptivity and conversion of gaseous CEES in the presence 
of the (a) Ag12-BDP-I and the (b) Ag12-mono-BDP-I cluster

Figure S26. Absorptivity and conversion of gaseous CEES in the presence of (a) Ag12 clusters and (b) BODIPY. 
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Results and discussion

Figure 6. Energy level and orbital distribution-associated singlet and triplet states of Ag12–BDP-H and Ag12–BDP-I. The isovalue
of the molecular orbital plot was set to 0.01.

Rate constant of ISC is proportional to square of the SOC matrix element 
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Conclusion

• They modified the classical Ag12 cluster with four different functionalized BODIPY ligands to obtain a 

series of SCC-MOFs, namely Ag12–BDP and Ag12–BDP-Py, Ag12–BDP-H and Ag12–BDP-I.

• They examined their ability to degrade gaseous CEES by tuning its porosity, adsorption capacity and

singlet oxygen generation efficiency.

• Among all of them, Ag12-BDP-I shows highest efficiency in adsorption and degradation of gaseous CEES

under a wide range of relative humidity from 10% to 90% due to good porosity, superior 1O2 generation

efficiency.

Thank you
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