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ABSTRACT: Here we describe the synthesis of two Zr-based
benzothiadiazole- and benzoselenadiazole-containing metal-
organic frameworks (MOFs) for the selective photocatalytic
oxidation of the mustard gas simulant, 2-chloroethyl ethyl
sulfide (CEES). The photophysical properties of the linkers
and MOFs are characterized by steady-state absorption and
emission, time-resolved emission, and ultrafast transient
absorption spectroscopy. The benzoselenadiazole-containing
MOF shows superior catalytic activity compared to that
containing benzothiadiazole with a half-life of 3.5 min for
CEES oxidation to nontoxic 2-chloroethyl ethyl sulfoxide
(CEESO). Transient absorption spectroscopy performed on
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the benzoselenadiazole linker reveals the presence of a triplet excited state, which decays with a lifetime of 9.4 ps,
resulting in the generation of singlet oxygen for photocatalysis. This study demonstrates the effect of heavy chalcogen
substitution within a porous framework for the modulation of photocatalytic activity.
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First used in World War |, chemical warfare agents (CWAS)
a subclass of weapons of mass destruction (WMDs) have been
a persistent threat to mankind.! Sulfur mustard or mustard gas
(HD) [bis(2-chloroethyl) sulfide] is one example of a CWA that
can be lethal, because of its vesicant properties. In addition to
causing severe blistering on exposed skin, sulfur mustard can
irritate lungs and eyes.? Despite the nearly universal imposition of
restrictions on the use of CWAs, under the 1993 Chemical
Weapons Convention (C.W.C.),® recent news articles suggest that
production and stockpiling of sulfur mustard, as well as use as a
chemical weapon, are still occurring.*  Therefore, it is of
paramount interest to discover efficient materials to detoxify this
blistering agent. In general, there are three major routes for
the detoxification of sulfur mustard, namely (1) dehydrohalogena-
tion, (2) hydrolysis, and (3) oxidation; however, each of these
processes comes with its own limitations.>>6 We believe partial
oxidation of HD to its sulfoxide analogue, HD-O, is the most
promising deactivation pathway. However, control of HD
oxidation is crucial because overoxidation can lead to a sulfone
derivative, which itself is a blistering agent, and depending on

the means of exposure, is ca. 0.1 to 0.5 times as toxic HD.” In
contrast, the half-oxidized degradation product (i.e., the sulfoxide)
is considered to be only slightly toxic.” Singlet oxygen (102) is a
popular green oxidizing agent that has shown promising results for
the detoxification of sulfur mustard. Because of the extensive
research on singlet oxygen photo-sensitizers, a variety of
chromophores are available to sensitize the production of singlet
oxygen; porphyrins, chlorin, and phthalocyanines are some
examples.8 Efficient photocatalysis is achievable by both
homogeneous and heterogeneous systems, with the latter offering
the following comparative advantages:

(1) ease of separation after catalysis by simple filtration, (2)
recyclability, (3) the opportunity to scan over several
solvents to optimize the reaction of interest,9 and (4) easier
incorporation into filters and other devices/technologies.
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Figure 1. (a) Schematic representation of the synthesis of PCN-57-S and PCN-57-Se using a mixed ligand approach. (b) Structure of PCN-

57.10 (c) Structure of the Zrg node of PCN-57.

Recently, metal-organic frameworks (MOFs) have been used
as heterogeneous scaffolds for catalytically active chromophores
in order to improve the catalyst performance by site isolation.
MOFs are crystalline and porous 3D networks formed by
coordination of metal nodes and multitopic organic bridging
linkers.**~%6 The tunability of the organic linkers and metal ions
makes these materials highly sought after for applications
including gas storage/separation,17 catalysis,lg'ls’19 drug
delivery,20 photodynamic therapy,21 energy transfer,zz‘24 and

chemical sensing.25 The stability of MOFs is an important
property especially for use and reuse of MOFs as a catalyst.
Zirconium(lV) containing MOFs (Zr-MOFs) exhibit high stability
compared to MOFs made from other metals due to the high
charge density on the metal ion which in turn makes the
coordination bonds between Zr(IV) and carboxylates very
strong.26 We have previously reported the use of a porphyrin
photosensitizer in a Zrg-based MOF PCN-222/MOF-545, to
photocatalyze the oxidation of mustard gas simulant 2-chloroethyl
ethyl sulfide (CEES) to 2-chloroethyl ethyl sulfoxide (CEESO)
with a blue LED at a half-life (t1/2) of 13 min.® The pyrene
containing mesoporous MOF, NU-1000, showed catalytic activity
for the partial oxidation of CEES itself under UV light (t1/2 = 6
min).5 The catalytic performance of NU-1000 was further
improved (t1/2 = 3.5 min) when fullerene-based photosensitizers
were postsynthetically incorporated in the MOF. 2’ Although
significant strides have been made toward developing MOF-based
photocatalysts for the detox-ification of sulfur mustard, there is a
need to design new catalytic materials to achieve close-to-
instantaneous detoxifica-tion as well as to extract design rules.

Herein, we report: (a) the synthesis, using a mixed-ligand
approach, of versions of PCN-57 that are partially substituted

with benzoselenadiazole (PCN-57-Se) or benzothiadiazole (PCN-
57-S) linkers (Figure 1), and (b) evaluation of the efficacy of these
new materials for the selective photocatalytic partial oxidation of
2-chloroethyl ethyl sulfide (CEES) to 2-chloroethyl ethyl
sulfoxide (CEESO). Notably, PCN-57-Se is a more effective
photocatalyst (t1/2 = 3.5 min) than PCN-57-S (t1/2 = 7.5 min).
While the half-lives for the photocatalytic oxidation of CEES with
PCN-57-Se are similar to that of the fullerene containing NU-
1000,27 lower catalyst loading (0.1 mol

% based on chromophore) is required when compared to
fullerene containing NU-1000 (0.7 mol %). Additionally, to the
best of our knowledge this is the first report of photocatalytic
detoxification of a sulfur-mustard simulant using a UiO-type
framework where catalytic rates can be controlled by mere
substitution of heteroatoms in the framework.

Benzothiadiazole- and benzoselenadiazole-based linkers were
selected because of the known ability of the isolated diazoles to
sensitize the photochemical formation of singlet oxygen.ZB’29
PCN-57-S and PCN-57-Se were synthesized using a mixed linker
approach by direct synthesis of the MOF with 2'3'5'6"-
tetramethylterphenyl-4,4"-dicarboxylate (L1-Me, [TPDC-
4CH3]2'), as well as, either L2-S and L3-Se (details in Supporting
Information). Briefly, PCN-57 was synthesized by heating a
mixture of ZrOCl2-8H20 and TPDC-4CH3 in the presence of
benzoic acid as modulator at 100 °C for 24 h in N,N-
dimethylformamide (DMF).10 Both PCN-57-S and PCN-57-Se
were synthesized by taking the respective linkers (L2-S or L3-Se)
and TPDC-4CH3 in 1:4 ratio in DMF, ZrClsa as metal source,
acetic acid as modulator and heating the mixtures at 100 °C for 48
h. To confirm the ratio of linkers in the final structures by 1y
NMR, the MOF samples were digested in a D2SO4/DMSO-ds
solution. The ratio between the protons of
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Figure 2. (a) Comparison of PXRD patterns of simulated PCN-57 with as-synthesized PCN-57, PCN-57-S, and PCN-57-Se. (b)
Photooxidation profile of CEES with PCN-57-S(UV LED) and PCN-57-Se (violet LED). (c) Reaction scheme for the photooxidation of

CEES in the presence of oxygen.

the linker TPDC-4CH3 and L2-S or L3-Se shows that the linker
incorporation is indeed in agreement with the ratio of the linkers
used in the syntheses (Figures S9 and S10). Inductively coupled
plasma optical emission spectroscopy (ICP-OES) of PCN-57-S
and PCN-57-Se showed incorporation of one S and one Se per Zrg
node respectively which confirms the expected value (~1.2)
considering 20% incorporation of the linker with

the formula ZreO4(OH)4(TPDC-4CH3)4.8(L-X)1.2 where X = S or
Se. Scanning electron microscopy with energy dispersive X-

ray spectroscopy (SEM-EDX) showed uniform distribution of Zr
and S/Se throughout the MOF crystals (Figure S20-S22). The
crystallinity of each sample was verified by powder X-ray
diffraction (PXRD) and similar PXRD patterns were observed for
all MOFs, suggesting that they are isostructural with PCN-57
(Figure 2a). The permanent porosity of the samples were
examined by N2 isotherm measurements at 77 K after activation
at 120 °C under vacuum for 12 h. As expected, all the materials
showed typical type | reversible isotherms. PCN-57 has the
highest Brunauer—-Emmett—Teller (BET) surface area (3300 m2/g)
among the three, with PCN-57-S and PCN-57-Se having surface
areas of 2400 and 2800 m2/g, respectively (Figure S11).

The ground-state absorption spectra of the MOFs were
examined via diffuse reflectance UV-vis measurements
(Figure S13a). PCN-57 showed absorption between 200 and
300 nm with maximum absorption (Amax) at 283 nm. As
expected, the incorporation of chromophores L2-S and L3-Se
red-shifted the MOF absorption spectra into the visible region,
with the shift being greater for PCN-57-Se (absorption onset at
~500 nm) than for PCN-57-S. This is in line with red-shifted
absorption of Se-containing TT-conjugated %ystems compared
to S-containing systems (Figure 815.';1).3 The maximum
emission wavelength (Amax) for the MOFs also follows the
order of PCN-57-Se (512 nm) > PCN-57-S (486 nm) > PCN-
57 (351 nm) (Figure S13b).

On the basis of the absorption spectra of MOFs, a UV LED
(Amax = 395 nm) and a purple LED (Amax = 405 nm) were
chosen for PCN-57-S and PCN-57-Se respectively to perform
photocatalytic oxidation of CEES. Note here, the combined

power density of the LEDs was maintained at 865 mW/cm? in

both cases. The progress of the reaction was monitored by GC-
FID and the product obtained was analyzed with NMR (1H and

13C) spectroscopy. Under optimized condition when 0.1 mol
% PCN-57-Se (based on the 20% L3-Se loading) was used, the
reaction was found to go to completion within 12 min with a
half-life of 3.5 min (Figure 2b). In contrast, under the same
conditions, PCN-57-S requires 25 min to achieve 100%
conversion of the starting material to CEESO. The NMR
spectra confirm selective oxidation of CEES to CEESO
(Figures S14 and S15). The unsubstituted PCN-57 showed no
activity since it lacks absorbance at the excitation wavelength.
Therefore, we can conclude that L2-S and L3-Se linkers are
responsible for the enhanced photocatalytic activity of PCN-

57-S and PCN-57-Se, not the TPDC-4CH3 linker. The
photocatalytic reaction using only the linkers, L2-S and L3-Se,
in solution showed the same trend as their respective MOFs,
L3-Se shows faster catalytic oxidation compared to L2-S
(Figure S16).

Given that PCN-57-Se was proven to be a superior catalyst
among the three MOFs studied, detailed characterizations related
to the heterogeneous photocatalysis were performed using this
sample. In an effort to understand the effect of light and oxygen,
control experiments were performed. In both cases (i.e., only light
or only oxygen), less than 10% conversion of the starting material
was observed over 30 min, suggesting that both light and oxygen
are essential to perform the catalysis (Figure S19). The
heterogeneous nature of the catalyst was confirmed by filtering the
catalyst from the reaction mixture after the completion of the
reaction and performing the ICP-OES measurement with the
filtrate. The absence of Zr and Se proved that there was no
leaching of the catalyst from the framework during the reaction
and the catalysis is heteroge-neous in nature. Additionally, both

'H and 13C NMR measurements of the filtrate showed absence of

TPDC-4CH3 or L3-Se, providing additional evidence that PCN-
57-Se stayed intact during the reaction. PCN-57-Se catalyst was
also tested for recyclability. The same sample showed the
conversion of CEES to CEESO with excellent yield (>99% yield)
for four consecutive cycles (Figure S18). PXRD of the filtered
catalysts
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Figure 3. (a) Combined fsTA and nsTA spectra of L3-Se-CO2Et in deaerated CH2ClI2 recorded at time delays indicated in the legends after laser
excitation. (b) Kinetic fits at selected wavelengths from fsSTA in panel a showing the process of intersystem crossing in T = 2.8 + 0.3 ns. (c) Single-
wavelength kinetics from nsTA in panel a showing the decay of triplet excited state in the absence (1 =9.39 + 0.08 ps) or presence (1 = 1.41 + 0.01
us) of air. (d) Time-resolved fluorescence kinetics at 500 nm for PCN-57-S (1 = 1.1 £ 0.2 ns) and PCN-57-Se (1 = 0.6 + 0.1 ns).

(tested for both PCN-57-S and PCN-57-Se) demonstrated
that the structure and the crystallinity of the material
remain unaltered after the catalysis (Figure S17).
Considering these data, we affirm that the framework is
stable under the photocatalytic conditions.

We relied upon femto- and nanosecond transient absorption
(fsTA and nsTA) spectroscopy to gain a deeper understanding of
excited-state dynamics of L3-Se-CO2Et and L2-S-CO2Et in
dichloromethane and to therefore understand the photo-catalytic
activity of the MOFs in detail. The ester protected linkers were
selected over the dicarboxylic acid containing linkers due to their
better solubility in organic solvents. For L3-Se-CO2Et,
photoexcitation with 302 nm, 150 fs laser pulses resulted in strong
singlet excited state absorption at 460 and 710 nm which decayed
with a time constant of 2.8 + 0.3 ns, concomitant with the growth
of new features at 410 and 460 nm (Figure 3a, b). The excited
state associated with this new feature decays in 9.39 + 0.08 ps in
the deaerated solution by nsTA. In the presence of air, the excited
state lifetime decreased to 1.41 + 0.01 ps (Figure 3c). The long
lifetime and sensitivity to molecular oxygen suggest the triplet
nature of this excited state is formed via intersystem crossing,
possibly facilitated by the spin—orbit coupling effect (i.e., “heavy-
atom effect”) of selenium.®! The assignment is further supported
by the resemblance of the transient spectra to triplet-state
absorption predicted by linear-response time-dependent density
functional theory (LR-TD-DFT; Figure S26). For L2-S-CO2Et,
similar excited-state absorption was observed at 430 and 690 nm

upon excitation that is blue-shifted compared to L3-Se-CO2Et and
decayed with a time constant of 6.0 + 0.1 ns (Figure S23).
However, no detectable signature of triplet excited-state

absorption was observed for L2-S-CO2Et within the exper-

imental time scale. In both the cases the observed excited
state absorptions for the linkers match the predicted spectra
from DFT calculations (Section S16).

The energy difference between the prominent low energy
excitation peaks for the excited singlet and triplet species, in
going from ground to relaxed geometry, indicates that the
singlet and triplet excited state absorptions are significantly
impacted by vibrational relaxation (Figure S26). The most
prominent difference in geometry between the ground singlet
and both the excited singlet and triplet states is a flattening of
dihedral angles between the central benzoselenadiazole/
benzothiadiazole ring and the flanking phenyl groups.
According to DFT calculations, the dihedral angles between
rings range from 36.9 to 38.7° (benzothiadiazole) and 38.8 to
40.7° (benzoselenadiazole) in the singlet ground state. In the
lowest-energy excited singlet state, the range is reduced to
21.2-21.7° (benzothiadiazole) and 24.7-25.6° (benzoselena-
diazole), and in the triplet state, these ranges become 18.7-
19.0° (benzothiadiazole) and 24.1-24.9° (benzoselenadiazole).

The excited-state dynamics of the MOFs were probed with
time-resolved fluorescence spectroscopy; since the strong light
scattering of the solid samples, unfortunately, obstructed the
collection of transient absorption signals. The fluorescence
lifetimes for the PCN-57-Se and PCN-57-S samples were found to
be 0.6 £0.1 ns and 1.1 + 0.2 ns, respectively. The shorter lifetime,
compared to the ester ligands, can be ascribed to the decreased
So—S1 energy gap in the MOF samples, manifested by the red
shift in steady-state emission spectra (Figure S25b). Additionally,
coordination of the linkers to the metal center could also
contribute to shortening of the excited state lifetime in the
MOF.3233 Most importantly, the faster singlet decay in PCN-57-
Se is in line with rapid intersystem crossing to form
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the triplet excited state as observed for the ester protected ligand.
The population of the triplet excited state yields efficient singlet
oxygen production and subsequent photocatalysis.

In conclusion, we have found that the sulfur mustard
simulant, CEES, can be selectively photocatalytically oxidized
to nontoxic monooxygenated product CEESO using singlet
oxygen (102) generated by highly porous, crystalline
benzoselenadiazole and benzothiadiazole substituted PCN-57
frameworks (PCN-57-Se and PCN-57-S, respectively). Under
violet LED irradiation and 1 atm O2, PCN-57-Se catalyzes the
photooxidation with 100% conversion within 12 min (t1/2= 3.5
min), and PCN-57-S completes the reaction in 25 min (t1/2=
7.5 min) under UV irradiation. The retention of crystallinity of
the MOF samples and the absence of leaching of the catalyst
during reaction evince the heterogeneous nature of the catalyst. A
detailed study of steady-state and time-resolved emission
spectroscopy, carried out with ester-protected linkers and with
MOF samples, and supported by computations, points to efficient
excited-state singlet-to-triplet intersystem crossing for the
selenium containing samples as a key factor for the higher
catalytic activity of PCN-57-Se. An additional factor may be
better energy matching of the triplet photoexcited-state of PCN-
57-Se to the O2 triplet-to-singlet transition at E = 1.63 eV (A =
762 nm). We believe this class of materials is promising for the
heterogeneous photocatalytic detoxification of CWAs and has
future potential in catalyzing other important reactions because of
the rich photoredox properties of the chromophores.
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