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Application in a Catalytic Photo-oxidation Reaction
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Abstract: The design and synthesis of new metal-organic frameworks (MOFs) is important from both a fundamental and application
standpoint. In this work, a novel, highly-connected rare-earth (RE) MOF with shp topology is reported, named RE-CU-10 (RE = rare-earth, CU
= Concordia University), comprised of nonanuclear RE(lll)-cluster nodes and tetratopic pyrene-based linkers. This represents the first time
that the 1,3,6,8-tetrakis(p-benzoic acid)pyrene (H4TBAPy) linker is integrated in the shp topology. Y-CU-10 was explored as a heterogeneous
photocatalyst for the selective oxidation and detoxification of a sulfur mustard simulant, 2-chloroethyl ethyl sulfide (2-CEES), showing a half-
life for conversion to the less toxic 2-chloroethyl ethyl sulfoxide (2-CEESO) of 6.0 min.

Introduction

Metal-organic frameworks (MOFs) are hybrid materials
comprised of metal ions or clusters interconnected by organic
linkers, giving rise to open structures with accessible pores.1™
MOFs have been
including, but not limited to, gas adsorption,>® catalysis,’-8
photocatalysis,®1° chemical sensing,11.12
remediation.13-16 Rare-earth (RE) metals, which include
scandium, yttrium and the fifteen lanthanides, have been used
to synthesize a diverse library of MOFs, including many with
unique structures and properties driven by the high
coordination numbers and geometries of RE-metals.17-20 Like
other classes of MOFs, RE-MOFs have been reported with
several different secondary building units (SBUs), including
inorganic nodes that are metal ions,2122 chains,23-2> or
clusters.>26-29 |n 2013, Eddaoudi et al. showed that the use of
fluorinated modulators, such as 2-fluorobenzoic acid, favors the
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formation of RE-cluster nodes, instead of the ion or chain nodes
that tend to preferentially form in the presence of carboxylic
acid linkers.*® This includes RE-cluster nodes with high
nuclearity and connectivity, giving rise to MOFs with complex
and intricate topologies, some of which are likely to be
inaccessible with other metals.2°-32 In one example, a MOF with
shp topology, named RE-shp-MOF-1 (RE = Y(III), and Tb(lll)) was
reported,33 representing one of two edge transitive (4,12)-c
nets where a double six-membered ring (d6R) building block
acts as a 12-connected (12-c) node.3* RE-shp-MOF-1 is
comprised of square, tetratopic porphyrin-based linkers
(5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin, HsTCPP) and
12-connected Y(lll)-cluster nodes, giving a
structure with 1D triangular channels. In another example, RE-

nonanuclear

shp-MOF-5 was reported, comprised of 12-c nonanculear
RE(Ill)-cluster nodes and rectangular 1,2,4,5-tetrakis(4-

carboxyphenyl)benzene (BTEB) linkers. The same 12-connected
nonanuclear RE(Ill)-cluster was used as a building block in the
synthesis of RE-pek-MOF-1 (RE = Y(lll), and Tb(lll)), and RE-aea-
MOF-1 (RE = Y(lll)), when combined with tritopic linkers.35

In this work, we report the synthesis of a new RE-MOF, RE-
CU-10 (RE = Y(IlI), Th(Ill), CU = Concordia University), with shp
topology, comprised of nonanuclear RE(lll)-cluster nodes and
rectangular tetratopic pyrene-based linkers, 1,3,6,8-tetrakis(p-
benzoic acid)pyrene (H4sTBAPy) (Figure 1). The shp topology has
not yet been reported for a MOF comprised of tetratopic
H4TBAPYy linkers, since the use of this linker tends to favor the
formation of scu, and csq topologies driving the formation of 8-
connected hexanuclear cluster nodes (NU-901 (scu, Zrg-
cluster),3637 Ce-CAU-24 (scu, Ces-cluster)3®, or NU-1000 (csq,
Zre-cluster or Ceg-cluster)).383° Finally, RE-CU-10, with a high
density of pyrene chromophores, ~13 A channels, and high
porosity is applied for the photocatalytic oxidation and
detoxification of a sulfur mustard simulant, 2-chloroethyl ethyl
sulfide (2-CEES).

Results and Discussion

The combination of the tetratopic linker H4TBAPy with Y(ll1),
or Tb(lll) in the presence of 2-fluorobenzoic acid (2-FBA) under
solvothermal conditions in DMF, yields the MOF, RE-CU-10.
Single-crystal X-ray diffraction (SCXRD), shows that RE-CU-10
crystallizes in the trigonal space group P3m1, comprised of a
nonanuclear cluster, which appears as a RE;g cluster due to
disorder (Figure S1 and S2). A similar phenomenon was
observed in the metal cluster of PCN-223, a
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Figure 1. Structure of RE-CU-10, showing the REs-cluster node and
1,3,6,8-tetrakis(p-benzoic acid)pyrene linker.

Zrg-based MOF comprised of H4;TCPP linkers with shp topology,
where the hexanuclear Zr(IV)-cluster was disordered over three
positions, appearing as a Zrig-cluster.?® In a different
interpretation by Farha et al., the disordered Zrig-cluster in NU-
904 (scu topology) was found to be caused by merohedral
twinning in the structure where three scu nets overlap, giving
six-fold symmetry and the appearance of an shp net.*! It should
be noted that the scanning electron microscopy (SEM) images
taken of NU-904 show prolate spheroid-shaped particles,
indicative of the scu topology and different from the hexagonal-
shaped particles expected to be observed for MOFs with shp
topology.*2 Based on SEM images (Figure 2), H-NMR
spectroscopy (Figure S3 and S4) and thermogravimetric analysis
(TGA) (Figure S5) of RE-CU-10, we conclude that the
experimental chemical formula for Y-CU-10 is DMA;[Yo(us3-
OH)12(p3-0)2(TBAPy)3(2-FBA);]-:2DMF  and for Tb-CU-10 is
DMA3[Tbs(k3-OH)12(H3-0)2(TBAPY)3(2-FBA),]-(DMF)(2-FBA),

confirming the presence of a nonanuclear RE(lll)-cluster node,
and shp topology. Although not all of the bridging hydroxy
and/or oxo ligands could be assigned by SCXRD due to the level
of disorder in the structure, the cluster possesses similar
connectivity and spatial arrangement of RE-metals as the
nonanuclear cluster reported in Y-shp-MOF-133 and pek-MOF-
1.35 Each individual nonanuclear RE(lll)-cluster is coordinated by
twelve crystallographically independent TBAPy linkers, giving a
12-connected (12-c) node. All carboxylates coordinated to the
cluster bridge adjacent RE atoms and arrange to form a d6R
hexagonal prism (Figure 1). Structural and topological analysis
of the resulting structure shows the formation of a (4,12)-c
MOF, building a net with shp topology (Figure 1, Figures S6-
$10). The carboxylphenyl groups in RE-CU-10 are rotated from

the plane of the pyrene core, showing a dihedral angle of ~58°.
This angle is similar or inferior in magnitude compared to other
shp MOFs made with different tetratopic linkers and
nonanuclear RE(Ill)-clusters (~59° Y-shp-MOF-5,%3 ~68° for RE-
shp-MOF-1),33 and also similar to the dihedral angle of ~60°
found for the same linker in NU-1000 (csq topology).44 This
highlights the diversity of topologies that can be made with
RE(Ill)-cluster nodes, owing, in part, to the existence and
stability of high nuclearity clusters with somewhat flexible
coordination geometries. The structure features one-
dimensional triangular channels along the “c” axis of 13 A in
diameter, and 12 A hexagonal-prismatic cages enclosed by six
linkers and two metal clusters (Figure S7 and S8.).
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Bulk microcrystalline samples of RE-CU-10 (Figure 2) were
synthesized and the phase purity of the product was confirmed
by powder X-ray diffraction (PXRD) (Figure 3a). N, adsorption
analysis showed a reversible type-1 isotherm with a calculated
BET surface area (pore diameter) of 1750 m2g-1 (11 A), and 1780
m2g1 (11 A) for Y-, and Tb-CU-10, respectively (Figure 3b, Figure
S11), after activation under vacuum at 120 °C. Scanning electron
microscopy shows the characteristic hexagonal-prismatic
microcrystals derived from the trigonal space group, and as
expected for a MOF with shp topology. Diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) shows the
expected absorption bands the and
asymmetric carboxylate stretching (Figure S12), as well as O-H
stretching bands corresponding to up3-OH
nonanuclear RE(lll)-cluster node. Thermogravimetric analysis
(TGA) of activated samples of RE-CU-10 under air (Figure S5)
shows that RE-CU-10 is stable up to 450 °C, comparable to other
RE-cluster-based MOFs.3343 1H-NMR spectroscopy of digested
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samples of RE-CU-10 shows the presence of the TBAPy linker,

DMF and 2-FBA modulator (Figure S3 and S4).
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Figure 3. (ta) Simulated and experimental PXRD patterns of R
CU-10 (inset

and (b) nitrogen adsorption-desorption isotherms of R
pore size distribution plots)

Given that RE-CU-10 has a moderate density of pyrene
chromophores (3 pyrene linkers per REs-node) coupled with 13
A channels that can aid in diffusion of reactants and products,
we expected the MOF to perform well in the selective oxidation
of the sulfur mustard simulant 2-CEES to 2-CEESO. Sulfur
mustard is a chemical warfare agent that was used for the first
time during WWI. Unfortunately it is still a potential threat for
public health today, due to its stockpiling and potential
production from nations that have not signed or followed
ratification of the Chemical Weapons Convention treaty
(CWC).4> is a very reactive alkylating agent
which causes the failure of cellular functions,*® presenting as a
strong blistering agent that causes acute and chronic injuries to
the skin, eyes and respiratory system.474¢ Sulfur mustard
accumulated in facilities or present in inadequate disposal sites
must be destroyed in an efficient and controlled manner, and
one method to safely detoxify the compound involves selective
oxidation to its nontoxic sulfoxide derivative.

In 2015, Hupp, Farha et al. demonstrated that the sulfur
mustard simulant, 2-CEES could be selectively oxidized and
detoxified to the less toxic 2-CEESO, by using the MOF PCN-

Sulfur mustard

222/MOF-545 as a photosensitizer to generate singlet oxidation
under LED irradiation.*® The group has since studied several
different pyrene-containing MOFs for the degradation of 2-CEES
and sulfur mustard, including NU-1000 (csq)°%5?,
postsynthetically modified NU-1000 (csq),>2°3 and NU-400
(fcu).>* These materials are comprised of hexanuclear Zr(IV)-
cluster nodes, and tetratopic or ditopic pyrene-based linkers in
NU-1000 and NU-400, respectively. In all cases, the linker
behaves as a photosensitizer for the generation of singlet
oxygen, under LED irradiation, which subsequently selectively
oxidizes 2-CEES.

Activated samples of Y-CU-10 were suspended in methanol
in a microwave vial and purged with oxygen for 30 minutes. 2-
CEES and the internal standard, mesitylene, were added and the
mixture was excited using a UV LED photoreactor (Amax = 390-
400, see details in SI). Under optimized conditions, using 0.9
mol% of Y-CU-10 as a catalyst (1.728 pmol), CEES can be
completely selectively oxidized to CEESO within 15 min (half-life
6.0 min) (Figure 4b). GC-FID analysis indicates that no sulfone
product was formed during the process. The half-life for the
selective oxidation of 2-CEES by Y-CU-10 is comparable to that
reported for NU-1000 (6.2 min half-life), a MOF with fewer
pyrene chromophores per node (2 pyrene linkers per Zrg-node)
but larger 30 A channels. This result demonstrates the trade-off
between higher pyrene chromophore density vs. pore aperture
size.
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Conclusions

The ability of rare-earth metals to form high nuclearity
clusters, coupled with their versatile coordination numbers and
geometries allows for the synthesis of structures that are not as
easily accessible with d-block metals. In this report, the
nonanuclear RE(lll)-cluster which acts as a d6R node, enables
the synthesis of RE-CU-10, a MOF with shp topology comprised
of TBAPy linkers — a linker that has not yet been observed in the
shp topology. RE-CU-10 demonstrates permanent porosity,
with surface areas of 1750-1780 m2/g, and thermal stability in
air up to 450 °C. In addition, the moderate density of pyrene
chromophores per mole along with the microporosity of Y-CU-
10, allows for the moderately fast, and selective photocatalytic
oxidation and detoxification of a sulfur mustard simulant, 2-
CEES, at low catalytic loadings (0.9 mol%), with a conversion
half-life of only 6 min.
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