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Abstract

Herein, a series of halogenated UiO-66 derivatives was synthesized and analyzed for the
breakdown of the CWA simulant dimethyl-4-nitrophenyl phosphate (DMNP) to analyze ligand
effects. UiO-66-1 degrades DMNP at a rate four times faster than the most active previously
reported MOFs. MOF defects were quantified and ruled out as a cause for increased activity.
Theoretical calculations suggest the enhanced activity of UiO-66-I originates from halogen
bonding of the iodine atom to the phosphoester linkage allowing for more rapid hydrolysis of the
P-O bond.

Despite broad condemnation across the globe and international agreements prohibiting their use,
organophoshpate-based chemical warfare agents (CWAs) remain a danger. Indeed, it is an
unfortunate and unsettling reality that these agents seem to be appearing more frequently in news
cycles, even tied to events far from active war zones. There remains a pressing need to develop
advanced materials to safeguard warfighters and civilians against CWAs.[!l Recently, some
zirconium-based members of the class of porous, crystalline materials known as metal-organic
frameworks (MOFs)!?l have demonstrated efficient catalytic degradation of these types of
CWAs.12% 31 MOFs are constructed from inorganic metal nodes, termed secondary building units
(SBUs) and multitopic organic linkers, forming highly porous three-dimensional lattices of
varying complexity.[> 4 The porosity of MOFs coupled with the catalytic activity from
functional units on the ligands and/or active metal sites at the SBUs have made MOFs candidates
for several applications.5!

Whereas Zr-MOFs have been effective for CWA degradation of nerve agents and their
simulants, the mechanism of hydrolysis remains relatively unknown from an experimental
perspective. Most experimental work suggests catalysis is primarily due to the strong Lewis
acidity of the metal center, although, more recently this catalytic activity has been specifically
attributed to MOF defect sites.* ¢1 Density functional theory (DFT) calculations indicate the
mechanism involves binding of nerve agent to the Zr** metal center followed by hydrolysis of
the phosphoester bond resulting in agent degradation.*® 7] Two approaches have been used to
enhance nerve agent hydrolysis in MOFs: synthesizing MOFs with different ligands or metal
centers that improve hydrolysis, or by promoting defective sites at the SBU where catalytic
conversion takes place.[ 8] Because DFT calculations have suggested the importance of the
SBU, most work in the literature has focused on engineering more catalytic sites into the SBU of
the MOF.[7 82l The only example of ligand derivatization improving CWA simulant degradation



has been demonstrated by the addition of amine (-NH>) functional groups on the MOF linkers.[%:
1 In the case of Ui0-66, the amine functionalized derivative, UiO-66-NH,, displays 20-fold
higher activity than the parent MOF at pH = 10.”) The significance of this amine functionality
was also shown in a series of NU-1000 MOFs where ortho positioning of the amine groups
displays 3-fold greater activity than the unfunctionalized canonical MOF.[®} The increased
activity of these MOFs is thought to be a result of the amine working as a Brensted base to
synergistically enhance catalytic activity.[® 7 °] Importantly, the catalytic activity of these MOFs
is pH dependent.['” Although UiO-66-NHs is a faster catalyst than UiO-66 at pH = 10, when
examined at pH = 8, Ui0-66 actually displays 2-fold faster activity than UiO-66-NH,.!1%!

Herein, the halogenated UiO-66 derivatives UiO-66-F, UiO-66-Cl, UiO-66-Br, and UiO-66-1
(Figure 1) have been screened for the catalytic degradation of dimethyl-4-nitrophenyl phosphate
(DMNP) using a high-throughput screening (HTS) method.!'%! The UiO-66-1 derivative displays
~4-fold greater catalytic activity than the parent UiO-66, while the other halogenated derivatives
show no enhancement over unfunctionalized UiO-66. MOF defect sites were quantified via
thermogravimetric analysis (TGA) indicating nearly identical defect sites across the series.
Computational analysis indicates that the more polarizable iodine moiety enables a halogen
bonding effect that enhances the catalytic degradation of DMNP hydrolysis at the phosphoester
linkage. To our knowledge, there are only two other reports in the literature where heterogenous
catalysts have faster rates as a function of halogen bonding.!'!! More specifically, in MOFs,
previous reports of halogen bonding have been demonstrated as a means of crystal
engineering,'?! but this is the first-time halogen bonding as a means of enhancing catalysis has
been demonstrated in a MOF.
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Figure 1. Chemical schematic of UiO-66 and the four halogenated UiO-66 MOFs used in this
study.

The parent UiO-66 and all of the halogenated derivatives were synthesized using an acetic acid
modulated synthesis.53 All MOF samples were digested in dilute acid and analyzed via 'H
NMR, confirming the ligands were intact after MOF synthesis (Figures S1-S9). Powder X-ray
diffraction (PXRD) results confirm the formation of the MOF (Figure 2) and scanning electron
microscopy (SEM) images show similar particle sizes (~200 nm) for all the samples (Figure S10-
S15). All MOFs were also analyzed via N> gas sorption measurements to determine the surface
area of the materials. The surface area of the MOFs decreased as the halogen size increases (F <
Cl < Br <) indicating the expected pore occupancy by the halogen (Figure 2).



The catalytic activity of these materials with the CWA simulant DMNP was evaluated using a
previously validated HTS method.['®] DMNP is a safer alternative to CWAs, while most
effectively mimicking the phosphoester linkage. Degradation of DMNP was monitored via UV-
vis spectroscopy through the detection of the cleaved p-nitrophenol product (Figure 3). An equal
mass (~6 mg) of MOF was utilized in each well for monitoring catalytic reactions. Rates were
calculated to account for the substantial difference in moles of MOF catalyst between samples
(due to the increased mass of the halogenated MOFs, see SI) so that a direct comparison could be
made across all materials in this study. Reported rates are averages of seven replicates per
sample across three independently prepared materials for each MOF. HTS evaluation of the five
materials in Figure 1 at pH = 8 show that UiO-66-I is four times more active than the parent
Ui0-66 MOF and NU-1000 (vide infra). The UiO-66-1 MOF displays the highest activity of any
MOF previously reported in the literature under these HTS assay conditions (96 total MOFs
previously screened).l!'”) Previous studies have examined DMNP hydrolysis at predominantly
two different pH conditions, pH = 8 and pH = 10;!% experiments here were performed at pH = 8
to best emulate field conditions for potential contact with CWAs.

To further probe this ligand effect, we synthesized a mixed linker MOF (termed UiO-66-I50)
containing ~50% 1,4-benzenedicarboxylic acid (bdc?) linkers and ~50% I-bdc?" that was
characterized by PXRD and gas sorption measurements (Figure S16-S17). When screened for
catalytic activity against DMNP, the mixed ligand UiO-66-Is¢+, performs better than UiO-66, but
poorer than UiO-66-I indicating that increased iodine content in the MOF correlates with
improved catalytic activity (Figure 3).
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Figure 2. a) PXRD pattern of UiO-66 MOFs used in this study. b) N> sorption isotherms of
UiO-66 MOFs, black traces represent UiO-66, blue traces represent UiO-66-F, brown traces
represent UiO-66-Cl, green traces represent UiO-66-Br, and red traces represent UiO-66-1.
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Figure 3. Top: DMNP degradation reaction. Bottom: Molar mass corrected rate of catalytic
degradation of DMNP by MOFs measured by UV-visible absorption (407 nm) at pH = 8.

TGA of the MOFs was conducted to quantify the missing ligand defects in the materials. Using
the method developed by Lillerud et al. (see the Supporting Information for complete details) the
defects in the UiO-66 materials were quantified. The results show similar levels of defects
across all five of the MOFs used in this study (Figure 4).1"*1 Specifically, TGA data (Figure S18-
S23) shows that each MOF contains about ten carboxylates per cluster, indicating ~2 missing
carboxylate linkers per SBU (~17% ligand defect abundance, Figure 4). Therefore, the increased
activity of UiO-66-I is not correlated with a difference in defects created during MOF synthesis
using the iodine functionalized linker. Furthermore, as expected, the BET surface area of the
MOFs decreases with increasing size of the halogen indicating similar defect sites abundance
across all of the MOF materials. Finally, the rate of DMNP degradation is not correlated with
increasing halogen electronegativity (F > I) ruling out the possibility of the enhanced activity
being due to an inductive electron withdrawing effect.
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Figure 4. Ratio of organic linkers per SBU of UiO-66 MOFs (black) vs. rate of DMNP
degradation by MOFs (red).

Halogen bonding is described as an interaction between an electrophilic region associated with a
halogen atom and a nucleophilic region of another molecule.'"*! The electrophilic region in the
halogen atom is referred to as the sigma hole and this area increases as a function of halogen
polarizability (e.g., I > Br > Cl > F).['* Across the series of halogens, halogen bonding is rarely
observed in the case of fluorine and chlorine, but more often with bromine and iodine.!'*

Several examples in the halogen bonding literature dictate instances where, across a family of
analogous materials, the halogen bond is only observed with the most polarizable iodine atom.!!

To model the effect of halogen bonding on catalytic hydrolysis of DMNP, DFT M06-L[1¢]
calculations were performed on different isolated SBU cluster models of UiO-66 and UiO-66-1.
The models were built from the optimized periodic crystal structure of mono-defective UiO-66
(i.e., UiO-66 with ten carboxylates linkers) consistent with the defect population determined by
TGA (see SI for details of the periodic and cluster calculations, Figure S26-S27). In the as-
synthesized UiO-66-1, the relative position of the halogens on the bdc* linkers with respect to the
zirconium SBU is random. Therefore, when examining an isolated cluster there arise three
possible arrangements of the iodine atoms around the SBU. UiO-66-I cluster models were
designed to model these three possible conformations: one with iodine groups in all ortho
(ortho-Ui0O-66-1), a second with all meta (meta-UiO-66-1), and a third, alternating ortho/meta
substitution pattern (alter-UiO-66-1, Figure S27) with respect to the SBU. The aim of these
calculations is not to quantitatively reproduce the experimental data, but rather to qualitatively
describe the observed trends in catalytic activity and provide mechanistic insights. Recent
mechanistic studies on DMNP hydrolysis on different MOFs have shown the nucleophilic attack



by water on the phosphorous center to be the rate-limiting step and hence this was the focus of
the calculations performed here on UiO-66 and UiO-66-1.15 7]

Theory shows that in both the ortho- and alter-UiO-66-1 MOFs, the iodine atoms of the MOF and
the methoxy groups of DMNP are involved in a strong halogen bond. The M06-L computed I—-
OMe bond distances in DMNP bonded and transition state structures of the ortho-UiO-66-I are
0.095 A and 0.233 A shorter than the sum of the van der Waals radii of the iodine and the
oxygen atoms, respectively (Figure 5, Table S2). The computed activation free energies (AG?)
for UiO-66, ortho-Ui0-66-1, meta-UiO-66-1, and alter-UiO-66-1 are 19.9, 11.0, 19.5, and 12.2
kcal/mol, respectively. Computed CMS5 charges further confirm formation of the halogen
bonding between iodine and -OMe group of the DMNP in both ortho- and alter-UiO-66-1
systems (Table S1). This is in stark contrast to the meta-UiO-66-1 MOF where the iodine atoms
are positioned far away from the oxygen atoms of the DMNP bonded UiO-66 (>5.7 A) resulting
in similar AG* values for water addition in meta-UiO-66-1 and the parent UiO-66 (19.5 kcal/mol
and 19.9 kcal/mol, respectively, Table S1). Overall, our calculations show that the sigma hole of
the iodine atom forms a rather strong halogen bonding with the nucleophilic methoxy group of
DMNP which in turn results in a more electrophilic oxygen atom on the DMNP molecule
allowing hydrolysis to occur more readily.

In conclusion, the halogenated UiO-66-1 shows a substantially enhanced degradation of the
CWA simulant DMNP. Theoretical calculations suggest that halogen bonding is the origin of
this increased activity and facilitates the catalytic hydrolysis of the phosphoester linkage. These
findings offer new avenues for designing MOFs to more rapidly degrade CWAs.
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Figure 5. M06-L computed bond lengths (A) in ortho-UiO-66-I cluster models of DMNP
bonded (left) and transition state for nucleophilic attack of water to the P center (right) (ArO = 4-
nitrophenoxide). Gray, white, red, blue, light purple, dark purple and green represent C, H, O, N,
P, I, and Zr atoms, respectively.
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