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ABSTRACT: Zr-based metal organic frameworks (MOFs) have been recently shown to be among the fastest catalysts of nerve-
agent hydrolysis in solution. We report a detailed study of the adsorption and decomposition of a nerve-agent simulant, dimethyl
methylphosphonate (DMMP), on UiO-66, UiO-67, MOF-808 and NU-1000 using synchrotron-based X-ray powder diffraction, X-
ray absorption, and infrared spectroscopy, which reveals key aspects of the reaction mechanism. The diffraction measurements
indicate that all four MOFs adsorb DMMP (introduced at atmospheric pressures through a flow of helium or air) within the pore
space. In addition, the combination of X-ray absorption and infrared spectra suggests direct coordination of DMMP to the Zrg cores
of all MOFs, which ultimately leads to decomposition to phosphonate products. These experimental probes into the mechanism of
adsorption and decomposition of chemical warfare agent simulants on Zr-based MOFs open new opportunities in rational design of

new and superior decontamination materials.

Chemical warfare agents continue to present a significant
threat in the event of war or terrorist attacks." Current defense
technology for filtration and decomposition of CWAs mainly
consists of activated carbons in pure or impregnated form.
However, significant drawbacks of those filters, such as
secondary emission after saturation, low capacity for long-
term activation, and ultimate disposal, present an urgent need
to develop improved materials capable of fast adsorption and
decontamination of CWAs under ambient conditions.” These
challenges have motivated research into a new generation of
sorptive or catalytically active materials for CWA
decontamination, including metal oxides,>*
polyoxometalates,”® and metal organic frameworks.”*°

Metal organic frameworks are a novel class of materials,
formed by inorganic cores connected by organic linkers to
form extended networks with high porosity and ultrahigh
surface areas. MOFs can therefore provide adsorption
properties competitive  with  commercially  available
adsorbents,""* and have found application in gas storage,****
gas separation,”®'® and catalysis, including catalytic
decontamination of toxic chemicals."”* Zr-based MOFs are
particularly interesting for catalysis due to their stability in
water and at high temperatures.”? Indeed, some Zr-MOFs
have been recently proven to decompose CWAs and CWA
simulants.”* While these studies have reported turnover
frequencies and CWA half lives on Zr-MOFs, no experimental

probes into the atomistic reaction mechanism are available to
date.

This Communication provides insight into the atomic-scale
mechanism for CWA adsorption and decomposition on four
Zr-based MOFs that decompose CWAs and CWA
simulants.*'***? Specifically, we studied the adsorption of the
nerve-agent Sarin simulant DMMP (dimethyl
methylphosphonate), on UiO-66 [Zrg(us-O)4(ps-OH)4(bdc)s;
bdc: benzene-1,4-dicarboxylate], UiO-67 [Zrs(pz-O)a(ps-
OH),(bpdc)s; bpdc: biphenyl-4,4'-dicarboxylate], MOF-808
[Zl’e(u3-0)4(u3-OH)4(OH)G(HZO)G(th)z; btc: benzene-1,3,5-
tricarboxylate] and NU-1000 [Zre(p3-O)a(pis-
OH),4(OH)4(H,0)4(tbapy),; thapy: tetratopic 1,3,6,8-tetrakis(p-
benzoate) pyrene] using in situ, synchrotron powder X-ray
diffraction (PXRD) and extended X-ray absorption
spectroscopy (EXAFS). PXRD and EXAFS illuminate both
the macroscopic crystalline and atomic length scales, affording
deep understanding of the DMMP-MOF interaction.®?” The
combination of these two in situ methods is essential for
developing an overall understanding of MOF chemistry
because they bridge localized site-specific reactions with
macroscopic changes o the MOF structures.

All four MOFs studied in this work contain cationic Zrg
nodes, connected by aromatic carboxylate ligands to form
porous frameworks, but the topology of the frameworks
differs between them (Fig. S1). UiO-66 and UiO-67 are



isostructural; in both materials, the nodes are 12-connected
with ditopic ligands, resulting in cubic frameworks.”® The
structure of NU-1000 is based on 8-connected Zrg nodes and
tetratopic tbapy ligands that form a hexagonal network. NU-
1000 has significantly larger pores than UiO-66, UiO-67 or

a
—He

DMMP 15 min
—DMMP 16 min
—DMMP 17 min
—DMMP 20 min

Intensity (au)

DMMP 60 min

—DMMP 10 h

Kubelka-Munk

MOF-808 with an aperture size of 31 A.? MOF-808 possesses
a cubic framework formed by 6-connected Zrg nodes and
tritopic btc ligands. Because the node is only 6-connected,
MOF-808 offers more open Zr sites, and better spatial
accessibility than the 12- or 8-connected MOFs. *

2r-0 5.7

~Experiment
—Fit

& 0 9 o»
—

o
FT magnitude (A+)

[N)

FT magnitude (A%)
w B

R(A)

—DMMP 30 min
—DMMP 11h

0 2 4 6 8
R(A)
0057 pmmp
v(P=0)
/
0.04 (\
0.03 MMP
v{(OPO)  v(CO)
0.02 {
A
0.01
0

1200 1150 1100
Wavenumber (cm-1)

1300 1250 1050 1000

Figure 1. (a) In situ PXRD data of NU-1000 collected during the exposure to DMMP; (b) In situ EXAFS data of NU-1000
collected during the exposure to DMMP. Inset shows experimental and fitted curves for the last DMMP dataset. (c) Difference
Fourier electron density map of DMMP-treated NU-1000 after 10 h. Zr shown in blue, C - black and O - red. Hydrogen atoms have
been removed for clarity Electron density isosurface drawn at 0.3 &A®in yellow; (d) Fingerprint region of time-resolved DRIFTS
spectra for DMMP-treated NU-1000. Red line shows the last dataset collected after 213 min.

The stages of DMMP adsorption and reaction on Zr-MOFs
were investigated by performing in situ PXRD experiments,
where the desolvated samples were exposed to DMMP vapor
for up to 11 h. Examination of the collected patterns clearly
reveals that each sample undergoes structural changes during
exposure. The most apparent change is the decrease in
intensity of the low angle reflection relative to higher angle
reflections (Fig. la, Fig S2). This behavior is typically
indicative of adsorbents entering porous materials, which
suggests that DMMP diffused into the pore space of the MOFs
during exposure.®> A similar, but reverse effect can be
observed upon thermal removal of the adsorbents in a He
flow. This thermal desorption process also appears to
decompose UiO-66 and UiO-67, as the reflection peaks in Fig.
S2 significantly broaden and weaken, indicative of framework
collapse. Note that, prior to exposure, the MOFs demonstrated
thermal stability up to 150 °C; therefore, DMMP or products
of DMMP decomposition form strong interactions with the
MOFs or produce large capillary forces upon saturation that
prevent removal without collapsing the MOF material. In
contrast to the UiO MOFs, both MOF-808 and NU-1000
survived removal of the adsorbents. The PXRD patterns of
MOF-808 and NU-1000 after purging in He and heating did
not collapse the materials, but did result in some structural
changes (Fig. S2).

Apart from changes in the peak intensity, we observed that
exposure to DMMP shifts reflections toward lower 20 angles,
indicating the expansion of the lattice for all MOFs (Figs. S4-
S7). LeBail fits were performed on 10 - 20 patterns collected
during each experiment in order to extract the unit cell
parameters. This analysis reveals that, for each MOF, the unit
cell expands during the experiment, with the most significant
change observed for MOF-808, where the unit cell volume
expanded from 44516(6) A® to 45110(6) A® (1.33% increase)
after 1 h (Table S1, Fig. 2). For UiO-67 and NU-1000, the
process starts immediately upon exposure and expansion
slows or even reverses slightly following the initial 30 minutes
of exposure (1.17 % and 0.76 %, respectively). The decreases
in UiO-67 volume after 60 min of DMMP dosing suggest
either ongoing reaction (provided reaction products have
smaller volume than DMMP) or destruction of the material.
Finally, the unit cell of UiO-66 changes almost as much as for
MOF-808 (1.30%), but the process is much slower, and
progresses throughout the 11 h duration of the experiments.
The different rates of expansion may be due to the fact that
UiO-66 has smaller pores than the other materials and the rate
of expansion is limited by slow diffusion.

Beyond structural changes to the MOF, the PXRD data
provide insight into the location of adsorbed DMMP and/or
products of DMMP decomposition within the MOFs via



Fourier difference analysis of the empty and DMMP-loaded
frameworks. The starting structural model for the MOF
frameworks was refined with the Rietveld method from the
data acquired from the desolvated samples in He (Figs. S8-
S10). The electron density maps calculated for UiO-66, MOF-
808 and NU-1000 from the patterns collected at the end of
each experiment are shown in the Figure 1c and Figures S11-
S12; for UiO-67, the Fourier analysis was not viable (see Sl).
The results indicate that the highest electron density increase
occurs in the periphery of the Zrg clusters, where
adsorption/reaction occurs, as well as in the middle of the
pores, as expected when the pores become occupied (Fig. 1).

To complement the in situ PXRD experiments, we
measured the PXRD data from the desolvated samples
exposed to DMMP in air ex situ in a closed container for 48 h.
Collected data show similar changes to those observed from
the in situ experiments, with the peak intensity decreasing and
peak position shifting towards lower angles (Figs. S13-S16,
Table S2). These results suggest that MOFs adsorb DMMP
from the air, offering the applicability of these MOFs to real-
life conditions.

While the PXRD data revealed key structural changes to the
MOFs upon adsorption (and desorption) and that the Zrg
cluster is the main site for DMMP uptake, additional
techniques are required to help determine the reaction
mechanism. We performed a series of in situ EXAFS
experiments on the Zr K-edge while the MOF samples were
exposed to DMMP. For these studies, the desolvated MOFs
were exposed to DMMP vapor for up to 11 h with continuous
EXAFS data collection. The resulting time-resolved EXAFS
plots reveal that, for all samples, the Zr-O and Zr-Zr peaks
decrease due to increased disorder (Fig. 1b, Fig S17),
suggesting that DMMP interacts with Zr directly. Quantitative
analysis fully reproduces the previously reported Zr-O and Zr-
Zr distances for a hydroxylated UiO-66 MOF (Table S3).*
The other three MOFs studied here have similar distances
between Zr and its nearest O and Zr neighbors, thus
confirming that all four MOFs were hydroxylated during the
interaction with DMMP. Because the positions of the Zr-Zr
peaks did not change during He activation and DMMP
exposure, we interpret the reduction in the peak intensity with
time as caused by the increased disorder in Zr-O and Zr-Zr
distances during adsorption/reaction. The fact that the Zr
environment is affected by DMMP exposure, coupled with the
results from the diffraction experiments that indicate DMMP
enters MOF pores, provides strong evidence that DMMP
interacts directly with Zr.

To evaluate the fate of DMMP within the pores of the four
MOFs and characterize reaction products, we performed in
situ Diffuse Reflectance Fourier Transform Spectroscopy
(DRIFTS). In all four cases, spectra show both bands
associated with DMMP adsorption and those belonging to the
products of decomposition into methyl methylphosphonate
(MMP). The main features arising from DMMP adsorption are
the peaks assigned as v(P=0) located between 1200 and 1300
cm™. The observed MMP modes include v,(OPO) at ~1175
cm™, p(OCH3) at ~1125 cm™, v(OPO) at ~1075 cm™ and
v(CO) at ~1060 cm™ (for a detailed description see SI).
Differences in structural geometry of MOFs results in different
spectral response and the shape of spectra, but in all the cases
we can see the result of DMMP decomposition (Figs. S22-
$26).

The EXAFS and time-dependent DRIFTS data illuminate
the reaction mechanism for the DMMP decomposition on Zr-
MOFs. This mechanism is also informed by recent
computational work on the decomposition of Sarin on the
CsgNbgOys Lindqvist hexaniobate and Zr-MOFs.** The
starting point of the reaction is a complex in which DMMP is
bound to an undercoordinated Zr atom of the MOF adjacent to
a Zr-OH group (Scheme 1). The reaction mechanism consists
of two elementary steps: i) nucleophilic addition of the
hydroxide ligand to DMMP to generate a pentacoordinated
phosphorus intermediate, and ii) decomposition of the
pentacoordinated intermediate via elimination of methanol
(MeOH), to produce methyl methylphosphonate bound to the
Zrg cores, as shown by the DRIFTS spectra. As noted in the
computational study of Sarin decomposition with Zr-MOFs,*
elimination of products from intermediate requires a proton
transfer to the leaving group. The proton can be transferred
from the hydroxide ligand that undergoes nucleophilic
addition, or from aps;-OH group in a face of the
Zrg octahedron. In both cases, the structure of the Zrg
octahedron is perturbed by the reaction, thus altering the Zr-O
and Zr-Zr bonding framework and lowering the intensity of
EXAFS oscillations.
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Figure 2. Evolution of UiO-66, UiO-67, MOF-808 and NU-
1000 unit cell volumes with the dosing of DMMP (a) first 30
minutes of dosing and (b) full experiment.

Initially, both MeOH and MMPA products are bound to the
MOF. MeOH interacts to the MOF via a hydrogen bond, but
the MMPA products are strongly bound to the MOF through
covalent bonds. In fact, the desorption energy of MMPA



(>100 kJ/mol)* is large enough that the binding of this
phosphonic acid to the MOF is irreversible under ambient
conditions.

SCHEME 1. Mechanism of DMMP decomposition.
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In conclusion, our results show that Zr-MOFs are attractive
andidates for future development of CWA decontamination
materials at the gas-surface interface. In all four cases, the
Sarin simulant DMMP is adsorbed within the pore space, as
evident from in situ PXRD data, and undergoes decomposition
to MMP species, as evident from DRIFTS results. Further, we
showed that DMMP is actively adsorbed from the air, even in
the presence of humidity or other ambient gases,
demonstrating that Zrg-based MOFs may serve as effective
sorbents for CWAs under ambient conditions. However, our
results indicate that exposure of these MOFs to vapor-phase
organophosphonates may lead to strongly bound products or
MOF collapse that will inhibit the catalytic process that has
been extensively reported in solution.’® Our studies highlight
critical design criteria for the development of future vaporous
CWA decontamination materials and catalysts. Most
importantly, effective materials will require facile diffusion to
active sites while avoiding strong binding of phosphonic acid
products to the catalyst. In addition, the determination of
reaction products reported in this work will stimulate
development of post-exposure treatments to regenerate the
MOF catalysts.
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